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Convergence of microbial 
assimilations of soil carbon, 
nitrogen, phosphorus, and sulfur in 
terrestrial ecosystems
Xiaofeng Xu1,2,3, Dafeng Hui4, Anthony W. King2, Xia Song1,2, Peter E. Thornton2 & 
Lihua Zhang5

How soil microbes assimilate carbon-C, nitrogen-N, phosphorus-P, and sulfur-S is fundamental for 
understanding nutrient cycling in terrestrial ecosystems. We compiled a global database of C, N, 
P, and S concentrations in soils and microbes and developed relationships between them by using 
a power function model. The C:N:P:S was estimated to be 287:17:1:0.8 for soils, and 42:6:1:0.4 
for microbes. We found a convergence of the relationships between elements in soils and in soil 
microbial biomass across C, N, P, and S. The element concentrations in soil microbial biomass follow 
a homeostatic regulation curve with soil element concentrations across C, N, P and S, implying 
a unifying mechanism of microbial assimilating soil elements. This correlation explains the well-
constrained C:N:P:S stoichiometry with a slightly larger variation in soils than in microbial biomass. 
Meanwhile, it is estimated that the minimum requirements of soil elements for soil microbes are 
0.8 mmol C Kg−1 dry soil, 0.1 mmol N Kg−1 dry soil, 0.1 mmol P Kg−1 dry soil, and 0.1 mmol S Kg−1 
dry soil, respectively. These findings provide a mathematical explanation of element imbalance 
in soils and soil microbial biomass, and offer insights for incorporating microbial contribution to 
nutrient cycling into Earth system models.

Carbon (C), nitrogen (N), phosphorus (P), and sulfur (S) are arguably the four most important ele-
ments in global biogeochemical cycling and the C:N:P:S stoichiometry in soils and soil microbes1 plays 
an essential role in biogeochemistry-climate feedback2–4. It is well-accepted that all organisms take up 
these elements from external environments and keep relatively stable concentrations inside their cells to 
support metabolism5,6, a phenomenon called stoichiometric homeostasis7. This homeostatic regulation is 
one of the basic properties of organisms, keeping the state of the organisms (e.g., nutrient contents) less 
variable compared to external supply variations7–9.

One applicable example of the homeostasis is the constrained element ratio in living organisms9, and 
the most well-known is the Redfield ratio10. Since Redfield reported the well-constrained C:N:P ratio 
of 106:16:1 in sea water and plankton more than seventy years ago10,11, many studies have confirmed 
nutrient stoichiometry as a backbone of ecological theory6,7,12.

Recently, a large number of studies have reported similar Redfield-type ratios in terrestrial ecosys-
tems, particularly for plants12 and microbes1,13. However, there are large variations of this ratio among 
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terrestrial plants and microbes13,14. It is well-known that soil microbes regulate soil N and P cycling 
and keep their internal concentrations relatively stable compared to the C:N:P:S stoichiometry in soils7. 
It is unclear, however, how soil microbes regulate internal concentrations of various elements through 
microbial assimilation. Regarding microbial C, N, P, and S, it is reasonable to expect that the element 
concentrations in microbial biomass might resemble those in soil organic matter, the primary source of 
most of these elements. The living organisms, however, may also assimilate individual elements inde-
pendently, given the various biochemical roles of the different elements7.

To explore the microbial assimilation of soil elements, we analyzed a recently compiled global data-
base of elemental concentrations in soils and soil microbial biomass1. The objective of this study was to 
test the hypothesis that there is convergence of microbial assimilation of soil organic carbon across C, 
N, P, and S; we further evaluated the Redfield-like stoichiometry of microbial biomass and its potential 
mechanisms and implications. The ratio of elements in soil microbial biomass to those in soil organic 
matter was used to represent the microbial assimilation of elements, following the similar approach in 
our previous modeling analysis15.

Results
The newly compiled data of S concentration show that the best-estimates of S concentration are 13.1 mmol 
S /(Kg dry soil) for soil and 0.3 mmol S/(Kg dry soil) for soil microbial biomass (Fig. S1). Combining 
these estimates with our previous results for the C:N:P stoichiometry, we estimated the C:N:P:S stoichi-
ometry to be 287:17:1:0.8 for soils, and 42:6:1:0.4 for microbes. We kept P in the stoichiometry as 1 to 
be comparable with previous estimates1.

We tested different regression models including linear, exponential, logarithmic, and power function 
models and found that a power function can be used to represent the element concentration in microbes 
and its association with soil element concentrations across various environmental conditions (eqs. 1 & 2):

= ′ ∗ ( )Y b X 1a

( ) = ∗ ( ) + ( )Y a X blog log 2

where X represents the element concentration in soils; Y represents the element concentration in 
microbes. a, b′ , and b are model parameters which might be different for various scenarios of element 
concentrations, biomes and environmental conditions; b =  Log(b′ ). It should be noted that the nutrient 
elements in soil microbial biomass represent only a small portion of those in soils14,16; we reported soil 
microbial biomass independently to emphasize the significant roles of microbial biomass4,16.

We further used a power function to develop the correlation between elements in soils and in soil 
microbial biomass (methods). Based on the fitted function parameters, we classified the controls of soil 
element concentrations on microbial element concentrations into three scenarios (Fig. 1): 1) fractional 
control when a = 1 and b <  0; 2) homeostatic regulation when 0 <  a <  1 and b ≠ 0; and 3) strict homeo-
stasis when a = 0, b >  0. The power function equation has been widely used to describe the homeostatic 
regulation of nutrients, particularly of N and P in aquatic or terrestrial ecosystems7,13,17,18, however, it 

Figure 1. Generic homeostatic regulation of soil elements assimilated by microbes (fractional control 
represents condition when microbial element is exactly certain fraction of soil elements; homeostatic 
regulation represents microbial regulation of its element through assimilation; strict homeostasis 
indicates condition when microbial element concentrations are completely independent of soil element 
concentration; the three scenarios based on Log(Y) = a × Log(X) + b are, a = 1, b < 0 for fractional 
control, 0 < a < 1, b ≠ 0 for homeostatic regulation, a = 0, b > 0 for strict homeostasis; notice the axis in 
this figure are not log-transformed which is different from the Eqs. 1 & 2) .
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has not been used to model the single elements in organisms compared to their external environments. 
For this specific case, the soil microbial element concentration vs. soil elements, a is in the range of (0, 
1), and b in the range of (−3, 0) because 1) microbial element concentration is smaller than soil element 
concentration, and 2) the difference is less than 3 orders of magnitude. Therefore, the model parameters 
a and b could infer the strength in assimilating elements in soil microbial biomass.

The regression line between soil microbial biomass and soil nutrients follows the homeostatic regula-
tion curve for each individual element. Similar regression lines exist for C, N, P, and S, indicating a uni-
fying mechanism for microbial assimilation of soil elements. When we fit all element data together, the 
overall fitted line is Log(Y) = 0.7675 (± 0.0060) * Log(X) − 1.0371 (± 0.0174) with r2 =  0.78 and P <  0.001, 
where Y and X are element concentrations in soil microbes and soils, respectively (Fig. 2). The slopes of 
fitted regression lines for each individual element slightly vary among these elements (Fig. 2B; P <  0.1), 
and the minimum requirement of elements differs significantly (Fig. 2A).

We further partitioned the whole database into eleven different biomes (i.e. boreal forest, temperate 
coniferous forest, temperate broadleaf forest, tropical/subtropical forest, grassland, cropland, pasture, 
natural wetland, shrub, tundra, and desert/bare soils) and developed the relationships between micro-
bial element concentrations and soil concentrations for each biome. We found a similar regression of 
microbial elements in association with soil elements (S was not analyzed in a few biomes due to limited 
available data here). The biome-level analysis is consistent with our global analysis (Fig. 3 and Table 1). 
As differences in parameters a and b across biomes are indicators of differences in homeostatic regulation 
strength, we compared the values among biomes. Natural wetlands have the lowest a value of 0.5713, 
while the cropland, tundra, and grassland have high a values of > 0.8, the other biomes have intermediate 
a values. This difference indicates the variations of microbial assimilation of soil elements across biomes; 
more research is needed to examine the variations and their underlying mechanisms.

Based on the fitted power function (Fig. 2B), we also estimated the threshold of soil element concen-
tration below which there is no detectable soil microbial biomass. By setting the lowest 1% boundaries 
for microbial C, N, P, and S concentrations in the database, we estimated that minimum requirements 

Figure 2. (A) Relationship between microbial element concentrations and soil element concentrations (  
represents carbon (C),  represents nitrogen (N),  represents P,  represents S) (B) The homeostatic 
regulation of element concentrations across C, N, P, and S. Inset shows full range of homeostatic regulation 
(Note: inset has linear x-axis and y-axis. Shallow blue for equation across C, N, P, and S; black is for C, 
Log(Y) =  0.7391 ×  Log(X)− 0.9407; r2 =  0.62; red for N, Log(Y) =  0.7939 ×  Log(X)− 1.087; r2 =  0.58; blue for 
P, Log(Y) =  0.3868 ×  Log(X)− 0.5698; r2 =  0.05; and pink for S, Log(Y) =  1.1886 ×  Log(X)− 1.8123; r2 =  0.76; 
all regressions are significant at level of P =  0.05)
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of soil elements for soil microbes are 0.8 mmol C Kg−1 dry soil, 0.1 mmol N Kg−1 dry soil, 0.1 mmol P 
Kg−1 dry soil, 0.1 mmol S Kg−1 dry soil for C, N, P, and S, respectively.

Discussion
The molecular element composition and their concentration in microbes are probably the reason for 
this convergence among C, N, P, and S. A few previous studies reported element stoichiometry. For 
example, the protein-to-rRNA ratio could be the origin of Redfield N:P ratio19; the ratio of elements in 
molecular scale could be translated to ecosystem stoichiometry20; the ecosystem-level microbial C:N:P:S 
ratios are caused by the element composition in cells7. And recent studies on plant function and stoi-
chiometry confirmed that the allocation to different functions is underlying the elemental composition 
and stoichiometric shift21. Thus the finding in this study indicates that machines in microbial cells as a 
system are following one unifying mechanism in terms of element assimilation across C, N, P, and S to 
meet functional demands of various cell machines. More in-depth experiments and analysis to reveal 
this mechanism are needed.

This finding helps explain the narrower stoichiometry ratios in soil microbial biomass compared to 
those in soils. Taking concentrations of two elements in soil and microbial element concentrations as an 
example, we can derive the Eq. 3. Since the parameter a is smaller than 1 as shown in this study (Fig. 2A), 

Figure 3. Scatterplot showing C, N, P, and S in soil nutrients and soil microbial biomass for eleven key 
biomes (S is not included in some biomes due to lack of data; pink reverse solid triangles represent 
S, blue solid triangles represent P, red solid circles represent N, black solid rectangles represents C; 
A: boreal forest; B: temperate coniferous forest; C: temperate broadleaf forest; D: tropical/subtropical 
forest; E: grassland; F: cropland; G: pasture; H: natural wetlands; I: shrub; J: tundra; K: desert/bare 
soils). 
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, as shown in previous studies on ecological stoichiometry7,13. Translating to 
the microbial elements, the C:N:P:S ratios will be narrower than those in the soil elements as shown in 
many previous studies13,22.
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where Yi is the element concentration in soil microbial biomass, and Xi is the element concentration in 
soil organic matter; if Y2 and Y1 represent two elements in soil microbial biomass, their corresponding 
ratio will be Y2/Y1 for microbial biomass and X2/X1 for soil organic matter.

The fitted power function model across C, N, P, and S also explains the well-constrained C:N:P:S 
stoichiometry in soil microbial biomass. If the element concentrations follow a linear trend, their ratio 
will be well-constrained, as confirmed by a number of studies12,13. Meanwhile, the variations would also 
contribute to the large variation of the C:N:P:S ratios (Fig.  2, Figs S1 and S2). The curve supports the 
enrichment effect of soil microbes when assimilating elements: soil microbes often hold a relatively high 
fraction of low-concentration elements in soils, and vice versa13,23. As Eq. (2) predicts, the element ratio 
in soil microbial biomass will be narrower than that for soil elements if a <  1, which is true for global 
dataset of C, N, P, and S in soils and soil microbial biomass, as supported by our previous analysis1.

The dissimilarities of the homeostatic regulation of microbial element assimilation among biomes 
could be inferred through comparing the fitted parameters in power function (Table  1). A small a 
value means a relatively narrower ratio in soil microbial biomass, compared to that in the soils, and 
vice versa. It could be inferred that the cropland, tundra, and grassland have strong potential to enrich 
low concentration element in microbial biomass while natural wetlands have the weakest potential to 
enrich low-concentration elements in microbial biomass. This inter-biome discrepancy deserves further 
investigation.

The model and the scenarios of control described above provide a better understanding of the rela-
tionship between elemental concentration in microbial biomass and soils. For example, soil microbial 
biomass has been expressed as a fraction of total soil nutrient content in some site-level studies23,24, a case 
of strict homeostasis (Fig. 1). Others have found that microbes have various enrichment effects for dif-
ferent elements1. Normally soil microbes contain a relatively high fraction of soil element if the element 
is in low concentration in soils (i.e. soil microbial biomass holds 1.2% of soil organic carbon while 8% of 
total phosphorus). In some cases, there exists an alteration for the element assimilation by soil microbes 
when the element is highly concentrated, as shown by our homeostatic regulation (Fig. 1)7. To sustain 
microbial biomass, there is a minimum requirement for nutrients; above that threshold of soil nutrient, 
the microbial assimilation of elements follow homeostatic regulation as proposed in Sterner and Elser 
(2002)7. These minimum thresholds for soil element to sustain microbial biomass have been estimated 
in the result section.

The reported a values in this study are inverse form of H (homeostatic regulation coefficient) in 
Sterner and Elser7. Therefore, it is comparable between this research and previous studies regarding 

Biome

Model parameter

a b r2

Boreal Forest 0.6630 (0.0316) − 0.3915 (0.1151) 0.83

Temperate Coniferous Forest 0.7136 (0.0182) − 0.9651 (0.0556) 0.82

Temperate Broadleaf Forest 0.6712 (0.0175) − 0.7493 (0.0552) 0.80

Tropical/Subtropical Forest 0.7617 (0.0165) − 0.9536 (0.0454) 0.85

Grassland 0.8114 (0.0139) − 1.0344 (0.0392) 0.85

Cropland 0.8677 (0.0104) − 1.3846 (0.0290) 0.78

Natural Wetland 0.5713 (0.0303) − 0.1127 (0.1005) 0.85

Pasture 0.7174 (0.0224) − 0.8233 (0.0701) 0.80

Shrubland 0.7565 (0.0465) − 0.9388 (0.1429) 0.86

Tundra 0.8353 (0.0372) − 1.0250 (0.1267) 0.90

Desert/Bare soils 0.6010 (0.0443) − 0.5680 (0.0974) 0.48

Table 1.  Model parameters of power function of microbial element concentrations and soil element 
concentrations for eleven key biomes [values are mean (standard error)] (all regressions are significant 
at 0.01 level). a is the slope, and b is the intercept of the regressed equations for each biome following the 
equation 1, Log(microbial elements) =  a * Log(soil elements) +  b; r2 is the coefficient of determination of 
these regressions.
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the calculated homeostatic regulation5,7,25,26. While due to the different organisms and methods used, 
care should be taken when interpreting the results in this study. For example, Karimi and Folt reported 
homeostatic regulation for plants25, while this study focus on soil microbes. We argue that the unifying 
mechanisms across C, N, P, and S might be fundamental for understanding microbial control on nutrient 
cycling in soils and therefore deserves further investigation.

This study reports a unifying mechanism of microbial assimilation of soil elements across C, N, P, 
and S, based on a recently developed global database of element concentrations in soils and microbial 
biomass. This study would benefit from a few improvements. From the dataset perspective, the improve-
ments to the data have been identified in our previous publication1, same issue prevails and needs to 
be addressed. For example, apatite P is not directly accessible to microbes although this pool may be 
ultimately transformed to a microbial accessible form through chemical weathering27. Another potential 
improvement is the soil microbial biomass data; the data used in this study is microbial element concen-
tration on the basis of dry soil; the more accurate data of microbial element on the basis of soil microbial 
biomass will be more informative and applicable for the analysis. From the methodology perspective, the 
area-weighted calculation is needed for S in this study. The current estimate of S concentration is not 
area-weighted due to the lack of data, which might cause biases for C:N:P:S stoichiometry. In addition, 
the previous studies have reported that biases might be caused by different methods for measuring ele-
ments28,29, and this dataset was compiled with measurements being made with various methods . This 
bias might not be able to be completely removed, but should be noticed upon interpretation. Last but not 
least, given the high diversity of soil microbes and the differences of bacteria and fungi for homeostatic 
regulation7, further investigation on different microbial guilds and their contribution to ecosystem level 
homeostatic regulation is needed.

The implications of this study are multiple-fold. First, the unifying mechanism of microbial assimi-
lations of soil C, N, P, and S indicates that the soil microbes might assimilate elements following a sim-
ilar path of evolution. Second, the strength of homeostatic regulation of soil elements in soil microbial 
biomass varies across biomes, indicating the strong environmental and substrate controls on microbial 
assimilation of soil elements15,30. Third, the finding of similar trends of microbial assimilation of C, N, P, 
and S supports the constrained Redfield-like C:N:P:S stoichiometry in soil microbes with soil elements 
as resources, while the power function concludes a larger variations in terrestrial than marine ecosys-
tems. Fourth, given the importance of microbial control on soil nutrient biogeochemical cycling27,31 and 
growing modeling studies incorporating microbial mechanisms into the models15,20,32,33, the finding of 
convergence of microbial assimilation of soil C, N, P, and S in terrestrial ecosystems will provide better 
solution for simulating of C:N:P:S stoichiometry in plant-microbe-soil system. Fifth, the findings in 
this study are complementary to ecological stoichiometry theory and element homeostatic regulation in 
microbial ecology7.

Methods
Data Compilation. The data on C, N, P, and S in soils and soil microbial biomass were retrieved from 
published papers. We collected publications by searching for “soil microbial biomass” in Google Scholar 
and retrieved 3458 data points including 3422 for C, N, and P used in our previous publication1, and 
36 pairs of S data points for soils and microbes. Associated information for the sampling sites was also 
retrieved, for example, soil pH, sampling depth, biome type, climate variables, latitude, and longitude. 
The data points for the top soil layer of 0–30 cm were used in this study. The detailed procedure for data 
collection and criteria for data screening can be found in Xu et al. (2013)1. The soil microbial biomass 
C, N, and P has been archived at Oak Ridge National Laboratory Distributed Active Archive Center for 
Biogeochemical Dynamics (ORNL-DAAC)34, and the soil microbial biomass S data is in the supplemen-
tary online material (Table S1).

Regression Analysis. We first applied log-transformation to all data variables to ensure normal dis-
tribution which will be applicable for further statistical analysis. The linear regression on log-transformed 
data was independently applied to develop correlation between element concentrations in soils and in 
soil microbial biomass for C, N, P, and S. Then we combined all data for C, N, P, and S and applied linear 
regression to prove the consistent mechanism of microbial assimilation of C, N, P, and S in terrestrial 
ecosystems. We further carried out the same statistical analysis for eleven biomes including boreal forest, 
temperate coniferous forest, temperate broadleaf forest, tropical/subtropical forest, grassland, cropland, 
natural wetland, pasture, shrubland, tundra, and desert/bare soils. The term bare soils is used to represent 
a mixed landscape types including bare soils, urban, desert and any other non-vegetated sampling sites. 
The software Origin Pro 8.0 was used for statistical analysis and generating graphs.

It should be noted that the approach for calculating homeostatic regulation is different from that in 
Sterner and Elser (2002). First described by French physiologist Claude Bernard in 1865, and coined 
by Walter Bradford Cannon in1926, the homeostasis infers the ability of living organisms to maintain 
internal conditions in varying external environments16. Sterner and Elser further used a parameter 
to quantify the homeostatic regulation of living organisms in terms of stoichiometry7. In this study, 
we used the similar method to describe microbial assimilation of soil organic matter across C, N, P, 
and S. Compared with Sterner and Elser (2002) which depends on the element stoichiometry in living 
organisms and its external environment, we focus on living organisms regulating its assimilation across 
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elements. Therefore, we use the homeostatic regulation to describe microbial assimilation across C, N, 
P, and S. This treatment has three reasons: (1) we care more about microbial assimilation mechanisms 
across elements, rather than individual elements; (2) mathematical function for microbial assimilation 
across C, N, P, and S informs the variation across elements and for individual elements; (3) the soil 
microbial biomass accounts for a fraction of soil organic carbon through microbial assimilation of soil 
organic C, N, P, and S15, therefore, the unifying mechanism of microbial assimilation across C, N, P, and 
S implies consistent elemental ratio in microbes and soils, defined as homeostasis based on Sterner and 
Elser7; while the reverse is not true.

References
1. Xu, X., Thornton, P. E. & Post, W. M. A global analysis of soil microbial biomass carbon, nitrogen and phosphorus in terrestrial 

ecosystems. Global Ecology and Biogeography 22, 737–749, doi: 10.1111/geb.12029 (2013).
2. Schlesinger, W. H. & Bernhardt, E. S. Biogeochemistry: An analysis of global change. 3rd Edition edn 15–48 (Academic Press, 

2013).
3. Chapin III, F. S., Matson, P. A. & Vitousek, P. M. Principles of Terrestrial Ecosystem Ecology. 2nd Edition edn 259–296 (Springer, 

2011).
4. Singh, B. K., Bardgett, R. D., Smith, P. & Reay, D. S. Microorganisms and climate change: terrestrial feedbacks and mitigation 

options. Nature Review Microbiology 8, 779–790 (2010).
5. Yu, Q. et al. Stoichiometric homeostasis of vascular plants in the Inner Mongolia grassland. Oecologia 166, 1–10 (2011).
6. Klausmeier, C. A., Litchman, E., Daufresne, T. & Levin, S. A. Optimal nitrogen-to-phosphorus stoichiometry of phytoplankton. 

Nature 429, 171–174 (2004).
7. Sterner, R. W. & Elser, J. J. Ecological Stoichiometry: the biology of elements from molecules to the biosphere. 13–25 (Princeton 

University Press, 2002).
8. Logan, J. D., Joern, A. & Wolesensky, W. Control of CNP homeostasis in herbivore consumers through differential assimilation. 

Bulletin of Mathematical Biology 66, 707–725 (2004).
9. Persson, J. et al. To be or not to be what you eat: regulation of stoichiometric homeostasis among autotrophs and heterotrophs. 

Oikos 119, 741–751 (2010).
10. Redfield, A. C. The biological control of chemical factors in the environment. American scientist 46, 205–221 (1958).
11. Redfield, A. On the proportions of organic derivatives in sea water and their relation to the composition of plankton. 177–192 

(University Press of Liverpool, 1934).
12. McGroddy, M. E., Daufresne, T. & Hedin, L. O. Scaling of C:N:P stoichiometry in forests worldwide: implications of terrestrial 

redfield-type ratios. Ecology 85, 2390–2401. (2004).
13. Cleveland, C. C. & Liptzin, D. C.: N: P stoichiometry in soil: is there a “Redfield ratio” for the microbial biomass? Biogeochemistry 

85, 235–252 (2007).
14. Hartman, W. H. & Richardson, C. J. Differential Nutrient Limitation of Soil Microbial Biomass and Metabolic Quotients (qCO2): 

Is There a Biological Stoichiometry of Soil Microbes? PloS one 8, e57127, doi: 10.1371/journal.pone.0057127 (2013).
15. Xu, X. et al. Substrate and environmental controls on microbial assimilation of soil organic carbon: a framework for Earth system 

models. Ecology Letters 17, 547–555, doi: 10.1111/ele.12254 (2014).
16. Cannon, W. B. in A Charles Richet: Ses Amis, ses Colleges, ses Eleves (ed A. Pettit) 91–93 (1926).
17. Sterner, R. W. et al. Scale-dependent carbon:nitrogen:phosphorus seston stoichiometry in marine and freshwaters. Limnology and 

Oceanography 53, 1169–1180 (2008).
18. Reiss, M. J. The allometry of growth and reproduction. 1–6 (Cambridge University Press, 1991).
19. Loladze, I. & Elser, J. J. The origins of the Redfield nitrogen-to-phosphorus ratio are in a homoeostatic protein-to-rRNA ratio. 

Ecology Letters 14, 244–250 (2011).
20. Sistla, S. A. & Schimel, J. P. Stoichiometric flexibility as a regulator of carbon and nutrient cycling in terrestrial ecosystems under 

change. New Phytologist 196, 68–78, doi: 10.1111/j.1469-8137.2012.04234.x. (2012).
21. Rivas-Ubach, A. et al. Drought enhances folivory by shifting foliar metabolomes in Quercus ilex trees. New Phytologist 202, 

874–885, doi: 10.1111/nph.12687 (2014).
22. Kirkby, C. A. et al. Stable soil organic matter: a comparison of C:N:P:S ratios in Australian and other world soils. Geoderma 163, 

197–208 (2011).
23. Anderson, T.-H. & Domsch, K. H. Ratios of microbial biomass carbon to total organic carbon in arable soils. Soil Biology and 

Biochemistry 21, 471–479 (1989).
24. Brookes, P. C., Powlson, D. S. & Jenkinson, D. S. Phosphorus in the soil microbial biomass. Soil Biology and Biochemistry 16, 

169–175 (1984).
25. Karimi, R. & Folt, C. L. Beyond macronutrients: element variability and multielement stoichiometry in freshwater invertebrates. 

Ecology letters 9, 1273–1283 (2006).
26. Goldman, J. C., Caron, D. A. & Dennett, M. R. Regulation of gross growth efficiency and ammonium regeneration in bacteria 

by substrate C: N ratio1. Limnology and Oceanography 32, 1239–1252 (1987).
27. Schimel, J. P. & Schaeffer, S. M. Microbial control over carbon cycling in soil. Frontiers in Microbiology 3, 1–11 (2012).
28. Joergensen, R. G., Wu, J. & Brookes, P. C. Measuring soil microbial biomass using an automated procedure. Soil Biology and 

Biochemistry 43, 873–876 (2011).
29. Anderson, T.-H. & Domsch, K. H. Soil microbial biomass: the eco-physiological approach. Soil Biology and Biochemistry 42, 

2039–2043 (2010).
30. Manzoni, S., Jackson, R. B., Trofymow, J. A. & Porporato, A. The global stoichiometry of litter nitrogen mineralization. Science 

321, 684–686, doi: 10.1126/science.1159792 (2008).
31. Zhou, J. et al. Microbial mediation of carbon cycle feedbacks to climate warming. Nature Climate Change 2, 106–110, doi: 

10.1038/nclimate1331. (2012).
32. Wieder, W. R., Bonan, G. B. & Allison, S. D. Global soil carbon projections are improved by modelling microbial processes. 

Nature Climate Change 3, 909–912, doi: 10.1038/NCLIMATE1951 (2013).
33. Xu, X. et al. A microbial functional group based module for simulating methane production and consumption: application to an 

incubation permafrost soil. Journal of Geophysical Research-Biogeosciences 120, 1315–1333, doi: 10.1002/2015JG002935 (2015).
34. Xu, X., Thornton, P. E. & Post, W. M. A Compilation of Global Soil Microbial Biomass Carbon, Nitrogen, and Phosphorus Data 

(Oak Ridge National Laboratory Distributed Active Archive Center, Oak Ridge, Tennessee, USA), doi: 10.3334/ORNLDAAC/1264 
(2014).



www.nature.com/scientificreports/

8Scientific RepoRts | 5:17445 | DOI: 10.1038/srep17445

Acknowledgements
The authors thank Drs. William H. Schlesinger and Jay Gulledge for their constructive comments and 
suggestions, and Drs. Robert Jackson, Wilfred W. Post, and Joshua Schimel for discussions on this work 
at early stage. We appreciate two anonymous reviewers whose comments are valuable for the manuscript 
improvement. This research was sponsored by the US Department of Energy, Office of Science, Biological 
and Environmental Research (BER) program and performed at Oak Ridge National Laboratory (ORNL). 
ORNL is managed by UT-Battelle, LLC, for the US Department of Energy under contract DE-AC05-
00OR2725. X.X. and X.S acknowledge the financial support from the University of Texas at El Paso. 
L.Z. was supported by the National Natural Science Foundation of China (41371111, 40801037) and the 
“Strategic Priority Research Program” of the Chinese Academy of Sciences (Grant No. XDA05050406-06).

Author Contributions
X.X. initialized the effort, X.X., D.H., A.K., X.S. and P.E.T. analyzed the data. X.S. compiled the S data 
and helped with the data interpretation. X.X. led the writing of the paper with substantial inputs from 
D.H. and A.K. L.Z. made significant contribution to the revision.

Additional Information
Supplementary information accompanies this paper at http://www.nature.com/srep
Competing financial interests: The authors declare no competing financial interests.
How to cite this article: Xu, X. et al. Convergence of microbial assimilations of soil carbon, nitrogen, 
phosphorus, and sulfur in terrestrial ecosystems. Sci. Rep. 5, 17445; doi: 10.1038/srep17445 (2015).

This work is licensed under a Creative Commons Attribution 4.0 International License. The 
images or other third party material in this article are included in the article’s Creative Com-

mons license, unless indicated otherwise in the credit line; if the material is not included under the 
Creative Commons license, users will need to obtain permission from the license holder to reproduce 
the material. To view a copy of this license, visit http://creativecommons.org/licenses/by/4.0/

http://www.nature.com/srep
http://creativecommons.org/licenses/by/4.0/


RESEARCH ARTICLE

Increasing the Size of the Microbial Biomass

Altered Bacterial Community Structure which

Enhances Plant Phosphorus Uptake

Pu Shen1,2, Daniel Vaughan Murphy1, Suman J. George1, Hazel Lapis-Gaza1,

Minggang Xu2, Deirdre Bridget Gleeson1*

1 Soil Biology and Molecular Ecology Group, School of Earth and Environment, Faculty of Science, The

University of Western Australia, Crawley, Perth, Western Australia, Australia, 2 National Engineering

Laboratory for Improving Quality of Arable Land, Institute of Agricultural Resources and Regional Planning,

Chinese Academy of Agricultural Sciences, P. R. China

* deirdre.gleeson@uwa.edu.au

Abstract

Agricultural production can be limited by low phosphorus (P) availability, with soil P being

constrained by sorption and precipitation reactions making it less available for plant uptake.

There are strong links between carbon (C) and nitrogen (N) availability and P cycling within

soil P pools, with microorganisms being an integral component of soil P cycling mediating

the availability of P to plants. Here we tested a conceptual model that proposes (i) the addi-

tion of readily-available organic substrates would increase the size of the microbial biomass

thus exhausting the pool of easily-available P and (ii) this would cause the microbial biomass

to access P from more recalcitrant pools. In this model it is hypothesised that the size of the

microbial population is regulating access to less available P rather than the diversity of

organisms contained within this biomass. To test this hypothesis we added mixtures of sim-

ple organic compounds that reflect typical root exudates at different C:N ratios to a soil

microcosm experiment and assessed changes in soil P pools, microbial biomass and bacte-

rial diversity measures. We report that low C:N ratio (C:N = 12.5:1) artificial root exudates

increased the size of the microbial biomass while high C:N ratio (C:N = 50:1) artificial root

exudates did not result in a similar increase in microbial biomass. Interestingly, addition of

the root exudates did not alter bacterial diversity (measured via univariate diversity indices)

but did alter bacterial community structure. Where C, N and P supply was sufficient to sup-

port plant growth the increase observed in microbial biomass occurred with a concurrent

increase in plant yield.

Introduction

Phosphorus (P) is essential for plant growth and even though soils contain a large amount of

total P, only a small fraction is available for plant uptake [1]. P fertilisers, which are mainly

obtained from rock phosphate, are used in commercial agriculture to overcome P deficiencies

in soil with farmers often applying P fertilisers that exceed plant requirements [2]. In the year

of application only 10–30% of fertiliser P applied is taken up by the plant as most of the P
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applied rapidly fixes to soil clay minerals or alternatively precipitates into less available P

forms [3]. Plants generally obtain P as orthophosphate (predominately as HPO4
2– and

H2PO4
–) through the use of P transporters contained within plant cell roots [1]. In most soils

the soil solution concentration of orthophosphate is low and must be continually replaced

with P from other soil P pools to ensure there is no P constraint to plant growth [4]. Within

soil, P exists as (1) inorganic P (Pi) which can be adsorbed to soil mineral surfaces or precipi-

tated P which is largely unavailable or (2) organic P (Po) which is associated with organic mat-

ter or contained with the microbial biomass. These soil P pools are broadly grouped as readily,

moderately and sparingly (recalcitrant) available pools [5]. P can be extensively sorbed or pre-

cipitated in soil and over time this increases the recalcitrant pools of soil P [6, 7]. These recalci-

trant pools offer significant potential to increase plant available P if it were possible to release P

from these pools into more available P pools [7].

It has been suggested that plants mediate the availability of P through release of organic

anions (e.g. oxalate or citrate) that assist in mobilising both organic and inorganic P [8, 9]. A

number of studies support this view for example Pearse et al. [8] reported an increase in

organic anion release from P-deficient plants and where plants were engineered to release

more organic anions they were able to access P from more recalcitrant pools [9]. However, the

direct evidence supporting the role of organic anions is not clear. Ryan and colleagues [10]

attempted to address this by assessing whether citrate efflux from roots could improve P

uptake using near-isogenic lines of wheat (one cultivar which secretes citrate constitutively

and one which does not). They concluded that the specific ability to exude citrate resulted in

little competitive advantage and that it was likely that the citrate-effluxing cultivar had other

advantages that contributed to its higher yield in P-deficient soils.

A second option to increase cycling of P from more recalcitrant pools into more available P

pools is to consider how microbial cycling of recalcitrant P (both Pi and Po) can be manipulated

to increase plant available P. Microorganisms play a role in mediating the availability of nutri-

ents to plants via two main avenues; (1) an increase in the size of the microbial biomass can

result in the accumulation of a significant pool of P (2) the microbial biomass can drive the

transformation of P from recalcitrant to more available P pools for plant uptake [11, 12, 13, 14].

In general the soil microbial biomass is better able to obtain P from more recalcitrant pools and

competes more effectively than plants for more available P pools [15, 16, 17]. Microbial P can

account for between 2 and 10% of total soil P [18] and is readily impacted by environmental

factors for example soil carbon (C) and nitrogen (N) availability. Research has shown that

microbial P increases in response to additions of C and N; this increase in microbial P occurs

concurrently with a decrease in soil orthophosphate concentration—this occurs in soils regard-

less of whether the soil is P limited or not [19, 20]. Microorganisms can potentially out-compete

plants for available P and may immobilise a substantial proportion of soil P that will be unavail-

able to plants in the short term. In time, as the microbial biomass turns over, this microbial pool

of P will become available to plants; thus the P immobilised in the microbial biomass could rep-

resent both an important potentially available pool of P as well as a mechanism for regulating P

supply [21, 22, 11]. The mean annual flux of P through the microbial biomass has been reported

to be in the region of 23 kg P ha–1 yr–1 for grassland soils and 7 kg P ha–1 yr–1 for arable soils

[23] and is considered to be faster than the turnover time of C. Thus the microbial biomass can

be considered a potentially significant contributor to plant P nutrition. Olander and Vitousek

[22] showed that immobilisation of tracer P was greater where microbial activity was also at its

peak thus indicating that the microbial pool may exert significant control over soil P cycling.

Early work by McGill and Cole [24] and Smeck [6] proposed that biological P cycling

occurred independently of C and N availability. However, we now know that there are strong

links between C and N availability and P cycling [25]. Here we focus on the drivers of P
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mobilisation and address a conceptual model, presented by Guppy and McLaughlin [7], that

suggests that addition of organic material that is easily decomposed (e.g. plant residue with a

low lignin content and low ratio of carbon-to-nitrogen (C:N) ratio) [26,27]) will cause a signif-

icant increase in microbial biomass. This microbial biomass increase will likely favour fast

growing organisms, particularly bacteria, and potentially result in lower microbial diversity. It

has been proposed that this increase in microbial biomass will consume the immediately avail-

able P pools and that consequently there may be microbially driven release of P from more

recalcitrant pools to meet the needs of the growing biomass. Thus recalcitrant P maybe taken-

up by the microbial biomass and form part of an enhanced P cycle. Increases in microbial bio-

mass can be achieved by supplying either organic matter that is easily decomposed or by sup-

plying C and N in easily-available form as root exudates.

The role of root exudates in influencing the structure and function of soil bacterial commu-

nities is widely recognised [28, 29, 30] but their potential role in influencing P cycling via the

microbial biomass pool is not clear. Easily available C and N likely leads to shifts in microbial

community composition toward an increased abundance of fast growing organisms that prefer

nutrient rich environments (e.g. Bacteriodetes and Proteobacteria) which may have implica-

tions for P cycling, particularly if P solubilisers are enhanced for example the family Pseudo-

monadaceae (phylum Protobacteria). In addition to impacts of exudate C:N ratios the form of

P will also have an effect on bacterial communities, in particular rock P added to soil has previ-

ously been shown to alter the bacterial community structure and this change was related to

physicochemical properties of rock P [31,32]. Thus the combined effect of C and N availability

and P source on microbial biomass and associated communities will likely have an influence

on soil P availability to plants.

Here we tested the hypothesis that organic inputs with a low C:N ratio would increase the

microbial biomass, but not its diversity, until it exhausted the supply of easily-available P forc-

ing it to access P from more recalcitrant soil pools. In particular this hypothesis suggests that

the size of the biomass is driving access to less available P rather than the diversity of organisms

contained within this biomass. To test the hypothesis, we added mixtures of simple organic

compounds representative at different C:N ratios to a soil microcosm experiment We designed

our simple organic compounds to reflect those commonly found in root exudates [28, 30] and

amended with a low C:N ratio organic substrate (C:N = 12:1) and a high C:N ratio organic sub-

strate (C:N = 50:1) to compare contrasting effects of low and high C:N ratio root exudate sub-

strates on soil microbial communities associated with P cycling in terms of their biomass,

univariate diversity measures and community structure.

Materials and Methods

Soil

Soil (0–10 cm) was collected from the uncultivated Ap horizon of a wheat paddock near the

town of Beverley in the wheatbelt of Western Australia (32˚ 2’ 44.19" S, 117˚ 9’ 54.26" E). The

study was carried out on private land–the owner of this property gave permission to conduct

the study on this site. The field study did not involve endangered or protected species. The soil

is described as sand (94.9% sand, 3.7% clay and 1.4% silt) with a pH (CaCl2) of 5.0. Total soil C

and N were 0.47 and 0.04% respectively resulting in a C:N ratio of 12.4. Total soil P was 42.0

mg kg-1 dry soil with a plant available P of 5.2 mg Colwell P kg-1 dry soil.

Microcosm design

Microcosms were prepared by placing 1.5 kg soil (sieved to<4 mm) into pots with a 12.5 cm

diameter and 10cm height. Three sets of P conditions were imposed: (1) No P treatment (NP)
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where soil was not amended with P during the course of the experiment (i.e. control), (2) Rock

P treatment (RP) where RP (P 16.5%; Ca 38%; S 0.4%; K 0.15% and Mg 0.15%;) was added at a

rate 130 g kg-1 soil (i.e. 13% w/w) prior to the experiment commencing resulting in a total of

30.75 g P applied as rock P per pot, and (3) Solution P treatment (SP) where 20.5 mg K2HPO4-

P kg-1 soil was added every four weeks resulting in a total of 153.75 mg P being applied per

pot. P application rates were different to reflect the difference in available P between easily

available solution P and the less available P contained within rock P. Basal nutrients (with the

exception of P) were added to all pots at the start of the experiment at concentrations (mg kg−1

soil) similar to that of Damon and Rengel [33]: N (33), K (88), Mg (4), Mn (3), Zn (2), Mo

(0.1), Cu (0.5), B (0.1). Ryegrass (Lolium rigidum cv. Tetila) was germinated and transplanted

after two weeks into each of the above sets of experimental pots at a rate of five seedlings per

pot. A full set of pots was established for each of two specific root exudate treatments that were

to be imposed over the duration of the experiment.

Experimental pots were amended with artificial root exudate organic compounds during

the course of the 20-week experiment. We imposed these treatments in a planted system to

ensure that the microbial community was continually exposed to our regime of desired C:N

ratio rather than rely on root exudates from the planted ryegrass. The rate of amendment was

a total of 1000 mg C kg–1 soil for each 4-week period and added as follows: 100, 200, 300 and

400 mg C kg–1 soil for weeks 1, 2, 3 and 4 respectively. This application regime was repeated

every 4 weeks throughout the experiment and was chosen to mirror plant requirements as

plant biomass was harvested at the end of each 4 week cycle. Thus the root exudate amend-

ment was increased week-by-week in each 4-week period to account for increasing plant

requirements. Our design aimed to compare the effect of low C:N ratio (12.5:1) root exudates

with high C:N ratio (50:1) root exudates on soil characteristics (mineral N, Colwell P, soil P

fractions), plant characteristics (biomass, plant P content) and microbial characteristics

(MB-C, MB-P, 16S rRNA gene abundance) as well as microbial diversity and community

structure. The experiment was not designed to test whether amendment with artificial root

exudates would have an effect as this has already been established (e.g. [28]) and thus our treat-

ments only included application of different C:N ratios and did not include a non-amended

treatment. Artificial root exudate organic compounds with a C:N ratio of 12.5:1 and 50:1 were

prepared for use in the experiment. Artificial root exudate solutions, described as constituents

of root exudates [34, 28], were prepared in distilled water. The organic amendment solution

with a C:N ratio of 12.5:1 contained 29.78 mM glucose, 29.78 mM fructose, 14.89 mM sucrose,

5.49 mM citric acid, 10.98 mM lactic acid, 8.24 mM succinic acid, 21.97 mM alanine, 21.97

mM serine and 13.18 mM glutamic acid. The organic amendment solution with a C:N ratio of

50:1 contained 29.78 mM glucose, 29.78 mM fructose, 14.89 mM sucrose, 13.73 mM citric

acid, 27.46 mM lactic acid, 20.60 mM succinic acid, 5.49 mM alanine, 5.49 mM serine and 3.30

mM glutamic acid. Solutions were designed to maintain the same C level with the amount of

N available differing between C:N ratio treatments. Artificial root exudate solutions (hereafter

referred to as exudates) were applied to pots at the time of watering by pipetting a specified

volume (7.5 ml) evenly onto the top of each pot which was then followed by water required to

maintain pots at 50% of water holding capacity.

The experimental design consisted of three P treatments (NP, RP and SP as described

above), two C:N ratio treatments (C:N = 12.5:1 and C:N = 50:1) applied as described above

with three replicates of each (n = 3). This experimental design resulted in 18 pots being

destructively harvested at each of 6 time points resulting in a total of 108 experimental units.

All pots were fully randomised in a glasshouse where the temperature was 22.6/17.1˚C day/

night and relative humidity was maintained at 64%. Pots were regularly checked and adjusted

to 50% of soil water holding capacity with distilled water over the course of 20 weeks and had
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weekly amendments of C:N substrate mixes giving a C:N ratio of 12.5:1 or 50:1. Experimental

pots were destructively harvested every 4 weeks over the course of 20 weeks. At each destruc-

tive sampling time point plant shoot material was first removed, root material was then

removed from each pot and the remaining soil was sieved (4 mm) to homogenise it prior to

sub-sampling for further soil analyses.

Soil and plant analyses

Soil analyses. After shoot and root material was removed the sieved soil was collected for

analysis after each 4-week interval for soil Colwell P, mineral N, microbial biomass-C and -P

(MB-C and MB-P); 10 g was preserved in liquid nitrogen and stored at –80˚C for analysis of

the abundance (quantitative polymerase chain reaction–qPCR) and diversity (ion torrent bar-

coded sequencing) of the bacterial community. Additional samples were collected after 20

weeks for measurement of soil P fractions.

Soil Colwell P and P fractions. Plant-available P was measured by 0.5 M NaHCO3

extractable P (Colwell P [35]; adjusted to pH 8.5 using NaOH). A soil:solution ratio of 1:100

was used for an extraction time of 16 h at 25˚C on an end-over-end shaker. Samples and stan-

dards were read at 882 nm on a spectrophotometer (Shimadzu). Standards were prepared by

adding different volumes of primary KH2PO4 standard solution to a matrix identical to that

for the samples.

Soil samples were sequentially extracted for P using a modification of the Hedley procedure

[36]. In brief, 0.5 g of finely ground (<150 μm) air-dried soil was weighed into centrifuge

tubes, which were shaken for 16 h for each extractant followed by centrifugation. Based on the

extractant used, forms of P (inorganic P–Pi and organic P–Po) extracted were recovered in the

sequential order: resin-Pi, NaHCO3-Pi and Po, NaOH-Pi and–Po, NaOH, HCl-Pi and residual

P. These P fractions were grouped into readily-available P (resin-Pi, and NaHCO3-Pi), moder-

ately-available P (NaHCO3-Po, NaOH-Pi and Po and HCl-Pi) and sparingly available P (resid-

ual P) as used by Guo and Yost [37].

Plant analyses. Ryegrass was separated into root and shoot components which were oven-

dried at 60˚C for 3 d and weighed. Sub-samples of plant material (shoot and root separately)

were then finely ground (<150 μm) prior to further analysis. A 100 mg sample from each repli-

cate was digested in a nitric and perchloric acid mixture. The molybdo-vanado-phosphate

method was used to determine the P concentration in the digest [38]. Phosphorus uptake was cal-

culated as total P content (P concentration multiplied by dried plant weight) of shoots and roots.

Partitioning of P pools. Partitioning of P into soil, accumulated plant biomass and

microbial biomass pools using measured values was completed at the end of the 20-week incu-

bation and expressed as percentages. Shifts in these partitions were statistically compared

between exudate C:N ratios of 12.5:1 and 50:1 and run separately for each of the P treatments

(NR, RP and SP).

Microbial population and community analyses

Soil microbial biomass. MB-C was determined by chloroform-fumigation extraction

[39]. Moist soil (10 g dry weight equivalent) was fumigated with purified chloroform for 24 h

and extracted with 40 ml of 0.5 M K2SO4 for 1 h. Non-fumigated soils were extracted by the

same procedure. The oxidisable-C in the soil extracts was measured by an automated TOC

Analyser (Shimadzu, TOC-5000A, Japan). MB-C was calculated from the difference in total

oxidisable-C between fumigated and non-fumigated soil with a correction factor of 0.45 [40].

MB-P was determined from the difference between the amount of inorganic P (Pi)

extracted by 0.5 M NaHCO3 (pH 8.5) from moist soil fumigated with CHCl3 and the amount
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extracted from unfumigated soil. Since some CHCI3-released P will be re-sorbed by soil during

fumigation and extraction, an adjustment for this was made by incorporating a known quan-

tity of Pi during extraction and correcting for recovery. MB-P was calculated from CHCl3-

released Pi by dividing by 0.4, i.e. by assuming that 40% of the P in the biomass is rendered

extractable as Pi by CHC13 [41].

DNA extraction. Soil was sampled at 0, 8 and 20 weeks and duplicate DNA extractions

were performed using the PowerSoil™ DNA Isolation Kit (MoBio Laboratories Inc.) following

the manufacturer’s instructions. Duplicate DNA extractions for each treatment were then

pooled and quantified and the DNA extract was stored at– 40˚C prior to further analysis.

DNA was extracted in this manner from each of three experimental replicates prior to ampli-

con sequencing and quantitative PCR (qPCR).

Quantitative PCR amplification (qPCR). Copy numbers of 16S ribosomal genes were

determined by qPCR using the Applied Biosystems 7500 platform. Each 20 μL qPCR reaction

contained 10 μL of Power SYBR Green Master Mix (Applied Biosystems, Life Technologies),

0.2 μL of the forward Eub338 (5’-ACTCCTACGGGAGGCAGCAG-3’) and reverse Eub518

(5’-ATTACCGCGGCTGCTGG-3’) primers at a concentration of 10 μM, 2 μL bovine serum

albumin (Ambion Ultrapure BSA, 5 mg mL–1), 2 μL of template DNA and 5.6 μL sterile water

[42]. All PCR reactions were performed in triplicate using 8 ng template DNA for each experi-

mental unit and were performed as described in Gleeson et al. [43]. Standard curves generated

in each reaction were linear over four orders of magnitude (104 to 107 gene copies) with R2 val-

ues greater than 0.99. Efficiencies for all quantification reactions were 90–100%.

Amplicon sequencing and sequence analysis. For each sample, approximately 300 base

pairs of the V4/5 region of the bacterial 16S rRNA gene were amplified by PCR primer set

515F (5’-GTGCCAGCMGCCGCGGTAA-3’) and 806R (5’-GGACTACHVGGGTWTCTA

AT-3’) [44]. Amplicon sequencing was performed as descrbed previously [43] with no amend-

ments. After sequencing, individual sequence reads were filtered within the PGM software to

remove low quality and polyclonal sequences; sequences matching the PGM 3’ adaptor were

also automatically trimmed. All PGM quality filtered data were exported as FastQ files which

were split into constituent FastA and Qual files and subsequently analysed using the QIIME

pipeline (www.qiime.org) as described previously [43]. Sequence data were sub-sampled to

10,000 sequences per sample to ensure comparable estimators across experimental units [45].

Raw demultiplexed reads have been deposited in the MG-RAST database under project ID

20589 (www.metagenomics.anl.gov).

Statistical analysis

The experiment consisted of three factors: P treatment, C:N ratio of applied artificial root exu-

dates and time, each with three replications. Univariate statistical analyses were performed

using GenStat (16th edition; Lawes Trust, Harpenden, UK). Analysis of variance (ANOVA)

was performed to determine whether P treatment and exudate C:N ratio significantly affected

a range of univariate measures including soil characteristics (mineral N, Colwell P, soil P frac-

tions), plant characteristics (biomass, plant P content) and microbial characteristics (MB-C,

MB-P, 16S rRNA gene abundance) as well as measures of univariate bacterial richness and

diversity (Observed species, Shannon diversity, Chao1 and Faith’s phylogenetic diversity).

Data was checked for normality and skewed data was log transformed prior to analysis. Differ-

ences between means were then assessed using Tukey’s HSD test with a significance cut-off of

P = 0.05. Bacterial 16S rRNA gene abundance were log-transformed prior to ANOVA as values

spanned several orders of magnitude. To determine whether the treatments significantly

impacted the bacterial community structure, multivariate statistical analyses were performed
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in Primer 6 (Primer-E Ltd., United Kingdom). Analyses were performed on data that had

been generated using the QIIME pipeline as described above, with no transformation, and

applying the Bray-Curtis measure of similarity. To visualise differences between treatments,

ordinations were performed by principal coordinate (PCO) analysis. Tests of the null hypothe-

sis, that there are no differences among a priori-defined groups, were performed by permuta-

tional multivariate analysis of variance (PERMANOVA). Relationships between changes in

the bacterial community structure and individual soil characteristics were analysed using dis-

tance-based multivariate multiple regression (DistLM) with environmental measures sub-

jected to a forward-selection procedure to develop a model to explain the variance in

community structure data [46, 47].

Results

Plant biomass and plant P content

P treatment and exudate C:N ratio significantly (P< 0.05) affected plant growth and plant P

concentration. After 20 weeks, the solution P treatment with an exudate C:N ratio of 12.5:1

produced significantly more (P< 0.05) plant biomass (3.11 g dry weight) than any other treat-

ment. Within each P treatment (NP, RP, SP), application of exudates with a C:N ratio of 12.5:1

produced significantly more (P< 0.05) plant biomass than that when an exudate C:N ratio of

50:1 was applied (Fig 1A).

Plant P content was significantly (P< 0.001) affected by both P treatment and exudate C:N

ratio. After 20 weeks there was a significant effect (P< 0.01) of exudate C:N amendment on

plant P content for both RP and SP treatments but not for the NP treatment. However, the SP

treatment where an exudate C:N ratio of 12.5:1 was applied had significantly higher

(P< 0.001) plant P content (38.53 mg P per total plant biomass produced) than the average

5.20 mg P per total plant biomass produced across other treatments (Fig 1B). The rate of P

uptake was not significantly different (P> 0.05) between C:N exudate treatments for both NP

(0.035 mg P plant biomass-1 day-1 ± 0.001) and RP (0.048 mg P plant biomass-1 day-1 ± 0.005)

treatments; for the SP treatment amending with a C:N ratio of 12.5:1 resulted in a significantly

greater (P< 0.05) overall rate of P uptake at a rate of 0.178 mg P plant biomass-1 day-1) com-

pared to 0.054 mg P plant biomass-1 day-1 where a C:N ratio of 50:1 was applied across the

experimental time period.

Soil Colwell P, P fractions and mineral N

Overall there was a significant (P< 0.05) effect of P treatment and exudate C:N ratio on plant-

available P as measured by Colwell P (Fig 1C). Where RP was added soil Colwell P significantly

increased (P< 0.05) initially (within the first 6 weeks) with easily released P from the added

RP being released into solution and P supply being greater than plant demand for P. In time

there was less P released from the RP and thus the soil Colwell P decreased significantly

(P< 0.05) from 6 weeks until a steady state was reached about 12 weeks. In the NP treatment

soil Colwell P increased significantly (P< 0.05) as the soil was wetted up and microbial activity

commenced. Thus soil Colwell P was significantly higher (P< 0.05) after 6 weeks–the increase

in Colwell P in the NP treatment was much less than for the RP treatment. With less P being

available for release from soil organic matter and with plant growth increasing soil Colwell P

decreased significantly (P< 0.05) from 6 weeks onwards until a steady state low soil Colwell P

was reached at approximately 12 weeks. In the SP treatment where soluble P was added contin-

uously the generally high soil Colwell P measured reflects this.

Assessing differences after the 20 week incubation there was a significant effect of exudate

C:N ratio on plant-available P in the RP and SP treatments but not the NP treatment. The NP
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treatment had the lowest plant-available P levels at 5.3 mg Colwell P kg-1 dry soil while the SP

treatment combined with an exudate C:N ratio of 50:1 had the highest plant-available P levels

at 47.5 mg Colwell P kg-1 dry soil; the application of an exudate C:N ratio of 12.5:1 resulted in

significantly (P< 0.05) less plant-available P in the SP treatment (32.2 mg Colwell P kg-1 dry

soil). The difference in plant-available P within the RP treatments was less pronounced than

the SP treatment, but still significant (P< 0.05) with application of an exudate C:N ratio of

50:1 resulting in 16.2 mg Colwell P kg-1 dry soil compared to 12.3 mg Colwell P kg-1 dry soil

with application of an exudate C:N ratio of 12.5:1.

Total P and soil P fractions were assessed at the start of the experiment and after 20 weeks

of incubation with exudate C:N substrates (Fig 2). The NP treatment had the lowest soil P con-

centrations both at the beginning and end of the 20 weeks compared to the RP and SP treat-

ments. For NP, there was significantly less (P< 0.05) resin extractable P (readily-available P)

in soil at the end of the experiment (for treatments receiving exudates with C:N ratios of 12.5:1

and 50:1) compared to the start of the experiment. Resin and NaHCO3 extractable P fractions

(readily-available P) in the NP treatment did not significantly differ (P> 0.05) between exu-

date C:N ratios of 12.5:1 and 50:1 at the end of the experiment. For RP, the HCl-extractable

Fig 1. The effect of P treatment and C:N ratio applied on (a) plant growth, (b) plant P content, (c) soil Colwell P, and (d) soil mineral N.

Dashed lines represent no P, grey lines represent rock P and solid lines represent solution P amendment—triangles represent the application of a C:N

ratio of 12.5:1 and circles represent the application of a C:N ratio of 50:1. Standard error of means is shown (n = 3).

doi:10.1371/journal.pone.0166062.g001
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fraction (moderately-available P fraction) was significantly higher (P< 0.001) than the NaOH

extractable P (moderately-available P) both at the start of the incubation and after 20 weeks of

incubation with the exudate C:N ratios of 12.5:1 and 50:1. There were no significant differ-

ences (P> 0.01) in the NaOH or HCl-extractable fractions at the start of the experiment and

after incubation with exudate C:N ratios of 12.5: or 50:1 for 20 weeks. For SP, treatments

receiving exudates with a C:N ratio of 50:1 had significantly higher (P< 0.01) soil resin

extractable P and NaHCO3 extractable P (P< 0.05) after 20 weeks when compared to soil at

the start of the incubation and soil incubated for 20 weeks with an exudate C:N ratio 12.5:1.

Significantly lower levels of HCl-extractable P (P< 0.01) were observed for soils incubated

with exudate C:N ratios 12.5:1 and 50:1 after 20 weeks compared to HCl-extractable P at the

start of the incubation. The residual or sparingly available P fraction did not differ significantly

(P> 0.05) between soil at the start of the incubation and soil incubated for 20 weeks with exu-

date C:N ratios of 12.5:1 and 50:1 for NP, RP and SP treatments (Fig 2).

After 20 weeks of incubation P treatment and exudate C:N ratio significantly affected

(P< 0.05) soil mineral N; however the effect of P treatment was only significant where an exu-

date C:N ratio of 12.5:1 was applied. Within each P treatment (NP, RP, SP), soil mineral N

concentration was significantly (P< 0.05) greater where an exudate C:N ratio of 12.5:1 was

applied compared to an exudate C:N ratio of 50:1, with the greatest effect within the RP treat-

ment (Fig 1D). Amendment with RP increased soil mineral N at the start of the microcosm

from 16.74 mg N per kg dry soil (in the NP and SP treatments) to 33.60 mg N per kg dry soil

(in the RP treatment only).

Microbial biomass carbon and phosphorus and 16S rRNA gene

abundance

After 20 weeks P treatment and exudate C:N ratio significantly (P< 0.005) affected soil MB-C.

The MB-C was significantly (p<0.005) higher after 20 weeks at 322 mg C kg-1 dry soil in the

SP (with the application of a C:N ratio of 12.5:1) compared to the RP and NP treatments, with

RP also having a significantly higher MB-C (274 mg C kg-1 dry soil weight and a C:N ratio of

12.5:1) than the NP treatment which had the lowest MB-C at 146 mg C kg-1 dry soil with the

application of a C:N ratio of 50:1. Within each P treatment, application of an exudate C:N

ratio of 12.5:1 produced significantly higher MB-C than application of a C:N ratio of 50:1

(P< 0.001) (Fig 3).

MB-P followed the same trend as MB-C and after 20 weeks of incubation the SP treatment

(with application of an exudate C:N ratio of 12.5:1) had significantly (P< 0.001) higher (11

mg P kg–1 dry soil) MB-P than the RP (8.5 mg P kg–1 dry soil) and NP (6.6 mg P kg–1 dry soil)

treatments. Within each P treatment, application of an exudate C:N ratio of 12.5:1 had signifi-

cantly (P< 0.001) higher MB-P than application of an exudate C:N ratio of 50:1 (data not

shown). Both P treatment and exudate C:N ratio also significantly (P< 0.001) affected bacte-

rial 16S rRNA abundance. After 20 weeks, the SP treatment had a significantly (P< 0.001)

greater bacterial abundance at 1.45 x 1010 16S gene copies g–1 dry soil than the NP or RP

Fig 2. Change in soil P forms over the course of the experiment. (1) white bars represent P fractions prior to

commencement of the experiment but after P treatments had been applied (2) black bars represent P fractions after the

20-week incubation where a C:N ratio of 12.5:1 was applied continuously and (3) grey bars represent P fractions after the

20-week incubation where a C:N ratio of 50:1 was applied continuously. Soil P forms were further grouped based on perceived

plant P availability (readily-available P, moderately-available P and sparingly-available P). Standard error of means are shown

(n = 3). Significant differences (P < 0.05) are indicated by different lowercase letters while those not statistically significant

(P > 0.05) are indicated by the same lowercase letters. Different superscript letters indicate significant difference (P<0.05) in P

fractions after 20 weeks following the two C:N treatments compared to initial levels as assessed by ANOVA followed by

Fisher’s least significant difference (LSD).

doi:10.1371/journal.pone.0166062.g002

Increasing the Size of the Microbial Biomass Enhances Plant Uptake of Available Phosphorus

PLOS ONE | DOI:10.1371/journal.pone.0166062 November 28, 2016 10 / 22



Increasing the Size of the Microbial Biomass Enhances Plant Uptake of Available Phosphorus

PLOS ONE | DOI:10.1371/journal.pone.0166062 November 28, 2016 11 / 22



treatments. Within each P treatment, application of an exudate C:N ratio of 12.5:1 had a signif-

icantly greater 16S rRNA abundance than application of an exudate C:N ratio of 50:1

(P< 0.001) (Fig 3).

P budgets across soil, plant and microbial pools

Based on the P budgets at the end of the 20-week incubation (Fig 4), the NP treatment with

application of an exudate C:N ratio of 12.5:1 had a significantly higher portion of P in the

microbial P pool compared to plant biomass P (P< 0.05) while a significantly lower level of

microbial P but similar level of plant biomass P was observed with application of an exudate C:

N ratio of 50:1. In both NP and SP treatments, significantly (P< 0.05) more P was taken up

into the plant and microbial biomass pools with application of an exudate with a C:N ratio of

12.5:1 compared to an exudate with a C:N ratio of 50:1. Unlike the NP treatment, the SP treat-

ment with application of an exudate C:N ratio of 12.5:1 had a significantly higher portion of P

in the plant biomass P compared to microbial P pool (P< 0.05). RP treatments for both exu-

date C:N ratios did not significantly differ (P< 0.05) between microbial and plant biomass P

pools. For all NP, SP and RP treatments, soil P had significantly higher (P< 0.01) levels of P

compared to either microbial and plant P at both exudate C:N ratios.

Fig 3. Change in MB-C (solid lines) and 16S gene abundance (dashed lines) with (a) no P treatment (b) rock P

treatment (c) solution P treatment. Closed triangles represent MB-C where an artificial root exudate with a C:N ratio

of 12.5:1 was applied; closed circles represent MB-C where an artificial root exudate C:N ratio of 50:1 was applied.

Open triangles represent bacterial 16S gene abundance where an artificial root exudate C:N ratio of 12.5:1 was applied

and open circles represent bacterial 16S gene abundance where an artificial root exudate C:N ratio of 50:1 was applied.

doi:10.1371/journal.pone.0166062.g003

Fig 4. Apportionment of P in soil, accumulated plant biomass and microbial biomass pools quantified at the end of the 20-week pot trial and

expressed as percentages and P content (mg P kg–1 soil) in parentheses.

doi:10.1371/journal.pone.0166062.g004
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Bacterial diversity and community structure

Diversity and community structure at the start of the incubation did not significantly differ

(P> 0.1) across all measures (univariate and multivariate). As such, the results outlined in the

following section detail differences observed at the end of the 20-week incubation only. The

obtained sequence data represented a diverse soil community, however observed operational

taxonomic unit (OTU) richness estimators did not differ significantly (P> 0.1) among treat-

ments (1456 ± 281 OTUs identified) including the Chao1 richness index (3363 ± 351). Cover-

age estimators were generally high (Good’s coverage 0.911 ± 0.01) and not significantly

different (P> 0.1) across treatments indicating similar deep recovery of the community con-

stituents across the treatments. Diversity did not differ significantly (P> 0.1) across treatments

as measured by the Shannon index (7.35 ± 0.37) and Faith’s Phylogenetic Diversity

(107.7 ± 10.8).

Despite the lack of difference in univariate measures, when the data was analysed using

multivariate statistics both P treatment and exudate C:N ratio had a significant (P< 0.01)

effect on the bacterial community structure (Fig 5). Within each P treatment, the bacterial

community structure where an exudate C:N ratio of 12.5:1 was applied differed significantly

Fig 5. Distance-based redundancy analysis (dbRDA) of variation in bacterial community profiles as explained by

environmental variables. Vectors represent correlations of variables with community structure along the first two dbRDA axes.

No P amendment is represented by black symbols, rock P amendment is represented by open symbols and solution P

amendment is represented by grey symbols. Application of a C:N ratio of 12.5:1 is represented by triangles and application of a

C:N ratio of 50:1 is represented by circles. The values in parentheses indicate the percentages of the fitted and total variations

explained by each axis.

doi:10.1371/journal.pone.0166062.g005
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(P< 0.001) to that where an exudate C:N ratio of 50:1 was applied. For each exudate C:N ratio

the community structure was significantly different (P< 0.01) between P treatments, however

the effect was greatest for RP compared to either NP of SP where the community structure dif-

ferences between exudate C:N ratios of 12.5:1 and 50:1 was not as pronounced (Fig 5). For-

ward-selection models identified seven soil variables which together explained 82% of the

variance in the community structures data (Table 1). Mineral N alone explained 28.4% of the

variation with HCl-extractable P explaining a further 23.4%, other variables combined

explained the final 30.2% variation in the data set.

For all treatments after 20 weeks, Proteobacteria was the dominant phylum, followed by

Actinobacteria and Bacteroidetes; in the RP treatment in particular Firmicutes were also high

in relative abundance (Fig 6). Where NP was applied Bacteriodetes and Alpha-proteobacteria

were significantly more abundant (P< 0.05) where an exudate C:N ratio of 12.5:1 was applied

compared to an exudate C:N ratio of 50:1. In contrast Acidobacteria and Beta- and Gamma-

proteobacteria were significantly more abundant (P< 0.05) where an exudate C:N ratio of

50:1 was applied compared to an exudate C:N ratio of 12.5:1. Where SP was applied again Bac-

teriodetes was significantly more abundant (P< 0.05) where an exudate C:N ratio of 12.5:1

was applied compared to an exudate C:N ratio of 50:1, however Actinobacteria, and Beta-pro-

teobacteria were also significantly more abundant (P< 0.05). Only Gamma-proteobacteria

were significantly more abundant (P< 0.05) where an exudate C:N ratio of 50:1 was applied

compared to an exudate C:N ratio of 12.5:1. For both NP and SP there was no significant effect

(P> 0.05) of exudate C:N ratio on Chloroflexi, Firmicutes and Verrucmicrobiota. Where RP

was applied Bacteroidetes, Actinobacteria and Beta-proteobacteria were significantly more

abundant (P< 0.05) where an exudate C:N ratio of 12.5:1 was applied and Acidobacteria Fir-

micutes, Delta- and Gamma-proteobacteria were significantly more abundant (P< 0.05)

where an exudate C:N ratio of 50:1 was applied. There was no significant effect (P> 0.05) of

exudate C:N ratio on the abundance of Alpha-proteobacteria, Chloroflexi or Verrucomicrobia

(Fig 6).

Discussion

Amendment with low C:N ratio artificial root exudates increased the size of the microbial bio-

mass but did not impact its diversity; in contrast amendment with high C:N ratio artificial root

Table 1. Distance-based multivariate multiple regression showing relationships between environ-

mental variables and bacterial community structure.

Variable (mg kg-1 unless otherwise listed) P Prop. (%)

Mineral N 0.001 28.4

HCl-extractable P 0.001 51.8

Plant Biomass (g) 0.008 58.8

Microbial Biomass C 0.01 67.4

Colwell P 0.03 72.6

NaHCO3-extractable P 0.06 76.6

Resin-P 0.1 82.0

NaOH-extractable P NS -

Residual P NS -

Data shown are from a forward-selection model where only variables that contributed significantly to the

model were included. The significance of the relationship (P) and the cumulative percentage of variation

explained (Prop.) is shown.

doi:10.1371/journal.pone.0166062.t001
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Fig 6. Dominant phylum level changes between treatments at 20 weeks are shown for treatments with (a) no P

treatment; (b) rock P treatment and (c) solution P treatment. Black bars represent phylum relative abundance where a
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exudates did not result in a similar increase in microbial biomass but had a similar lack of

effect on diversity. This supports our hypothesis that application of a low C:N ratio artificial

root exudate (i.e. 12.5:1) increased the size of the microbial biomass while also increasing plant

yield, at least where P supply was sufficient to support plant growth. However, implications for

P cycling were variable with no change in the size of more recalcitrant P pools under any of

the experimental conditions applied over the course of our 20-week incubation time and thus

our data do not support the hypothesis that measurable P was released from more recalcitrant

P pools. We do report an increase in plant yield with application of a low C:N ratio artificial

root exudate when combined with the supply of an easily-available P source (SP treatment) or

a less readily available but significant source of P (RP treatment) which supplied the plant with

its C, N and P requirements. Therefore, despite the fact that we did not observe a decrease in

more recalcitrant pools per se we may be observing increased flux through these pools which is

making more P available for plant uptake.

Impact of artificial root exudate C:N ratio

Plant root exudates impact the abundance, structure and diversity of rhizosphere microbial

communities [28, 48, 29, 30] and the use of artificial root exudates, similar to those reported

herein, also impact bacterial community structure when added as a solution of varying C:N

ratio [28]. A number of studies have reported that the size of the microbial biomass was

impacted by the quality of resources available [48, 49] which aligns with our findings. As

expected, due to amendment with easily-available C and N, we report an increase specifically

in the size of the the microbial biomass (Fig 3) but no change to the bacterial diversity

contained within that biomass. High C:N ratio amendments could have the potential to

increase diversity within the microbial biomass [7], however this is only likely where complex

amendments are used. This is likely due to greater need for organisms with more diverse

biochemical pathways to break down more challenging organic amendments (e.g. wheat

straw) [50]. In the current study, we added a high C:N ratio substrate in the form of an artifi-

cial root exudate which was unlikely to increase diversity in general, but could potentially

impact the structure of the bacterial community when compared to the application of a lower

C:N ratio of 12.5:1.

Although there was no impact of C:N ratio of the artificial root exudate substrates on uni-

variate measures of diversity, we found that both the P treatment and C:N ratio of the artificial

root exudate significantly impacted bacterial community structure. The impact of RP on bacte-

rial community structure observed here agrees with previous findings which illustrated the

impact of minerals [51, 52] and in particular rock phosphate [31, 32] on bacterial community

structure. Within each P treatment there was a significant impact of C:N ratio of the artificial

root exudate applied; this impact was more pronounced for RP than for the other treatments.

These results demonstrate that root exudates can have a significant effect on the structure of

soil bacterial communities and agrees with previous work using these root exudates [28, 29,

30]. In the current study, C input was maintained at the same level with N inputs altered (by

varying carboxylic acid and amino acid concentrations). Amino acids are critically important

as they play a key role in metabolic pathways; these results indicate that availability of amino

acids is also critical in determining bacterial community structure as changes in amino acid

concentrations in our artificial root exudates impacted bacterial community structure.

C:N ratio of 12.5:1 was applied and grey bars represent phylum relative abundance where a C:N ratio of 50:1 was applied.

Standard error of means is shown (n = 3).

doi:10.1371/journal.pone.0166062.g006
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Impact of phosphorus source

In planted systems, both plant roots and microbial biomass will initially take up the most eas-

ily-available forms of P; therefore mechanisms to increase the size of this pool are likely to

result in increased plant yield. Movement of P from recalcitrant to more available P pools has

been shown following the addition of easily decomposed organic material for example

manures [53, 54]. Similarly, Oberson et al. [55] and Lehmann et al. [56] reported that in pas-

ture and forest systems, respectively, the addition of high quality (low C:N ratio combined

with high P content) organic matter improved P cycling in these systems. Assessing P fractions

across these studies suggests that organic matter quality played a substantial role in increasing

the P content of the easily available pools. However, addition of organic matter of low quality

(high C:N ratio combined with low P content) did not result in movement of P from less- to

more-available P pools [53, 54]. This was probably related to the decreased speed of decompo-

sition of this poorer quality organic matter in addition to its lower P content. The increase in

microbial biomass we observed on application of a low C:N ratio artificial root exudate how-

ever did not occur in conjunction with a concomitant release of sparingly available or recalci-

trant P and, at the end of the 20 week incubation, there was no significant difference in the

residual or sparingly available P pools regardless of P amendment (NP, RP or SP). In the more

available P pools, the NaHCO3-extractable P pool significantly increased (P< 0.05) where SP

was added compared to NP and RP treatments which is likely related to the addition of soluble

P into the system as application of P fertiliser increases the labile and moderately-available P

pools [57].

Impact on specific bacterial phyla

Across all P treatments (NP, RP and SP) the relative abundances of Acidobacteria, Actinobac-

teria, Bacteroidetes, Beta- and Gamma-proteobacteria differed significantly between the C:N

ratios of 12.5:1 and 50:1. Acidobacteria are ubiquitous in soil and include metabolically and

genetically diverse organisms; it is reported that due to their metabolic and genetic versatility

that they potentially play an important role in agricultural systems [58]; however information

on their specific role is still lacking. Fierer and colleagues [59] reported that their increased

abundance in soils with low resource availability which is consistent with our finding that they

were more abundant when artificial root exudates with a C:N ratio 50:1 are applied compared

to a C:N ratio of 12.5:1. Actinobacteria are not easily delineated into oligotrophic or copio-

trophic organisms [59] and are characterised by the ability to mineralise soil organic matter

[59, 60]. In the current study we report an increased abundance of Actinobacteria with appli-

cation of a C:N ratio of 12.5:1 suggesting that the Actinobacteria present may prefer more

nutrient-rich environments. Additionally, some members of the Actinobacteria are better able

to solubilise rock phosphate [61, 62] which may account for their relatively high abundance in

the RP treatment in the current study.

It has been reported that Beta-proteobacteria and Bacteroidetes in particular exhibit copio-

trophic attributes with their relative abundances being highest in nutrient-rich environments

[59, 63, 64]. In our study we also found that the relative abundance of these copiotrophic

organisms was greatest where a C:N ratio of 12.5:1 was applied. In addition we observed a sig-

nificant increase in the relative abundance of Delta-proteobacteria where a C:N ratio of 50:1

was applied—again these are generally considered to be oligiotrophic organisms preferring a

less nutrient-rich environment [59]. For Verrucomicrobiota, a negative correlation with N

content has been reported in several studies [65, 66] and members of this group are generally

thought of as being oligiotrophic; in the current study we report a significant impact of C:N

ratio on Verrucomicrobiota only in the RP treatment with a C:N ratio of 50:1 having a higher
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relative abundance of these organisms which is in line with other reports regarding the likely

oligiotrophic preferences of this group. Within the RP treatment in particular Firmicutes were

significantly more abundant than in the NP or SP treatments, and significantly more abundant

where a C:N ratio of 50:1 was applied. This correlates with previous studies which implicate

Firmicutes where rock phosphate is present [67, 68]. In the NP and RP treatments in particular

we also noted an increase in the abundance of families containing known P solubilisers includ-

ing Pseudomonadaceae and Bacillaceae but also those less well known for exhibiting P solubili-

ser activity for example Micrococcaceae and Xanthomonadaceae among others [68].

Conclusions

Our results show that (i) amendment with artificial root exudate organic substrates of low C:N

ratio increased the size of the microbial biomass and (ii) there was no P release from recalci-

trant P pools (iii) where P was in sufficient supply there was a consequent increase in plant

yield and plant P uptake. Where artificial root exudates with a C:N ratio of 50:1 were applied,

the system quickly became N limited which decreased plant growth. We found no impact of C:

N ratio on the diversity of the microbial community in terms of univariate measures; however,

the overall structure of the community was impacted. We did not detect any movement of P

from more recalcitrant pools into more-labile pools and although we did find P mobilised

from moderately-available pools into readily available this was not related to the C:N ratio of

the organic amendment. We conclude that plants had an advantage over the microbial bio-

mass in accruing P when there was a surplus of easily-available P as opposed to the competitive

advantage of microbes in maintaining larger P pools compared to plants under the limited and

probably less readily-available P source of the NP treatment.
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Wheat (Triticum aestivum L.) and barley (Hordeum vulgare L.) are major crops cultivated

around the world, thus playing a crucial role on human diet. Remarkably, the growing

human population requires a significant increase in agricultural production in order to

feed everybody. In this context, phosphorus (P) management is a key factor as it is

component of organic molecules such as nucleic acids, ATP and phospholipids, and

it is the most abundant macronutrient in biomass after nitrogen (N), although being one

of the scarcest elements in the lithosphere. In general, P fertilization has low efficiency,

as only a fraction of the applied P is acquired by roots, leaving a substantial amount to

be accumulated in soil as not readily available P. Breeding for P-efficient cultivars is a

relatively low cost alternative and can be done through two mechanisms: i) improving P

use efficiency (PUE), and/or ii) P acquisition efficiency (PAE). PUE is related to the internal

allocation/mobilization of P, and is usually represented by the amount of P accumulated

per biomass. PAE relies on roots ability to acquire P from the soil, and is commonly

expressed as the relative difference of P acquired under low and high P availability

conditions. In this review, plant adaptations related to improved PAE are described,

with emphasis on arbuscular mycorrhizal (AM) symbiosis, which is generally accepted to

enhance plant P acquisition. A state of the art (1980–2018) of AM growth responses and

P uptake in wheat and barley is made to discuss about the commonly accepted growth

promoting effect and P increased uptake by AM fungi and the contrasting evidence

about the generally accepted lack of positive responses in both plant species. Finally,

the mechanisms by which AM symbiosis can affect wheat and barley PAE are discussed,

highlighting the importance of considering AM functional diversity on future studies and

the necessity to improve PAE definition by considering the carbon trading between all

the directly related PAE traits and its return to the host plant.

Keywords: cereal, phosphorus, fungal diversity, mycorrhizae, nutrient uptake, PAE, root traits
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INTRODUCTION

Cereals have been cultivated for more than 10,000 years, playing
a crucial role in the development of human civilization. Today,
cereals are still important, being the principal crops harvested in
the world with more than 2.8 Gt of combined grain production
(FAO, 2013). Among major cereals, the widespread and closely
related wheat (Triticum aestivum L.) and barley (Hordeum
vulgare L.) represents 31% of global grain yield (El Rabey et al.,
2015). Cereals are also the major component of human diet
worldwide with more than 50% of daily caloric intake, with
values exceeding 80% in the poorest countries (Awika, 2011).
Agricultural practices and technology have greatly improved over
the last decades to reduce problems associated with food scarcity
and to provide cereals for the daily diet. However, risks and
unprecedented challenges still remain considering that global
food, and grain production must increase a 70% by the year 2050
as world population is expected to be reach 9 billion people (FAO,
2012). Meanwhile, the slight increase in crop yields observed
since the 1980s and the scarcity of available land suitable for
production make the focus on reducing crop losses empirical
due to various kinds of biotic and abiotic stresses factors, such as
pathogen attack, cold, heat, drought, salt, deficiency of nutrients
as phosphorous (P), and phytotoxicity by heavy metal stresses
(Ray et al., 2012; Bhardwaj et al., 2014).

P fertilizers are manufactured from rock phosphate found
only in a few places in the world, being Morocco the owner
of 85% of the known active mining reserves. As a non-
renewable resource, rock phosphate, as well as other non-
renewable resources such as oil and coal is expected to become
scarce near the 2030s (Cordell et al., 2009), or more optimistically
within two to three centuries (Sattari et al., 2012). The market
and countries are already responding to this scenario, which
is reflected in the fact that both USA and China (the biggest
P producer in the world) have stopped exporting this resource
(van de Wiel et al., 2016). In addition, P fertilizers may cause
environmental problems associated with eutrophication (Gaxiola
et al., 2001) and can contain heavy metals such as cadmium that
may accumulate in arable soils as a result of the addition of rock
phosphate (van de Wiel et al., 2016). Remarkably, usually only
about 10–30% of the P fertilizer applied in the first year is taken
up by the roots, with a substantial part accumulated in the soil
as residual P not readily available for plants (Syers et al., 2008).
In alkaline soils, P can be bound to calcium, and in acidic soils
it can be readily complexed to charged Al and Fe oxides and
groups hydroxyls on clay surfaces (Kochian et al., 2004; Seguel
et al., 2013), limitations that can occur in ca. 30% of arable soils
worldwide (Kochian, 2012). Moreover, organic material present
in the soil (e.g., from manure or crop residues) can also bind
phosphate ions as well as phytate (inositol compounds).

Ideally, P taken up by agricultural products should represent
the same amount of applied P fertilizer, achieving a neutral
balance (Helyar, 1998; Syers et al., 2008). However, this
situation is often only achieved in low input, low production
farming systems (e.g., Burkitt et al., 2007; McIvor et al., 2011),
on intrinsically low P-buffering capacity soils in productive
agriculture (e.g., sands), or where P-buffering capacity is low

because sorption sites for P are close to saturation and soil P
availability is relatively high (e.g., Syers et al., 2008). Elsewhere, P-
balance is relatively low, which contributes to an inefficient P use
(Richardson et al., 2011). Thus, Pmanagement must be improved
in order to enhance plant uptake in soils, as well as using the
less available and bound-P through a better understanding of the
processes happening in the soil-plant systems.

PHOSPHORUS IN THE SOIL-PLANT
CONTINUUM

In general, P is present in plants either as organic phosphate
esters or as free inorganic orthophosphate forms, representing up
to ca. 0.2% of plants dry weight, making it the most abundant
macronutrient in plants after nitrogen (N). However, unlike N,
the amount of P available for agriculture is finite (Bovill et al.,
2013). When compared to other essential macronutrients, P is
one of the less-abundant elements in the lithosphere (0.1% of the
total). P is an important component of organic molecules such
as nucleic acids, ATP and phospholipids; thus playing a crucial
role in energy metabolism of both plants and animals (Abel et al.,
2002; Vance et al., 2003). Phosphate is also involved in signal-
transduction pathways via phosphorylation/dephosphorylation,
hence regulating key enzyme reactions in general cellular
metabolism, including N fixation on N-fixing plants (Theodorou
and Plaxton, 1996; Schachtman et al., 1998; Marschner, 2012).

Plants acquire P from the soil solution predominately as
inorganic phosphate (Pi) (H2PO

−

4 /HPO−2
4 ), having maximal

uptake rates at pH 5-6 (Holford, 1997; Rae et al., 2003;
Marschner, 2012). It acquisition occurs by a plasma membrane-
localized phosphate transporter-mediated process, which has
been suggested to operate as a H+ co-transporter (Rae
et al., 2003; Raghothama, 2005). Phosphate transporters are
classified into four families: Pht1, Pht2, Pht3, and Pht4, which
are located on the plasma membrane, plastidial membrane,
mitochondrial membrane, and Golgi-compartment, respectively
(Lopez-Arredondo et al., 2014). Two different uptake systems
have been proposed: one with high-affinity, which is regulated by
Pi availability and activatedmainly under P deficiency, with a Km
of 3–7µM; and the other is a low-affinity system constitutively
expressed system with Km of 50–300µM (Bucher et al., 2001;
Preuss et al., 2010; Liu et al., 2011; Tian et al., 2017). Despite of
having a high-affinity acquisition system, P has a low availability
and poor mobility in the soil, being one of the most inaccessible
elements for plants (Holford, 1997). Concentrations of available
P in soil solution are extremely low, being generally lower than
10µM (Holford, 1997; do Nascimento et al., 2016), whereas in
wheat leaves and stems concentrations of over 100mM can be
achieved (Bauer et al., 1987; Seguel et al., 2017). Therefore, as
plants normally take up P faster than it is supplied by diffusion
a depletion zone around the root system is quickly created,
inducing P deprivation (Figure 1A; Hinsinger, 2001).

The rhizosphere encompasses the first millimeters of the soil
surrounding plant roots, where biological and ecological complex
processes occur. This is the critical zone for P dynamics as plants
roots are capable of modifying this environment through their
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FIGURE 1 | Phosphorus acquisition efficiency related traits of wheat and barley roots affected by arbuscular mycorrhizal symbiosis in comparison to a non-colonized

counterpart. (A) Representation of P depletion zone around the rhizosphere; (B) Access to smaller soil pores by AM fungal hyphae; and (C) Modulation of plant P

transporters following colonization.

physiological activities, especially by exudation of organic acid
anions, enzymes, secondary metabolites and sugars (Bais et al.,
2006; Giles et al., 2017). These processes not only determine
solubilization/mineralization, acquisition of soil nutrients and
microbial dynamics, but also control the efficiency of nutrient
use by plants and crops, therefore influencing productivity and
sustainability of the agroecosystems (Hinsinger et al., 2009;
Zhang et al., 2010).

PHOSPHORUS EFFICIENCY

Great efforts have been made in the last decade concerning P
efficiency. In this sense, agronomic strategies for increasing P
fertilizer availability to crops has been developed, for example, by
applying liquid fertilizers (Holloway et al., 2001) or by localized
fertilizer placement (Ma et al., 2009). However, those techniques
require modern technologies and increase operational costs. On
the other hand, breeding for P-efficient crop cultivars has been
advocated due to its relatively low cost, providing benefits to both
high and low-input systems (Rose et al., 2010).

Despite the growing knowledge in the field, there is still
controversy in the concept and measurement of efficiency, as it
has many definitions, and even different terms are often used
although they are calculated in the same way (Bovill et al.,

2013). Nowadays, P efficiency is understood as two different
mechanisms: i) the internal efficiency of allocation/mobilization
of P in order to produce higher biomass with lower input, and
ii) plant ability to acquire P from the soil, also known as P
acquisition efficiency (Wang et al., 2010; Rose and Wissuwa,
2012; Sandaña and Pinochet, 2016).

The internal use efficiency or P use efficiency (PUE) is here
defined as the amount of P accumulated in the tissue per biomass
unit (shoot and/or root) or grain produced (Rose and Wissuwa,
2012). It is related to a range of metabolic modifications that
can occur for reducing P demand during plant development
(Hammond et al., 2009; Vaneklaas et al., 2012). Improving
internal PUE will lead to a more resource-efficient use of P
rather than increasing uptake of potentially scarce P forms, as in
theory less P will be acquired by crops, minimizing P fertilizer
requirement and removal from fields. However, to date no crop
species or genotypes within species are known to be capable of
reducing its net P uptake if the demand is reduced (Rose and
Wissuwa, 2012). This is operating in sandy or low P-soption
capacity soils. On the contrary, in soils rich in sorbed P, which are
observed in the majority of acid soils, breeding programs focused
on the optimization of P scavenging mechanisms would be a key
role to improve P efficiency. Consenquently, this review has been
mainly focused on P acquisition efficiency.
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Phosphorus Acquisition Efficiency
While PUE aims to produce more biomass with lesser P costs, P
acquisition efficiency (PAE) is related to enhancing its acquisition
from soil, especially from unavailable forms, and for this purpose
root traits are a key factor. PAE is commonly expressed in the
literature as the relative difference of P taken up in low and high
P availability conditions (Vandamme et al., 2013; Seguel et al.,
2015, 2017). However, this definition does not take into account
the root traits involved. In this sense, Liao et al. (2008) made a
more realistic approximation by integrating root length and root
biomass. Nevertherless, other traits related to root architecture
and physiolgy must be integrated in the PAE definition due to
their key role in uptake as discussed below (Figure 2).

Root Architecture
P status is a major factor modulating root architecture, being
a higher root-to-shoot ratio the most evident change in the
majority of plants experiencing P deprivation (Wissuwa et al.,
2005; Gruber et al., 2013). Phosphate, the available form of P,
presents a heterogeneous distribution (patches) given its high
affinity for the soil matrix. Root P gathering implies a continuous
root growth due to the quickly depletion of rhizosphere P and the
need of looking for new hotspots in soils (Figure 1A).

The upper soil layer (0–10 cm)—known as topsoil—is the
zone where P availability for plants and microorganisms is
generally higher, mainly due fertilizers input in the surface and
its poor mobility throught soil profile. Important adaptations of
plants to access this richer environment are the development of
axial roots with shallower angle, enhancing adventitious rooting,
and greater density and dispersion of lateral roots and root
hairs (Wang et al., 2004; Lynch, 2007). These traits, together
with root length, diameter and surface area comprise the most
important inter- and intra-specifically functional variations of
plant root adaptations for PAE for most plant species. During
their screening for traits directly related to PAE, Manske et al.
(2000) found that higher root length density in top soil of wheat
crops was the most important root trait for P uptake, which

FIGURE 2 | General scheme showing the proposed PAE determination based

on carbon trading between all directly related P acquisition traits in AM

colonized plants.

was positively correlated with enhanced recovery of fertilized
P. Basal roots in some legumes (as bean and soybean) appear
in distinct nodes or “whorls,” which affect root growth angles
and therefore top soil exploration. Differences of up to 100% of
improved P acquisition can be found in common bean cultivars
as basal root whorl number varies among genotypes (Lynch,
2007; Miguel, 2011). However, a certain tradeoff occurs between
P and water uptake since plants with higher density of roots in
top soil and shallower angles have lower water use efficiency, as
water is usually more abundant in deeper layers under drought
conditions (Ho et al., 2005). Another obstacle in improving root
density is the associated carbon cost of producing root hairs, that
have to be compensated by producing either smaller or thinner
hairs and/or increased proportion of aerenchyma in the cortex
and less secondary growth of the stele (Lynch and Ho, 2005; Zhu
et al., 2010). Plants would otherwise spare carbon allocated in
developing “productive” parts.

Modeling root traits are clearly advantageous strategy for
enhancing PAE. However, screening and phenotyping for these
traits remain a complex challenge as soil-based study systems
are high technology based, and hydroponic/aeroponic systems
cannot totally emulate the complexity of the processes occurring
in the soil. Therefore, genotypes selected in this way do not always
show their superiority in field trials (van de Wiel et al., 2016).

Root Exudates
If P is present on fixed sources and/or unavailable forms, plants
having larger and/or more branched root architecture do not
significantly improve P acquisition. In this case, root physiology
and biochemical responses play a major role on accessing P from
sparingly available pools in soil. Hence, the exudation of low
molecular weight organic acids (LMWOAAs), proton extrusion,
phosphatase exudation and/or association with symbiotic and
non-symbiotic microorganisms present in the rhizosphere are
the most important adaptations developed by plants (Figure 1).

As inorganic P forms availability and enzymatic activity are
strongly affected by soil pH (Hinsinger, 2001), P solubility can
be increased by root-induced acidification in alkaline soils or by
pH increase of the rhizosphere in acidic and deeply weathered
soils (Gahoonia et al., 1992; Jones and Oburger, 2011). This
process occurs mainly because changes in pH in the rhizosphere
can influence surface charges on soil particles and therefore Pi
availability (Geelhoed et al., 1999). Plants have the ability to either
increase or decrease rhizospheric pH up to 2–3 pH units, mainly
by absorption or release of protons in order to equilibrate cation/
anion balance (Hinsinger et al., 2003). In the specific case of the
cereals wheat and barley, Gahoonia and Nielsen (1996) observed
that when rhizospheric pH was invariable, the plants displayed
significant genotypic variation in terms of PAE, indicating that
other mechanisms should also be involved in causing variation
on P acquisition.

Carboxylates and the corresponding carboxylic acids, also
known as LMWOAAs, constitute the major fraction of root
exudates during P deficiency (Figure 1). Usually, the most
common organic acid anions found in rhizosphere are lactate,
acetate, oxalate, succinate, fumarate, malate, citrate, isocitrate,
and aconitate (Jones, 1998). They have distinct functions on
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energetic cell metabolism, maintaining charge balance or osmotic
potential. It has been widely suggested that LMWOAAs can
improve P availability by mobilizing sparingly available P forms
in the soil solution. This occurs by chelating metals ions like Al,
Fe or Ca involved in P sorption and occupying sorption sites on
minerals (Jones, 1998). Pmobilizing activity through LMWOAAs
is based on their variable negative charge, which would allow the
complexation of metal cations and the displacement of anions
from the soil matrix. The above is supported by several studies
reporting an increase of organic acids exudation by roots in
response to P deprivation, especially in plants from Proteacea
family that possess cluster roots (Jones, 1998; Vance et al., 2003;
Delgado et al., 2013). In addition, the presence of LMWOAAs
in solution has been seen to increased P availability compared to
water treatments (Gerke, 1992; Khademi et al., 2009, 2010). The
efficiency in mobilizing P differs across LMWOAAs as follows:
citrate > oxalate > malate > acetate. However, organic acid
anion-induced P release depends on many factors, such as pH,
soil mineralogy and anion concentration (>100mM for citrate,
>1mM for oxalate, malate and tartrate) (Bolan et al., 1994;
Jones and Darrah, 1994; Lan et al., 1995). Indeed, the rates to
which Pi and organic anions are replaced in soil solution make
predictions of the real effect difficult. Organic acid anions have
a fast turnover as they can be quickly adsorbed in acidic soils
and rapidly degraded in alkaline counterparts, with half-lives of
several hours (Wang et al., 2010). Contrasting evidence found
that, despite exuding citrate, pea genotypes were not capable of
mobilizing P from Al-P and Fe-P complexes (Pearse et al., 2007).
Nevertheless, organic acid production constitutes an important
carbon cost in plantmetabolism, with 5–25% of total fixed carbon
by photosynthesis being used to sustain exudation. However, this
does not seem to significantly affect net biomass production as P
deficiency can reduce growth to an even greater extent (Johnson
et al., 1996; Keerthisinghe et al., 1998).

Sparingly available organic P forms represent between 30%
and 90% of total P in some soils (Borie et al., 1989; Jones
and Oburger, 2011). Substantial flows of P occur between
inorganic and organic P pools in soil through immobilization and
mineralization, being both processes mediated predominantly
by soil microorganisms (Oberson and Joner, 2005; Richardson
and Simpson, 2011). In order to utilize this P source,
organic compounds have to be mineralized; that is, organic
P substrates must be hydrolyzed by enzymatic activity of
phosphatases to release Pi. This activity seems to be more
pronounced in the rhizosphere and it is associated with a
depletion of soil organic P (Gahoonia and Nielsen, 1992; Chen
et al., 2002; Spohn and Kuzyakov, 2013). Phosphatases are
enzymes responsible for catalyzing the hydrolysis of phosphoric
acid anhydrides and esters (Schmidt and Laskowski, 1961).
These are classified by the Nomenclature Committee of the
International Union of Biochemistry and Molecular Biology into
5 groups: phosphomonoesterases (EC 3.1.3), phosphodiesterases
(EC 3.1.4), triphosphoric monoester hydrolases (EC 3.1.5),
enzymes acting on phosphoryl-containing anhydrides (EC
3.6.1) and on P–N bonds (EC 3.9) (Nannipieri et al., 2011).
Phosphomonoesterases are the most abundant enzymes in soils
and include acid and alkaline forms and phytases, among others.

To date, there is no evidence that any plants produce alkaline
phosphomonoesterases.

There is an increasing interest on phytases due to the fact
that they hydrolyze inositol phosphates (isomers and lower
order derivatives of inositol hexakisphosphate) which generally
constitute a major component of soil total organic P. Ranging
from 4 to 40% of total P in soils (Borie et al., 1989; Smernik
and Dougherty, 2007; Turner, 2007), inositol phosphates are
readily adsorbed to soil particles and can react with cations (Fe
and Al in acidic soils and Ca in alkaline ones) depending on
pH to form poorly soluble precipitates (Shang et al., 1992; Celi
and Barberis, 2005). However, in most plant species phytase
activity has limited capability to mineralize inositol phosphate
due to its low production and exudation from roots and the
poor availability of the substrate in solution (Richardson et al.,
2001; George et al., 2007). Attempts to creating transgenic
plants overexpressing phytases and/or other phosphatases have
been achieved (Lung et al., 2005; Wasaki et al., 2009) with
little successes under natural soil conditions, where substrate
availability is restricted (Lung and Lim, 2006; Wang et al.,
2009). Interestingly, phosphatase activities are higher near the
rhizosphere, with maximum activities found from 2 to 3.1mm
to the root surface for acid and 1.2 to 1.6mm for alkaline
phosphomonoesterases, showing a negative correlation with
rhizospheric organic P content in wheat plants (Nannipieri et al.,
2011). Phosphatase activity is also regulated by other factors,
such as soil mineralogy, organic matter content, P availability
and bacterial communities present in the rhizosphere (Joner and
Jakobsen, 1995; Snajdr et al., 2008; Stursova and Baldrian, 2011).

Microorganisms
Non-symbiotic soil microorganisms play a key role on
organic P ecosystem dynamics (Figure 1; Harvey et al.,
2009; Khan et al., 2010). It has been proposed that all alkaline
phosphomonoesterases found in soil have a microbial origin,
mainly bacterial (Tabatabai, 1994; Yadav and Tarafdar, 2003).
Additionally, the majority of Pi mineralized from phytase activity
is mediated by free-living bacteria and fungi (Unno et al., 2005;
Richardson and Simpson, 2011). Spohn et al. (2013) using the 33P
isotopic approach found that the release of root exudates could
be a plant strategy to increase P mineralization by enhancing
microbial activity.

Free-living soil microorganisms are believed to be more
efficient than plants in absorbing and incorporating P into their
biomass. Therefore, microbial P represents an important soil
sink (Xu et al., 2013) and a potential source of available P for
most plants as microbial P is located in more labile intracellular
compounds with a fast turnover (Oberson and Joner, 2005;
Bünemann et al., 2013; Hinsinger et al., 2015). Despite having an
important role in organic P dynamics, most research related to
free-living soil microorganisms to enhance PAE has been focused
on microorganisms capable of solubilizing sparingly available
P (Wakelin et al., 2004; Leggett et al., 2007). Microorganisms
can release protons, LMWOAAs, and other secondary organic
metabolites that may contribute to P solubilization fromminerals
(Jones and Oburger, 2011). Indeed, between 1-50% of soil
bacteria and about 0.5-0.1% of soil fungi can be classified as
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P-solubilizing microorganisms (Kucey et al., 1989; Gyaneshwar
et al., 2002). Fungal isolates (particularly the Genus Penicillium)
have been largely studied due to their great capacity for
solubilizing Pi in both solid and liquid media (Gyaneshwar
et al., 2002; Leggett et al., 2007; Morales et al., 2011). A group
of bacteria, usually denominated as plant-growth-promoting
rhizobacteria (PGPR), are widely found in the rhizosphere of
cropping and wild species and have the potential of enhancing
PAE mainly through influencing nutrient availability, such
as P, or via the indirect production of phytohormones, or
plant growth regulators (Richardson et al., 2009). Among the
latter, classical phytohormones as auxin, cytokinin, ethylene,
gibberellin, and abscisic acid are included. These regulators
influence root architecture and other features related to plant
development (Peleg and Blumwald, 2011; Vacheron et al., 2013).
Although the benefits of using PAE enhancing microorganisms
have been evidenced in laboratory and glasshouse conditions,
inconsistent results have been observed in field trials (Goos et al.,
1994; Karamanos et al., 2010), with the exception of arbuscular
mycorrhizal symbiosis established with certain soil fungi.

ARBUSCULAR MYCORRHIZAL
SYMBIOSIS

Mycorrhizal symbiosis is an association between plant and some
fungal species that generally colonize root or rhizoids, and is
beneficial to both partners, at least under some circumstances
(Jansa et al., 2011). Arbuscular mycorrhizal (AM) is the most
common and widespread type of mycorrhizal symbiosis (Trappe,
1987; Wang and Qiu, 2006; Smith and Read, 2008), found in
ca. 80% of plant species among all major plants lineages (Wang
and Qiu, 2006; Brundrett, 2009) and in most of agricultural
species (exceptions include Brassica spp., and Lupinus spp.).
Although AM symbiosis is facultative for many plant species,
fossil evidence indicates that the symbiosis matches with the
first appearance of land plants, more than 400 million years
ago, playing a crucial role in the development of terrestrial
plants (Bonfante and Genre, 2008; Brundrett, 2009). AM fungi
(subphylum Glomeromycotina) are obligate biotrophs that when
associated with plant roots can provide an enhanced foraging
system in order to improve acquisition of soil water and
nutrients, particularly P, and to improve resistance to biotic and
abiotic stresses in exchange of energy (using carbohydrates as
trade) for fungal growth and reproduction (Jansa et al., 2003a;
Smith and Read, 2008; Jung et al., 2012; Pozo et al., 2015; Armada
et al., 2016; Santander et al., 2017). P appears to be one of
major regulators of AM symbiosis establishment and efficiency,
as root colonization, P uptake through fungal pathway (Figure 1)
(See section Changes in P Transporters) and growth responses
diminish with increasing soil P availability (Smith and Read,
2008; Richardson et al., 2011; Smith et al., 2011). However,
plants can also modulate the symbiosis, by stimulating fungal
metabolic activity and hyphal branching among other effects
(Bücking and Shachar-Hill, 2005; Besserer et al., 2006), through
the exudation of strigolactones (Akiyama et al., 2005; Parniske,
2006; López-Ráez et al., 2017) Accordingly, the production of

these strigolactones is promoted by P deprivation, although
in wheat can be also promoted in a small fraction by N
deficiency (Yoneyama et al., 2007, 2012; López-Ráez et al.,
2008).

Despite its broad host range and that its cosmopolitan
distribution, AM diversity involves only ∼250 morphologically
and 350 to 1000molecularly definedAM fungi (Kivlin et al., 2011;
Öpik et al., 2014), with low endemism patterns at global scale
(Davison et al., 2015). The absence of AM fungal colonization is
rare in natural conditions in plants able to perform the symbiosis,
only being achieved in soils lacking AM fungal propagules or
in non-mycorrhizal (NM) plant species (Smith et al., 2011).
Commonly, the difference in plant growth in presence and
absence of mycorrhizal fungal partners is defined as mycorrhizal
growth responses (MGR) and vary widely from positive to
negative depending on plant/fungi species and growth conditions
(Johnson et al., 1997; Klironomos, 2003). When compared to
MGR observed from other cereal crops [positives responses
in maize (Sylvia et al., 1993; Karasawa et al., 2001) and rye
(Baon et al., 1994a); and excluding rice, which is often not
colonized or poorly colonized under continuous submersion
(Vallino et al., 2009)], wheat and barley plants present a high
variable response to AM colonization, being generally considered
as low and sometimes showing even negative effects in plant
growth (Hetrick et al., 1996; Grace et al., 2009). However,
positive responses can also be found when applying different
experimental conditions or analyzing at different growth stages,
which indicates that AM fungal inoculation under appropiated
circumstances can be an effective agronomic practice also in
these crops (Borie and Rubio, 1999; Seguel et al., 2016a,b,
2017).

Interestingly, a recent meta-analysis by Pellegrino et al. (2015)
looking at wheat responses to AM symbiosis inoculation under
field conditions found out that although straw biomass was
weakly correlated with root AM fungal colonization rate, grain
yield and P accumulation correlated positively. A review of
the main mycorrhizal growth responses and P uptake from
mycorrhizal and NM treatments in wheat (Table 1A) and barley
(Table 1B) are presented below highlighting the idea that growth
responses associated to AM symbiosis are not directly related to P
acquisition. Growth depletions upon AM fungal colonization are
normally attributed to an excess of photosynthates shared with
the fungal partner, which are estimated to be up to 20% of the C
fixed by the host plant (Jakobsen, 1995; Ortas et al., 2002; Li et al.,
2005; Morgan et al., 2005). However, some studies indicated that
growth depletion resulting from C drain to the fungal symbiont
do not apply in all cases. Hetrick et al. (1992) and Grace et al.
(2009) reported that growth reductions in wheat and barley did
not vary when associated with two different AM fungal partners
with contrasting capacity to colonize their roots (e.g., 61 and 5%,
respectively), and therefore, hypothetically different C demand
from the host plant (Hetrick et al., 1992). Even so, cereals benefits
from AM symbiosis despite growth and/or nutritional benefits
(such as net P uptake) are not apparent. Special techniques
such as isotopic labeling are necessary to demonstrate symbiosis
functioning (nutrient, water and carbohydrate exchange) in these
cases (Smith et al., 2004, 2009; Grace et al., 2009).
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Table 1A | Mycorrhizal growth responses (MGR) and P uptake on mycorrhizal (+AM) and non-colonized (–AM) wheat (T. aestivum L.) cultivars under greenhouse or field

conditions and at different days after sowing (DAS).

Wheat

cultivar

AM specie MGR (%) P uptake (mg/g) Exp.

conditions

Harvest

(DAS)

Observation References

+AM −AM

TAM-105 G. etunicatum 22 5.20 4.63 Field 175 Al-Karaki et al., 2004

Steardy G. etunicatum 19 5.43 4.67 Field 175 Al-Karaki et al., 2004

Tam-105 G. mossae 6 4.73 4.63 Field 175 Al-Karaki et al., 2004

Steardy G. mossae 6 5.20 4.67 Field 70 Al-Karaki et al., 2004

Tormes G. mossae 36 1.6 1.2 Pot 70 Azcón and Ocampo,

1981

Anza G. mossae 27 1.3 0.9 Pot 70 Azcón and Ocampo,

1981

Negrillo G. mossae −2 0.7 0.8 Pot 70 Azcón and Ocampo,

1981

7 Cerros G. mossae 107 1.5 0.8 Pot 70 Azcón and Ocampo,

1981

Bastion G. mossae 35 1.3 1.1 Pot 70 Azcón and Ocampo,

1981

Pane 247 G. mossae 15 2.0 1.3 Pot 70 Azcón and Ocampo,

1981

Lozano G. mossae 28 1.9 1.6 Pot 70 Azcón and Ocampo,

1981

Cocorit G. mossae 87 1.3 1.0 Pot 70 Azcón and Ocampo,

1981

Champlein G. mossae 4 0.9 0.9 Pot 70 Azcón and Ocampo,

1981

Castan G. mossae 3 1.9 1.8 Pot 70 Azcón and Ocampo,

1981

Tajo G. mossae 4 1.8 1.6 Pot 70 Azcón and Ocampo,

1981

Boulmiche G. mossae 3 1.1 1.0 Pot 70 Azcón and Ocampo,

1981

Jupateco G. mossae 0 1.5 1.2 Pot 70 Azcón and Ocampo,

1981

Neepawa G. intraradices −27 1.5 1.1 Pot 42 Goh et al., 1997

Neepawa G. intraradices −29 2.6 2.9 Pot 42 50mg P/kg Goh et al., 1997

Neepawa G. intraradices −11 3.8 4.1 Pot 42 100mg P/kg P Goh et al., 1997

Neepawa G. intraradices −24 5.0 6.1 Pot 42 300mg P/kg Goh et al., 1997

Newton G. etunicatum + G.
mosseae + G.
intraradices

−27 2.7 0.8 Pot 98 Hetrick et al., 1996

Turkey G. etunicatum + G.
mosseae + G.
intraradices

160 1.4 0.8 Pot 98 Hetrick et al., 1996

Lewjain G. intraradices −7 1.56 1.33 Field Tillering Mohammad et al.,

1998

Lewjain G. intraradices 10 1.17 1.06 Field Anthesis Mohammad et al.,

1998

Lewjain G. intraradices 19 0.82 0.70 Field Harvest Mohammad et al.,

1998

Lewjain G. intraradices 5 1.76 1.80 Field Tillering 30 kg P/ha Mohammad et al.,

1998

Lewjain G. intraradices −4 1.26 1.28 Field Anthesis 30 kg P/ha Mohammad et al.,

1998

Lewjain G. intraradices 11 0.93 0.71 Field Harvest 30 kg P/ha Mohammad et al.,

1998

(Continued)
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Table 1A | Continued

Wheat

cultivar

AM specie MGR (%) P uptake (mg/g) Exp.

conditions

Harvest

(DAS)

Observation References

+AM −AM

Diamondbird G. intraradices 8 1.8 1.5 Field 122 Ryan and Angus, 2003

Diamondbird G. intraradices −9 2.3 2.3 Field 122 20 kg P/ha Ryan and Angus, 2003

Diamondbird Scutellospora calospora 8 2.1 1.5 Field 122 Ryan and Angus, 2003

Diamondbird Scutellospora calospora −5 2.1 2.3 Field 122 20 kg P/ha Ryan and Angus, 2003

HPW-89 G. mosseae (local) 15 2.69 2.42 Field 150 Suri et al., 2011

HPW-89 G. intraradices 14 2.78 2.42 Field 150 Suri et al., 2011

HPW-89 G. mosseae (IARI) 13 2.79 2.42 Field 150 Suri et al., 2011

HPW-89 G. mosseae (local) 94 3.14 2.42 Field 150 50% P2O5

based on STCR

Suri et al., 2011

HPW-89 G. intraradices 103 3.36 2.42 Field 150 50% P2O5

based on STCR

Suri et al., 2011

HPW-89 G. mosseae (IARI) 95 3.34 2.42 Field 150 50% P2O5

based on STCR

Suri et al., 2011

HPW-89 G. mosseae (local) 154 3.67 2.42 Field 150 75% P2O5

based on STCR

Suri et al., 2011

HPW-89 G. intraradices 153 3.82 2.42 Field 150 75% P2O5

based on STCR

Suri et al., 2011

HPW-89 G. mosseae (IARI) 151 3.65 2.42 Field 150 75% P2O5

based on STCR

Suri et al., 2011

Laura G. clarum −10 1.42 1.10 Pot 95 0mg P/kg Xavier and Germida,

1997

Laura G. clarum −19 2.16 2.77 Pot 95 5mg P/kg Xavier and Germida,

1997

Laura G. clarum 12 2.76 2.22 Pot 95 10mg P/kg Xavier and Germida,

1997

Laura G. clarum −7 2.43 2.67 Pot 95 20mg P/kg Xavier and Germida,

1997

Neepawa G. clarum 17 0.42 0.57 Pot 95 0mg P/kg Xavier and Germida,

1997

Neepawa G. clarum −8 0.68 0.55 Pot 95 5mg P/kg Xavier and Germida,

1997

Neepawa G. clarum 4 1.03 1.07 Pot 95 10mg P/kg Xavier and Germida,

1997

Neepawa G. clarum 12 1.00 1.72 Pot 95 20mg P/kg Xavier and Germida,

1997

81(85) G. versiforme 3 1.03 0.77 Pot 56 Yao et al., 2001

Fengxiao 8 G. versiforme 39 0.98 0.70 Pot 56 Yao et al., 2001

NC37 G. versiforme 21 1.06 0.91 Pot 56 Yao et al., 2001

HD 2204 G. fasciculatum 78 1.10 1.02 Field 135 Khan and Zaidi, 2007

HD 2204 G. fasciculatum 146 1.15 1.02 Field 135 A. chrococum Khan and Zaidi, 2007

HD 2204 G. fasciculatum 155 1.89 1.02 Field 135 Bacillus Khan and Zaidi, 2007

HD 2204 G. fasciculatum 295 1.76 1.02 Field 135 A. chrococum +

Bacillus

Khan and Zaidi, 2007

HD 2204 G. fasciculatum 178 1.56 1.02 Field 135 A. chrococum +

P. variable

Khan and Zaidi, 2007

HD 2204 G. fasciculatum 193 1.57 1.02 Field 135 A. chrococum +

Bacillus + P.

variable

Khan and Zaidi, 2007

WH 283 Glomus sp. 88 15 0.17 0.18 Pot 55 Singh and Kapoor,

1999

WH 283 Glomus sp. 88 42 0.20 0.18 Pot 55 B. circulans Singh and Kapoor,

1999

(Continued)
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Table 1A | Continued

Wheat

cultivar

AM specie MGR (%) P uptake (mg/g) Exp.

conditions

Harvest

(DAS)

Observation References

+AM −AM

WH 283 Glomus sp. 88 51 0.20 0.18 Pot 55 C. herbarum Singh and Kapoor,

1999

WH 283 Glomus sp. 88 97 0.19 0.18 Pot 55 B. circulans + C.

herbarum

Singh and Kapoor,

1999

Star G. mosseae 17 2.5 2.2 Pot 60 Bavendorf soil,

200mg P/kg

Tarafdar and

Marschner, 1994b

Star G. mosseae 16 1.4 0.8 Pot 60 Bavendorf soil,

200mg

organicP/kg

Tarafdar and

Marschner, 1994b

Star G. mosseae 28 2.3 2.0 Pot 60 Niger soil,

200mg P/kg

Tarafdar and

Marschner, 1994b

Star G. mosseae 22 1.5 0.7 Pot 60 Niger soil,

200mg

organicP/kg

Tarafdar and

Marschner, 1994b

UP 2003 G. fasciculatum 6 2.63 0.42 Pot 80 Zaidi and Khan, 2005

UP 2003 G. fasciculatum 136 1.0 0.42 Pot 80 A. chroococum Zaidi and Khan, 2005

UP 2003 G. fasciculatum 142 1.61 0.42 Pot 80 P. striata Zaidi and Khan, 2005

UP 2003 G. fasciculatum 236 1.10 0.42 Pot 80 A. chroococum

+ P. striata

Zaidi and Khan, 2005

UP 2003 G. fasciculatum 108 1.31 0.42 Pot 80 A. chroococum

+ P. variable

Zaidi and Khan, 2005

UP 2003 G. fasciculatum 122 1.5 0.42 Pot 80 A. chroococum

+ P. variable +

P. striata

Zaidi and Khan, 2005

Mycorrhizal Influence on PAE Traits of
Wheat and Barley
Root Architecture and Surface Area
The root systems of grain cereals as wheat and barley consist of
two types of roots. The first type is known as primary or seminal
roots, and comprises between three to seven roots growing from
the seedling. They have 0.2–0.4mm diameter, occupying 5–
10% of total root volume in mature plants. The second type is
the secondary roots, also called nodal, crown, or adventitious
roots. These roots emerge from nodes at the base of main
stem and tillers 1–3 months after germination, having a larger
diameter (0.3–0.7mm) than primary roots (Hoad et al., 2001).
Significant genetic variation for root architectural traits has been
found among cereal cultivars (Kujira et al., 1994; Marschener,
1998). Interestingly, it was found out that the number of tillers
positively correlated with root length density and grain yield
of semidwarf bread wheat cultivars grown under P deficiency
(Manske et al., 2000). In addition, Gahoonia et al. (1997) showed
that the presence of root hairs increased the total root surface of
winter wheat by 95–341% and by up to 112–245% for barley.

Perhaps the main mycorrhizal-associated mechanism
enhancing plant PAE is the increase of explored soil volume
by the AM fungal hyphae, which can extend plant access from
millimeters to centimeters from root surface. Fungal hyphae
can also access soil pores that root hairs cannot due to their
smaller diameter (20–50 um) (Figure 1B). Moreover, AM roots

can improve water and nutrients uptake efficiency compared to
non-colonized roots due to a lower C cost per unit of hyphal
surface related to the root surface (Jansa et al., 2003a; Jakobsen
et al., 2005; Gregory, 2006; Schnepf et al., 2008).

There is a complex interplay between root architecture and
AM fungi and, as expected, root traits can influence how plants
respond to mycorrhizal colonization (Newsham et al., 1995;
Smith and Read, 2008). It is suggested that species with root
systems characterized by low root hair length and density, and
roots with relatively large diameters would display the greatest
growth benefits from the symbiosis (Brundrett, 2002; Fitter, 2004;
Smith and Read, 2008), especially under P-limiting conditions.
Several studies have corroborated this assumption by making
this comparison between wild and agricultural species, reporting
associations between root traits and MGR (Baon et al., 1994a;
Declerck et al., 1995; Schweiger et al., 1995; Jakobsen et al., 2005).
However, a recent meta-analysis carried out by Maherali (2014)
does not support this hypothesis.

Usually, root system architecture is also frequently modified
before and following the establishment AM symbiosis
(Scannerini et al., 2001; Hodge et al., 2009), especially through
some fungal exudates, known as Myc-factors (Figure 1; Maillet
et al., 2011; Mukherjee and Ané, 2011). These signal molecules
are exuded even in the absence of a host plant and are involved
not only in symbiotic signaling stimulating colonization, but also
acting as plant growth regulators by modifying root development
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Table 1B | Mycorrhizal growth responses (MGR) and P uptake on mycorrhizal (+AM) and non-colonized (–AM) barley (H. vulgare L.) cultivars under greenhouse or field

conditions and at different days after sowing (DAS).

Barley

cultivar

AM specie MGR

(%)

P uptake (mg/g) Exp.

conditions

Harvest

(days)

Observation References

+AM −AM

Vodka G. intraradices −4 0.28* 0.18* Pot 80 0mg P/kg Plenchette and Morel,

1996

Vodka G. intraradices −12 0.29* 0.21* Pot 80 20mg P/kg Plenchette and Morel,

1996

Vodka G. intraradices −8 0.32* 0.24* Pot 80 30mg P/kg Plenchette and Morel,

1996

Vodka G. intraradices −7 0.37* 0.27* Pot 80 40mg P/kg Plenchette and Morel,

1996

Vodka G. intraradices −11 0.48* 0.34* Pot 80 50mg P/kg Plenchette and Morel,

1996

Vodka G. intraradices −6 0.45* 0.41* Pot 80 60mg P/kg Plenchette and Morel,

1996

Vodka G. intraradices −8 0.44* 0.42* Pot 80 70mg P/kg Plenchette and Morel,

1996

Vodka G. intraradices −7 1.06* 0.76* Pot 80 110mg P/kg Plenchette and Morel,

1996

Vodka G. intraradices −3 1.65* 1.06* Pot 80 160mg P/kg Plenchette and Morel,

1996

Vodka G. intraradices 3 3.07* 2.92* Pot 80 310mg P/kg Plenchette and Morel,

1996

cv. SLB-6 G. mosseae 14 2.33 1.29 Pot 45 120

spores/100g dry

soil

Al-Karaki and Clark,

1999

cv. SLB-6 G. mosseae 39 2.77 1.29 Pot 45 240

spores/100g dry

soil

Al-Karaki and Clark,

1999

cv. SLB-6 G. mosseae 27 2.17 1.29 Pot 45 360

spores/100g dry

soil

Al-Karaki and Clark,

1999

Pallas P02 G. claroideum + G.
intraradices

−17 1.32 1.32 Pot 28 Jakobsen et al., 2005

brb G. claroideum + G.
intraradices

46 1.75 1.45 Pot 28 root hairless

mutant

Jakobsen et al., 2005

UC 566 G. constrictus 49 0.83 0.88 Pot 80 Jensen, 1982

UC 566 G. fasciculatus n.185 38 0.97 0.88 Pot 80 Jensen, 1982

UC 566 G. fasciculatus n. 0–1 45 1.00 0.88 Pot 80 Jensen, 1982

UC 566 Gigaspora margarita −14 0.73 0.88 Pot 80 Jensen, 1982

Rupal G. fasciculatus no. 0–1 2 2.82 2.79 Pot 102 Jensen, 1984

Rupal G. fasciculatus no. 92 6 3.20 2.79 Pot 102 Jensen, 1984

Rupal G. epigaeus 19 3.02 2.79 Pot 102 Jensen, 1984

Rupal Gigaspora margarita 1 2.62 2.79 Pot 102 Jensen, 1984

Rupal G. mosseae CA 0 2.98 2.79 Pot 102 Jensen, 1984

Rupal G. mosseae DK 5 3.07 2.79 Pot 102 Jensen, 1984

Rupal G. mosseae GB 7 3.23 2.79 Pot 102 Jensen, 1984

Rupal G. caledonius 3 3.43 2.79 Pot 102 Jensen, 1984

Rupal G. macrocarpus CA 13 3.12 2.79 Pot 102 Jensen, 1984

Rupal G. macrocarpus DK 6 3.36 2.79 Pot 102 Jensen, 1984

Rupal G. etunicatus 4 3.74 2.79 Pot 102 Jensen, 1984

Lofa Abed G. mosseae 0 4.38 4.35 Pot 23 No sterilized Khaliq and Sanders,

1998

Lofa Abed G. mosseae 0 2.26 2.46 Pot 52 No sterilized Khaliq and Sanders,

1998

(Continued)
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Table 1B | Continued

Barley

cultivar

AM specie MGR

(%)

P uptake (mg/g) Exp.

conditions

Harvest

(days)

Observation References

+AM −AM

Lofa Abed G. mosseae −14 2.07 1.95 Pot 67 No sterilized Khaliq and Sanders,

1998

Lofa Abed G. mosseae −15 1.96 1.81 Pot 91 No sterilized Khaliq and Sanders,

1998

Lofa Abed G. mosseae −13 2.17 2.08 Pot 116 No sterilized Khaliq and Sanders,

1998

Lofa Abed G. mosseae −5 4.72 5.21 Pot 23 Sterilized Khaliq and Sanders,

1998

Lofa Abed G. mosseae −20 2.29 2.59 Pot 52 Sterilized Khaliq and Sanders,

1998

Lofa Abed G. mosseae −24 2.57 2.04 Pot 67 Sterilized Khaliq and Sanders,

1998

Lofa Abed G. mosseae −23 2.33 1.64 Pot 91 Sterilized Khaliq and Sanders,

1998

Lofa Abed G. mosseae −26 2.3 1.57 Pot 116 Sterilized Khaliq and Sanders,

1998

Lofa Abed G. mosseae −3 0.17 0.16 Field 124 Sterilized 0 kg

P/ha

Khaliq and Sanders,

2000

Lofa Abed G. mosseae −2 0.2 0.18 Field 124 Sterilized 100 kg

P/ha

Khaliq and Sanders,

2000

Lofa Abed G. mosseae −2 0.13 0.12 Field 124 No sterilized 0 kg

P/ha

Khaliq and Sanders,

2000

Lofa Abed G. mosseae −2 0.14 0.14 Field 124 No sterilized

100 kg P/ha

Khaliq and Sanders,

2000

ACSAD 6 Mix 37 2.27 1.97 Pot 35 Soil A Mohammad et al.,

2003

ACSAD 6 Mix 87 2.54 1.97 Pot 35 Soil A + 25mg

P/kg

Mohammad et al.,

2003

ACSAD 6 G. intraradices 40 2.07 1.97 Pot 35 Soil A Mohammad et al.,

2003

ACSAD 6 Mix 28 2.76 2.29 Pot 35 Soil B Mohammad et al.,

2003

ACSAD 6 Mix 4 2.69 2.29 Pot 35 Soil B + 25mg

P/kg

Mohammad et al.,

2003

ACSAD 6 G. intraradices 14 2.42 2.29 Pot 35 Soil B Mohammad et al.,

2003

ACSAD 6 Mix 22 2.63 1.80 Pot 35 Soil C Mohammad et al.,

2003

ACSAD 6 Mix 20 2.78 1.80 Pot 35 Soil C + 25mg

P/kg

Mohammad et al.,

2003

ACSAD 6 G. intraradices 5 2.22 1.80 Pot 35 Soil C Mohammad et al.,

2003

Galleon G. intraradices −15 1.96 1.98 Pot 48 Soil temperature

10◦C

Baon et al., 1994b

Galleon G. intraradices −26 2.45 2.3 Pot 48 Soil temperature

15◦C

Baon et al., 1994b

Galleon G. intraradices −5 2.39 2.19 Pot 48 Soil temperature

20◦C

Baon et al., 1994b

*Phosphorus concentration on grain.

in some plant species (Maillet et al., 2011; Mukherjee and Ané,
2011). The formation of lateral roots has been found to be the
most affected trait, making roots progressively more branched,

probably to increase the number of suitable sites for colonization
(Harrison, 2005). However, mycorrhizal-induced modifications
on root traits are still poorly understood and seem to vary
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according to specific plant-fungal combinations, (Schellenbaum
et al., 1991; Berta et al., 2005; Fusconi, 2014). In the case of
wheat and barley, evidences are controversial as well. Behl et al.
(2003) found a significant increase of total root length in wheat
colonized by G. fasciculatum, being up to 90% higher than
control plants when co-inoculated with Azotobacter. The same
pattern was found by Al-Karaki and Al-Raddad (1997), who
studied the response of two durum wheat genotypes to AM
colonization, detecting an increase of 25 and 20% in root length.
On the other hand, AM fungal inoculation decreased wheat root
length and surface area under high rates of P application in a
calcareous soil (Mohammad and Malkawi, 2004).

Organic Acid Anion and Phosphatase Exudation
It has been suggested that AM fungi may have biochemical
and physiological capacities to increase plant PAE through
the uptake of P from sparingly available forms in soil, being
the exudation of protons, phosphatases and LMWOAAs the
suggested mechanisms involved in these processes (Figure 1;
Tarafdar and Marschner, 1994a; Koide and Kabir, 2000; Klugh
and Cumming, 2007).

AM fungi possess many genes encoding acid phosphatases
(EC 3.1.3.2, ACP) in their genomes, with at least seven genes
expressed in Rhizophagus clarus (Sato et al., 2015). However,
exudation of phosphatases was mostly associated with the cell
wall (Olsson et al., 2002) and their presence in the rhizosphere
has been demonstrated only in limited cases (Tarafdar and
Marschner, 1994a; Koide and Kabir, 2000). The magnitude of
these processes is questioned as it is difficult to isolate the
effects of plants, fungi and others microorganisms present in
the experiments under unsterile conditions (Joner and Jakobsen,
1995; Joner et al., 2000). However, Sato et al. (2015) in an
experiment with separated compartments for hyphal growth,
collected exudates from soil solution, sand culture and in
vitro monoxenic culture, providing strong evidence that the
corresponding acid phosphatase activity was originated from
R. clarus. Little information is available about the relationship
between AM symbiosis and changes in enzymatic exudation and
activity patterns in wheat and barley. Rubio et al. (1990) found
out a positive correlation between wheat colonization by AM
fungi and acid phosphatase activity in roots and soil, mainly
under P-limiting conditions. Using a different experimental
approach with separated compartments for hyphal growth,
Tarafdar and Marschner (1994a,b) observed depletion in organic
P content with a concomitant increase of phosphatase activity
when wheat was colonized by Glomus mosseae (Nicol & Gerd)
Gerd & Trappe. The same trend was found for barley in a
10 years’ field trial where P-deprived plants presented higher
colonization by AM fungi and higher phosphatase activity than
fertilized treatments (Goicoechea et al., 2004). In this sense,
Ye et al. (2018) in a recent report show the importance of
phosphatase activity in P acquisition by non-AM colonized
barley efficient genotypes through direct changes of rhizosphere
P fractions. Nevertheless, the interaction of AM association with
the phosphatase activity and the subsequent P acquisition by
efficient genotypes is still unclear.

The phosphate-solubilizing activities of AM fungi are still
controversial although AM plants have generally been shown to
increase the uptake of insoluble Pi (Yao et al., 2001; Tawaraya
et al., 2006; Klugh-Stewart and Cumming, 2009). In many
studies, mycorrhizal inoculants proved to alter the composition
and/or amount of total LMWOAAs exuded by Liriodendron
tulipifera and Andropogon virginicus, respectively (Figure 1;
Klugh and Cumming, 2007; Klugh-Stewart and Cumming, 2009).
However, direct evidence for solubilization of P by AM fungi
has not been obtained so far. Despite that AM fungi might not
exude LMWOAAs by themselves, they can, however, improve
P solubilization and/or mineralization indirectly by stimulating
the surrounding soil microbes via the exudation of labile C, thus
increasing local nutrient availability in the hyphosphere and in
soil patches beyond the root hairs (Hodge et al., 2010; Cheng
et al., 2012; Jansa et al., 2013). Recently, Kaiser et al. (2015)
using nanoscale secondary ion mass spectrometry imaging and
13C-phospho and neutral lipid fatty acids, traced the flow of
recently photoassimilated C and found out that a significant and
exclusive proportion of photosynthates was delivered through
AM pathway and used by different microbial groups compared
to C directly released by the roots.

The interaction between phosphate-solubilizing
microorganisms with AM wheat and barley plants has been
assessed by some researchers, with positive responses on growth
and P uptake. Omar (1998) observed that the interaction
between Funneliformis constrictum and the rock-phosphate-
solubilizing Aspergillus niger and Penicillium citrinum fungi
significantly increased biomass production of wheat plants under
all experimental conditions tested. The effect was more evident
in non-sterilized conditions. Bacteria from the Azotobacter and
Pseudomonas genera also improved AM wheat growth under
field and pot conditions, with positive correlation between AM
colonization and Azotobacter survival in the rhizosphere (Kucey,
1987; Behl et al., 2003; Zaidi and Khan, 2005; Yousefi et al.,
2011). Singh and Kapoor (1999) analyzed the effect of Bacillus
circulans, Cladosporium herbarum and an isolated AM fungus
in wheat where larger populations of phosphate-solubilizing
microorganisms in the rhizosphere of mycorrhizal roots and
an enhanced P acquisition in combined inoculation were
found. Similarly, the inoculation with Penicillium variable alone
negatively affected the biomass production of wheat. However,
when applied in combination with Azotobacter chroococcum,
Pseudomonas striata and the AM fungus G. fasciculatum, grain
yield significantly increased compared with the other treatments
(Zaidi and Khan, 2005).

In another study, wheat grain yield was enhanced by
92.8% in the presence of the rhizobacteria Pseudomonas
fluorescens and Burkholderia cepacia and the AM fungus
Claroideoglomus etunicatum (Saxena et al., 2013). The synergistic
effect of combined inoculation with plant growth-promoting
rhizobacteria and AM fungi on wheat was also proved to
be effective under field conditions. It was shown that the
combination of A. chroococcum and Bacillus sp. with G.
fasciculatum significantly increased the dry matter by 2.6-fold
and grain yield by 2-fold when compared to the control (Khan
and Zaidi, 2007). In another field study, Mehrvarz et al. (2008)
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found that although bacterial inoculation alone achievied the
maximum biological yield, its application combined with AM
fungi produced grains with higher weight.

Changes in P Transporters
In general, AM plants have two different pathways for P uptake
from the soil (Figure 1C) with different P transporters involved
in both of them. The direct P uptake is the plant endogenous
pathway, which occurs via root epidermis and root hairs, while
in the AM pathway the external hyphae is the responsible for
acquiring P from the medium and transport to intracellular
symbiotic interfaces where it finally goes to the plant (Grace
et al., 2009; Smith et al., 2011). According to their function,
plant transporters involved in the direct pathway are expressed
mostly in the root apex and root hairs (Gordon-Weeks et al.,
2003) and down-regulated inmore mature regions. However, up-
regulation of genes encoding phosphate transporters proved to
have little influence on P acquisition. Rae et al. (2004) studying
transgenic barley plants over-expressing a gene encoding for a
phosphate transporter found no improvement on P uptake under
any of the tested conditions, suggesting that post-transcriptional
mechanisms could be involved affecting the activity of these
transporters. AM transporters are less known due to their
obligate biotrophic nature, coupled with the fact that they
are multinuclear and heterocaryotic organisms (Sanders, 1999),
which make the use of traditional genetic approaches difficult
(Maldonado-Mendoza et al., 2001). These authors observed that
the expression of a phosphate transporter gene from the extra-
radical mycelium of Rhizofagus intraradices was regulated in
response to P concentrations in the environment surrounding
the extra-radical hyphae and that it was modulated by the overall
phosphate status of the AM fungus rather than the host plant
(Maldonado-Mendoza et al., 2001). Another important aspect
of the AM pathway is the presence of AM-inducible plant P
transporters, which are generally present at much higher levels
in AM roots than other P transporters (Javot et al., 2007).
These transporters are responsible for the exchange of P between
the fungal hyphae and plant cell. They have been found in
all AM plants investigated, regardless their growth response to
colonization, and are mainly expressed in the colonized cortical
cells, specifically in the arbusculated cells which is the place
where the nutrient exchange takes place (Bucher, 2007; Javot
et al., 2007). Genes encoding for AM-inducible transporters
have been described in cereals and include the HvPHT1.11 and
HvPHT1.8 for barley and TaPHT1.8, TaPHT1.11, TaPHT1.12,
and TaPHT1.14 for wheat (Teng et al., 2017).

The two P pathways were believed to be additive in their
contribution to plant nutrient uptake, and it was assumed
that direct pathway made a constant contribution to the total
P uptake, while the AM pathway participated as an extra
contribution in plants with positive growth responses (Pearson
and Jakobsen, 1993). However, further investigations proved
that AM colonization could reduce the direct uptake pathway
in some species (even in plants that respond positively to the
symbiosis as in Medicago truncatula), and deactivate completely
in others (Liu et al., 1998; Smith et al., 2004). Therefore, in
order to not become P deficient AM pathway should compensate

the reduced contribution of direct pathway (Smith et al., 2011).
Recent studies using radioactive P isotopes has shown that AM
pathway contributed significantly to total P uptake on wheat and
barley. In this sense, Smith et al. (2015) clearly demonstrated
that indigenous AM fungi contribute to wheat P uptake in
6.5–21% of total plant P in field conditions and 3–40% when
grown in pots. However, mycorrhizal wheat plants acquired less
P and produced less biomass when compared to their non-
mycorrhizal counterpart (Li et al., 2006; Grace et al., 2009). It
was suggested that negative growth responses could be generated
by suppression of the direct pathway in these species, especially
in the plants with very low colonization. Conversely, Grace et al.
(2009) found out that the magnitude of the negative responses of
barley was independent of contrasting colonization by two AM
fungal species (R. intraradices and F. geosporum). In addition,
the expression of P transporters belonging to direct pathway
in barley was not affected by the symbiosis as expected. Again,
this indicated that possible post-translational modifications of
regulatory components could be involved in the plant response.

AM FUNCTIONAL DIVERSITY

It is a general consensus that there is little specificity between
AM fungal and host plant species, and that AM plants can
be colonized by several AM fungal species at the same time
(Merryweather and Fitter, 1998; Jansa et al., 2003b; Smith et al.,
2011). However, the existence of different colonization patterns
could imply certain preferences for specific AM fungal species,
functional groups or the co-evolution strategies between specific
plant-fungus associations (Smith et al., 2009; Chagnon et al.,
2013; López-García et al., 2017). For instance, Mao et al. (2014)
showed that these preferences can exist even across wheat
cultivars as they found a variation in AM fungal community
composition, displaying a complex pattern of cultivar-AM fungal
interaction under experimental field conditions. Despite of the
projection of this work, the study of the AM fungal diversity
associated to wheat and barley is overall scarce. Considering the
wide distribution and economic importance of these two species,
only 131 and five AM fungal sequences in MaarjAM database,
the most complete sequence database of Glomeromycota (Öpik
et al., 2010), are associated to wheat (Triticum sp.) and barley
(Hordeum sp.) respectively, out of 5,296 sequences belonging
to Poaceae in the database. The few studies covering molecular
diversity in roots of wheat have shown differences between in
community composition associated to wheat and N-fixing crops
(Bainard et al., 2014; Higo et al., 2016). Communities associated
to wheat have also been found to vary during the growing
season and depend on P fluxes and degree of fertilization (Wu
et al., 2011; Bainard et al., 2014; Qin et al., 2015). The diversity
of AM fungal communities associated directly with roots of
wheat is overall high, including members of different taxonomic
families (e.g., Manoharan et al., 2017), but being predominatly
associated with Funneliformis spp., in conventional cropping,
and Claroideoglomus spp., in organically managed systems (Dai
et al., 2014). In agreement, with this result, one of the few studies
analyzing AM fungi in roots if barley, found that the abundance
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of Funneliformis spp. were associated with high levels of P in soil,
meanwhile Claroideoglomus spp. with lower levels of P (Cruz-
Paredes et al., 2017), but harboring a high phylogenetic diversity
as well (Manoharan et al., 2017). N fertilization has been seen
another affecting AM fungal community composition in barley
and interacting with the plant-fungus P trade, as tends to decrease
the efficiency in the interexchange (Williams et al., 2017).

The lack of information on molecular diversity has been
in some manner compensated with morphological studies of
spore communities. In this context, a high taxonomic diversity
has been found. Aguilera et al. (2014, 2017) analyzing spore
morphology on acidic soils under continuous wheat cropping,
found 24 AM fungal species, being Acaulospora and Scutellospora
the dominant genera. In another study under similar conditions
in acidic soils, Castillo et al. (2016b) described 26 fungal
species with a prevalence of Acaulospora and Claroideoglomus.
This dominance of Acaulospora spores in soils cropped with
wheat was also observed by Hu et al. (2015) in North
China and by Nadji et al. (2017) in Algeria, however in the
last study Glomeraceae species was also detected as highly
abundant.

The mycorrhizal growth response of a single host plant
species can differ across AM fungal species, and in the same
way, colonization by the same AM fungal isolated can result in
different growth responses in different plant species or genotypes
(Feddermann et al., 2010; Smith et al., 2011; Castillo et al., 2016a).
Indeed, previous studies have demonstrated a high variability
in the symbiotic response of different combinations of host
plant and AM fungi (e.g., Smith et al., 2004; Avio et al., 2006;
Jansa et al., 2008). Variations in MGR have also been revealed
across wheat cultivars, which can range from −2% to 107% in
different genotypes (Azcón and Ocampo, 1981). On the other
hand, Graham and Abbott (2000) showed a huge variation in
MGR when testing several AM fungal isolates in symbiosis with
wheat, being Scutellospora calospora the only one promoting
higher plant biomass. In a study in wheat showed that MGR
by different AM fungal species and their combination or with
F. mosseae alone resulted in negative growth responses, while
positive responses were reported when inoculated with R. clarum
(Talukdar and Germida, 1994). This variability in mycorrhizal
response comes from the fact that AM fungi are functionally
diverse both inter- and intraspecifically (see for example Koch
et al., 2004, 2017; Antunes et al., 2011). Differences among AM
fungal species have been suggested to exist in the colonization
rates in roots and soils depending on the AM fungal colonization
pattern (Hart and Reader, 2002; Powell et al., 2009). Perhaps,
although morphological traits seem to be well-conserved across
AM fungal phylogeny, i.e. morphological traits into the same
species and related clades are similar, most of variation in plant
growth promotion and P uptake occurs indeed intraspecifically
(Munkvold et al., 2004; Koch et al., 2017). In general, it had
been assumed that morphological traits, such as the hyphal
lenght in soil, could be good predictors of P uptake. However,
the above mentioned results on huge variabilities in plant P
uptake on morphological and phylogenetically similar fungal
isolates redirects the question toward which fungal functional
trait have to be measured to understand soil-plant P dynamics in

agricultural systems. Therefore, functional diversity among AM
fungal species and genotypes need to be considered.

FUTURE PERSPECTIVES

Despite displaying negative responses in some studies and being
considered as non-responsive by many authors, wheat and barley
plants presented positive growth and P responses by performing
AM symbiosis (Tables 1A,B respectively). There could be factors
involved in this large PAE variation and the processes affecting
both AM function and its benefits are still unknown. The
question is complex due to the many factors are involved:
plant genotype and fungal functional diversity, as well as their
mutual compatibility, soil variable conditions or agricultural
management needs to be studied. Indeed, the fact is that a major
part of the research carried out in the interaction between crop
cereals and AM fungi has only involved a handful of AM fungal
isolates. In addition, there is little information available regarding
the effect of different -or combined- AM fungal taxa colonization
and different genotypes of wheat and barley on root morphology,
development, exudation pattern, interaction with PGPR and/or
P-solubilizing fungi, and the interplay between the two pathways
of P uptake.

It is widely accepted that AM plants access to poorly available
sources more effectively than non-colonized plants, but the
mechanisms by which they are operating at field are not well
understood (Smith et al., 2015). Studies using more than one
crop cultivar and multiple AM species and genotypes should be
carried out in order to analyze the effect of fungal diversity on
PAE related traits as root length, root hair angles, changes on
root-mycorrhiza exudation patterns and degree of inhibition (or
not) of plant P transporters. In addition, these studies should
be traced along different stages of development, until grain
production, as it was found that although mycorrhization could
hamper biomass production, it enhanced P acquisition and final
grain production (Pellegrino et al., 2015). Isotopic, spectroscopic
and molecular techniques coupled to new experimental designs
could help identify some of the mechanisms mentioned
above and the genetic background behind the different
responses. In this sense, we suggest an inclusion of the
Carbon costs related to all P acquisition traits (not only root
architeture), specially those involved and altered by mycorrhizal
colonization, in order to support accurate phenotyping for
breeding programs focused on lowering P fertilizer inputs
(Figure 2).
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MICROBIAL BIOMASS

Background
The microbial biomass consists mostly of bacteria and 
fungi, which decompose crop residues and organic matter 
in soil. This process releases nutrients, such as nitrogen (N), 
into the soil that are available for plant uptake. About half 
the microbial biomass is located in the surface 10 cm of 
a soil profile and most of the nutrient release also occurs 
here (figure 1). Generally, up to 5% of the total organic 
carbon and N in soil is in the microbial biomass. When 
microorganisms die, these nutrients are released in forms 
that can be taken up by plants. The microbial biomass can 
be a significant source of N, and in Western Australia can 
hold 20–60 kg N/ha.

Figure 1: The figure shows both microbial biomass nitrogen and 
release of nitrogen decreasing with depth (Murphy et al., 1998).

Microbial biomass is also an early indicator of changes 
in total soil organic carbon (C). Unlike total organic C, 
microbial biomass C responds quickly to management 
changes. In a long term trial at Merredin, no significant 
change in organic C was detected between stubble burnt 
or retained plots after 17 years. Microbial biomass C in the 
same plots had increased from 100 to 150 kg-C/ha (Hoyle 
et al., 2006a).

In soil the microbial biomass is usually ‘starved’ because soil 
is too dry or doesn’t have enough organic C. The amount 
of labile carbon is of particular importance as this provides 
a readily available carbon energy source for microbial 

decomposition. Soils with more labile C tend to have a 
higher microbial biomass.

Important sources of organic carbon as food for the 
microbial biomass are crop residues and soluble  
compounds released into the soil by roots (root exudates). 

Factors affecting microbial biomass
The microbial biomass is affected by factors that change 
the water or carbon content of soil, and include soil type, 
climate and management practices. Rainfall is usually the 
limiting factor for microbial biomass in southern Australia 
(figure 2). Soil properties that affect microbial biomass are 
clay, soil pH, and organic C (figure 3). Soils with more clay 
generally have a higher microbial biomass as they retain 
more water and often contain more organic C (figure 4). A 
soil pH near 7.0 is most suitable for the microbial biomass.

Figure 2: Microbial biomass carbon over a year from a soil near 
Meckering, WA.

Management of crop residues influences microbial 
biomass as they are one of the primary forms of organic 
carbon and nutrients used by the microbial biomass. 
Retaining crop residues rather than burning them provides 
a practical means of increasing the microbial biomass in 
soil by increasing the amount of organic carbon available 
to them (table 1).

Key points
 Microbial biomass (bacteria and fungi) is a measure of the mass of the living 

component of soil organic matter.

 The microbial biomass decompose plant and animal residues and soil organic 
matter to release carbon dioxide and plant available nutrients.

 Farming systems that return plant residues (e.g. no-tillage) tend to increase the 
microbial biomass.

 Soil properties such as pH, clay, and the availability of organic carbon all influence the 
size of the microbial biomass.
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Figure 4: Microbial biomass in soils with different clay contents 
and under different management. Soils with more clay generally 
have a higher microbial biomass because they retain more water 
and often contain more organic cabon.

Table 1: The effect of 17 years of retaining or burning stubble on 
microbial biomass carbon at different soil depths at Merredin, 
WA (Hoyle et al., 2006b).

Soil depth 
(cm)

Microbial biomass carbon (kg/ha)

Stubble retained Stubble burnt

0–10 229 165

10–20 112 93

20–30 69 58

Tillage practices that are less disruptive to soil can increase 
the microbial biomass. Less disruptive tillage increases 
the microbial biomass by increasing labile carbon in soil 

(figure 5). These management practices also protect soil 
aggregates and do not break fungal networks, which are 
an important habitat for the microbial biomass in soil. 

The type of crops in a rotation can affect the microbial 
biomass. The residues of legume crops can increase 
microbial biomass due to their greater N contents. Rotations 
that have longer pasture phases increase microbial 
biomass because soil disturbance is reduced (figure 4). This 
may not be the case in sandy soils, where the lack of clay 
means organic matter is broken down rapidly. This leaves 
the microbial biomass ‘starved’.

Figure 5: The figure shows an increased nitrogen content in 
labile organic matter and the microbial bioass with no-till than 
rotary till in a 9-year field trial at Wongan Hills, WA (Cookson et 
al., 2008).

Further reading and references
Cookson WR, Murphy DV and Roper M (2008) Characterising the relationships between soil organic matter components 

and microbial function and composition along a tillage disturbance gradient. Soil Biology and Biochemistry 40: 763-
777.

Hoyle FC, Murphy DV and Fillery IRP (2006a) Temperature and stubble management influence microbial CO2-C evolution 
and gross transformation rates. Soil Biology and Biochemistry 38: 71-80.

Hoyle FC and Murphy DV (2006b) Seasonal changes in microbial function and diversity associated with stubble retention 
versus burning. Australian Journal of Soil Research 44: 407-423.

Murphy DV, Sparling GP and Fillery IRP (1998) Stratification of microbial biomass C and N and gross N mineralization with 
soil depth in two contrasting Western Australian Agricultural soils. Australian Journal of Soil Research 36: 45-55.

Author: Jennifer Carson (The University of Western Australia)

Figure 3: The main soil properties affecting the microbial biomass and factors influenced by it.
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A B S T R A C T

Soil organic matter (SOM) has the potential to supply substantial quantities of nutrients [i.e nitrogen (N),
phosphorus (P) and sulphur (S)] for plant uptake. Yet there is little understanding of the impact of management
on the nutrient supply potential in soils (particularly, P and S). To quantify N, P and S availability from SOM,
surface soils (0–10 cm) were collected from 14 management practices across three long-term (16–46 years)
experimental sites under semi-arid (Luvisol), Mediterranean (Luvisol) and sub-tropical (Vertisol) environments
in Australia. The practices comprised conventional (CT) and reduced tillage (RT) with mixed farming, no-till
with continuous cropping (NT), and perennial pasture (PP) in the semi-arid Luvisol, while in a Mediterranean
direct-drilled continuous cropping system, stubble was either retained (SR) or burnt (SB). Practices on the
Vertisol comprised a factorial combination of CT, NT, SR, SB with either 0 (0N) or 90 kg urea-N ha−1 (90N) in a
continuous cropping system. Soils were incubated under controlled soil moisture and temperature, and cumu-
lative organic C mineralised (Cmin), and net available N, P and S were measured over 126 days. In the semi-arid
Luvisol, CT and/or RT showed significantly higher Cmin and net available N, P and S than NT and PP. In the
Mediterranean Luvisol, Cmin and net available P were not influenced by stubble management. In the Vertisol, CT-
SR (cf. CT-SB and NT-SR/SB) with or without N fertilisation significantly increased Cmin, and CT-SR and/or -SB
with N fertilisation (cf. CT-SR/SB without N fertilisation and NT-SR and/or -SB with or without N fertilisation)
significantly increased net available N and P. This study found a continuous release of net available N
(11–49 kg N ha−1 over 126 days) across all management practices, whereas, the release of available P and S was
evident only during the first 30 days (6–74 kg P ha−1, −4 to 22 kg S ha−1), after which microbial im-
mobilisation or clay fixation of P and S predominated, particularly in the Vertisol. In conclusion, the results
indicate that SOM is a ready source of plant available P and S (in addition to N), and tillage and stubble retention
generally enhanced SOM mineralisation and nutrient release, which varied with soil type.

1. Introduction

Soil organic matter (SOM) is a key indicator of soil quality and plays
an important role in enhancing a range of soil physical, chemical and
biological functions (Murphy, 2015). SOM is both a source and sink of
organic forms of carbon (C) and major plant nutrients, such as nitrogen
(N), phosphorus (P), and sulphur (S) (Kirkby et al., 2011; Murphy,
2015). Over the last decade, there has been increasing interest on the

impact of agricultural management practices on SOC and nutrient cy-
cling and storage worldwide, including in Australia (Bhupinderpal-
Singh et al., 2004, 2006; Dalal et al., 2011; Hoyle and Murphy, 2011;
Hoyle et al., 2013; Kopittke et al., 2016a,b). However, knowledge of
how management practices influence availability of nutrients for plant
growth, a key function of SOM, across diverse managed agro-ecosys-
tems is limited (Hoyle and Murphy, 2011; Murphy 2015).

The nutrient contents of soil may be maintained or enhanced by
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certain management practices, possibly facilitated by high organic
matter inputs or retention into the system. For example, long-term no-
till (NT) with stubble retention (SR) along with fertilisation in cropping
systems, and mixed crop–pasture and perennial pasture (PP) dominated
farming systems are usually recommended as improved management
systems which may increase or maintain SOM and associated nutrients
(Bhupinderpal-Singh et al., 2004; Dalal et al., 2011; Hoyle et al., 2013;
Kopittke et al., 2016b). These and other contrasting practices such as
conventional tillage (CT), reduced tillage (RT) and stubble burning (SB)
may impact soil microbial biomass and activity differently (Haynes
1999; Hoyle and Murphy, 2011; Rui et al., 2016) and the physical-
chemical environment (Luo et al., 2010; Page et al., 2013), and con-
sequently the release plant available nutrients from SOM reserves
(Guppy et al., 2005; Hoyle and Murphy, 2011; Curtin et al., 2016; Rui
et al., 2016).

Studies have shown that CT breaks down soil structure (Six et al.,
2000), increases soil aeration (Carter et al., 1994), and exposes mineral
protected SOM to microbial attack (Gathala et al., 2011; Zhang et al.,
2013). As a result, there is the potential to release high quantities of
plant available nutrients through SOM mineralisation (Hoyle and
Murphy, 2011; Dimassi et al., 2014). On the other hand, in a 100-day
incubation study, Curtin et al. (2014) found that the cumulative SOC
mineralisation per unit mass of SOC in an undisturbed perennial pas-
ture system was almost double that of arable cropping systems, likely
due to relatively high plant C input and relatively labile SOC in per-
ennial pasture systems (Crawford et al., 2000). However, other studies
reported that improved land management (e.g. PP or NT) may preserve
soil structure (Six et al., 2000; Devine et al., 2014), while protecting
SOC in micro-/macro-aggregates (Six et al., 2000), reducing soil pore
spaces (Jensen et al., 1996), and consequently decreasing soil microbial
biomass and activity (Raiesi, 2006; Tan et al., 2015). Thus, it is im-
portant to understand the impact of alternative agricultural manage-
ment practices on the nutrient supply potential of SOM, and this
knowledge can thus be useful to optimise productivity and profitability
of farming systems.

The rate of turnover for SOM via mineralisation and the associated
nutrient supply with different management practices also varies de-
pending on soil texture and clay minerology. Soils with a high pro-
portion of clay-sized particles provide greater stabilisation of SOM than
soils dominated by sand-sized particles (Christensen, 2001). Further-
more, clay-rich soils dominated by 2:1 clay minerals (such as smectite
versus kaolinite) provide larger specific surface areas and numerous
reactive sites where SOM and nutrients can be adsorbed via ligand
exchange and polyvalent cation bridging to lower SOM mineralisation
(von Lützow et al., 2007; Saidy et al., 2013; Lehmann and Kleber,
2015). Also, the self-mulching nature of smectitic-rich soils, for ex-
ample, Vertisols, may override the effect of tillage on SOC mineralisa-
tion (Dalal et al., 2011).

In Australia, few long-term farming system trials exist and although
a number of studies have examined the influence of management
practices on SOC accumulation and mineralisation rates, and soil mi-
crobial activity (Hoyle and Murphy, 2006; Thomas et al., 2007; Dalal
et al., 2011), far fewer have considered the subsequent nutrient value of
SOM for plants (Raiesi, 2006). The aims of this study were therefore to
quantify the impact of long-term management practices on the dy-
namics of SOC mineralisation and net supply of plant available N, P and
S in different soils (Luvisol versus Vertisol) under contrasting tillage,
cropping and/or pasture systems. Consistent with common paradigms,
we expected higher SOC mineralisation and net release of plant avail-
able nutrients in systems with high versus no tillage intensity, and/or
where stubble was retained versus burnt or where N fertiliser was ap-
plied, regardless of soil type. Further, soils such as Vertisol, which is
rich in smectite and possibly also polyvalent cations, could significantly
impact the release of plant available nutrients, particularly P and S,
once organic matter depletes during decomposition, compared with
relatively clay-poor Luvisol.

2. Materials and methods

2.1. Site descriptions

Long term field trial sites were selected for this study as SOC con-
centrations take many years to reach a new equilibrium when land use
or management practices are changed (Lam et al., 2013). The sites in-
clude: (i) a 16-year-old (established in 1998) farming system trial at the
Condobolin Agricultural Research and Advisory Station, New South
Wales; (ii) a 27-year-old (established in 1987) crop stubble manage-
ment trial at the Merredin Research Station, Western Australia; and (iii)
a 46-year-old (established in 1968) tillage-stubble-N fertiliser man-
agement trial at the Hermitage Research Station, Queensland. The site
information and basic soil properties (0–10 cm depth) are given in
Table 1. For analysing most of the basic soil properties, such as soil
texture, clay mineralogy, water holding capacity (WHC), and basic
cations (Table 1), soil samples were composited across the practices
because of their limited impact on these properties.

At the Condobolin site, the following four treatments were selected:
(1) CT and (2) RT under mixed pasture–wheat farming systems; (3) NT
under continuous cropping system; and (4) PP. The experimental plots
across the four major farming systems were established in 1998 in a
randomised block design, with five rotational phases and four replicates
(Central West Farming System Inc., 2015). The rotations in the CT
treatment were: long fallow-wheat (LFW; Triticum aestivum L.), short
fallow-wheat (SFW) with under-sown pasture, and three years of grazed
pasture. The rotations in the RT treatment were: LFW, no crop, LFW
with under-sown pasture, and two years of grazed pasture. The rota-
tions in the NT treatment were: wheat, barley, pulse, wheat, pulse/
green manure. Stubbles were incorporated in the CT treatment, while in
the RT and NT treatments stubbles were retained on the soil surface.
Tillage was performed to 10 cm depth using a chisel tyne with two to
three passes in the CT, and to 2 cm using a trash-worker with one pass
in the RT (Fang et al., 2016). The rotational phases in the cropping
systems at the time of soil sampling were: (a) after wheat (Triticum
aestivum L.) phase that was transitioning to pasture in the CT and RT

Table 1
Basic information of the long-term sites, including soil properties (0–10 cm depth). Values
in brackets are standard errors (n = 3).

Condobolin Merredin Hermitage

Soil classification Luvisol Luvisol Vertisol
Coordinates 33°05′19′′S,

147°08′58′′E
31°28′S,
118°16′E

28°12′S,
152°06′E

Trial established 1998 1987 1968
Mean annual rainfall (mm)∼461a ∼325a ∼682b

Rainfall distribution No clear seasonality Winter-
dominant

Summer-
dominant

Mean annual min (°C) ∼10a ∼11a ∼10b

Mean annual max (°C) ∼25a ∼25a ∼24b

WHC (g g−1) 0.30(0.4) 0.26(0.3) 0.56(0.3)
Sand/% 62(2.0) 66(0.8) 15(2.6)
Silt/% 11(1.3) 8(1.2) 22(2.5)
Clay/% 27(0.8) 25(0.7) 63(1.2)
Bulk density (g cm−3) 1.3−1.5 1.3 1.1
Na+ (cmol kg−1) 0.13(0.01) 0.62(0.1) 1.3(0.2)
K+ (cmol kg−1) 2.1(0.1) 0.97(0.04) 1.1(0.1)
Ca2+ (cmol kg−1) 6.2(0.1) 3.5(0.4) 28(0.4)
Mg2+ (cmol kg−1) 1.9(0.05) 3.3(0.4) 25(0.7)
Fed (mg kg−1) 18150(450) 4280(90) 12650(150)
Ald (mg kg−1) 1060(20) 568(22) 2040(20)
Clay minerals Mi–Kaol–Sm***,

Qtz**,Hem**, Goe**,
Ant*

Kaol***, Mi **,
Qtz*, Ant*,
Ort*

Sm***, Kaol**

Mi = mica; Kaol = kaolinite; Sm = smectite; Qtz = quartz; Goe = goethite;
Hem = hematite; Ant = anatase; Ort = Orthoclase. The asterisks ***, **, * re-
present> 60% (dominant or co-dominant), 5–20% and<5%, respectively.

a 1987–2016.
b 1996–2016.
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treatments; and (b) after barley (Hordeum vulgare L.) phase that was
transitioning to the next pulse crop in the NT treatment.

The Merredin site consisted of a predominantly legume–wheat
based continuous cropping system, where stubble was either burnt just
prior to drill sowing (autumn burn, SB) or retained as standing stubble
(SR) after harvest. The trial was seeded in 16-row plots (5 m in width
and 30 m in length) in a randomised block design with six replicates.
Basal fertiliser was applied during seeding using 80-mm-wide press
wheels with following chains. The rotational phase prior to sampling
was wheat (Triticum aestivum L.).

At the Hermitage site, eight treatments were selected in the con-
tinuous cropping system trial (Dalal et al., 2011), involving a factorial
combination of tillage (CT and NT), stubble management (SR and SB),
and N fertilisation (0N and 90N, fertiliser N applied at 0 and
90 kg N ha−1 yr−1 as urea, respectively) arranged in a randomised
block design with four replicates. In the CT treatment, tillage was
performed to 10 cm depth with four to five passes of a chisel plough
during the fallow period each year (December to June). After crop
harvesting, stubble was incorporated into the CT treatments during
ploughing, while in the NT treatment stubble was retained on the soil
surface. In the stubble burnt treatment, the stubble was burnt in the
field immediately after the crop harvest, and before the first tillage
operation. Each of the fertilised treatment received 90 kg N ha−1 every
year in June at the sowing of wheat (Triticum aestivum L., cv. Baxter) or
barley (Hordeum vulgare L., cv. Clipper) (For further details, see Dalal
et al., 2011).

2.2. Soil sampling and processing

A composite soil sample of 12–15 cores was collected using a coring
rig (with the core diameter 7.6 cm) in early May 2014 at 0–10 cm depth
in a random zigzag pattern from three selected replicated plots at each
field site. In total we collected 42 composite samples (12 samples at
Condobolin, 6 samples at Merredin and 24 samples at Hermitage). Soil
samples were collected prior to crop sowing (i.e. autumn fallow) from
all three field sites or at the same time in the perennial pasture system
(at Condobolin).

Immediately after sampling, field-moist soils were stored at 4 °C
until further processing. Soils were sieved sequentially through a 12-
mm and then a 6.5-mm sieve by gently breaking the soil cores along
planes of weakness by hand while preserving soil aggregation. Visible
plant debris (> 2 mm) and gravel were removed with tweezers. The soil
samples were then air-dried in a controlled temperature room (∼22 °C)
for approximately two days to lower the moisture content to ∼20–25%
of WHC and the air-dried samples were stored at 4 °C.

2.3. Soil physical and chemical analysis

Basic soil properties [soil pH, WHC, soil texture, total soil C, N, P
and S content and particulate organic carbon (POC)] were measured
using the air dried sieved (< 2 mm) soil samples. Soil pH was measured
in 1:5 soil:water suspension using a glass electrode (Rayment and
Higginson, 1992). The soil WHC (moisture content at field capacity)
was determined according to the procedure of Jenkinson and Powlson,
(1976) after draining the water-saturated soil for 40 h. The percentages
of sand, silt and clay in soil samples were determined by the hydro-
meter method after dispersing soil with 10% sodium hexametapho-
sphate (Gee and Bauder, 1986). Soil exchangeable cations (Na, K, Ca
and Mg) were analysed by atomic absorption spectroscopy (AAS) after
extraction with ammonium acetate. The contents of sodium citrate di-
thionite-extractable iron (Fed) and aluminium (Ald) in soil were de-
termined according to the procedure of Blakemore et al. (1987). A 10 g
subsample of the air dried sieved (< 2 mm) soil was further dried at
60 °C for 24 h and ground to fine powder (< 0.053–0.080 mm) using a
MM400 Mixer Mill grinder (Retsch GmbH, Haan, Germany). The
ground soil samples were analysed for total C, N, and S by an Elementar

vario EL cube CHNS analyser (Table 2). Total P in soil was analysed
using a PANalytical Epsilon 3 X-ray fluorescence spectrometer
(Rayment and Lyons, 2011). Particulate organic C (POC) content in the
soils was also determined (Devine et al., 2014). Briefly, a 5 g subsample
of the air dried sieved (< 6.5 mm) soil was dispersed using 0.5% Na-
hexametaphosphate (1:5 ratio) and total C in the finely ground soil
fraction was analysed by an Elementar vario EL cube CHNS analyser
(see Supporting information; Table S3).

Soil samples were fractionated into five aggregate-size classes using
dry and wet sieving methods proposed by Devine et al. (2014) and Six
et al. (1998). See Supporting information for detailed aggregate frac-
tionation procedures and the calculation for mean weight diameter
(MWD) of dry and wet aggregates, and aggregate stability index.

2.4. Laboratory incubation

The incubation experiment was conducted in closed and sealed
1200 ml buckets containing a CO2-trap (30 ml, 2 M NaOH in a 70 ml
container) and a container with deionised water (20 ml water in a 30 ml
container) to maintain a constant humidity. The samples were in-
cubated in a controlled temperature room at 22 ± 0.5 °C for 126 days.
The experiment comprised 14 treatments from three field sites and
three selected field replicates. Within each bucket, the air-dried sieved
soil (see Section 2.2), equivalent to 33 g oven dried soil (∼35 g of
whole soil) from the 0–10 cm depth, was weighed into three 70 ml
plastic containers (adjusted to 1.1 g cm−3), which were periodically
collected and sub-sampled at 10, 30 and 126 days for various analyses
(see below). Appropriate volume of deionized water was added to each
soil container to adjust the soil water content to 60% of field WHC at
the start of incubation, ranging from ∼0.16–0.18 g g−1 (Luvisols) to
∼0.33 g g−1 (Vertisol); these soil water contents were periodically
maintained during incubation. Although the water filled pore spaces
varied across the treatments and soil types, ranging from
∼0.30–0.34 m3 m−3 (Luvisols) and ∼0.62 m3 m−3 (Vertisol), the tar-
geted 60% of field WHC was intended to achieve optimal SOC and
nutrient mineralisation, microbial biomass and metabolic quotient for
each of these two soils (Franzluebbers, 1999).

Table 2
Soil pH and stocks of total soil organic carbon (SOC) and nutrients [nitrogen, N; phos-
phorus, P; and sulphur, S] in Luvisol and Vertisol (0–10 cm). The least significant dif-
ferences (LSD0.05) are at 5% level of significance.

Treatments Soil pH Total SOC Total N Total P Total S

t ha−1

Condobolin (Luvisol)
CT 6.2 17.6 1.48 0.57 0.28
RT 6.3 18.6 1.57 0.61 0.26
NT 5.9 18.9 1.67 0.71 0.26
PP 6.2 20.4 1.74 0.59 0.30
LSD0.05 0.2 2.6 0.25 0.10 0.03

Merredin (Luvisol)
SR 6.4 11.6 0.93 0.42 0.30
SB 6.6 11.4 0.81 0.44 0.28
LSD0.05 0.8 1.9 0.21 0.07 0.05

Hermitage (Vertisol)
CT-SB-0N 8.0 21.1 1.20 1.16 0.17
CT-SB-90N 7.6 22.7 1.26 1.17 0.20
CT-SR-0N 7.9 21.1 1.18 1.10 0.19
CT-SR-90N 7.4 22.4 1.35 1.17 0.23
NT-SB-0N 7.1 20.4 1.21 1.18 0.14
NT-SB-90N 7.1 21.7 1.45 1.14 0.19
NT-SR-0N 7.1 20.9 1.33 1.18 0.16
NT-SR-90N 7.1 23.2 1.43 1.22 0.22
LSD0.05 0.6 1.6 0.16 0.09 0.05

CT = conventional tillage; RT = reduced tillage; NT = no-till; PP = perennial pasture;
SR = stubble retention; SB = stubble burnt; 0N = 0 kg urea-N ha−1; 90N = 90 kg urea-
N ha−1.
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2.5. Measurement of soil organic carbon mineralisation

The CO2-C derived from SOM mineralisation was measured to in-
dicate changes in biological activity using NaOH traps (Singh and
Cowie, 2014) removed at 3, 10, 30, 60, 90 and 126 days after the start
of the incubation. After removing soil containers on day 10 (for mi-
crobial biomass analysis) or on day 30 (for N, P and S extractions - see
below), the volume and concentration of NaOH was decreased from
30 ml of 2 M solution, to 20 ml 1 M solution to account for the lower
volume of incubated soils. Background CO2-C was also measured using
buckets containing only NaOH (without any soil) in triplicate. The CO2-
C evolved during incubation was measured by titration of the excess
NaOH with 0.1 M HCl using phenolphthalein as an indicator, after the
dissolved carbonates were precipitated with excess BaCl2 (Singh and
Cowie, 2014).

The cumulative proportion of the SOC mineralised over the
126 days incubation across all treatments was fitted to a two-pool ex-
ponential decay model to estimate mean residence time (MRT) of
model-derived labile and recalcitrant SOC pools (Fang et al., 2014; see
Supporting information).

2.6. Soil microbial biomass C and N

Soil microbial biomass C (MBC) and microbial biomass N (MBN)
were determined using a chloroform fumigation–extraction procedure
(Brooks et al., 1985; Vance et al., 1987). Briefly, the fumigated soil
(∼20 g) and an equivalent amount of non-fumigated soil (on the day of
fumigation) were extracted with 80 ml of 0.5 M K2SO4 for 1 h. Total C
and N in the fumigated and non-fumigated extracts were analysed using
a Shimadzu Analyser (TOC-L CPH/CPN, Japan). The released C and N
from microbial biomass due to chloroform fumigation were calculated
as the difference in extractable C and N, respectively, between the fu-
migated and non-fumigated soils, and conversion factors of 0.45 for
MBC (Wu et al., 1990) and 0.54 for MBN were applied (Brookes et al.,
1985).

As measures of microbial C use efficiency (Rui et al., 2016), soil
microbial metabolic quotient (μg CO2-C mg−1 MBC hr−1) and micro-
bial quotient (mg MBC mg−1 SOC) were calculated for each replicate at
days 10 and 126.

2.7. Plant available N, P and S in soil

Concurrent with the measurement of SOC mineralisation, ex-
tractable N, P and S were also measured to provide estimates of po-
tentially mineralisable nutrients. Extractable N, P and S were measured
on day 0, 30 and 126 by extracting samples with 2 M KCl (Blakemore
et al., 1987), 0.5 M NaHCO3 (Colwell, 1963) and 0.016 M KH2PO4

(Tabatabai, 1982). Total extractable N was calculated as the sum of
NH4

+-N and NO3
−-N concentrations. Net nutrient available N, P and S

following the simultaneous mineralisation (organic to inorganic forms),
immobilisation (inorganic to organic forms) and fixation (adsorption on
soil minerals and/or precipitation with metal cations) processes during
SOM mineralisation over day 0–30 and day 0–126 were quantified
using the following Eqs. (1)–(3):

ΔNavailable = Mineral Nd30 or d126 − Mineral Nd0, (1)

ΔPavailable = Colwell Pd30 or d126 − Colwell Pd0, (2)

ΔSavailable =Mineral Sd30 or d126 − Mineral Sd0 (3)

where, ΔNavailable, ΔPavailable and ΔSavailable represent the net change in
available N, P and S, respectively, after either day 30 (d30) or day 126
(d126) of incubation from day 0 (d0). The net available N, P and S
(mg kg−1 soil) at days 30 and 126 were then adjusted for field-based
bulk density to obtain the net nutrient availability values in kg ha−1.
Soil bulk density at Condobolin was measured using a soil coring

approach and the values under the CT, RT, NT and PP treatments were
1.31, 1.32, 1.51 and 1.42 t m−3, respectively. Soil bulk density used for
the Merredin site was 1.33 t m−3 for both SR and SB treatments, which
was measured using the NDM (gamma–neutron density meter) method
(Holmes et al., 2011). The average soil bulk density across all the
treatments at Hermitage was 1.10 t m−3 (Dalal et al., 2011).

2.8. Statistical analysis

Repeated measure analysis was performed for cumulative SOC mi-
neralisation and SOC mineralisation rates over the study period for each
site using a linear mixed model. Each analysis consisted of fixed effects
of management, time and all interactions, and random effects of re-
plicate, and either allowing for autocorrelated order 1 (AR1) or ante-
dependence order 1 correlated residual errors within plots. For net
available N, P and S (kg ha−1) released from SOM via mineralisation at
30 and 126 days, as well as soil microbial biomass C and N, metabolic
quotient and microbial quotient at 10 and 126 days after incubation, a
linear mixed model was fitted with fixed effects of management and
their interactions (Hermitage site), and random effects of replicate at
each site. All models were fitted in the ASReml statistical package
(Butler et al., 2009) within the R statistical software environment (R
Team, 2014). The Wald-type F statistics were calculated for all fixed
effects (management and for repeated measures, time) and all asso-
ciated interactions. Predicted means for management were compared
using the least significance difference at 5% level for each analysis
(univariate) or at each time point (repeated measures).

3. Results

3.1. Soil carbon and nutrient stocks and soil pH

At Condobolin and Merredin, the management practices had no
effect on SOC and total nutrient (N, P and S) stocks in the Luvisols at
0–10 cm depth (Table 2). At Condobolin, the NT versus CT, RT and PP
treatments had lower soil pH, while at Merredin, soil pH was similar
across the SR and SB treatments (Table 2). At Hermitage, the NT-SR-
90N treatment had higher (P < 0.1) SOC and total N and S stocks, and
the CT-SR-0N had higher (P < 0.01) soil pH, than the other treatments
(Table 2).

3.2. Total soil organic carbon mineralisation

At the Condobolin site, management practices had a significant ef-
fect (P < 0.001) on the cumulative amount of SOC mineralised (Cmin)
over the study period (Table S1). At this site, 88–162 mg and
185–253 mg CO2-C kg−1 soil were released after 30 and 126 days, re-
spectively, across different management practices (Fig. 1a). The Cmin

under CT was significantly higher (P < 0.001) than RT, PP and NT
over the study period (Table S1). Total SOC mineralisation rate was
higher up to 30 days in the CT, RT and/or PP treatments compared to
the NT treatment, and decreased in an exponential manner with time
across all the treatments (Fig. S1). At the Merredin site, there was no
significant effect of the stubble management practices on Cmin, re-
leasing 136–187 mg CO2-C kg−1 soil over 30 days, and 472–555 mg
CO2-C kg−1 soil over 126 days, across the SR and SB treatments
(Fig. 1b). Total SOC mineralisation rate at Merredin was initially higher
(P < 0.1) in the SR than SB treatment (14 cf. 9 mg CO2-C kg−1 soil
d−1), which decreased rapidly up to day 10, and then stabilised
(3–5 mg CO2-C kg−1 soil d−1) over time across both SR and SB treat-
ments (Fig. S1). At the Hermitage site, the interaction between tillage
and stubble management had a significant effect (P < 0.001) on Cmin,
but the interaction between tillage and stubble with N fertiliser had no
significant effect on Cmin at days 30 and 126 (Fig. 1c, Table S2). Results
showed that, after 126 days, 244–410 mg CO2-C kg−1 soil was released
across different management practices and the CT-SR with or without N
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fertilisation resulted in the greatest Cmin relative to the other treatments
(CT-SB or NT-SR and NT-SB with or without N fertilisation). Total SOC
mineralisation rate at Hermitage was initially higher in the CT-SR with
or without N fertilisation treatments (18–22 mg CO2-C kg−1 soil d−1)
compared to other treatments (6–9 mg CO2-C kg−1 soil d−1), which
decreased rapidly at day 10 and then stabilised (1–4 mg CO2-C kg−1

soil d−1) over time across all the treatments (Fig. S1). When expressed
as per unit of SOC (g) present in the soil, depending on management
practices, 1.3–1.9% of total SOC was mineralised in the Luvisol at
Condobolin, 5.5–6.2% in the Luvisol at Merredin, and 1.2–2.0% in the
Vertisol at Hermitage, after 126 days of incubation (Fig. 2).

3.3. Mean residence time of soil organic carbon

The estimated MRT of recalcitrant SOC at Condobolin ranged be-
tween 55 and 87 years and varied significantly (P < 0.001) between
the management practices: NT and PP had the longest MRT of

recalcitrant SOC compared to CT and RT (Tables 3 and S1). At the
Merredin site, the MRTs were similar in the SR (6.1 years) and SB (6.6
years) treatments. At the Hermitage site, CT and/or NT with SB with
and without N fertilisation showed significantly (P < 0.001) longer
(22–30 years) MRT compared to CT and/or NT with SR with and
without N fertilisation (20–24 years). At the Condobolin site, the labile
C constituted 0.7–1.6% of total SOC, with MRT of 14–30 days: while at
the Merredin site, the labile C constituted 0.2–0.6% of total SOC, with
MRT of 2–6 days (Table 3). At the Hermitage site, the labile C con-
stituted 0.1–0.3% of the total SOC, with MRT only 1–3 days (Table 3).

3.4. Management impact on soil microbial properties

Soil microbial properties, that is, microbial biomass C (MBC), mi-
crobial biomass N (MBN) and microbial quotient, varied significantly
(P < 0.05) with management practice at Condobolin (Table S1): the
NT had lower MBC, MBN and microbial quotient than the CT, RT and
PP treatments over the study period (Table 4). However, at the Mer-
redin site, stubble management had no effect on these soil microbial
properties. At the Hermitage site, soil MBC, MBN and microbial quo-
tient were significantly (P < 0.01) affected by the tillage practices
only over the study period, while both tillage and fertilisation had
significant (P < 0.05) effect on soil metabolic quotient at day 126
(Table S2). In general, the CT treatments at this site had higher MBC
and MBN than the NT treatments. Soil microbial quotient was also
higher in the CT versus NT treatments, while metabolic quotient was
higher in the NT versus CT treatments over the sampling periods, and N
fertilised versus without N treatments at day 126 (Table 4).

3.5. Management impact on net release of available nitrogen, phosphorus
and sulphur

At the Condobolin site, management practices had a significant
(P < 0.05) effect on net plant available N at day 126, but not at day 30
(Table S1). The CT and PP treatments had significantly higher
(P < 0.05) net available N than the RT and NT treatments at day 126
(Fig. 3). The net release of available N at this site was 11–23 kg ha−1

after 30 days and 15–36 kg ha−1 after 126 days across the treatments
(Fig. 3). However, at the Merredin site, stubble treatments had a sig-
nificant effect (P < 0.05) on net release of available N only at day 30,
but not at day 126 (Table S1). The SR treatment had a significantly
higher (P < 0.05) net available N than the SB treatment at day 30
(Fig. 4). Across these two stubble treatments, 11–17 kg ha−1 and
44–49 kg ha−1 of net plant available N were released from the Luvisiol
at Merredin after 30 and 126 days, respectively (Fig. 4). At the Her-
mitage site, there was a significant (P < 0.05) interactive effect of the
management practices (tillage, stubble and fertiliser) on the net avail-
ability of N at day 30 but not at day 126 (Table S2). The CT-SR-90N
treatment had significantly (P < 0.05) higher net available N than the
other treatments at day 30 (Fig. 5). The net release of available N in the
Vertisol ranged from 4 to 14 kg ha−1 after 30 days and 12 to
24 kg ha−1 after 126 days of incubation (Fig. 5).

At the Condobolin site, management practices had a significant
(P < 0.01) effect on the net available P at 126 days, but not at 30 days
(Fig. 3, Table S1). At day 30, the net release of available P was
10–22 kg ha−1 in the Luvisol at Condobolin (Fig. 3), which decreased at
day 126, ranging between 4 and −31 kg ha−1 across all the manage-
ment practices. The RT treatment had higher (P < 0.01) net P im-
mobilisation/fixation than the CT, NT and PP treatments at day 126
(Fig. 3). At Merredin, stubble management had no effect on net avail-
able P during the incubation period (Table 1). At day 30, the net release
of plant available P was 6–16 kg ha−1 in the Luvisol at Merredin, which
decreased, with values ranging between 5 and −3.8 kg ha−1, at day
126 (Fig. 4). At Hermitage, only tillage practices had a significant
(P < 0.01) effect on net available P over the study period (Table S2).
The net release of available P ranged from 16 to 74 kg ha−1 across all

Fig. 1. Impact of contrasting management practices on the cumulative soil organic carbon
(SOC) mineralised (mg CO2-C kg−1 soil) at 30 days (dark bars) and 126 days (white bars)
from incubated soils collected (0–10 cm depth) from long-term experimental sites at (a)
Condobolin (New South Wales), (b) Merredin (Western Australia), and (c) Hermitage
(Queensland). Legends: conventional tillage (CT), reduced tillage (RT), no-till (NT) and
perennial pasture (PP) treatments at the Condobolin site; stubble retained (SR) and
stubble burnt (SB) treatments at the Merredin site; and factorial combinations of CT, NT,
SR, SB, no urea-N (0N) and 90 kg urea-N ha−1 yr−1 (90N) at the Hermitage site. See
further details of the treatments in Methods. Error bars represent ± standard error of the
means (n = 3). The least significant differences (LSD0.05) are at 5% level of significance.
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the treatments in the Vertisol at 30 days after incubation, with the CT
had higher net P mineralisation than NT (Fig. 5). However, at 126 days,
the net available P decreased to negative values, ranging between −13
and −101 kg ha−1, and the CT caused higher net P immobilisation/
fixation at day 126 than the NT treatment (Fig. 5).

At Condobolin, CT released more plant available S than NT and PP
during the incubation period (Table S1; P < 0.05). At Merredin,
stubble retention released more plant available S than SB after 30 days
only (Table S1; P < 0.05). At Hermitage, only stubble management
had a significant (P < 0.01) effect on the net available S at day 30,
with SB immobilising more plant available S than all SR treatments.
However, after 126 days, only tillage showed a significant (P < 0.01)
effect on net immobilisation of plant available S (Table S2), with all NT

treatments immobilising more plant available S than the CT treatments
at Hermitage. Net available S in the Luvisol ranged from (a) 5 to
22 kg ha−1 at Condobolin, and (b) −4 to 11 kg ha−1 at Merredin after
30 days of incubation across all the treatments, which was followed by
either small immobilisation or only a slight release of plant available S
after 126 days (Figs. 3, 4 and S1). At Hermitage, the net release of plant
available S ranged between 12 and −20 kg ha−1 over the incubation
period across all the treatments (Figs. 5 and S1).

As the bulk density across the treatment at Condobolin were different,
when comparing stocks and net nutrient availability on a minimum
equivalent soil mass basis, the values in the NT and PP treatments will be
∼7–13% lower than the reported values in this study.

Fig. 2. Impact of contrasting management practices on the relative amount of soil organic carbon mineralised (mg CO2-C g−1 SOC) over 126 days from incubated soils collected (0–10 cm
depth) from long-term experimental sites at (a) Condobolin (New South Wales), (b) Merredin (Western Australia), and (c) Hermitage (Queensland). Legends: conventional tillage (CT),
reduced tillage (RT), no-till (NT) and perennial pasture (PP) treatments at the Condobolin site; stubble retained (SR) and stubble burnt (SB) treatments at the Merredin site; and factorial
combinations of CT, NT, SR, SB, no urea-N (0N) and 90 kg urea-N ha−1 yr−1 (90N) at the Hermitage site. See further details of the treatments in Methods. Error bars represent ±
standard error of the means (n = 3). Vertical black bars show least significance differences (LSD0.05) among treatment combinations at each time point.

Table 3
Mean residence time of labile and recalcitrant pools of soil organic carbon (C) and their
proportions (%) in the Luvisol and Vertisol (0–10 cm) estimated using a two–pool ex-
ponential model fitted to the cumulative soil-C mineralized over 126 days. The least
significant differences (LSD0.05) are at 5% level of significance.

Mean residence timea

Treatments Labile C (day) Recalcitrant C (years) Labile C/%

Condobolin (Luvisol)
CT 17.2 48.4 1.31
RT 15.6 56.3 0.96
NT 33.8 61.8 0.93
PP 19.9 74.3 0.84
LSD0.05 8.3 5.9 0.34

Merredin (Luvisol)
SR 4.2 6.1 0.56
SB 4.4 6.7 0.32
LSD0.05 3.6 1.5 0.23

Hermitage (Vertisol)
CT-SB-0N 0.56 30.5 0.08
CT-SB-90N 3.47 29.8 0.09
CT-SR-0N 2.16 20.5 0.32
CT-SR-90N 0.93 20.3 0.23
NT-SB-0N 1.18 27.0 0.10
NT-SB-90N 1.30 22.4 0.05
NT-SR-0N 0.75 24.2 0.10
NT-SR-90N 0.90 20.9 0.07
LSD0.05 1.60 6.0 0.09

CT = conventional tillage; RT = reduced tillage; NT = no-till; PP = perennial pasture;
SR = stubble retention; SB = stubble burnt; 0N = 0 kg urea-N ha−1; 90N = 90 kg urea-
N ha−1.

a The mean residence time is the inverse (1/kL or 1/kR) of the mineralisation rate
constant. R2 = 0.99.

Table 4
Management impact on microbial biomass C (MBC), microbial biomass N (MBN), meta-
bolic quotient and microbial quotient in Luvisol and Vertisol (0–10 cm). The least sig-
nificant differences (LSD0.05) are at 5% level of significance.

Treatments MBC (mg kg−1) MBN (mg kg−1) Metabolic
quotient (μg
CO2-C mg−1

MBC h−1)

Microbial
quotient (mg
MBC g−1

SOC)

Day 10 Day 126 Day 10 Day 126 Day
10

Day
126

Day
10

Day
126

Condobolin (Luvisol)
CT 180.8 125.4 35.9 24.2 1.45 0.18 10.8 7.5
RT 208.7 167.0 33.1 26.5 1.066 0.15 12.5 10.0
NT 128.5 102.8 24.6 19.7 0.86 0.16 7.8 6.2
PP 237.2 189.8 43.7 35.0 0.74 0.11 13.2 10.5
LDS0.05 31.9 27.5 12.7 9.7 0.25 0.06 4.5 3.6
Merredin (Luvisol)
SR 231.8 185.4 31.6 25.2 0.93 0.91 20.6 16.5
SB 225.5 180.4 31.7 25.4 0.81 0.85 20.9 16.7
LDS0.05 44.6 35.7 15.9 12.7 0.61 0.35 6.4 5.1

Hermitage (Vertisol)
CT-SB-0N 304.1 243.2 27.0 21.6 0.29 0.35 14.5 11.6
CT-SB-90N 323.1 258.5 26.1 20.9 0.38 0.37 14.4 11.5
CT-SR-0N 326.9 261.5 33.5 26.8 0.38 0.44 15.8 12.6
CT-SR-90N 337.0 269.6 33.0 26.4 0.42 0.53 15.1 12.1
NT-SB-0N 232.7 186.2 25.7 20.6 0.76 0.42 11.5 9.2
NT-SB-90N 262.4 209.0 24.2 19.4 0.70 0.58 11.4 9.1
NT-SR-0N 288.3 230.6 23.6 18.9 0.47 0.39 14.0 11.2
NT-SR-90N 231.8 186.2 16.8 13.5 0.70 0.64 10.8 8.6
LDS0.05 44.8 35.8 4.8 3.8 0.24 0.13 2.7 2.1

CT = conventional tillage; RT = reduced tillage; NT = no-till; PP = perennial pasture;
SR = stubble retention; SB = stubble burnt; 0N = 0 kg urea-N ha−1; 90N = 90 kg urea-
N ha−1.
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3.6. Relations between soil properties and carbon–nutrient mineralisation

Across the three sites, there was little correlation between soil
properties (total C and nutrient concentrations, clay content, pH, and
exchangeable cations) and C mineralisation or nutrient supply over 30
and 126 days (Figs. S4 and S5).

4. Discussion

Although the contrasting management treatments and systems
across the three climatic regions and soil types in Australia were not
designed as an integrated experiment, these systems represented dif-
ferent long-term soil disturbances (such as CT or RT versus NT or PP), or
organic matter inputs (such as SR versus SB), or N fertilisation. Further,

the lack of strong relations between soil properties and SOC–nutrient
mineralisation may have been due to variations in the management
practices, such as tillage intensity, crop rotation and diversity, and
management history across the experimental sites (Figs. S4 and S5).
Nevertheless, the selected treatments and systems were important and
necessary to understand their legacy effects on soil microbial biomass,
activity and organic matter accessibility, with influence on SOC mi-
neralisation and the nutrient supply potential of SOM − a key resource
to support soil functions and plant productivity.

4.1. Soil organic carbon mineralisation

Our results showed that at Condobolin, tillage (CT and RT) caused
higher SOC mineralisation than the relatively less disturbed system
(NT) and undisturbed system (PP) over the study period (Figs. 1 a and

Fig. 3. Impact of contrasting management practices on net release of plant available (a)
N, (b) P and (c) S over 30 days (dark bars) and 126 days (white bars) of laboratory in-
cubation at the Condobolin site (New South Wales) as affected by conventional tillage
(CT), reduced tillage (RT), no-till (NT) and perennial pasture (PP) treatments. See further
details of the treatments in Methods. Error bars represent ± standard error of the means
(n = 3). The least significant differences (LSD0.05) are at 5% level of significance.

Fig. 4. Impact of contrasting management practices on net release of plant available (a)
N, (b) P and (c) S over 30 days (dark bars) and 126 days (white bars) of laboratory in-
cubation at the Merredin site (Western Australia) as affected by stubble retained (SR) and
stubble burnt (SB) treatments. See further details of the treatments in Methods. Error bars
represent ± standard error of the means (n = 3). The least significant differences
(LSD0.05) are at 5% level of significance.
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S1). Similarly, at Hermitage, the CT-SR with 90N treatment showed
higher decomposition of SOM and evolution of CO2-C from the soil
relative to the other treatments (Figs. 1 c, 2 c and S1). This study also
found higher soil microbial biomass and activity under differently
managed tillage (CT and/or RT) versus no-till (NT) systems at both field
sites (Table 4). These results prove the well-established paradigms that
tillage exposes SOM, bringing the soil microbial population in direct
contact with the organic material in soil, therefore, mineralisation of
SOM occurred more rapidly than the less disturbed (NT) and un-
disturbed (PP) systems (Raiesi et al., 2006). Moreover, differences in
the availability of labile C (such as via stubble incorporation through
tillage at Condobolin and Hermitage), and inorganic N fertilisation (at
Hermitage) into the systems might have also stimulated the growth of
soil microbial population to enhance SOM decomposition (Chen et al.,
2014). These results agree with findings from various long-term tillage
studies, that soil disturbance increased the decomposition of SOM in
surface layers due to higher microbial biomass and activity (Dalal and
Chan, 2001), which in turn increase nutrient cycling (Bimüller et al.,
2016). Further, at Condobolin, the higher soil MBC and MBN in the PP
were likely due to continuous C input into the system versus the

cropping systems (Kuzyakov and Domanski, 2000), however, SOC mi-
neralisation rate per unit of MBC was lower in the PP than the CT and
RT treatments (Table 4). At the Merredin site, the SOC mineralisation
rate was significantly (p < 0.05) higher in the SR than SB during the
first 3 days, similar to the SR treatments at Hermitage (Fig. S1). How-
ever, the cumulative CO2-C released over 126 days was only significant
at p < 0.1 across the treatments (Fig. 2b). The possible reason could be
the similar levels of SOC and total nutrient (N, P and S) concentrations,
and soil MBC, MBN and microbial quotient in both of the treatments at
Merredin over the study period (Tables 2 and 4). Our study also ob-
served that the estimated MRT of SOC was longer (62–74 years) in the
NT and PP treatments than the CT or RT treatments (48–56 years) at
Condobolin (Table 3), confirming that NT or PP may have enhanced the
protection of SOM within soil aggregates and deceased microbial ac-
cessibility to SOM (Six et al., 2000). However, at Hermitage, the esti-
mated MRT of SOC was not impacted by tillage practices, but was
shorter (20–24 years) in the SR than the SB treatments (22–30 years)
(Table 3). This result confirmed that the SOC mineralisation by mi-
croorganisms may have been enhanced (via “co-metabolism”) due to
the presence of relatively more labile residue C in the SR versus SB.
Further, the relatively lower metabolic quotient and higher microbial
quotient values on day 10 in the CT versus the NT treatments indicate
that microbes were efficiently decomposing SOM to support their
growth (Rui et al., 2016) (Table 4). However, compared with the SR
and SB treatments at Hermitage, the estimated MRT of SOC at the
Merredin site was similar across the SR and SB treatments. This result
was likely due to a similar level of short-term SOC mineralisation in
both treatments (Tables 3 and 4). However, a long-term mineralisation
study may provide realistic values of the MRT (Singh et al., 2012),
possibly because microbes may decompose SOM with different effi-
ciencies in the SR and SB treatments after decomposition of labile C
components. Hoyle and Murphy (2006) previously studied changes in
microbial functions and diversity in stubble retention versus burnt
treatments at Merredin. While they reported no difference in total SOC
between treatments at any depth, both MBC and labile C pools mea-
sured under stubble retained treatments were significantly higher than
in the stubble burnt treatments at 0–5 cm depth. Treatment differences
beyond this depth of sampling were not evident at this site. Our study
also found significantly higher dry mean weight diameter (DMWD) and
wet mean weight diameter (WMWD) (indicators of soil structure sta-
bility; Devine et al., 2014) in the NT and PP versus CT and RT at Con-
dobolin (Table S3), and higher WMWD in the direct drilled SR than SB
at Merredin. These results might be related to the effect of less or no soil
disturbance in the NT and PP at Condobolin, and in the SR at Merredin,
which might have facilitated greater formation of large versus small
sized aggregates in the Luvisols at both sites. However, in the Vertisol,
the high smectite clay might have overridden the tillage and stubble
management effects, and therefore showed similar soil structure stabi-
lity across the management practices (Table S3).

4.2. Mineralisation of nitrogen

Consistent with SOC mineralised (Figs. 1 and 2), our study showed
that the CT, SR and/or N fertilised systems significantly increased the
release of plant available N (mostly in NO3

−-N form; Fig. S3) following
SOM decomposition during the incubation (Figs. 3–5 and S2). The
highest net N mineralisation occurred in the CT and/or RT versus NT
and PP at Condobolin, probably due to fact that tillage, although done
every two years in the 5-year crop–pasture rotation (see Methods),
would be exposing aggregate-protected SOM to microbial decomposi-
tion (Six et al., 2000), thus resulting in higher N mineralisation. This
result is in agreement with Pandey et al. (2010), who reported that CT
versus NT has the potential to increase soil N mineralisation. Studies
also reported that tillage enhances soil microbial biomass and activity,
possibly via enhanced soil C availability and soil porosity and aeration
(Carter et al., 1994; Raiesi, 2006), consequently stimulating soil N

Fig. 5. Impact of contrasting management practices on net release of plant available (a)
N, (b) P and (c) S over 30 days (dark bars) and 126 days (white bars) of laboratory in-
cubation at the Hermitage site (Queensland), as affected by conventional tillage (CT), no
tillage (NT), stubble retained (SR), stubble burnt (SB), no urea-N (0N) and 90 kg urea-N
ha−1 yr−1 (90N) designed in factorial combinations at the site. See further details of the
treatments in Methods. Error bars represent ± standard error of the means (n = 3). The
least significant differences (LSD0.05) are at 5% level of significance.

J.R. Sarker et al. Soil & Tillage Research 175 (2018) 71–81

78



mineralisation (Raiesi, 2006). Similarly, at the Hermitage site, the CT-
SR with 90N showed higher net N mineralisation (cf. other treatments),
which would be due to the continuous tillage effect, possibly further
supported by labile C input from retained crop stubble and N input from
urea application. Our study also observed that the CT versus NT had
higher MBC and MBN, and lower microbial C:N ratio and metabolic
quotient, suggesting dominance of fungal relative to bacterial com-
munities across the NT treatments, thus causing lower N mineralisation
than the CT treatments (Table 4) (Strickland and Rousk, 2010). Inter-
estingly, Raiesi (2006) reported that tillage along with residue in-
corporation can significantly increase N mineralisation compared to NT
possibly via stimulating SOM mineralisation, and can release
12–19 mg N g−1 soil N over 60 days of incubation. Similarly, Hoyle and
Murphy (2011) also reported that soil disturbance and residue in-
corporation can enhance the magnitude of inorganic N release in a soil.
During the incubation periods, the current study found that the ex-
tractable NH4

+-N at all the three sites was lower than the extractable
NO3

−-N (Fig. S3). At day 0, NH4
+-N comprised 14–56% of the total

extractable N and thereafter the NH4
+-N concentration rapidly de-

creased, falling to 0.3–3% of the total extractable N across all the sites
(Fig. S3). The lower extractable NH4

+-N cf. NO3
−-N from all the

treatments during the incubation period was due to continuous oxida-
tion of NH4

+-N to NO3
−-N and NO2

−-N, possibly supported by high
abundance of nitrifying bacteria during aerobic incubation (Pandey
et al., 2010). Our result showed that the net release of plant available N
in the Vertisol was relatively lower (Figs. 3–5), although the water filled
pore space was higher (see Methods), than in the Luvisols. The possible
reason could be the higher clay content (63%) (Table 1) and larger
specific surface area of smectitic clay (Wattel-Koekkoek et al., 2001),
thus possibly favouring greater sorption of SOM and mineral N in the
Vertisol, relative to the Luvisols (with ∼26% clay) (Christensen, 2001;
von Lützow et al., 2007; Saidy et al., 2013).

4.3. Mineralisation of phosphorus and sulphur

Our study showed a net positive release of plant available P after the
first 30 days, which with time was immobilised across all treatments
and soil types (Figs. 3–5 and S2). The CT versus RT, NT and PP at
Condobolin, SR versus SB at Merredin and the CT-SR/SB with 90N
treatments compared to other treatments at Hermitage increased the
net release of available P over 30 days (Figs. 3–5). The net release of
plant available (Colwell) P from soils across all the sites and manage-
ment practices in the first 30 days might be due to the substantial
amount of organic P in soil that was taken up by microbes and released
back to soil after microbial degradation with minimal sorption on soil
minerals. Also, Damon et al. (2014) reported that in the short term, net
mineralisation of P can occur in soil. However, after 126 days, we ob-
served net immobilisation of plant available P across all field sites (Figs.
3–5, S1). Possible reasons for the observed net P immobilisation could
be related to decreased availability of easily decomposable C com-
pounds due to their continuous utilisation by microbial biomass, which
can otherwise compete with P sorption sites, and particularly when
there is a lack of plant C input (as in this incubation study) (Chen et al.,
2014). Consequently, there could be increased sorption of P on clay
surfaces, cation bridging of P with Fe, Al and Ca hydroxides on clay
minerals (Table 1) (Guppy et al., 2005; Duputel et al., 2013), and/or
precipitation of P by polyvalent cations in the soils (Jones et al., 2015).
There could also be the use of P released from the ongoing miner-
alisation of SOM by microbes for their enzyme synthesis (Malik et al.,
2012). Clay minerology also plays a significant role in P adsorption. For
example, smectitic clay has greater anion sorption capacity via cation
bridging than kaolinitic clay (Saidy et al., 2013), thus resulting in re-
latively higher P immobilisation/fixation (i.e. net negative P avail-
ability) in the Vertisol than Luvisol, as observed in the current study.

To our knowledge, few studies have focused on the impact of long-
term agricultural management on the S mineralisation potential of SOM

in different soils (Kopittke et al., 2016a). Our study found that the
farming systems, including crop–pasture, tillage and/or stubble man-
agement influenced the release of plant available S, and the effect
varied in different soils. For example, our study found a net release of
available S in the Luvisol at Condobolin, i.e. 5–22 kg S ha−1 over
30 days across the management practices (Fig. 3). The net available S
was higher in the relatively disturbed systems (such as CT/RT versus
NT/PP), likely due to greater microbial activity and exposure of SOM to
decomposition after periodic aggregate destabilisation, which may de-
crease total S concentration with time (Bhupinderpal-Singh et al., 2004;
Kopittke et al., 2016a). Consistently, our data showed lower aggregate
stability and higher metabolic quotient in CT/RT than NT/PP (Table 4
and S3). However, over 126 days, any S released from SOM or micro-
bial degradation was locked up by either microbes or clay minerals
(Eriksen, 2005; Keiluweit et al., 2015). Further, the current study found
a higher net plant available S in the SR than SB on day 30 in the Luvisol
at Merredin (Fig. 4). Interestingly, the metabolic quotient, which is an
indicator of microbial activity, remained high throughout (i.e. did not
decrease with time) in both SR and SB treatments (Table 4), which may
have favoured priming of native SOM (Kuzyakov, 2000) to cause a
further release of plant available S in both the treatments. However,
there was a net S immobilisation throughout the study period in the
Vertisol across all the management practices (Fig. 5). The immobilisa-
tion of plant available S during the incubation period might be related
to (i) low S stocks in the Vertisol (0.16–0.23 t ha−1), e.g. when com-
pared with Luvisol (0.26–0.30 t ha−1) (Table 2), which could not meet
S requirement of microbes and therefore immobilised all available S
(Eriksen et al., 1995); (ii) like P immobilisation, S may also be sorbed
by clay minerals; and/or (iii) precipitation of SO4

2− with metal cations
(such as Fe, Al or Ca) in the soil (Table 1) (Keiluweit et al., 2015).
Compared with P immobilisation, the S immobilisation was lower
across all the treatments (Figs. 3–5, S1) suggesting that phosphate may
displace or reduce sulphate adsorption by clay minerals (Metson and
Blakemore, 1978). Although our study found immobilisation of P and S
with increasing incubation time (Figs. 3–5), the nutrients released
through SOM mineralisation may be readily available for uptake by
growing plants under field conditions.

5. Conclusions

Our study demonstrated that SOM has a fertiliser value in terms of
N, P and S supply to support crop productivity. In particular, tillage,
stubble retention and/or N fertilisation enhanced SOC mineralisation
and the release of plant available nutrients in soils. The results showed
that available N was continuously released during SOM decomposition
in the soils (Luvisols and Vertisol) during the incubation period
(126 days), while considerable quantities of available P and S were
released in the Luvisols, and P (not S) in the Vertisol, over a 30 day
period. Our nutrient availability data therefore suggests that the short
term release of nutrients (particularly P and S) could be subsequently
locked up in the soils over the long-term (such as during a fallow
period), possibly via microbial immobilisation or chemical sorption on
soil minerals. In summary, the current study supported the paradigms
that management systems with greater soil disturbance along with or-
ganic matter input can promote SOM mineralisation and release of
plant available nutrients in the soils. Thus, there could be a trade-off
between enhancing SOM mineralisation and nutrient release via tillage,
to support plant growth, versus increasing their storage in less disturbed
systems, which could further vary with soil types and climatic condi-
tions.
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Daliang Ning2,3, Zhou Shi2,3, Yujia Qin2,3, Feifei Liu2,3, Liyou Wu2,3, Zhili He2,3,
Joy D. Van Nostrand2,3, Xueduan Liu1, Yiqi Luo3, James M. Tiedje4 and
Jizhong Zhou2,3,5,6,7*

1 School of Minerals Processing and Bioengineering, Central South University, Changsha, China, 2 Institute for Environmental
Genomics, University of Oklahoma, Norman, OK, United States, 3 Department of Microbiology and Plant Biology, University
of Oklahoma, Norman, OK, United States, 4 Center for Microbial Ecology, Michigan State University, East Lansing, MI,
United States, 5 State Key Joint Laboratory of Environment Simulation and Pollution Control, School of Environment,
Tsinghua University, Beijing, China, 6 School of Civil Engineering and Environmental Sciences, University of Oklahoma,
Norman, OK, United States, 7 Earth and Environmental Science, Lawrence Berkeley National Laboratory, Berkeley, CA,
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Clipping, removal of aboveground plant biomass, is an important issue in grassland
ecology. However, few studies have focused on the effect of clipping on belowground
microbial communities. Using integrated metagenomic technologies, we examined the
taxonomic and functional responses of soil microbial communities to annual clipping
(2010–2014) in a grassland ecosystem of the Great Plains of North America. Our results
indicated that clipping significantly (P < 0.05) increased root and microbial respiration
rates. Annual temporal variation within the microbial communities was much greater
than the significant changes introduced by clipping, but cumulative effects of clipping
were still observed in the long-term scale. The abundances of some bacterial and
fungal lineages including Actinobacteria and Bacteroidetes were significantly (P < 0.05)
changed by clipping. Clipping significantly (P < 0.05) increased the abundances of
labile carbon (C) degrading genes. More importantly, the abundances of recalcitrant
C degrading genes were consistently and significantly (P < 0.05) increased by clipping
in the last 2 years, which could accelerate recalcitrant C degradation and weaken long-
term soil carbon stability. Furthermore, genes involved in nutrient-cycling processes
including nitrogen cycling and phosphorus utilization were also significantly increased
by clipping. The shifts of microbial communities were significantly correlated with soil
respiration and plant productivity. Intriguingly, clipping effects on microbial function may
be highly regulated by precipitation at the interannual scale. Altogether, our results
illustrated the potential of soil microbial communities for increased soil organic matter
decomposition under clipping land-use practices.

Keywords: clipping land-use, taxonomic and functional response, microbial community, metagenomics, GeoChip
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INTRODUCTION

The grassland ecosystem is an important terrestrial C pool
containing almost 12% of Earth’s organic matter (Schlesinger,
1977), more than 90% of which is stored belowground in the
form of roots and soil organic matter (SOM) (Shahzad et al.,
2012). Thus, grasslands are potential C sinks in the context of
increasing global atmospheric CO2 concentration provided that
they are properly managed (Lal et al., 2007; Li et al., 2008). Plant
tissue removal via grazing, mowing and clipping plant matter,
is a central issue in land-use practices and has been reported
to change plant-litter decomposition (Semmartin et al., 2008;
Klumpp et al., 2009), biodiversity of plants (Ward et al., 2007; Wu
et al., 2009), and nutrient cycling (Garibaldi et al., 2007; de Faccio
Carvalho et al., 2010). Reduced plant coverage can also change the
litter layer on the soil surface, increase soil energy absorbed and
emitted, and amplify the diurnal soil-temperature range (Wan
et al., 2002). In addition, clipping can increase evaporation from
soil and decrease transpiration of vegetation, resulting in an
unpredictable net effect on soil moisture (Zhang et al., 2005).

As microbial communities play important roles in biogeo-
chemical cycles of C, nitrogen (N), phosphorus (P), and sulfur
(S), a mechanistic understanding of annual clipping effects
on microbial community structure and function is crucial for
a robust prediction of soil C stocks and fluxes under the
context of land-use practices (Zhang et al., 2005; Belay-Tedla
et al., 2009). However, until now, how microbial structure and
function respond to clipping is poorly understood and remains
controversial in many cases. For example, some previous studies
reported that plant tissue removal can significantly reshape
microbial community structure and function by increasing
the ratio of oligotrophic to copiotrophic taxa (Fierer et al.,
2007; Carey et al., 2015), which was mainly associated with
decreased plant photosynthesis, reducing C supply to roots and
belowground microbial communities (Craine et al., 1999; Bahn
et al., 2006; Ingram et al., 2008). However, another study reported
that little variations in microbial composition and diversity
were observed under clipping treatment, although removal of
aboveground plant biomass can increase soil temperature while
decreasing C and nutrient pools in an experimental semi-arid
grassland (Carey et al., 2015). Also, it is uncertain how plant tissue
removal affects N mineralization processes and consequently
alters N availability for decomposition processes (Cheng et al.,
2010). In addition, interacting environmental variations such
as climate (Castro et al., 2010), soil physical and chemical
properties (Bell et al., 2009), vegetation (Mitchell et al., 2010), and
substrate quantity and quality (Hernández and Hobbie, 2010) can
significantly affect soil microbial communities, which convolute
the direct impacts of plant tissue removal. Therefore, long-term
monitoring of taxonomic and functional shifts of soil microbial
communities in response to annual clipping is necessary for
a comprehensive understanding of the effects of plant tissue
removal on soil microbial communities.

The advances and applications of metagenomic technologies
such as next generation sequencing and functional gene arrays
(e.g., GeoChip) have revolutionized our analysis of soil microbial
communities (Caporaso et al., 2012; Shokralla et al., 2012;

Tu et al., 2014; Yue et al., 2015; Xue et al., 2016b). High-
throughput amplicon sequencing has been successfully used
to analyze the diversity of soil microbial communities in
forests (Nacke et al., 2011; Brown et al., 2013; Cong et al.,
2015), grasslands (Sheik et al., 2011), farmland (Su et al.,
2015), and permafrost (Penton et al., 2013; Deng et al.,
2015). Meanwhile, the functional gene structure and functional
potentials of soil microbial communities have been rapidly
analyzed using functional gene arrays, which are still quicker
and less consumable for now than metagenomic shotgun
sequencing especially for complex microbial communities (Liang
et al., 2015; Yue et al., 2015). Therefore, the complementarity
in terms of experimental data and analysis between high-
throughput sequencing and functional gene arrays allows us
to comprehensively estimate the composition and functional
structure of soil microbial communities.

In this study, we examined taxonomic and functional
responses of grassland microbial communities to annual clipping
in a native, tall-grass prairie ecosystem of the US Great Plains
in Central Oklahoma (latitude 34◦59′ N, longitude 97◦31′ W).
This multifactor climate change experiment was established in
2009, with warming (+3◦C), half precipitation (−50%), double
precipitation (+100%), clipping (annual biomass removal) and
their combined treatments (Xu et al., 2013). In this study, we
primarily focus on the clipping treatment and 40 soil surface
samples were collected in the clipped and control plots from
2010 to 2014 to test three central hypotheses. First, taxonomic
and functional structures of soil microbial communities would
be progressively altered, as the cumulative clipping effect may
reduce nutrient (e.g., C, N, P) inputs from litter and change
soil properties (e.g., temperature, moisture) in the long-term
(5 years) scale (Hamilton and Frank, 2001; Bahn et al., 2006;
Xue et al., 2016a). Also, different taxonomic and functional
groups would show different sensitivities to clipping in the
interannual scale due to the regulation of some temporal
background variations (e.g., precipitation) on clipping effects.
Lastly, clipping would significantly affect soil C and nutrient
cycles by stimulating genes involved in C and N fixation
and labile/recalcitrant C degradation. In this study, microbial
communities were analyzed using GeoChip 5.0 as well as
sequencing of bacterial/archaeal 16S rRNA gene and fungal ITS
amplicons with Illumina MiSeq technology. This study provides
novel insights into the taxonomic and functional responses of
soil microbial communities to annual clipping and implies the
potential for increased SOM decomposition under clipping land-
use practices.

MATERIALS AND METHODS

Site and Sampling
The annual clipping experiment was conducted in the Kessler
Atmospheric and Ecological Field Station (KAEFS) in McClain
County, OK, United States (latitude 34◦59′ N, longitude 97◦31′
W). KAEFS is located in the tall-grass prairie of central red-bed
plains of Oklahoma, dominated by C3 forbs (Ambrosia trifida,
Solanum carolinense, and Euphorbia dentate) and C4 grasses
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(Tridens flavus, Sporobolus compositus, and Sorghum halepense)
(Xu et al., 2013). The site is on an old field prairie that had
been abandoned from field cropping 40 years ago. The herbivores
were excluded at this site in 2008 to prevent light grazing, which
occurred before. Based on Oklahoma Climatological Survey data
from 1948 to 1999, the temperature ranges from 3.3◦C in January
to 28.1◦C in July (mean annual temperature, 16.3◦C) and the
precipitation ranges from 82 mm in January and February to
240 mm in May and June (mean annual precipitation, 914 mm)
(Zhou et al., 2012). The soil is part of the Nash-Lucien complex
with a high available water holding capacity (37%), neutral pH,
and a deep (ca. 70 cm), moderately penetrable root zone (Xu et al.,
2013).

This experiment was established in July of 2009 with a blocked
split-plot design, in which warming (+3◦C), half precipitation
(−50%) and double precipitation (+100%) are primary factors
nested by clipping (annual removal of above-ground biomass).
The site was divided into four experimental blocks, each
containing six 2.5 m × 3.5 m plots, which were further divided
into two 2.5 m × 1.75 m subplots with a half for clipping.
Treatments were randomly distributed across the plots within
each block. Plants in the southern subplots were clipped at a
height of 10 cm above the ground once to mimic the land-
use practice of hay harvest at approximately the date of peak
plant biomass on: 25 September, 2009; 28 September, 2010; 5
October, 2011; 17 October, 2012; 22 September, 2013; 9 October,
2014. Whereas the northern subplots were unclipped control
subplots (Xu et al., 2013). The clipped plant materials were
removed completely from the plots. This study focused on
eight subplots with control (ambient) temperature and normal
precipitation treatments, four of which were from clipped
subplots and four from control (unclipped) subplots. Annual
samples from the topsoil (0–15 cm) were collected one day
before annual clipping from 2010 to 2014 (no samples were
available in 2009). Three soil cores (2.5 cm diameter × 15 cm
deep, ∼40 g) were collected in each subplot by using a soil
sampler tube and composited to have enough samples for
soil chemistry and molecular biology analyses. Holes were
immediately refilled with root-free soils collected just adjacent
to the plots. Soil samples were immediately transported to
the laboratory and stored at −80◦C until molecular analysis.
A total of 40 annual soil samples (four clipped samples and
four control samples in each year) were further analyzed in this
study.

Ambient Temperature, Precipitation, and
Soil and Vegetation Property
Measurements
A series of measurements were routinely performed in the
experimental field. Aboveground plant biomass investigations
were conducted as described previously (Sherry et al., 2008).
In brief, plant biomass, separated into C3 and C4 species, was
directly measured by annual clipping in the clipped subplots
and indirectly estimated by the pin-contact method in the
control subplots (Frank and McNaughton, 1990). Total and
heterotrophic soil respirations were measured once or twice

a month between 10:00 and 15:00 (local time) using a LI-
8100 portable soil CO2 flux measurement system (LI-COR
Inc., Lincoln, NE, United States), and autotrophic respiration
(AR) was evaluated by the difference of total respiration and
heterotrophic respiration (HR). Also, volumetric soil water
content (θv) from the soil surface to a 15 cm depth was
measured once or twice a month using manual Time Domain
Reflectometry equipment (Soil Moisture Equipment Crop., Santa
Barbara, CA, United States). Three measurements of soil water
content were performed in every subplot each time and the
average values were used in analysis. Soil temperature was
measured every 15 min at the depth of 7.5 cm in the center
of every subplot, using Constantan-copper thermocouples wired
to a Campbell Scientific CR10x datalogger (T-type; Campbell
Science Inst., Logan, UT, United States). Air temperature and
precipitation data were obtained online from an Oklahoma
Mesonet Station (Washington Station) located approximately
200 m away from our experiment site. All soil samples were
analyzed for soil total organic carbon (TOC) and total nitrogen
(TN), soil nitrate (NO3

−) and ammonia (NH4
+) by the Soil,

Water and Forage Analytical Laboratory at the Oklahoma State
University (Stillwater, OK, United States). Soil TOC and TN
concentrations were determined using a dry combustion C and
N analyzer (LECO, St. Joseph, MI, United States). For NO3

− and
NH4

+, 6 g of soil was shaken thoroughly with 12 mL of 1 M KCl
for 30 min, then filtered through a Fisher P4 qualitative filter
(Fisher Scientific, Pittsburgh, PA, United States) and analyzed
using a Lachat 8000 flow-injection analyzer (Lachat, Milwaukee,
WI, United States). Soil pH was measured at a water-to-soil mass
ratio of 2.5:1 using a pH meter with a calibrated combined glass
electrode (McLean, 1982).

DNA Extraction and GeoChip Analysis
Soil DNA was extracted from all soil samples within the
same batch in 2014 by freeze-grinding and SDS-based lysis
as described previously (Zhou et al., 1996), and purified by
the MoBio Power Soil DNA isolation kit (MoBio Laboratories,
Carlsbad, CA, United States) according to the manufacturer’s
protocol. DNA quality was assessed on the basis of the ratios
of 260/280 nm and 260/230 nm absorbance using a NanoDrop
ND-1000 Spectrophotometer (NanoDrop Technologies Inc.,
Wilmington, DE, United States). The final DNA concentrations
were quantified by PicoGreen using a FLUOstar Optima (BMG
Labtech, Jena, Germany). The DNA samples were stored in
−80◦C before analyzed by the Illumina MiSeq technology (San
Diego, CA, United States) and GeoChip 5.0.

The latest generation of functional gene array, GeoChip
5.0M (180K), was used to analyze the functional structure of
soil microbial communities. GeoChip 5.0M contains 167,044
probes targeting 395,894 coding sequences from 1,593 functional
gene families involved in C cycling, N metabolism, sulfur
cycling, phosphorus cycling, electron transfer, metal homeostasis,
organic remediation, stress response, secondary metabolism, and
virus and virulence activity. GeoChip 5.0M was manufactured
by Agilent (Agilent Technologies Inc., Santa Clara, CA,
United States) in the 4 × 180K format. In our study, 800 ng of
purified soil DNA of each sample was labeled with the fluorescent
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dye Cy-3 (GE Healthcare, Anaheim, CA, United States) using a
random priming method as described previously (He et al., 2007),
purified using a QIAquick Purification kit (Qiagen, Mountain
View, CA, United States) according to the manufacturer’s
instructions, and then dried in a SpeedVac (Thermo Savant,
Holbrook, NY, United States) into powder. Subsequently, labeled
DNA was resuspended into 27.5 µL of DNase/RNase-free
distilled water, and then mixed completely with 99.4 µL of
hybridization solution containing 63.5 µL of 2 × HI-RPM
hybridization buffer, 12.7 µL of 10 × aCGH blocking agent,
10% formamide (final concentration), 0.05 µg/µL Cot-1 DNA,
and 10 pM universal standard. The solution was denatured at
95◦C for 3 min, and then incubated at 37◦C for 30 min. Finally,
the DNA solution was hybridized with GeoChip 5.0M arrays
(180K) at 67◦C for 24 h at 20 rpm in a hybridization oven. After
hybridization, the slides were washed using Agilent hybridization
buffer at room temperature and then scanned with a NimbleGen
MS200 Microarray Scanner (Roche NimbleGen, Inc., Madison,
WI, United States). The scanned images of the hybridized arrays
were converted and extracted using Agilent Feature Extraction
11.5 software.

GeoChip Data Processing
The microarray data were preprocessed using the microarray
analysis pipeline on the Institute for Environmental Genomics
(IEG) website1 as described previously (He et al., 2010; Tu
et al., 2014). The major steps were as following: (i) Raw signal
intensities (Cy3 channel) on each array were multiplied by a
normalization weight I, which is the ratio of the maximum
average universal standard intensity (Cy5 channel) among all the
samples divided by the average universal standard intensity of
each array; (ii) The signal intensities on each array were further
multiplied by a normalization weight II, which is the ratio of
the maximum total raw intensity (Cy3 channel) among all the
samples divided by the total raw intensity of each array; (iii)
Spots with SNR (signal to noise ratio) ≥ 2 were considered
as positive. Otherwise they were treated as negative spots with
0 value; (iv) Spots with signal intensity lower than 250 were
not considered as positive and were removed in subsequent
analysis; (v) If a probe appeared in less than half or fewer of
the samples in one treatment group (two out of four samples),
it was removed from that group before any further analyses;
(vi) The mean ratio in each sample was calculated by dividing
the transformed signal intensity of each probe by the average
transformed signal intensity for all detected probes in each
sample. (vii) Relative change in normalized signal intensities was
calculated as the clipping-induced change of gene abundance
[(clipped− control)/control] in each year and/or across years.

MiSeq Sequencing of ITS and 16S rRNA
Gene Amplicons
The compositions of bacterial and fungal communities were
analyzed using Illumina MiSeq sequencing of ITS and 16S
rRNA gene amplicons. The V4 region of 16S rRNA genes was
amplified in triplicate for each sample with the primers 515F

1http://ieg.ou.edu/microarray

(5′-GTGCCAGCMGCCGCGGTAA-3′) and 806R (5′-GGACTA
CHVGGGTWTCTAAT-3′), and ITS region was amplified in
triplicate for each sample with the primers gITS7F (5′-GTG
ARTCATCGARTCTTTG-3′) and ITS4R (5′-TCCTCCG
CTTATTGATATGC-3′). A two-step PCR was performed for
ITS and 16S amplicon sequencing to avoid extra PCR bias
that could be introduced by the components added in the long
primers (Wu et al., 2015). The first round PCR was performed
in a 25 µL reaction containing 2.5 µL 10 × PCR buffer II
(including dNTPs), 0.25 U DNA polymerase, 0.4 µM of both
forward and reverse target only primers and 4 µL 2 ng/µL soil
DNA. Twelve cycles of PCR amplifications were performed in
triplicate in the first round PCR. PCR products were purified
using Agencourt R© Ampure R© XP (Beckman Coulter, Inc., Brea,
CA, United States) and used as templates for the second PCR
amplification of 20 cycles using the same primers, the reverse
primer of which, however, contained Illumina adapter sequence
and different barcodes to distinguish samples (Wu et al., 2015).
The second round PCR was carried out in triplicate in a 25
µL reaction containing 2.5 µL 10 × PCR buffer II (including
dNTPs), 0.25 U DNA polymerase, 0.4 µM of both forward and
reverse phasing primers and 15 µL aliquot of the first round
purified PCR product. PCR conditions for both first and second
amplifications were as follows: 94◦C for 3 min, then 94◦C for
25 s, 53◦C (16S rRNA gene) or 51◦C (ITS) for 20 s, and 68◦C
for 45 s, followed by a final extension at 68◦C for 10 min. PCR
amplification were carried out in triplicate in order to reduce
amplification bias. Subsequently, PCR products were quantified
by PicoGreen using a FLUOstar Optima, combined equally and
then visualized by electrophoresis on 1% agarose gels, and PCR
products were purified using the QIAquick gel extraction kit
(Qiangen, Valencia, CA, United States). Finally, 2 × 250 bp
paired-ends DNA sequencing was performed on Illumina MiSeq
platform according to the manufacturer’s instructions.

The process of sequence quality control and analysis was
conducted on Galaxy pipeline2. Raw sequences were split
to different sample libraries based on barcodes. Before the
combination of forward and reverse reads, primer sequences
at the end of reads were trimmed and low-quality reads were
removed by the Btrim program (Kong, 2011) with threshold of
QC > 20 over 5-bp window size. Forward and reverse reads of
same sequence with at least 20 bp overlap and <5% mismatches
were combined using FLASH program (Magoč and Salzberg,
2011). The joined sequences without ambiguous bases in length
of 245–258 bp for 16S rRNA gene and 210–450 bp for ITS
were subjected to chimera removal. OTUs were classified by
UPARSE at 97% similarity level (Edgar, 2013), and singletons
were removed. Taxonomic assignment was performed by RDP
Classifier with 50% confidence estimates (Wang et al., 2007). All
samples were resampled at 30,000 sequences for 16S rRNA gene
and 10,000 sequences for ITS.

Statistical Analysis
To test the significance of the differences between clipping and
control treatment for various environmental variables, paired

2http://zhoulab5.rccc.ou.edu:8080
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t-tests were employed in this study. Microbial α-diversity indexes
including Shannon index, Simpson index, evenness and richness
were calculated based on the three pre-processed datasets
(e.g., 16S rRNA gene sequencing, ITS sequencing, GeoChip
analysis). Difference of taxonomic lineages and functional
genes between clipping and control was compared by the
analysis of variance (ANOVA). Temporal patterns of microbial
community structures in the clipped and control plots were
determined by detrended correspondence analysis (DCA) based
on the Bray-Curtis dissimilarity. A dissimilarity test of the
microbial community structures between clipping and control
was performed using non-parametric multivariate analysis of
variance (Adonis) based on the Bray–Curtis dissimilarity.
Mantel tests were used to calculate the correlations between
environmental factors and the soil microbial communities.
Canonical correspondence analysis (CCA) was performed to
identify the effect of soil, plant and climate variables, and
time on the microbial community structures. Based on CCA
results, variation partitioning analysis (VPA) was performed to
determine the contributions of each individual variable or groups
of variables to total variations in the soil microbial communities.
Linear and non-linear (Quadratic) models were used to reveal
the correlations between environmental variables and the relative
change of functional genes by clipping. All the above statistical
analyses were carried out in R (v.3.1.1, The R Foundation for
Statistical Computing, Vienna, Austria) using the package vegan
(Dixon and Palmer, 2003).

RESULTS

Ambient Temperature, Precipitation,
Plant, and Soil Over Time
During the 5 years of the experiment, the average air
temperatures over autumn (September to November) were
warmest in 2012 (17.2◦C) and coolest in 2013 (16.4◦C)
(Supplementary Figure S1a). Autumnal cumulative
precipitation ranged from 17.9 to 28.5 cm in all years except
2012 (Supplementary Figure S1b), which was extremely low
(10.9 cm) possibly due to the most severe drought across the
United States in 2012 since the Dust Bowl era of the 1930s (Wolf
et al., 2016). The experimental plots were subjected to clipping
once a year to mimic the land-use practice of hay harvest since
2009. The total plant biomass across 5 years (2010–2014) was
marginally significantly (P = 0.06) increased under clipping
(Figure 1A), based on the one-tailed paired t-test. Specifically,
clipping did not significantly change total plant biomass in the
first 3 years (2010–2012), but significantly increased total plant
biomass in 2013 (P = 0.03) and 2014 (P = 0.05) (Supplementary
Table S1). The C4 plant biomass was significantly (P = 0.02)
higher under clipping than control, but the C3 plant biomass
remained unchanged in 2014 (Supplementary Table S1),
resulting in a plant community shift toward more C4 plant
species. In addition, plant richness was marginally significantly
(P = 0.06) increased by 5 years of clipping (Figure 1A).

Soil process measurements revealed that overall soil TOC,
TN, and soil ammonium-N (NH4

+-N) remained unchanged

under annual clipping (Figure 1B). However, the concentrations
of NO3

−-N were marginally significantly (P = 0.06) decreased
by 5 years of clipping. Specifically, NO3

− became significantly
(P < 0.05) lower under clipping than control from 2012 to
2014 (Supplementary Table S1). Furthermore, soil pH was also
significantly (P = 0.03) increased by annual clipping (Figure 1C),
while annual clipping marginally significantly decreased soil
water content based on a one-tailed paired t-test. In addition, the
average temperature in the surface soil (top 15 cm) significantly
(P < 0.01) increased under clipping in each year, resulting in
an increase of 0.4◦C across 5 years (Figure 1D). Also, plant
belowground activity and microbial activity, measured as total
soil respiration (TR), HR, and AR, were significantly (P < 0.05)
higher in clipped plots than control plots. Annual clipping
significantly (P < 0.01) increased the rates of AR and HR by 17%
and 9%, respectively, suggesting that annual clipping stimulated
the activities of plant roots and microbial SOM decomposition
simultaneously (Figure 1E).

Overall Responses of Soil Microbial
Communities to Annual Clipping
Soil microbial communities were analyzed by sequencing 16S
rRNA gene and ITS amplicons with Illumina Miseq and
functional gene arrays (GeoChip 5.0M). The non-parametric
multivariate analysis of variance revealed that taxonomic
and functional structures of microbial communities were
much more strongly influenced by annual temporal variation
(explaining 16.9–48.1%) than annual clipping (explaining
2.5–2.8%) (Table 1). No significant differences were observed in
the overall bacterial and fungal diversities and structures between
clipped and control samples in all years (Table 1, Supplementary
Figures S2a,b, and Supplementary Table S2). One exception to
this was bacterial community in 2012, which had significantly
fewer OTUs under clipping than control. Further comparison
of the microbial taxonomic composition showed that some
key bacterial and fungal phyla were significantly (P < 0.05)
shifted by annual clipping (Supplementary Figures S3, S4).
Specifically, Actinobacteria, Bacteroidetes, Crenarchaeota, and
Gammaproteobacteria were significantly (P < 0.05) decreased
by 5 years of clipping, and Chloroflexi and Planctomycetes in
bacterial community were significantly (P < 0.05) increased
by 5 years of clipping (Supplementary Figure S3). In fungal
community, the phyla Zygomycota and Ascomycota were
significantly (P < 0.05) decreased under annual clipping across
5 years (Supplementary Figure S4). However, different phyla
and genera in bacterial and fungal communities showed greatly
different sensitivities to clipping in different years, as indicated
that different phyla and genera were significantly (P < 0.05)
or marginally significantly (P < 0.10) shifted by clipping in
different years (Supplementary Table S3). Among these years,
significantly and marginally significantly changed bacterial and
fungal genera were the most in 2012, most of which belonged
to Actinobacteria (16 genera), Alphaproteobacteria (15 genera),
Bacteroidetes (9 genera), and Ascomycota (6 genera). Intriguingly,
the relative abundances of unidentified fungi were greatly
increased in 2012, and the relative abundance of unidentified
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FIGURE 1 | Effects of annual clipping on plant and soil variables across 5 years. (A–E) Effects of clipping on C3 plant biomass, C4 plant biomass, total plant
biomass and plant richness (A); soil nitrate (NO3

−), ammonia (NH4
+), total nitrogen (TN) and total organic carbon (TOC) (B); soil pH and soil water content (Soil W)

(C); soil temperature (Soil T) (D); and heterotrophic respiration (HR), autotrophic respiration (AR) and total soil respiration (TR) (E). Error bars indicate standard error of
the mean. The differences between clippings and controls were tested by two-tailed paired t-tests, indicated by ∗∗∗P < 0.01, ∗∗P < 0.05, ∗P < 0.10. The
differences for some variables were also tested with one-tailed paired t-tests as indicated by #P < 0.10.

fungi was significantly (P < 0.05) higher under clipping
(49.5%) than control (13.7%) (Supplementary Figure S4 and
Supplementary Table S3).

Annual clipping significantly shifted the functional gene
richness and diversity, measured as the number of functional
genes, Shannon diversity, Simpson diversity and evenness
(Supplementary Table S2). There were marginally (P < 0.10) or
significantly (P < 0.05) more functional genes detected in clipped
samples than control samples in 2011, 2013 and 2014. However,
the numbers of functional genes detected and Shannon diversity
in 2010 and 2012 were significantly (P < 0.05) lower in clipped
plots than those in control plots. More importantly, annual
clipping also significantly (P < 0.05) changed the functional

structure of microbial community (Table 1). The non-parametric
multivariate analysis of variance in each year revealed that no
significant clipping effect was observed in the first year (2010),
but clipping effects became significant (P < 0.05) in the following
4 years (2011–2014) (Table 1). These results indicated that
the shifts in microbial community functional structure under
annual clipping progressively deepened along time and that
annual clipping had cumulative effects on microbial community
over time. DCA showed that clipped and control samples were
clustered together in the first year (2010), while clipped samples
gradually separated by the first DCA axis from control samples in
the following 4 years (2011–2014) (Supplementary Figure S2c).
Furthermore, the shifts in microbial community function under

TABLE 1 | Significance tests of the effects of clipping and year on the overall microbial community structures across 5 years and in each year by the non-parametric
multivariate analysis of variance.

16S rRNA ITS GeoChip

R2 P R2 P R2 P

Year 0.169 0.002 0.183 0.001 0.481 0.001

Clipping 0.025 0.352 0.028 0.179 0.028 0.020

Year × clipping 0.103 0.208 0.096 0.313 0.228 0.001

2010 clipping 0.178 0.183 0.176 0.287 0.291 0.115

2011 clipping 0.143 0.506 0.142 0.434 0.306 0.026

2012 clipping 0.178 0.210 0.221 0.058 0.731 0.034

2013 clipping 0.125 0.632 0.121 0.855 0.256 0.049

2014 clipping 0.132 0.605 0.110 0.756 0.241 0.027

Bold values indicate P < 0.05.
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clipping were consistent in direction of the first DCA axis in 2011,
2013, and 2014. Unexpectedly, the shift in microbial community
function under clipping in 2012 was abnormally bigger than those
in the other years and opposite in directionality, possibly due to
the strong perturbance of the other environmental factors or the
infestation of unidentified fungi.

Linking Microbial Communities to
Environmental Variables
Canonical correspondence analysis and Mantel test were
performed to discern the linkage between soil microbial
phylogenetic and functional structures and environmental
factors (Figure 2 and Supplementary Figures S5, S6). The
CCA results indicated that microbial functional structure was
significantly (F = 1.796, P = 0.001) shaped by several soil,
plant and climate variables as well as time (Figure 2A).
Among these factors, time, precipitation, temperature and C3
biomass exhibited more significant (P < 0.05) correlations
with the variations of microbial functional structure. These
soil, plant, climate variables and time exhibited significant
correlations with taxonomic structure of bacterial community
(F = 1.135, P = 0.026) but not fungal community (F = 0.966,
P = 0.746) based on the CCA results (Supplementary
Figures S5a, S6a). Furthermore, several key plant and soil
variables also exhibited strong correlations with both functional
and taxonomic community structures by Mantel tests (Table 2).
For example, C3 biomass and total biomass showed significant
(P < 0.05) correlation with bacterial, fungal and functional
community structures, and soil temperature showed significant
(P < 0.05) correlation with bacterial and functional community
structures. Importantly, HR exhibited significant correlations
with bacterial community (P = 0.076), fungal community
(P = 0.045), and microbial functional structure (P = 0.022)
as revealed by Mantel tests (Table 2). These results indicated
that the shifts of microbial communities were significantly
(P < 0.05) correlated with clipping-induced changes of
soil microclimate, soil respiration and aboveground plant
productivity.

A partial CCA-based VPA indicated that these soil, plant,
climate variables as well as time could explain more variations
based on GeoChip data (42.4%, Figure 2B) than 16S rRNA
gene (30.4%, Supplementary Figure S5b) and ITS (27.2%,
Supplementary Figure S6b) sequencing data, suggesting
that functional structure of microbial communities is more
sensitive to detect clipping-induced environmental changes than
taxonomic structure of microbial communities. Specifically,
the variations in the community functional composition and
structure were explained by soil (14.2%) and plant (6.8%)
variables, time (2.7%) and their interactions (7.2%; Figure 2B).
Soil temperature and precipitation alone could directly explain
10.9% of the variation in community functional structure
(Figure 2B). These results indicated that temperature and
precipitation were important environmental attributes that
shape the microbial community under clipping treatment.
Furthermore, clipping effects on some C-degrading and nitrogen
cycling genes were significantly (P < 0.05) regulated by autumnal
cumulative precipitation, as indicated that clipping-induced

changes in some key genes for C degradation and N cycling
were linearly (P < 0.05) or non-linearly (P < 0.05) increased
along precipitation, including those for degrading starch,
cellulose, hemicellulose and Vanillin/Lignin, denitrification and
nitrification (Figure 3). Clipping effects on these genes in the
driest year 2012 were substantially different from those in the
other years (Figure 3). Therefore, the response of functional
genes to clipping in 2012 possibly represented a feedback
pattern under the extreme drought condition, which was greatly
different from the long-term pattern of microbial functional
changes under annual clipping.

Effects of Annual Clipping on Microbial
Functional Genes
To understand how annual clipping affected functional processes
of soil microbial communities, GeoChip data were further
analyzed by focusing on C, N, and P cycling. The normalized
signal intensities were calculated to evaluate the change of gene
abundance under clipping in each year. Because the shift in
microbial communities under clipping in 2012 appeared in stark
opposition to all other years and 2012 correspondingly was a year
with prolonged and wide-spread drought (Cook et al., 2014; Wolf
et al., 2016), average normalized signal intensities across 5 years
with the omission of the year 2012 were evaluated to obtain the
long-term trends of C, N, and P cycling under annual clipping
(Figure 4).

In the first year (2010), most C degradation genes
were significantly (P < 0.05) decreased under clipping
(Supplementary Figure S7). However, clipping increased
the abundance of most C degradation genes in the second
year (2011). Among these genes, 17 genes whose abundance
significantly (P < 0.05) increased under clipping were those
involved in the degradation of relatively labile C (e.g., starch,
hemicellulose, pectin, and cellulose). For example, glucoamylase,
involved in the degradation of starch, xylanase, which degrades
hemicellulose, and cellobiase, which breaks down cellulose,
all showed significantly (P < 0.05) higher signal intensities
under clipping. Interestingly, clipping also significantly
(P < 0.05) increased the abundance of five genes involved
in the degradation of recalcitrant C (e.g., chitin, vanillin, and
lignin) including those encoding chitinase and phenol oxidase
(Supplementary Figure S7). In contrast, in 2012, the year with
low precipitation, almost all of detected C degradation genes
decreased in the relative abundance under clipping. In the
last 2 years (2013 and 2014), very few genes associated with
labile C degradation remained significantly increased under
clipping, while most of the genes involved in recalcitrant C
degradation, that had originally significantly increased in 2011,
were again significantly (P < 0.05) increased under clipping
(Supplementary Figure S7). These results suggested that the
stimulation of clipping on the genes involved in recalcitrant C
degradation was more persistent than genes involved in labile
C degradation, and implied that the degradation of recalcitrant
C might be triggered as the cumulative effect of annual clipping
on microbial communities increased over time. Furthermore,
the average signal intensities across 5 years with the omission
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FIGURE 2 | Constrained ordination analysis. (A) Canonical correspondence analysis (CCA) of GeoChip data and environmental variables. environmental variables:
soil nitrate (NO3

−), ammonia (NH4
+), total organic carbon (TOC), total nitrogen (TN), soil pH, soil water content (soil W), aboveground C3 biomass, C4 biomass, plant

richness (PR), soil temperature (Tm) and autumnal total precipitation (TPP). The insert table showed the significances of each or subsets of the environmental
variables in explaining the variations of microbial community functional structure based on F-test. (B) CCA-based variation partitioning analysis (VPA) of microbial
functional structure explained by soil geochemical properties (S), plant diversity (P), climate (C) variables and time (T). Each diagram represents the biological variation
partitioned into the relative effects of each factor or a group of factors.

of the third year (year 2012) also indicated that annual clipping
significantly (P < 0.05) increased the relative abundances of
many genes involved in the degradation of labile and recalcitrant
C (Figure 4A).

GeoChip 5.0M also has various probes for key enzymes in
CO2 fixation from four pathways: ribulose-1, 5-bisphosphate
carboxylase/oxygenase (Rubisco) in the Calvin cycle, propionyl-
CoA carboxylase (PCC) in the 3-hydroxypropionate cycle,
carbon monoxide dehydrogenase (CODH) in the reductive
acetyl-CoA pathway and ATP citrate lyase (AclB) in the reverse
tricarboxylic acid cycle. All of these key genes fluctuated greatly in
different years, likely reflecting the interaction of annual clipping
and annual temporal variation over time (Supplementary
Figure S8). In 2010 the abundances of rubisco, codh, and ppc
genes were significantly (P < 0.05) decreased under clipping, but

these genes significantly (P < 0.05) increased under clipping in
2011. In the last 2 years, rubisco genes (2013 and 2014), codh
genes (2014), and ppc genes (2014) were significantly increased
under clipping (Supplementary Figure S8). The year of 2012
represents a unique set of environmental conditions and a strong
response shift to clipping treatment by the microbial community
was observed. In 2012, all of the key genes in C fixation
incongruently decreased under clipping. However, the average
signal intensities across 5 years without 2012 indicated that the
abundances of rubisco, codh, and ppc genes were significantly
(P < 0.05) increased under annual clipping (Figure 4C). These
results suggested that CO2 fixation might be enhanced under 5-
years of clipping treatment, but further studies are needed to
determine the impacts of the fixed C on the overall soil carbon
flux.
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TABLE 2 | Correlation analysis between microbial community structures and environmental variables by Mantel testa.

environmental variables 16S rRNA ITS GeoChip

r P r P r P

All variables 0.215 0.015 0.179 0.034 0.107 0.099

Time 0.136 0.019 0.295 0.001 0.222 0.001

NO3
−-N 0.049 0.286 −0.023 0.563 −0.082 0.791

NH4
+-N 0.054 0.261 0.164 0.047 −0.111 0.927

TN 0.022 0.371 0.109 0.125 −0.106 0.939

TOC 0.032 0.336 0.107 0.089 −0.124 0.970

Soil pH 0.150 0.026 0.044 0.283 0.138 0.047

Soil T 0.116 0.040 0.046 0.243 0.101 0.049

Soil W 0.002 0.474 0.110 0.102 0.084 0.139

C3 biomass 0.145 0.036 0.288 0.001 0.224 0.005

C4 biomass 0.024 0.359 0.097 0.111 −0.002 0.462

Total biomass 0.133 0.044 0.237 0.010 0.215 0.009

Plant richness −0.065 0.821 0.114 0.052 −0.038 0.679

Precipitation 0.042 0.190 0.091 0.037 0.201 0.002

HR 0.107 0.076 0.120 0.045 0.135 0.022

TR 0.100 0.163 −0.003 0.505 0.053 0.263

aThe significant value (P < 0.10) are indicated in bold. NO3
−-N, soil nitrate-nitrogen; NH4

+-N, soil ammonium nitrogen; TN, soil total nitrogen; TOC, soil total organic
carbon; soil W, soil water content; soil T, soil temperature; HR, soil heterotrophic respiration; AR, soil autotrophic respiration; TR, soil total respiration.

FIGURE 3 | Relationships between autumnal cumulative precipitation and clipping effects on C-degrading and N cycling gene groups. For all plots, the relative
change of normalized signal intensities of detected genes by clipping in each year was presented in the y- axis as the clipping effects on functional genes
[(clipping – control)/control]. In each plot, lines represent linear least squares regression fit and non-linear quadratic regression fit, respectively. The r values and
significances were displayed for linear and non-linear fits. The genes in these plots are listed in Supplementary Table S4.

The abundances of N cycling genes involved in
ammonification, anammox, assimilatory N reduction,
denitrification, dissimilatory N reduction, N assimilation,
nitrification, and nitrogen fixation were also shifted in different
years (Supplementary Figure S9). The relative changes of
average signal intensities of these years without 2012 were also

analyzed to determine the long-term trend of N cycling under
clipping. The abundance of most key genes involved in N cycling
was significantly (P < 0.05) higher under annual clipping than
control (Figure 4B). Specifically, the gene ureC and ammonium
transporter gene (gdh) were significantly (P < 0.05) increased
in clipped samples. Because the UreC protein can convert urea
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FIGURE 4 | Clipping effects on functional genes involved in biogeochemical cycling processes. (A) C degradation. The complexity of C is presented in order from
labile to recalcitrant C. The average relative change of normalized signal intensity of detected genes by clipping across 5 years without 2012 samples was presented
as the clipping effects on functional genes [(clipped – control)/control]. Error bars indicate standard error of the mean. Significance was tested by ANOVA as
indicated by ∗∗∗P < 0.001, ∗∗P < 0.01, ∗P < 0.05. (B) N cycling processes. The percentage changes in N cycling gene abundance under clipping were indicated in
parenthesis. Genes where change in abundance was significant (P < 0.05) are labeled in red. Gray-colored genes were not significantly changed under clipping.
(C) C fixation. (D) P utilization genes under annual clipping. The full names of the genes in this figure are listed in Supplementary Table S4.

into NH4
+, and ammonium transporter proteins transport

ammonium into microorganisms or plants, the combined effect
of these two changes could potentially result in an increase in
N mineralization but relatively stable NH4

+ concentrations in
the soil. Furthermore, nirB and nasA, involved in assimilatory
N reduction, norB, nirK, nirS, and narG associated with
denitrification, napA a dissimilatory N reductase, were also
significantly (P < 0.05) increased under clipping treatment
(Figure 4B). The combined effect of denitrification, assimilatory
N reduction and dissimilatory N reduction could result in a rapid
nitrate-nitrogen loss, which may be the reason why significantly
decreased NO3

− in soil were observed under clipping in
2012–2014 (Supplementary Table S1). In addition, the relative
abundance of nifH for nitrogen fixation was significantly
(P < 0.05) increased under 5-year clipping (Figure 4B). These
significantly increased genes in nitrogen-cycling process may

potentially lead to accelerating nutrient cycling rates under
annual clipping.

GeoChip 5.0M contains seven enzymes involved in P
utilization; exopolyphosphatase (Ppx), endopolyphosphatase
(Ppn), and polyphosphate kinase (Ppk2) involved in phosphate
degradation, polyphosphate kinase (Ppk) in polyphosphate
biosynthesis pathways in prokaryotes, phosphonate
dehydrogenase (PtxD) and phytanoyl-CoA dioxygenase
(HtxA) responsible for phosphorus oxidation, and phytase
associated with phytate degradation. All of these genes were
also shifted in different years (Supplementary Figure S10). The
abundance of ppk2 and ppx genes across 5 years, without 2012,
were significantly (P < 0.05) increased under clipping, suggesting
a possible increase of polyphosphate degradation with more
available inorganic P in soil under annual clipping (Figure 3).
Also, the abundance of ppk in clipped samples was significantly
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(P < 0.05) higher than in control samples (Figure 4D).
Altogether, this indicated that P cycling potentials under annual
clipping might also be accelerated in this ecosystem.

DISCUSSION

Plant tissue removal via grazing, mowing and/or clipping can
significantly change ecosystem C fluxes, with consequent changes
in plant-litter decomposition, soil microbial communities and
nutrient cycling (Garibaldi et al., 2007; Klumpp et al., 2009;
de Faccio Carvalho et al., 2010). As soil microbial community
mediate important biogeochemical processes, such as C, N, P,
and S cycling, understanding their responses to annual clipping
is crucial for a robust prediction of soil C stocks and fluxes. In
this study, we analyzed the potential taxonomic and functional
responses of soil microbial communities to annual clipping.
Our results showed that annual clipping markedly shifted the
functional structures of soil microbial communities and relative
abundances of some bacterial and fungal lineages over time,
which generally support our three hypotheses.

Previous studies showed that clipping significantly affected
the composition and productivity of plant communities (Ward
et al., 2007; Wu et al., 2009), likely decreasing nutrient and
C inputs from aboveground plants (Semmartin et al., 2008;
Klumpp et al., 2009). Furthermore, clipping has been shown
to increase soil temperature but decrease soil water content as
did warming (Wan et al., 2002). Under clipping, an increase
of root respiration and exudation was also observed (Bahn
et al., 2006; Hamilton et al., 2008). Collectively, these shifts
in plants and microenvironments under the cumulative effects
of clipping are expected to progressively affect the structure
and functional potential of soil microbial communities across a
time span of several years. Our results generally supported this
hypothesis. Consistent with those previous studies, we found
annual clipping increased plant productivity, soil CO2 efflux
and microbial activity in most of years. More importantly, the
microbial functional structure was not changed in the first year
but altered significantly in the following 4 years by annual
clipping (Table 1). Furthermore, statistical analyses proved that
the changes of microbial community structure were significantly
correlated with soil respiration, soil physical and chemical
variables, and above-ground plant productivity. Besides, the
relative abundance of some key bacterial and fungal phyla such
as Actinobacteria, Bacteroidetes, Zygomycota, and Ascomycota
were significantly altered across 5 years by annual clipping.
These results demonstrated that the shifts of soil microbial
communities under a long-term clipping can cumulatively
affect certain soil ecosystem functions. However, certain studies
suggested clipping or mowing reduced soil CO2 efflux, microbial
biomass and activity due to decreased canopy photosynthesis
and lessened C supply from aboveground plant parts to roots,
mycorrhizae and rhizosphere microorganisms (Zhang et al.,
2005; Bahn et al., 2006; Shahzad et al., 2012). The disparity
among studies may be caused by the different ecosystems studied
and/or experimental designs including clipping and sampling
time.

Microbial responses to global changes, such as warming,
precipitation, and clipping may be greatly regulated by temporal
background variations. Previous studies at the Jasper Ridge
Global Change Experiment (JRGCE) showed that annual
background variation of soil microbial communities was greater
than even very significant treatment effects including warming,
elevated CO2, water addition, and N addition (Gutknecht et al.,
2012). Another study also reported that temporal (seasonal
and interannual) variation overshadows the responses of soil
microbial communities to simulated global changes including
drought and N addition (Matulich et al., 2015). Consistently,
the taxonomic composition of both bacterial and fungal
communities varied substantially from year to year in our
study. No significant clipping effect was observed in the overall
bacterial and fungal communities, most likely due to the large
interannual background variation in soil microbial community
overshadowing the response of bacterial and fungal communities
to clipping (Matulich et al., 2015). Correspondingly, interannual
background variations affected the relative abundance of bacterial
and fungal phyla more significantly than annual clipping. Also,
interannual background variation was more significant than
the effect of clipping on soil microbial functional genes. The
abundance of many functional genes involved in C fixation, C
degradation, N cycling, and P utilization greatly fluctuated in
different years. These results suggested that microbial responses
to annual clipping were strongly shaped by temporal background
variations.

More interestingly, we found a stark contrast in the
functional community response to clipping when the ecosystem
underwent an extreme drought disturbance as well as a
significant correlation between precipitation and clipping-
induced changes in some C-degrading or N cycling genes.
Furthermore, precipitation was found to be one of the most
important factors in explaining the variations of functional
community structure in our study. Previous studies also reported
that altered precipitation in different years can significantly
change fungal and bacterial community structures (Schmidt
et al., 2007; Castro et al., 2010). Precipitation can shift microbial
biomass, community composition and activity directly by
changing soil moisture as well as indirectly through shaping
plant community, potentially with a lag (Schmidt et al., 2007;
Castro et al., 2010). Provided these information, it may be
that the effects of clipping on microbial functional activities
are strongly associated with precipitation at the interannual
scale.

In our study, no significant changes of the overall taxonomic
structure of bacteria and fungi were observed in all years,
whereas microbial functional structure was significantly shifted
by clipping in the continuous four years. Furthermore,
the variations of soil microbial functional structure were
closely related to clipping-induced environmental changes,
while the taxonomic variations were only poorly explained
by environmental condition. No significant correlation was
observed between taxonomic groups and functional gene groups.
Such phenomena have been previously observed in the global
ocean or in soil (Raes et al., 2011; Louca et al., 2016;
Nelson et al., 2016). These results can be explained by an
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elegant paradigm for microbial ecology, in which community
function is strongly shaped by energetic and stoichiometric
constraints (Raes et al., 2011), while the composition within
functional groups is modulated by additional mechanisms.
According to this paradigm, the functional responses of microbial
communities to clipping can decouple with microbial taxonomic
variations.

Whether the clipping-stimulated microbial community
resulted in the significant changes of soil C and N cycling is
another central hypothesis. Some studies showed that clipping
reduced total soil CO2 efflux composing of root respiration
and mineralization of plant litter and recalcitrant SOM by
20–50% (Wan and Luo, 2003; Shahzad et al., 2012). In contrast,
another study showed a TR increase under clipping treatment
(Antonsen and Olsson, 2005). Significant increases in total
and heterotrophic soil respirations by clipping were observed
in our study. Theoretically, the increase of soil respiration
could be due to the increase of microbial biomass and/or the
variation of microbial community structure (Marschner et al.,
2015; Bond-Lamberty et al., 2016). However, very limited
amounts of samples were available from this long-term field
experiment, thus we didn’t investigate microbial biomass. In
this study, we focused on the variation of community structure.
Significant correlations between soil HR and the variations
of bacterial, fungal and functional community structures
suggested that the variation of community structure significantly
modified soil C cycling, regardless of potential altered microbial
biomass.

Although annual background variations (e.g., precipitation)
strongly affected functional patterns of soil microbial community
in different years, progressive changes of C degradation under
clipping were still observed in our GeoChip data. In the first year,
annual clipping as a strong disturbance to grassland ecosystem
not only decreased soil microbial community functional diversity
but also decreased most of gene abundances involved in C
degradation. This may be a short-term response to the decrease of
aboveground C input and the sudden changes of soil temperature
and moisture under annual clipping. In the following 4 years,
except 2012, the abundance of key genes involved in the
degradation of labile and recalcitrant C increased under annual
clipping, suggesting that reduced inputs of aboveground C under
clipping did not suppress microbial activity, probably because
of the offset by elevated belowground biomass through such
processes as root exudation (Hamilton et al., 2008) and root
decay (Belay-Tedla et al., 2009). There were no significant
reductions in aboveground plant biomass in the clipped plots
and, in fact, in the last 2 years there were significant increases
in the clipped plots. This means that the plant growth rates
were stimulated by annual clipping. A likely consequence of
this, is enhanced root development and increased exudation
by actively growing roots. Indeed, significant increase of root
respiration under clipping, measured as AR, was observed in
this grassland ecosystem. This may be the reason why soil
total C did not significantly decrease under annual clipping.
More importantly, the abundances of genes involved in the
degradation of some recalcitrant substrates were consistently
increased in the last 2 years under annual clipping, indicating

that the recalcitrant C degradation may be triggered under
annual clipping. Since the recalcitrant carbon in soil is much
more abundant than labile carbon, even a small change in
its decomposition rate could have significant effect on soil C
storage (Davidson and Janssens, 2006). By this way, clipping
land use practices may significantly affect future climate warming
scenarios.

How clipping or mowing changes ecosystem N cycling is
another important issue. A previous study showed that total
N contents of soil at the Great Plains Apiaries, Oklahoma
were significantly decreased by clipping, resulting in N-deficient
soil conditions (Belay-Tedla et al., 2009), and another study
showed that yearly clipping significantly decreased litter N
contents, indicating a significant effect of N deficiency on plants
(Cheng et al., 2010). Consistently, a significant decrease in
NO3

−-N was observed under annual clipping in our study,
suggesting that soil N dynamics were significantly altered.
In our GeoChip data, average signal intensities across 5
years with the omission of the year 2012 indicated that
annual clipping also stimulated the abundance of most
key genes involved in N cycling, including ammonification,
denitrification, N assimilation, and nitrogen fixation. The
significant increases in the abundance of N cycling genes may
result in a potential increase of nutrient cycling process rates.
In high N cycling rates, N fixation and N mineralization
through recycling N from SOM would compensate N loss by
denitrification as well as enhance plant growth (Zhou et al.,
2012). As a result, the total soil N may remain unchanged
under annual clipping. However, the effects of long-term
clipping on soil N dynamics may depend on the balance
of the accumulation derived from the inputs from litter and
root biomass decomposition, microbial N fixation and the
consumption of N mineralization, denitrification, and plant
uptake.

CONCLUSION

Despite the important roles of the soil microbial communities
in carbon and nitrogen cycling, the responses of microbial
community structure and function under long-term clipping
are not fully understood. In this study, the functional structure
of soil microbial community was significantly altered by 5
years of clipping and the relative abundance of bacterial and
fungal lineages was also significantly changed under annual
clipping. Furthermore, annual clipping significantly increased
the abundance of genes involved in the degradation of labile
and recalcitrant C, nitrogen cycling and phosphorus utilization
in the long-term scale. The shifts in microbial community
structure and function were significantly correlated with soil
microclimate, C and nutrient concentrations, respiration and
plant productivity. Interestingly, the effects of clipping on
microbial functional activities may be heavily associated with
precipitation at the interannual scale. Annual clipping-induced
changes in microbial community structure and function may
be important in predicting long-term land-use responses to
global change.
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FIGURE S1 | Average air temperature (a) and cumulative precipitation (b) over the
entire autumn (September to November) in the experiment site. The air
temperature and cumulative precipitation were obtained online from the Oklahoma
Mesonet Station (Washington Station). Air temperature data were collected at

1.5 m above the soil surface, and precipitation data were collected at the soil
surface.

FIGURE S2 | Detrended correspondence analysis (DCA) of 16S rRNA gene (a)
and ITS (b) amplicon sequences and GeoChip hybridization (c). Symbols
correspond to year of sampling. Colors of the symbols represent sample
treatments with filled symbols representing clipped samples and hollow symbols
representing control samples. Arrows represent the direction of change under
clipping treatment in different years.

FIGURE S3 | The composition of bacterial community under clipping and control
in 5 years based on 16S rRNA gene sequencing. The phylum Proteobacteria was
represented by Alpha-, Beta-, Gamma-, and Delta-divisions. The insert table
showed the significances of each phylum affected by clipping and sampling year
based on ANOVA test. Red indicated P < 0.05.

FIGURE S4 | The composition of fungal community under clipping and control in
5 years based on ITS sequencing. The insert table showed the significances of
each phylum affected by clipping and sampling year based on ANOVA test. Red
indicated P < 0.05.

FIGURE S5 | Constrained ordination analysis of 16S rRNA gene amplicon
sequences. (a) Canonical correspondence analysis (CCA) of 16S rRNA gene
amplicon sequences and environmental variables. (b) CCA-based variation
partitioning analysis (VPA) of bacterial community structure explained by soil
geochemical properties (S), plant diversity (P), climate variables (C), and time (T).
Details are described in Figure 2.

FIGURE S6 | Constrained ordination analysis of ITS amplicon sequences. (a)
Canonical correspondence analysis (CCA) of ITS amplicon sequences and
environmental variables. (b) CCA-based variation partitioning analysis (VPA) of
fungal community structure explained by soil geochemical properties (S), plant
diversity (P), climate variables (C), and time (T). Details are described in
Figure 2.

FIGURE S7 | The relative changes of normalized signal intensities of detected
C-degradation genes under clipping in different years. The complexity of C is
presented in order from labile to recalcitrant C. Error bars indicate standard error
of the mean. Significance is tested by ANOVA as indicated by ∗∗∗P < 0.001,
∗∗P < 0.01, ∗P < 0.05. The full names of the genes in this figure are listed in
Supplementary Table S4.

FIGURE S8 | The relative changes of normalized signal intensities of detected C
fixation genes under clipping in different years. Error bars indicate standard error
of the mean. Significance is tested by ANOVA as indicated by ∗∗∗P < 0.001,
∗∗P < 0.01, ∗P < 0.05. The full names of the genes in this figure are listed in
Supplementary Table S4.

FIGURE S9 | The relative changes of normalized signal intensities of detected N
cycling genes under clipping in different years. Error bars indicate standard error of
the mean. Significance is tested by ANOVA as indicated by ∗∗∗P < 0.001,
∗∗P < 0.01, ∗P < 0.05. (A), ammonification; (B), anammox; (C), assimilation; (D)
assimilatory N reduction; (E), denitrification; (F), dissimilatory N reduction; (G), N
assimilation; (H), nitrification; (I), nitrogen fixation. The full names of the genes in
this figure are listed in Supplementary Table S4.

FIGURE S10 | The relative changes of normalized signal intensities of detected P
utilization genes under clipping in different years. Error bars indicate standard error
of the mean. Significance is tested by ANOVA as indicated by ∗∗∗P < 0.001,
∗∗P < 0.01, ∗P < 0.05. The full names of the genes in this figure are listed in
Supplementary Table S4.

TABLE S1 | Soil geochemical variables, plant biomass and soil respirations under
control and clipping in each year.

TABLE S2 | The overall microbial community diversity under clipping and control
detected by ITS and 16S rRNA gene sequencing data and GeoChip data.

TABLE S3 | The significance tests of bacterial and fungal lineages affected by
clipping in different years by ANOVA.

TABLE S4 | The enzyme/protein encoded by the functional genes shown in
Figures 3, 4, and Supplementary Figures S7–S10.
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Adsorption   The adherence of foliar applied nutrients to the leaf cuticular 
surface. At any time a portion of adsorbed nutrients may not 
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1. Introduction and scope

Foliar fertilization is an important tool for the sustainable and productive management 
of crops. However, current understanding of the factors that influence the ultimate 
efficacy of foliar applications remains incomplete. This book provides an integrated 
analysis of the principles, both physico-chemical and biological, known to influence 
foliar absorption and utilization by the plant, and reviews the available laboratory 
and field experimental results to provide insights into the factors that ultimately 
determine the efficacy of foliar applications. Advances in this field will require a sound 
understanding of the physical, chemical, biological and environmental principles that 
govern the absorption and utilization of foliar applied nutrients. The aim of this book 
is to describe in detail the state of knowledge on the mechanisms of uptake by plant 
organs (leaves and fruits) of surface-applied nutrient solutions, and to describe the 
environmental and biological factors and interactions that are key to understanding 
these processes. Empirical information gathered from foliar nutrient spray trials and 
field practices will be merged with physical, chemical and biological principles to 
arrive at a greater understanding of this technology, its potential, its weaknesses and its 
unknowns. The authors will also strive to illustrate the challenges facing this technology 
and the research and development required for its advancement.  The goal of this book 
is to provide the reader with this understanding.

1.1. A brief history of foliar fertilization  

The ability of plant leaves to absorb water and nutrients was recognized approximately 
three centuries ago (Fernández and Eichert, 2009). The application of nutrient solutions 
to the foliage of plants as an alternative means to fertilize crops such as grapevine 
agriculture was noted in the early 19th century (Gris, 1843). Following this, research 
efforts were applied to try and characterize the chemical and physical nature of the plant 
foliar cuticle, the cellular physiology and structure of plant leaves as well as focusing 
on potential mechanisms of penetration by foliar sprays. With the advent of firstly 
fluorescent and then radio-labelling techniques in the first half of the 20th century it 
became possible to develop more accurate methods to investigate the mechanisms of 
leaf cuticular penetration and translocation within the plant following foliar application 
of nutrient solutions (Fernandez and Eichert, 2009; Fernandez et al., 2009; Kannan, 
2010).

The role of stomata in the process of foliar uptake has been a matter of interest since 
the beginning of the 20th century. However in 1972 it was postulated that pure water 
may not spontaneously infiltrate stomata unless a surface-active agent to lower surface 
tension below 30 mN m-1 is applied with the solution (Schönherr and Bukovac, 1972). 
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As a consequence of this, most investigations were subsequently carried out on cuticular 
membranes isolated from adaxial (upper) leaf surfaces of species in which enzymatic 
isolation procedures could be conducted, e.g. from poplar or pear leaves. Utilizing this 
system it was found that cuticles are permeable to water and ions as well as to polar 
compounds (Kerstiens, 2010). Furthermore the occurrence of two distinct penetration 
pathways in the cuticle, one for hydrophilic and another for lipophilic substances, has 
been suggested (Schönherr, 2006; Schreiber and Schönherr, 2009).

The proposition that stomata could also contribute to the foliar penetration process 
was re-assessed by Eichert and co-workers at the end of the 1990’s and subsequently 
validated (Eichert and Burkhardt, 2001; Eichert and Goldbach, 2008; Eichert et al., 
1998; Fernandez and Eichert, 2009). At present the quantitative significance of this 
pathway and the contribution of other surface structures such as lenticels to the uptake 
of foliar applied solutions remain unclear.

Since its first recorded use in the early 19th century (Gris, 1843), foliar fertilization 
has been the subject of considerable controlled environment and field research and has 
become widely adopted as a standard practice for many crops. The rationales for the 
use of foliar fertilizers include: 1) when soil conditions limit availability of soil applied 
nutrients; 2) in conditions when high loss rates of soil applied nutrients may occur; 
3) when the stage of plant growth, the internal plant demand and the environment 
conditions interact to limit delivery of nutrients to critical plant organs. In each of these 
conditions, the decision to apply foliar fertilizers is determined by the magnitude of the 
financial risk associated with the failure to correct a deficiency of a nutrient and the 
perceived likelihood of the efficacy of the foliar fertilization. 

Furthermore foliar fertilization is theoretically more environmentally friendly, 
immediate and target-oriented than soil fertilization since nutrients can be directly 
delivered to plant tissues during critical stages of plant growth. However while the 
need to correct a deficiency may be well defined, determining the efficacy of the foliar 
fertilization can be much more uncertain.
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2. Mechanisms of penetration into the 
plant

The processes by which a nutrient solution applied to the foliage is ultimately utilized 
by the plant include foliar adsorption, cuticular penetration, uptake and absorption 
into the metabolically active cellular compartments in the leaf, then translocation and 
utilization of the absorbed nutrient by the plant. From a practical perspective it is often 
difficult to distinguish between these processes though many trials using the term ‘foliar 
uptake’ often refer to an increase in tissue nutrient content without directly measuring 
the relative biological benefit of the application to the plant as a whole. This confusion 
and imprecision greatly complicates the interpretation of both controlled environment/
laboratory and field experimentation and has undoubtedly resulted in inconsistent 
plant response and general uncertainty in predicting the efficacy of foliar treatments. 
Therefore the challenges facing practitioners of foliar fertilization and for researchers 
attempting to understand the factors that determine the efficacy of foliar fertilizers are 
great.  

The aerial surface of the plant1 is characterized by a complex and diverse array of 
specialized chemical and physical adaptations that serve to enhance plant tolerance 
to an extensive list of factors including unfavorable irradiation, temperatures, vapor 
pressure deficits, wind, herbivory, physical damage, dust, rain, pollutants, anthropogenic 
chemicals, insects and pathogens. Aerial plant surfaces and structures are also well 
adapted to control the passage of water vapor and gases, and to restrict the loss of 
nutrients, metabolites and water from the plant to the environment under unfavourable 
conditions. These characteristics of aerial plant surfaces that allow them to protect the 
plant from environmental stress and to regulate water, gas and nutrient exchange also 
provide the mechanisms affecting the uptake of foliar applied nutrients. Improvements 
in the efficacy and reproducibility of foliar fertilization requires knowledge of the 
chemical and physical attributes of plant surfaces and the processes of penetration into 
the plant.

Aerial plant surfaces are generally covered by a hydrophobic cuticle and very often 
possess modified epidermal cells such as trichomes or stomata. The outer surface of 
the cuticle is covered by waxes that may confer a hydrophobic character to the plant’s 
surface. The degree of hydrophobicity and polarity of the plant surface is determined 
by the species, chemistry and topography which are also influenced by the epidermal 
cell structure at a microscopic level. Like leaves, fruits are also protected by a cuticle 

1For simplicity we will use the term ‘aerial plant surfaces’ to mean the external surfaces 
of all above ground plant organs including stems, leaves, trunks, fruits, reproductive and 
other above ground organs that can be targeted for foliar application.
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and may contain epidermal structures such as stomata2 or trichomes3 that influence the 
transpiration pathway and contribute to its conductance of water (and nutrients) which 
are critical factor for fruit growth and quality (Gibert et al., 2005; Morandi et al., 2010). 

A transverse section of a typical angiosperm leaf consists of a cuticle that covers the 
upper and lower epidermal cell layers enclosing the mesophyll as illustrated in Figure 
2.1 with a microscopic image shown in Figure 2.2.E. Leaves differ in their structure 
between species but generally consist of palisade parenchyma near the upper epidermis 
and spongy parenchyma (also refered to as spongy mesophyll) between the palisade 
layer and the lower epidermis. There are large intercellular spaces among the mesophyll 
cells, especially in the spongy parenchyma (Epstein and Bloom, 2005). The epidermis 
is a compact layer with sometimes two or more layers of cells (Figure 2.2.F) and the 
principal features, related to nutrient and water transport, which characterize the 
epidermis are the cuticle and the stomata. 

2Stomata are pores surrounded by 2 guard cells that regulate their opening and closure 
which are present at high densities in leaves and are responsible for gaseous exchange and 
controlling water transpiration through the plant. 
3Epidermal cell hair or bristle-like outgrowth. 

Figure 2.1. Typical structure of dicotyledonous leaf including vascular bundle in a leaf vein.  
(Reproduced with permission from Plant Physiology, 4th Edition, 2007, Sinauer Associates).



14 Foliar fertilization: scientific principles and field practices

The surface topography and transversal structure of a peach leaf and a fruit using 
Scanning Electron Microscopy (SEM) and optical microscopy after tissue staining is 
shown in Figure 2.2. Both the peach fruit and leaf surface stained with auramine O is 
covered by a cuticle that emits a green-yellow fluorescence when observed under UV 
light (Figure 2.2. C and D). The leaf has a cuticle protecting the abaxial (lower) and 
adaxial (upper) leaf side and the trichomes on the peach fruit surface are also covered 
by a cuticle. On the abaxial peach leaf surface, stomata are present (approximately 220 
mm-2) while only a few (approximately 3 mm-2) occur beneath the trichomes covering 
the peach fruit (Figure 2.2. A and B) (Fernandez et al., 2008a; Fernandez et al., 2011). A 

Figure 2.2. Micrographs of a peach leaf versus a peach fruit. Surface topography of a leaf (A) 
and fruit (B) observed by Scanning Electron Microscopy (SEM) (x400). Transversal sections of a 
peach leaf and a peach fruit after tissue staining with auramine O (UV light observation; C and 
D) and toluidine blue (light transmission; E and F) (micrographs A and B by V. Fernández; C and 
E by G. López-Casado; D and F by E. Domínguez).
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layer of epidermal cells is observed beneath the abaxial and adaxial leaf cuticle and on 
top of the mesophyll cells (Figure 2.2. E). A multiserrate, disorganized epidermis with 
single-celled trichomes is found above the parenchyma cells and underneath the peach 
fruit surface (Figure 2.2. F).

When present in deciduous plant species, and always in evergreens, the leaves 
represent the majority of the total surface of the aerial part and will capture most of 
the spray  applied and will also interact with rain water, fog or mist. While the primary 
function of the plant surface is to protect against dehydration, the permeability of plant 
surfaces to water and solutes may actually play a crucial eco-physiological role to absorb 
water under water-limiting conditions (Fernandez and Eichert, 2009; Limm et al., 2009).

• All aerial plant parts are covered by a hydrophobic cuticle that limits the bi-
directional exchange of water, solutes and gases between the plant and the 
surrounding environment.

•   Epidermal structures such as stomata, trichomes or lenticels may occur on the 
surface of different plant organs and play important physiological roles.

2.1. Role of plant morphology and structure

The fundamental requirement for an effective foliar nutrient spray is that the active 
ingredient penetrates the plant surface so it can become metabolically active in the 
target cells where the nutrient is required. A foliar applied chemical may cross the plant 
leaf surface via the cuticle per se, along cuticular cracks or imperfections, or through 
modified epidermal structures such as stomata, trichomes or lenticels. The cuticle 
proves an effective barrier against the loss of water and yet, at the same time, it proves 
an equally effective one against the uptake of foliar applied chemicals. The presence 
of cuticular cracks or the occurrence of modified epidermal structures can contribute 
significantly to the rate of uptake of foliar nutrient sprays. The structure and composition 
of the plant leaf surface will be briefly described as a basis for understanding their role 
in the uptake and absorption of foliar applied nutrient sprays.

2.1.1. Cuticles and their specialized epidermal structures 
The cuticle covering aerial plant parts is an extra-cellular layer composed of a biopolymer 
matrix with waxes embedded into (intra-cuticular), or deposited onto (epi-cuticular 
waxes), the surface (Heredia, 2003). On the inner side, a waxy substance called cutin 
is mixed with polysaccharide material from the epidermal cell wall, which is chiefly 
composed of cellulose, hemicellulose and pectin in a ratio similar to that found in 
plant cell walls. Therefore the cuticle itself can be considered as a ‘cutinized’ cell wall, 
which emphasizes the compositional and heterogeneous nature of this layer and its 
physiologically important interaction with the cell wall underneath (Dominguez et al., 
2011). 
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The cuticle matrix is commonly made of the bio-polyester cutin forming a 
network of cross-esterified hydroxy C16 and/or C18 fatty-acids (Kolattukudy, 1980). The 
composition of the biopolymer matrix may vary depending on the plant organ, species 
and genotypes, stage of development and growing conditions (Heredia, 2003; Kerstiens, 
2010). While cutin is depolymerized and solubilized upon saponification, cuticles from 
some species may contain an alternative non-saponifiable and non-extractable polymer 
known as cutan, which yields a highly characteristic series of long chain n-alkenes and 
n-alkanes upon flash pyrolysis (Boom et al., 2005; Deshmukh et al., 2005; Villena et 
al., 1999). Recently, Boom et al. (2005) determined the presence of cutan in cuticles of 
drought-tolerant species such as Agave americana, Podocarpus sp. or Clusia rosea and 
suggested that it might be a preserved biopolymer especially in xeromorphic (water 
storing) plants. Cutin is the only polymer present in cuticles of the fruits and leaves of 
many Solanaceae and Citrus species (Jeffree, 2006) whereas in Beta vulgaris cutan is the 
only polymer forming the leaf cuticular matrix (Jeffree, 2006). Variable proportions of 
cutin and cutan have been determined in cuticular membranes extracted from leaves of 
some plant species such as Agave americana (Villena et al., 1999) and in some fruit types 
such as soft-fruit berries, apples and peppers (Jarvinen et al., 2010; Johnson et al., 2007).

The waxes present in the cuticle, either deposited onto, or embedded into, the 
cuticular matrix are mainly mixtures of long chain aliphatic molecules (mainly C20-C40 
n-alcohols, n-aldehydes, very long-chain fatty-acids and n-alkanes) and of aromatic 
(ring-chain) compounds (Samuels et al., 2008). Wax composition has been observed 
to vary between different plant species and organs, the stage of development and the 
prevailing environmental conditions (Koch et al., 2006; Kosma et al., 2009). 

As well as the cutin and/or cutan matrix and the waxes, variable amounts and 
types of phenolics may be present in the cuticle either in free form embedded in the 
matrix or chemically bound to cutin or waxes by ester or ether bonds (Karabourniotis 
and Liakopoulos, 2005). Hydroxycinnamic acid derivatives (e.g. ferulic, caffeic or 
p-coumaric acid), phenolic acids (e.g. vanillic acid) and flavonoids (e.g. naringenin) 
have been determined analytically in epicuticular wax and cuticle matrix extracts 
and observed by fluorescence microscopy (Karabourniotis and Liakopoulos, 2005; 
Liakopoulos et al., 2001). Besides the major role of phenols in protection against biotic 
(microbes or herbivores) and abiotic (UV radiation, pollutants) stress factors, they are 
also involved in the attraction of pollinators (Liakopoulos et al., 2001).

Many plant surfaces are pubescent4 to a greater or lesser degree as shown in Figure 
2.3. for soybean, maize and cherry leaf adaxial surfaces. According to Werker (2000), 
trichomes are defined as unicellular or multicellular appendages which originate from 
epidermal cells only, and which develop outwards from the surface of various plant 
organs. Scientific studies on these epidermal structures began in the 17th century with 
emphasis being placed either on individual trichomes or on the collective properties of 
the trichome layer referred to as the indumentum (Johnson, 1975). Trichomes can grow 
on all plant parts and are chiefly classified as “glandular” or “non-glandular”. While 
“non-glandular” trichomes are distinguished by their morphology, different kinds of 
“glandular” trichomes are defined by the secretory materials they excrete, accumulate or 
4A surface covered by trichomes.
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absorb (Wagner et al., 2004; Werker, 2000). “Non-glandular” trichomes exhibit a major 
variability in size, morphology and function and their presence is more prominent 
in plants thriving in dry habitats and usually on young plant organs (Fahn, 1986; 
Karabourniotis and Liakopoulos, 2005). 

Stomata are modified epidermal cells that control leaf gaseous exchange and 
transpirational water losses. They are generally present on the abaxial leaf side but in 
some plant species (known as amphistomatic), including maize and soybean, they also 
occur on the upper leaf side (Eichert and Fernández, 2011). Stomata also occur in the 
epidermis of many fruits such as peaches, nectarines, plums or cherries though at lower 
densities compared to the leaves. Stomatal density, morphology and functionality may 
vary between different plant species and organs (Figure 2.4) and can be affected by 

Figure 2.4. Scanning electron micrographs of stomata present on the surface of: (A) peach fruit; 
(B) cherry fruit; (C) rose abaxial leaf surface; and (D) broccoli abaxial leaf surface (Micrographs 
by V. Fernández, 2010). 

Figure 2.3. Adaxial surface of: (A) soybean; (B) maize; and (C) cherry leaf (Micrographs by V. 
Fernández, 2010).
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stress factors such as nutrient deficiencies (Fernandez et al., 2008a; Will et al., 2011), or 
the prevailing environmental conditions such as light intensity and quality as illustrated 
by changes seen in plants growing in natural or artificial shade (Aranda et al., 2001; 
Hunsche et al., 2010).

Another example of epidermal structures that occur on plant surfaces are lenticels 
(Figure 2.5). Lenticels are macroscopic structures that may occur in stems, pedicels or 
fruit surfaces (e.g. they are present on the skin of fruits such as apple, pear or mango) 
once the periderm (cork) has formed. Their evolutionary origin has been linked to 
stomata, epidermal cracks and trichomes (Du Plooy et al., 2006; Shaheen et al., 1981).     

Figure 2.5. Scanning electron micrograph of a lenticel found on the surface of a “Golden Deli-
cious” apple skin (Micrograph by V. Fernández, 2010). 

The absorption of nutrient solutions by plant surfaces may occur via:
•   The cuticle.
•   Cuticular cracks and imperfections.
•   Stomata, trichomes, lenticels.

2.1.2. Effect of topography: micro- and nano-structure of the plant 
surface

The topography of the plant surface, as determined by the composition and structure of 
the epi-cuticular waxes in glabrous (trichome-free) areas, or by the presence of trichomes 
or trichome layers in pubescent surfaces, will determine its properties and interactions 
with water, nutrient solutions, contaminants, micro-organisms, agrochemicals, etc.
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Plant surfaces have different degrees of wettability when in contact with water 
droplets as shown in Figure 2.6 for the  leaves and fruits of four different plant species. 

In the last decade, the water and contaminant repellent properties of plant surfaces 
with ‘rough’ topography have been described (Barthlott and Neinhuis, 1997; Wagner et 
al., 2003) and different types of epicuticular waxes have been classified for several plant 
species (Barthlott et al., 1998; Koch and Ensikat, 2008). 

The presence of a micro- and nano-relief structures associated with the surfaces 
over the epidermal cells, and the chemical properties of the waxes deposited onto the 
leaf surface, may markedly increase its ‘roughness’ and surface area and will ultimately 

Plant organ and species Average contact angle 
with pure H2O (°)

Drop image

Adaxial side of 
Eucalyptus globulus leaf

140

Adaxial side of 
Ficus elastica leaf

83

‘Calanda’ Peach (Prunus 
persica L. Batsch)

130

Apple (Malus domestica L. 
Borkh) fruit surface

84

Figure 2.6. Average contact angles with pure water drops of the adaxial Eucalyptus globulus 
(A) and Ficus elastica (B) leaves; and peach (C) and apple (D) fruit surfaces (V. Fernández, 2011).
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determine the degree of polarity and hydrophobicity. Differences in surface polarity 
and hydrophobicity in relation to variable growing conditions, plant species, varieties 
and organs can be expected and these will have an influence on the effectiveness of 
foliar sprays. Fernández et al. (2011) examined the properties of a peach variety which 
is covered by a dense indumentum5 as a model system for a pubescent plant surfaces. 
The peach skin investigated was found to be very hydrophobic with contact angles for 
water higher than 130°. Properties such as the surface free energy, polarity, and work of 
adhesion of the peach leaf surface was determined by means of estimating the contact 
angle of three liquids - water, glycerol and di-iodomethane. This methodology has 
proved a valuable tool for the characterization of plant surfaces and should be further 
explored and exploited for scientific and applied purposes (Figure 2.6).

2.2. Pathways and mechanisms of penetration 

The structure and chemistry of the plant surface will affect the bi-directional diffusion 
of substances between the plant, the leaf surface and the surrounding environment and 
hence and therefore the rate of uptake of foliar fertilizers. In the following sections, the 
most significant plant surface penetration pathways of chemical sprays will be described, 
with emphasis on the mechanisms of cuticular permeability and stomatal uptake. 

2.2.1. Cuticular permeability
The cuticle consists of three layers (Figure 2.7), namely (from the external to the internal 
surfaces of the plant organ), the epicuticular wax layer (EW), the cuticle proper (CP) 
and the cuticular layer (CL) (Jeffree, 2006). 

The EW layer is the outermost and most hydrophobic component of the cuticle. The 
CP that lies beneath the epicuticular waxes contains mainly cutin and/or cutan and is 
by definition free of polysaccharides (Jeffree, 2006). The CL is located under the CP and 
consists of cutin/cutan, pectin and hemicelluloses that increase the polarity of this layer 
due to the presence of hydroxyl and carboxylic functional groups. The middle lamellae 
and pectin layer (ML) is situated beneath the CL. Variable amounts of polysaccharide 
fibrils and pectin lamellae may extend from the cell wall (CW), binding the cuticle to 
the underlying tissue (Jeffree, 2006).

A gradual increase in negative charge from the epicuticular wax to the pectin 
layer creates an electrochemical gradient that may increase the movement of cations 
and water molecules (Franke, 1967). The intra-cuticular waxes limit the exchange of 
water and solutes between the plant and the surrounding environment (Schreiber and 
Schönherr, 2009), while the epicuticular waxes influence the wettability (Holloway, 
1969; Koch and Ensikat, 2008), light reflectance (Lenk et al., 2007; Pfündel et al., 2006) 
and surface properties of the plant organ. 

The lipophilic and hydrophobic nature of the structural components of the cuticle 
make it an effective barrier against the diffusion of hydrophilic, polar compounds. 
However, lipophilic and a-polar compounds may penetrate the hydrophobic cuticular 
5A covering of trichomes.
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membrane at high rates compared to polar electrolyte solutions which have not had  
surface-active agents added to them (Fernandez and Eichert, 2009). Indeed, several 
studies provide evidence for the penetration of polar solutes through intact astomatous 
cuticles by direct and indirect means (Heredia, 2003; Riederer and Schreiber, 2001; 
Tyree et al., 1992).

Experimental evidence has shown that plant cuticles are asymmetric membranes 
with a gradient of fine structure and waxes from the outer to the inner surface. Plant 
cuticles have a large inner sorption compartment consisting mainly of the biopolymer 
matrix (cutin and/or cutan) and a comparably smaller (≤10% of total volume) outer 
compartment where waxes predominate (Schönherr and Riederer, 1988; Tyree et al., 
1990).

The current state of knowledge on the mechanisms of penetration of polar solutes 
and apolar lipophilic substances through the cuticle will be briefly discussed in the 
following paragraphs. 

The cuticle is an asymmetric membrane composed mainly of 3 layers:
• The epicuticular wax layer.
• The cuticle proper, chiefly made of cutin/cutan and intracuticular waxes.
• The cuticular layer, containing cutin/cutan and polysaccharide material.

Figure 2.7. Schematic representation of the general structure of the plant cuticle covering two 
adjacent epidermal cells (EC) separated from each other by the middle lamellae and pectinaceous 
layer (ML) and the cell wall (CW). Epicuticular waxes (EW) are deposited onto the cuticle proper 
(CP) which is mainly composed of a biopolymer matrix and intra-cuticular waxes. The cuticular 
layer (CL) chiefly contains cutin and/or cutan and polysaccharides of the CW.
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Permeability of lipophilic, apolar compounds
The penetration of lipophilic6, apolar substances through the plant cuticle has been 
proposed to follow a dissolution-diffusion process (Riederer and Friedmann, 2006). 
This model implies that the movement of a lipophilic, apolar molecule from a solution 
deposited onto the plant surface into the cuticle precedes the diffusion of the molecule 
through the cuticle (Riederer and Friedmann, 2006). The diffusion of a lipophilic 
molecule has been proposed to be governed by partitioning and its penetration rate will 
be proportional to the solubility and mobility of the compound in the cuticle (Riederer, 
1995; Schreiber, 2006). At a molecular level, both the dissolution and diffusion of a 
molecule in the cuticle can be viewed as passing into and between voids in the polymer 
matrix arising by molecular motion (Elshatshat et al., 2007).    

Taking into account Fick´s first law, the diffusive flux (J; molm-2s-1) is related to the 
concentration gradient with solutes moving from regions of high to low concentration 
with a magnitude that is proportional to the concentration gradient (spatial derivative). 
According to the cuticular diffusion model, which has been thoroughly explained by 
Riederer and Friedmann (2006), the diffusive flux J is proportional to the mass transfer 
coefficient P (i.e. the permeance of the membrane; m s-1) multiplied by the concentration 
difference between the inner and the outer sides of the cuticle:

J= P * (Ci-Co)

where: Ci is the concentration (mol m-3) at the inner side of the cuticle and Co is the 
concentration in the outer side of the cuticle. 

Under certain experimental conditions, the mobility of a molecule can be predicted 
by calculating the permeance which is a value specific to a given molecule and a 
particular cuticular membrane (Riederer and Friedmann, 2006). The permeance (P m 
s-1) is expressed as:

P = D * K * l-1

where: D (m2 s-1) is the diffusion coefficient in the cuticle; K the partition coefficient  
which is the ratio between the equilibrium molar concentrations in the cuticle and 
in the solution at the cuticle surface; and l (m) which is the path length of diffusion 
through the cuticle. The diffusion path length may be tortuous and much larger than the 
cuticle thickness which is determined by the waxes embedded in the polymer matrix 
(Baur et al., 1999; Schönherr and Baur, 1994) and by the spatial disposition of cutin 
and/or cutan molecules (Fernandez and Eichert, 2009). The diffusion coefficient D also 
depends on the temperature and fluid viscosity of the foliar nutrient solution and size of 
the chemical molecules it contains. 

Methods to predict the mobility of lipophilic, apolar compounds through the cuticle 
of a few species that enable the enzymatic isolation of astomatous (adaxial) cuticles 
have been developed in recent decades (Riederer and Friedmann, 2006; Schreiber, 2006; 
Schreiber and Schönherr, 2009).
6Compounds which are soluble in oils, fats, or organic solvents. 



2. Mechanisms of penetration into the plant 23

Experimental evidence has shown that the cuticle is highly size selective (Buchholz 
et al., 1998) and that it may act as a “molecular sieve”. The size of voids have been found 
to follow a log-normal distribution that may be in the same order of magnitude as some 
agrochemicals which may be limiting their diffusion through the cuticle (Schreiber and 
Schönherr, 2009). 

Permeability of hydrophilic, electrolytes 
The permeability of cuticles to solutes has been investigated using 
astomatous isolated cuticles using the same methodology used to assess 
the penetration of apolar, lipophilic substances (Schreiber and Schönherr, 
2009). In the absence of surface-active agents solutions of ionic, hydrophilic7 

 compounds have generally been found to penetrate the cuticle at a lower rate compared 
to lipophilic, apolar compounds. This finding is probably explained by the lipophilic 
nature of the cuticular constituents as well as the ease with which lipophilic compounds 
will diffuse owing to their higher solubility in such media as compared to hydrophilics. 
However, some authors have suggested that the rate of penetration of electrolytes 
determined experimentally is too high to be explained by simple dis-solution and 
diffusion in the cuticle and have proposed that hydrophilic solutes may penetrate 
through the cuticle via a physically distinct pathway, along what have been called 
“polar, aqueous or water-filled pores” (Schönherr, 2006; Schreiber, 2005; Schreiber and 
Schönherr, 2009).

It has been hypothesized that such pores may arise from the absorption of water 
molecules onto polar moieties located in the cuticular layer (Schönherr, 2000; Schreiber, 
2005), such as unesterified carboxyl groups (Schönherr and Bukovac, 1972); ester and 
hydroxylic groups (Chamel et al., 1991) in the cutin network; and carboxylic groups 
of pectic cell wall material (Kerstiens, 2010; Schönherr and Huber, 1977). However, 
no conclusive experimental evidence has been found so far to support the presence 
of such “aqueous pores” in cuticles as they are not visible or identifiable with current 
microscope technologies (Fernandez and Eichert, 2009).  

However the size of the “aqueous pores” of a few plant species has been indirectly 
derived from permeability trials using astomatous, adaxial cuticles. Diameters of about 
1 nm were calculated for de-waxed isolated citrus cuticles (Schönherr, 1976), and 
isolated ivy (Hedera helix) cuticles (Popp et al., 2005). Furthermore, pore diameters 
ranging from 4 to 5 nm have been calculated from permeability trials carried out with 
intact coffee and poplar leaves (Eichert and Goldbach, 2008).  

• Lipophilic, apolar compounds have been proposed to penetrate cuticles by a 
solution-diffusion process. 

• The mechanisms of penetration by hydrophilic, polar compounds are not fully 
elucidated yet.

7 Water miscible/soluble compounds such as mineral salts, chelates or complexes.
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Permeability of stomata and other plant surface structures 
The potential contribution of stomata to the penetration of leaf-applied chemicals has 
been a matter of controversy for many decades (Dybing and Currier, 1961; Schönherr 
and Bukovac, 1978; Turrell, 1947) and is still not fully understood (Fernandez and 
Eichert, 2009). Early studies aimed at assessing the process of stomatal uptake suggested 
that it may occur via infiltration i.e. the mass flow of foliar-applied solutions into the 
leaf interior through the open stomata (Dybing and Currier, 1961; Turrell, 1947); 
Middleton and Sanderson, 1965). However, Schönherr and Bukovac (1972) showed 
that the spontaneous infiltration of an open stoma by a foliar-applied aqueous solution 
could not occur in the absence of an external pressure or a surface-active agent that 
could lower the surface tension of the  solution below a certain threshold (set to 30 mN 
m-1).  Subsequently, many studies have provided evidence for increased uptake rates of 
plant surfaces where stomata are present, especially when the prevailing experimental 
conditions were favourable to the opening of the stomatal pores (Eichert and Burkhardt, 
2001; Fernandez and Eichert, 2009). Investigations carried out on leaves containing 
stomata only on the abaxial leaf surface demonstrated higher foliar penetration rates 
through the abaxial as compared to the adaxial side (Eichert and Goldbach, 2008; 
Kannan, 2010). Since this observation contradicts the premise of Schönherr and 
Bukovac (1972) that the higher penetration rates associated with stomatal opening 
could not be due to the mass flow through the stomatal pores unless the solution’s 
surface tension is below 30 mN m-1, several different hypotheses have been proposed 
to explain these subsequent observations. For instance, the higher penetration rates 
in the presence of stomata have been attributed to the increased permeability of the 
peristomatal cuticle and the guard cells (Sargent and Blackman, 1962; Schlegel and 
Schönherr, 2002; Schlegel et al., 2005; Schönherr and Bukovac, 1978) but no conclusive 
evidence supporting this has been forthcoming so far (Fernandez and Eichert, 2009).  

The direct contribution of stomata to the process of penetration by foliar-applied 
aqueous solutions in the absence of surface-active agents has been subsequently re-
assessed (Eichert et al., 1998) in investigations on stomatal uptake performed with 
water-suspended hydrophilic particles (43 nm and 1 μm diameter respectively) using 
confocal laser scanning microscopy which demonstrated that the treatment solution 
passed through the stomata by diffusing along the walls of the stomatal pores (Eichert 
and Goldbach, 2008). This process was reported to be slow and size selective since 
particles with a diameter of 1 μm were excluded while the 43 nm particles passed into 
the pores. 

The mechanisms of solute movement into fruits has received only limited 
investigation though several studies have estimated the permeability of apples to Ca 
solutions either with intact fruits (Mason et al., 1974; Van Goor, 1973), fruit discs 
(Schlegel and Schönherr, 2002) or isolated cuticular membranes (Chamel, 1989; Glenn 
and Poovaiah, 1985; Harker and Ferguson, 1988; Harker and Ferguson, 1991). Schlegel 
and Schönherr (2002) reported a major contribution of stomata and trichomes to the 
uptake of surface-applied Ca-containing solutions during the early developmental 
stages of fruits. However after June drop the disappearance of stomata and trichomes 
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and the sealing of the remaining scars by cutin and waxes may significantly reduce the 
permeability of fruit surfaces. 

There have been a few instances of the assessment of the contribution of trichomes or 
lenticels on fruits to the process of uptake of surface-applied nutrient solutions. Harker 
and Ferguson (1988) and others (Glenn and Poovaiah, 1985; Harker and Ferguson, 
1991) suggested that lenticels in mature apples were preferential sites for the uptake of 
Ca solutions through the fruit surface though this possibility has not been assessed in 
detail so far.

• Stomata may play a major role in the absorption of nutrient solutions applied to 
the foliage.

•  The mechanisms of stomatal penetration by pure water are not yet fully elucidated 
but recent evidence points towards a process of diffusion along the stomatal pore 
walls.

• Addition of certain surfactants to the nutrient solution formulation leads to the 
infiltration of stomata (Chapter 3).

2.3. Conclusions

The state-of-the-art concerning the process of uptake of solutions by plant surfaces has 
been described in Chapter 2. Plants are covered by a hydrophobic cuticle that controls 
the loss of water, solutes and gases to the environment though conversely it also 
prevents their unrestrained entry into the plant interior. The structural and chemical 
features of the plant surface render it difficult to wetting and therefore permeation by a 
surface-applied polar nutrient solution. In the light of the current state of knowledge, 
the following certainties, uncertainties and opportunities for the application of foliar 
fertilizers can be addressed.

Certainties
•	 Plant	surfaces	are	permeable	to	nutrient	solutions.	
•	 The	 ease	 by	 which	 a	 nutrient	 solution	may	 penetrate	 into	 the	 plant	 interior	 will	

depend on the characteristics of the plant surface, which may vary with organ, 
species, variety and growing conditions, and on the properties of the foliar spray 
formulation applied. 

•	 Plant	 surfaces	usually	possess	a	hydrophobic	coating	provided	by	 the	epicuticular	
waxes.

•	 The	micro-	 and	 nano-relief	 associated	 with	 the	 structure	 of	 the	 epidermal	 cells,	
and the epicuticular waxes deposited onto the surface, together with the chemical 
composition of these waxes, will determine the polarity and hydrophobicity of each 
particular plant surface.
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•	 Epidermal	 structures	 such	 as	 stomata	 and	 lenticels,	 which	 can	 be	 present	 on	 the		
leaves and fruits surfaces, are permeable to surface-applied solutions and may play a 
significant role in its uptake.     

•	 Apolar,	 lipophilic	 substances	 have	 been	 found	 to	 cross	 cuticles	 via	 a	 solution-
diffusion process.

Uncertainties
•	 The	mechanisms	of	cuticular	penetration	of	polar,	hydrophilic	compounds	(i.e.	those	

relating to the uptake of aqueous foliar fertilizers) are currently not fully understood.
•	 The	 contribution	 of	 the	 stomatal	 pathway	 to	 the	 foliar	 uptake	 process	 should	 be	

further elucidated as well as the role of other epidermal structures such as trichomes 
and lenticels.

•	 Improvingthe	effectiveness	of	foliar	fertilizers	will	require	a	better	understanding	of	
the contact phenomena at the interface between the liquid (i.e. the foliar fertilizer 
formulation) and the solid (i.e. the plant surface).

•	 The	effectiveness	of	foliar	nutrient	treatments	will	improve	once	the	mechanisms	of	
foliar uptake are better understood.      

Opportunities
•	 Multiple	 scientific	experiments	and	applied	studies	carried	out	 in	 the	 last	century	

have shown that plant surfaces are permeable to foliar nutrient fertilizers. 
•	 This	permeability	presents	the	opportunity	to	supply	nutrients	to	plant	tissues	and	

organs, bye passing root uptake and translocation mechanisms which may limit the 
nutrient supply of the plant under certain growing conditions.

•	 Foliar	fertilization	has	great	potential	and	should	be	further	explored	and	exploited	
in the future.
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3. Physico-chemical properties of spray 
solutions and their impact on penetration

The absorption of foliar-applied nutrients by the plant surface involves a series of 
complex processes and events. The main processes involved include formulation of 
the nutrient solution; the atomization of the spray solution and transport of the spray 
droplets to the plant surface; the wetting, spreading and retention of the solution by the 
plant surface; the formation of a spray residue onto the surface; and the penetration 
and distribution of the nutrient to a (metabolic) reaction site (Young, 1979). The above 
events are interrelated and overlap in that a change in one usually has an effect on 
the others, and each process is affected by plant growth stage factors, environmental 
conditions and application parameters (Bukovac, 1985).

The properties of the spray formulations are crucial in determining the performance 
of foliar fertilizers, especially since most of the conditions at the time of treatment 
cannot be fully controlled. Foliar nutrient sprays are generally aqueous solutions 
containing mineral element compoundss as active ingredients. The physico-chemical 
characteristics of the specific nutrient compound in aqueous solution, such as its 
solubility, pH, point of deliquescence (POD) and molecular weight will have a major 
influence on the rate of absorption of the element by the leaf. However, an array of 
additives that may modify the properties of the fertilizer solution are often included in 
the formulations with the aim of improving the performance of nutrient sprays. The rate 
of retention, wetting, spreading and rainfastness of a nutrient foliar spray is governed 
by the physico-chemical properties of the formulation which can contain chemical 
compounds with different characteristics that may interact with each other when they 
are together in aqueous solution.

When an aqueous solution is applied to a leaf, initially there is a high rate of 
penetration which decreases with time resukting from the drying of the applied 
solution (Sargent and Blackman, 1962). This drying is influenced by the prevailing 
environmental conditions and by the formulation of the applied foliar spray solution. 

In the following sections, the principal physico-chemical properties of a fertilizer 
formulation that may affect and improve its performance will be described in theoretical 
and applied terms. 

•   Water is the usual matrix of foliar nutrient sprays. 
•   Plant surfaces are hydrophobic to a greater or lesser degree and the contact area of 

pure water drops can be  limited depending on the characteristics of the surface. 
•   The prevailing environment will affect the physico-chemical properties and 

performance of the formulations on the leaf surfaces.
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3.1. Factors determining spray retention, leaf wetting, 
spreading and rate of penetration

Plant responses to foliar fertilizers may be affected by the properties of the spray 
solution, which determine the success in achieving the absorption and translocation of 
the applied nutrients into plant organs. While the process of absorption of leaf-applied 
solutions is complex and currently remains unclear (Chapter 2), the properties of the 
formulations are associated with strict chemical principles well as by the prevailing 
environmental conditions (e.g. relative humidity and ambient temperature) at the time 
of treatment. An account of the principal physico-chemical factors in relation to the 
foliar application of nutrient solutions will be provided in the following sections.  

3.1.1. Concentration
In Chapter 2 it was shown that the current cuticular diffusion models are based on 
Fick´s first law and relate the diffusive flux to the concentration gradient between the 
outer and the inner parts of the plant surface. The concentration of a nutrient present 
in a foliar spray will always be significantly higher than the concentration found within 
the plant organ. Therefore, a concentration gradient will be established when a nutrient 
solution is applied onto the plant surface and this will potentially lead to the diffusion 
of the nutrient across the surface. Higher penetration rates in association with increased 
concentrations of several applied mineral elements have been reported in studies 
performed with isolated cuticles (Schönherr, 2001) and intact leaves (Zhang and Brown, 
1999a; Zhang and Brown, 1999b). However, the relationship between concentration of 
the applied solution and foliar penetration rates is currently not fully understood. A 
negative correlation between increasing Fe-chelate concentrations and the penetration 
rate through isolated cuticles and intact leaves, expressed as a percentage of the amount 
applied, has been observed (Schlegel et al., 2006; Schönherr et al., 2005). A similar 
negative correlation has been reported for foliar-applied K (Ferrandon and Chamel, 
1988) and other elements (Tukey et al., 1961). It is hypothesized that the decrease in 
relative penetration rates with higher K concentrations may be due to a progressive 
saturation of the uptake sites (Chamel, 1988). As an alternative hypothesis, Fe-salts 
and chelates may reduce the size of the hydrophilic pathway by inducing the partial 
dehydration of the pores in the cuticle (Schönherr et al., 2005; Weichert and Knoche, 
2006a; Weichert and Knoche, 2006b). 

The ideal concentration range of mineral nutrient solutions for foliar application 
should be selected according to factors such as the kind of nutrient (e.g. macro- or micro-
nutrient), plant species, plant age, nutritional status and weather conditions (Kannan, 
2010; Wittwer and Teubner, 1959; Wojcik, 2004), and all of these will  ultimately be 
limited by the need to avoid phyto-toxicity. 

3.1.2. Solubility
Before applying a foliar spray formulation, it is crucial that the compounds it contains 
are appropriately dissolved or suspended. Foliar fertilizers are commonly dissolved or 
suspended in water and contain as active ingredients chemical compounds as salts, 
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chelates or complexes of mineral nutrients. The solubility of a chemical compound in a 
specific solvent (usually water) at a given temperature is a physical property which can 
be altered through use of additives. The highest limit of the solubility of a substance in 
a solvent is referred to as the saturation concentration where adding more solute does 
not increase solution concentration. Water solubility of the applied substance is a key 
factor for foliar uptake, since absorption will occur only when the applied compound 
is dissolved in a liquid phase on the plant surface that will subsequently diffuse into the 
plant organs. 

3.1.3. Molecular weight
The size of the nutrient molecule in solution will affect the rate of penetration of a 
foliar fertilizer as a consequence of the mechanism of cuticular absorption. It has been 
suggested that water and solutes cross the cuticle via aqueous pores (Schönherr, 2006) or 
in an aqueous continuum (Beyer et al., 2005), and a few studies have estimated the radii 
of such pores by indirect means. The radii of cuticular aqueous pores has been estimated 
at approximately 0.3 to 0.5 nm in leaves and 0.7 to 1.2 nm in fruits of some species 
(Beyer et al., 2005; Luque et al., 1995; Popp et al., 2005; Schönherr, 2006).  However, 
larger pore radii between 2 and 2.4 nm have been calculated for the cuticle of coffee 
and poplar leaves by Eichert and Goldbach (2008). Several experiments with different 
solutes and cuticular membranes have shown that the process of cuticular permeability 
is size-selective with high molecular weight (larger) compounds being discriminated 
against low molecular weight molecules (Schreiber and Schönherr, 2009).

Recent evidence (Eichert and Goldbach, 2008) suggests that the foliar uptake pathway 
is less size selective than would be predicted by the cuticular penetration route of entry 
which may indicate that there is a stomatal pathway (Chapter 2). However the process 
of stomatal uptake is also size-selective since particles with a diameter of 1 μm did not 
enter the stomatal pore whereas particles of 43 nm diameter did penetrate into the 
stomata (Eichert and Goldbach, 2008). 

3.1.4. Electric charge
Salts are electrolytes and will dissociate into free ions when dissolved in water with the 
final solution being electrically neutral. Anions and cations present in aqueous solution 
will be hydrated or solvated to different degrees depending upon their physico-chemical 
characteristics. The same phenomena will apply for nutrients supplied as chelates or 
complexes since with few exceptions most of these compounds are not neutral and will 
therefore be ionized when dissolved in water. For example, many of the Fe-chelates 
available on the market are negatively charged (Fernandez and Ebert, 2005). At a 
pH  >  3 plant cuticles are negatively charged (Schönherr and Huber, 1977) and cell walls 
have charges corresponding to dissociated weak acids (Grignon and Sentenac, 1991). 
Consequently uncharged or electron-charged compounds and anions can penetrate the 
leaf and are translocated in the apoplast8 easier than positively-charged complexes or 
cations. 

8 Non-living, extracellular space surrounding the living cells (i.e. the symplast).
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However, when applying salts or chelates or complexes, the latter two being formed 
by mixing metal salts with ligands accompanied with their own corresponding ions, the 
anions and cations present in solution can penetrate into the leaves. The nature of the 
anions and cations in the foliar applied solution will have physiological significance and 
must be considered when designing a foliar spray formulation.

3.1.5. Solution pH
Since plant cuticles are poly-electrolytes, their ion exchange capacity will be altered with 
pH fluctuations (Chamel and Vitton, 1996). Cuticles were shown to have iso-electric 
points around pH 3 and when solution pH values are higher than this they will render 
the cuticle negatively charged and the cuticular carboxyl groups will then readily bind 
positively charged cations (Schönherr and Bukovac, 1972; Schönherr and Huber, 1977).

While it is clear that the pH of the spray solution alters penetration there is no 
consistency in plant response and it appears that the pH of the solution alone is not 
that predictive of penetration and is influenced more significantly by the nutrient being 
applied and the plant species being treated. In most of the scientific reports on foliar 
fertilization usually no reference is made to the pH of the nutrient spray solution applied 
to the foliage which is a critical oversight particularly in the case of pH unstable mineral 
elements such as Fe. Cook and Boynton (1952) recorded the greatest absorption of urea 
by apple leaves in the pH range 5.4 to 6.6. Furthermore the highest  uptake rates by citrus 
leaves after foliar urea treatment were recorded when the pH of the solution was kept 
between 5.5 to 6.0 (El-Otmani et al., 2000). Working with Fe compounds, Fernandez 
et al. (2006) and Fernandez and Ebert (2005) observed that pH values around 5 were 
optimal for foliar uptake of Fe-containing solutions. Blanpied (1979) showed that 
maximum Ca absorption by apple leaves occurred when the solution pH ranged from 
3.3 to 5.2. However, Lidster et al. (1977) reported the highest Ca absorption rates by 
sweet cherry (Prunus avium L.) fruits when CaCl2 solution of pH 7 was applied. Reed 
and Tukey (1978) observed maximum P absorption by chrysanthemum leaves when 
the solution pH was between 3 to 6 for Na-phosphate and between 7 to 10 pH for 
K-phosphate.

Frequently foliar spray salts dissolved in pure water will alter spray solution pH 
and some formulations may have extreme pH values and hence will affect the uptake 
process of  by the foliage. For instance the majority of Fe(III)-salts are very acidic while 
1% CaCl2 or 8% K2SO4 have pH values above 9. 

3.1.6. Point of deliquescence 
The processes of hydration and dissolution of a salt are determined by its point of 
deliquescence (POD) which is a physical property associated with a compound at a 
given temperature (Schönherr, 2001). Deliquescent salts are hygroscopic substances 
(i.e. capable of trapping water from the surrounding environment) and will dissolve 
once a critical relative humidity threshold has been attained. The point of deliquescence 
is defined as the relative humidity value at which the salt becomes a solute. Thereby, the 
lower the point of deliquescence of a salt is, the sooner it will dissolve upon exposure 
to ambient relative humidity (Fernandez and Eichert, 2009). When ambient relative 
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humidity is higher than the point of deliquescence of the foliar applied compound, 
the substance will dissolve and will be available for absorption by the leaf. The effect of 
relative humidity on the solution or crystallization of salts has been assessed in studies 
carried out with cuticular membranes and intact leaves and could be better explored 
following the experimental practices used in aerosol research (Fernandez and Eichert, 
2009). Similarly, the physiological effects associated with the deposition of hygroscopic 
aerosol particles onto plant surfaces are currently not fully understood, but it is 
considered that  such particless may either act as leaf desiccants or promote increased 
uptake rates (Burkhardt, 2010).  

3.2. Environment

Environmental factors such as relative humidity and temperature will play a role with 
regard to the performance of a foliar sprays and the uptake of leaf-applied solutions. 
Environment can also alter foliar spray efficacy through its influence on the biology of 
the plant - a process that will be discussed in Chapter 4.

The most relevant environmental factors affecting the performance of solutions 
when sprayed to the foliage will be described, considering that under field conditions, 
continuous interaction between such factors will result in different physiological 
and physico-chemical responses and effects. The effect of the environment on foliar 
uptake-related phenomena will be discussed in more detail when describing the 
biological factors affecting the efficacy of foliar fertilization in Chapter 4. Here the two 
environmental factors that most directly affect the performance of foliar nutrient sprays 
are temperature and relative humidity.  

Relative humidity is a major factor influencing foliar uptake of nutrient sprays since 
it affects the permeability of the plant surface and the physico-chemical responses to 
applied compounds. At high relative humidity permeability may be increased due to 
cuticular hydration and the delayed drying of the salts deposited onto the plant surface 
following the application of a foliar spray. Salts with points of deliquescence above the 
prevailing relative humidity in the phyllosphere9 will theoretically remain as solutes and 
leaf penetration will be prolonged. 

Temperature will affect various physico-chemical parameters of the foliar spray 
formulation such as its surface tension, solubility, viscosity or point of deliquescence. In 
general, increasing temperature range (e.g. from 0 to 40°C) under any field conditions   
will increase solubility of the active ingredients and adjuvants, but will decrease 
viscosity, surface tension and the point of deliquescence. In addition, high temperatures 
will speed the rate of evaporation from the spray solutions deposited onto the foliage 
reducing the time until solution dryness occurs when leaf penetration can no longer 
occur. 

Other environmental factors such as light intensity or precipitation may also affect 
the performance of foliar nutrient sprays. For instance, several Fe(III)-chelates are 
known to be degraded by exposure to sun-light. On the other hand, the occurrence 
9 The aerial part of plants that can serve as a habitat for microorganisms.
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of precipitation shortly after the application of a foliar spray may rapidly wash-off the 
treatment. As a consequence, weather forecasts should be taken into consideration prior 
to foliar spray applications to avoid conditions that can reduce humidity or increase 
drying speed such as high winds, heavy rain or extremes of temperature at the time of 
foliar application. 

3.3. Formulations and adjuvants

Commercial foliar nutrient sprays are generally composed of at least two major 
components, namely: the active ingredient(s) and the inert material(s) or adjuvant(s).  
Adjuvants help to improve the spreading (wetting) and persistence (sticking) of the 
active ingredient(s) or mineral element(s) on the leaf surface as well as promote the 
rate of uptake and bioactivity of the mineral element(s) applied. Limitations to the 
foliar uptake of applied mineral elements has led to the widespread use and continuous 
search for adjuvants that improve the performance of spray treatments. In the following 
paragraphs information on the active ingredients and adjuvants will be provided.

3.3.1. Mineral compounds applied as foliar sprays
A preliminary distinction should be made concerning the application of either macro- 
or micro-nutrients, the latter being supplied at lower rates and concentrations and 
often being unstable when applied as inorganic salts. An account of the most common 
mineral element carriers according to recent articles is shown in Tables 3.1 and 3.2. The 
foliar fertilizer industry is characterized by a large number of proprietary products that 
are frequently derived from common salts which can be occasionally mixed in novel 
ratios and/or with addition of compounds that serve to ‘complex, chelate or bind’ and/
or adjuvants that can ‘enhance’ efficiency of uptake.  

Table 3.1. Macro-nutrient carriers normally used in foliar spray formulations.

Macronutrient Common element compounds References

N Urea, ammonium sulphate,  
ammonium nitrate

Zhang et al. (2009); Fageria et al. (2009)

P H3PO4, KH2PO4, NH4H2PO4, 
Ca(H2PO4)2, phosphites

Noack et al. (2011); Schreiner (2010); Hossain 
and Ryu (2009)

K K2SO4, KCl, KNO3, K2CO3, KH2PO4 Lester et al. (2010), Restrepo-Díaz et al. (2008)

Mg MgSO4, MgCl2, Mg(NO3)2 Dordas (2009a), Allen (1960)

S MgSO4 Orlovius (2001), Borowski and Michalek, 
(2010)

Ca CaCl2, Ca-propionate, Ca-acetate Val and Fernández (2011); Wojcik et al. 
(2010); Kraemer et al. (2009a,b).
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Table 3.2. Micro-nutrient carriers normally used in foliar spray formulations.

Micronutrient Common element compounds References

B Boric acid (B(OH)3), Borax (Na2B4O7), 
Na-octoborate (Na2B8O13), B-polyols

Will et al. (2011); Sarkar et al. (2007),  
Nyomora et al. (1999) 

Fe FeSO4, Fe(III)-chelates, Fe-complexes 
(lignosulphonates, glucoheptonates, 
etc.)

Rodríguez-Lucena et al. (2010a, 2000b); 
Fernández et al. (2008b); Fernández and 
Ebert (2005); Moran (2004)

Mn MnSO4, Mn(II)-chelates Moosavi and Ronaghi (2010), Dordas 
(2009a), Papadakis et al. (2007), Moran 
(2004)

Zn ZnSO4, Zn(II)-chelates, ZnO,
Zn-organic ‘complexes’

Amiri et al. (2008); Haslett et al. (2001), 
Moran (2004); Zhang and Brown (1999).

Until the 1970´s, the foliar micronutrient fertilizer market was dominated by products 
based on inorganic compounds particularly sulphates (Moran, 2004). During the 
1980´s a wide variety of micronutrient ‘chelates’ and ‘complexes’ (e.g. synthetic chelates 
using EDTA, glucoheptonates, polyols, amino-acids, or lignosulphonates, among many 
other types) were offered as an alternative to the application of inorganic compounds.   

The recommended rates at which foliar fertilizers are used are highly variable and are 
usually based on the specific plant species being treated. As previously described the 
physico-chemical properties of the active ingredients, e.g. molecular size, solubility or 
point of deliquescence, will influence the rate of uptake by foliage. In general, synthetic 
chelates are much larger and have higher points of deliquescence than the inorganic 
mineral salts commonly used as active ingredient carriers. While some materials are 
recommended on the basis of rigorous controlled environment and extensive field trials, 
many frequently utilize rates designed to merely ensure safety and satisfy cost concerns. 
Optimal concentration rates for the many and varied foliar fertilizers available for 
different crops are currently lacking and future research efforts should focus on trials to 
establish clear concentration thresholds for foliar-applied nutrient solutions.  

Foliar-applied nutrient solutions could be phytotoxic due to their high osmotic 
potential and pH by affecting important physiological processes such as photosynthesis 
and/or stomatal opening (Bai et al., 2008; Elattal et al., 1984; Fageria et al., 2009; Kluge, 
1990; Swietlik et al., 1984; Weinbaum, 1988). These effects can be a critical factor for 
consideration when spraying macro-nutrient fertilizers to the foliage. 

3.3.2. Formulation additives: adjuvants

General information
As described in Chapter 2, plant surface topography may vary between plant species 
and varieties, organs and growing conditions. The presence, chemistry and topography 
of epicuticular waxes and epidermal structures such as trichomes may render the 
surface difficult to wet. Under such circumstances, the proper wetting, spreading 
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and penetration of foliar fertilizers may require the addition of co-formulants such 
as surface-active agents (adjuvants) that modify the properties of the spray solution. 
Numerous foliar and cuticular uptake studies have shown the improved efficacy of 
formulations containing adjuvants that act by enhancing the wetting, spreading, 
retention, penetration and humectant properties of foliar sprays as compared to pure 
mineral element solutions applied alone. Therefore the formulation of mineral element 
solutions with adjuvants can have a significant effect on the uptake and bioactivity 
of the nutrients supplied to the foliage though this may also decrease or increase the 
phytotoxicity risk associated with the nutrient active ingredients applied. This implies 
a fine-tuning of the nutrient active ingredients and the adjuvant compounds and their 
relative concentration which is necessary to develop a foliar nutrient formulation that 
provides reproducible plant uptake responses without plant damage.

Adjuvants can be defined as any substance included in a formulation or which is 
added to the spray tank that modifies the nutrient active ingredient activity or the spray 
solution characteristics (Hazen, 2000). They are generally classified as; (i) activator 
adjuvants (e.g. surface active agents) which increase the activity, penetration, spreading 
and retention of the active ingredient or; (ii) utility adjuvants (e.g. acidifiers) that modify 
the properties of the solution without directly affecting the efficacy of the formulation 
(Penner, 2000). 

Although there are many commercially adjuvant co-formulants on the market (Table 
3.3) there is considerable confusion concerning the classification of such compounds 
and their purported mode of action (Green and Foy, 2000).

Adjuvant names are usually related to the major properties they confer upon 
the spray formulations to which they are added. However the categorization and 
distinction between activator and utility adjuvants is rather subjective and currently 
lacks standardization. For instance, adjuvants described as ‘penetrators’, ‘synergists’ or 
‘activators’ may increase the rate of foliar uptake through different chemical or physical 
mechanisms though the general principle of enhanced spray absorption is the same. 
Adjuvants described as “buffering agents” or “neutralizers” are generally chemical 
systems that adjust and stabilize spray solution pH; while other surfactants may be 
refered to as “detergents”, “wetting agents”, or “spreaders”; but again for both types the 
general principles are the same. There are several adjuvants types usually refered to as 
stickers that increase solution retention and rainfastness and some of these may also 
prolong or retard the process of solution drying when included in foliar sprays. 

Humectants are compounds with water-binding properties which can be either 
organic, such as carboxy-methyl cellulose (Val and Fernandez, 2011), or inorganic, 
such as CaCl2. Their presence in the formulation lowers the point of deliquescence 
(POD) and prolongs the process of solution drying which is especially important to 
increase the efficacy of foliar sprays in arid and semi-arid growing regions. Some typess 
of “surface-active” agents or “utility” adjuvants such as stickers or humectants can also 
act to increase the rate of retention and rain fastness of foliar applied formulations 
(Blanco et al., 2010; Kraemer et al., 2009b; Schmitz-Eiberger et al., 2002) which can be 
particularly important in regions of high rainfall or where frequent overhead irrigation 
is employed. Typical examples of stickers and humectants are latex and soy lecithin 
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both of which can significantly improve the retention of foliar sprays on leaves and 
are frequently included in commercial formulations of many plant protection products 
although there is an apparent lack of sound information concerning the effectiveness of 
such adjuvants when used with foliar fertilisers.  

The reasons underlying this are that considerable research efforts have been made 
in recent decades to develop adjuvants for foliar spray formulations which enhance 
the performance of pesticides and herbicides while less attention has been paid to 
developing products specific for foliar nutrient sprays. Adjuvants are usually marketed 
separately and may contain single compounds (e.g. “surface-active” agents alone) or are 
sold as mixtures of surfactants, lecithin, synthetic latex, vegetable oils, tallow amines 
or fatty acid esters that confer a spectrum of the desired properties outlined previously 
when included in a foliar-applied solution.

As a consequence since most commercial adjuvant products have been devised 
for their application in combination with plant protection products to facilitate their 
performance when applied to the foliage, their suitability for combination with foliar 
nutrient sprays, which are normally hydrophilic solutes, cannot be a priori assumed and 
should therefore always be empirically tested. For foliar nutrient sprays it is critical that 
the treatments are not phytotoxic to leaves and plants since their value and marketability 

Table 3.3. Example of adjuvants available on the market classified according to their purported 
mode of action.

Adjuvant name on label Proposed mode of action 

surfactant lowering surface tension

wetting agent equivalent to “surfactant”

detergent equivalent to “surfactant”

spreader equivalent to “surfactant”

sticker increasing solution retention; rainfastness

retention aid increasing solution retention; rainfastness

buffering agent pH buffering

neutraliser pH buffering

acidifier lowering pH

penetrator increasing the rate of foliar penetration (e.g. by ‘solubilizing’ 
cuticular components)

synergist increasing the rate of foliar penetration

activator increasing the rate of foliar penetration

compatibility agent improving formulation compatibility

humectant retarding solution drying by lowering the formulation’s point of 
deliquescene (POD) on the leaf

drift retardant better spray targeting and deposition on foliage

bounce and shatter minimizer better spray targeting and deposition on foliage
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can be compromised by crop damage caused by such treatments. Unfortunately it is 
not currently possible to predict theoretically the performance of any active ingredient 
whether a herbicide, a pesticide or a mineral nutrient element in combination with a 
particular adjuvant (Fernandez et al., 2008a; Liu, 2004).

Surfactants 
Surface-active agents or surfactants are the most widely-used type of adjuvant in foliar 
spray formulations. One of the first examples of these compounds being added to foliar 
nutrient sprays was in the first half of the 20th century with the use of the ionic surfactant 
Vatsol in combination with Fe compounds (Guest and Chapman, 1949).

One method used to assess the effect of a surfactant is to measure the contact angle 
with a paraffined microscope slide and the drop shape by the pending drop method 
comparing the surface tensions of pure water (A and B) with a 0.1% organosilicon 
surfactant solution (C and D) as shown in Figure 3.1. 

These measurements were carried out at 25°C and the contact angles (Figure 3.1 A 
and C) for water and a 0.1% organosilicon surfactant solutions were approximately 95° 
and 45° respectively giving calculated surface tensions of approximately 72 and 22 mN 

Figure 3.1. Contact angles (A and C) and pending drops used to calculate the surface tension 
(B and D) of distilled water (A and B) and a 0.1% organosilicon (C and D) distilled water solution 
(V. Fernández, 2011).



3.Physico-chemical properties of spray solutions and their impact on penetration 37

respectively. This experimental system demonstrates how the addition of a surfactant to 
a pure water solution lowers its surface tension and increases dramatically the area of 
contact between the liquid and the solid (in this case a paraffined surface) by lowering 
the contact angle.

Surfactants are large molecules consisting of a non-polar, hydrophobic portion 
attached to a polar, hydrophilic group (Cross, 1998; Tadros, 1995). It is important that 
the ends of the hydrophobic and the hydrophilic parts of the surfactant molecule are far 
away from each other so that they can react independently of each other with surfaces 
and solvent molecules (Cross, 1998). The hydrophobic part of the surfactant interacts 
weakly with water molecules while the polar or ionic head group interacts strongly with 
these so rendering the surfactant molecule water soluble. 

Surface active agents are characterized by the abrupt change in their physical 
properties they undergo once a certain concentration has been reached. These changes 
in solubility, surface tension, equivalent conductivity or osmotic pressure are due to 
the association of surfactant ions or molecules in solution to form larger units. These 
associated units are called micelles and the concentration at which this association takes 
place is known as the critical micelle concentration. Each particular surfactant molecule 
has a characteristic critical micelle concentration value for a given temperature and 
concentration.

The mechanisms of action of surfactants when applied to the foliage are very complex 
and are only partially understood (Wang and Liu, 2007) although possible modes of 
surfactant action have been suggested by Stock and Holloway (1993) and include: 
increasing the effective contact area of deposits; dissolving or disrupting epicuticular 
waxes; solubilizing agrochemicals in deposits; preventing or delaying crystal formation 
in deposits; retaining moisture in deposits; and promoting stomatal infiltration. 
However, it is now known that surfactants can also alter the diffusion of substances via 
cuticular solubilization or hydration and that they can also affect the permeability of the 
plasma membrane. Therefore surfactant composition and concentration are key factors 
influencing the performance of foliar sprays (Stock and Holloway, 1993). 

The hydrophilic portion of a surfactant can be non-ionic, ionic or zwitterionic, 
accompanied by counter-ions in the last two cases. When present in a foliar spray 
formulation the polarity of the hydrophilic part of a surfactant may determine factors 
such as the occurrence of interactions between the surfactant and the active ingredients 
or the contact properties between the spray solution and each particular plant surface. 

Non-ionic surfactants
Non-ionic surfactants are widely used in foliar sprays as they are theoretically less 
prone to interact with other polar components of the formulation. The most common 
hydrophilic polar group in non-ionic surfactants is that based on ethylene oxide 
(Tadros, 1995) with the organosilicons, alkyl phenol ethoxylates, alkyl-polyglucosides, 
fatty alcohol ethoxylates, polyethoxylated fatty acids, ethoxylated fatty amines, 
alkanolamides or sorbitan esters belonging to this group of surfactants.

An example of a non-ionic surfactant molecule is shown in Figure 3.2.
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Figure 3.2. Molecular structure of the non-ionic surfactant, Silwet® L-77.

According to Stock and Holloway (1993) the addition of non-ionic surfactants with 
low ethylene oxide contents, which are good spreaders with their low surface tensions, 
will favour the uptake of lipophilic pesticides; while conversely uptake of hydrophilic 
pesticides is improved by surfactants with higher ethylene oxide units and therefore 
poor spreading properties. However, conflicting evidence concerning the effect of high 
and low ethylene oxide containing surfactants suggests that ethoxylated surfactants 
may enhance the uptake of both hydrophilic and lipophilic compounds by different 
mechanisms as yet not fully clarified (Haefs et al., 2002; Kirkwood, 1993; Ramsey R. J. 
L., 2005). For example, low ethylene oxide-content surfactants that enhance uptake of 
lipophilic compoundss were found to alter the physical properties of cuticles and to be 
more phytotoxic. By contrast, surfactants with higher ethylene oxide contents appear 
to increase cuticular hydration and to be less phytotoxic (Coret and Chamel, 1993; 
Ramsey, 2005; Uhlig and Wissemeier, 2000). Surfactants with either large hydrophobic 
groups or long hydrophilic chains, or both, have been reported to be less phyto-toxic 
because of their lower water solubility and hence, slower rate of foliar uptake (Parr, 
1982). Studies performed with Ca-containing compounds (CaCl2 and Ca-acetate) in 
combination with ethoxylated rapeseed oil surfactants with different ethylene oxide 
contents (Kraemer et al., 2009a; Kraemer et al., 2009b; Schmitz-Eiberger et al., 2002) 
showed that they can affect the rate of cuticular permeability of Ca via the distribution 
of the active ingredient in the droplet and the rain-fastness of the formulations.  
Organosilicon, non-ionic surfactants, also known as super-spreaders, are a group of 
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chemicals containing alkylsiloxane groups as the hydrophobic moiety (Knoche, 1994). 
Owing to their low surface tension (well below 30 mN m-1 and generally between 20 
to 25 mN m-1) such surfactants are known to promote stomatal infiltration (Knoche, 
1994; Schönherr et al., 2005; Stevens, 1993) and increase leaf wetting and spreading that 
reduces solution retention by the foliage due to the formation of a thin liquid film and 
increased run-off by the spray solution. The effect of nutrient foliar sprays containing 
organosilicon surfactants has been assessed in several foliar uptake studies (Fernandez 
et al., 2008a {Horesh, 1981 #1568}; Horesh and Levy, 1981; Neumann and Prinz, 1975; 
Neumann and Prinz, 1974) and a high phytotoxicity-risk due to increased penetration 
rates has often been observed suggesting that such compounds should be used with 
caution (i.e. at lower concentrations and/or by reducing the active ingredient dose) to 
avoid leaf burn and potential defoliation.  

In spite of being non-ionic, several investigations showed that this type of surfactant 
(e.g. containing organosilicons, alcohol ethoxylates or triglyceride ethoxylates) 
can interact with mineral element ions present in foliar nutrient solutions and alter 
their performance by salting-in or salting-out of surfactant molecules or resulting in 
the formation of polymers (Fernandez and Eichert, 2009; Knoche, 1994; Uhlig and 
Wissemeier, 2000). The interaction of mineral nutrient compounds with surfactants may 
lead to the loss of surface tension as has been observed for the organosilicon surfactant 
Silwet® L-77 in the presence of ferric-citrate (Knoche et al., 1991; Neumann and Prinz, 
1975). On the other hand, the interaction between the divalent cations Ca2+ and Mg2+ 
(supplied as CaCl2 and MgSO4) and surfactant molecules reduced the phytotoxicity of 
0.1% Triton® X-100 and Genapol® C-80 when applied to Euphorbia pulcherrima leaves 
and bracts (Uhlig and Wissemeier, 2000).

Ionic surfactants
Ionic surface-active agents are widely used in formulations devised for cleaning purposes 
such as detergents, shampoos or washing powders but they are of limited relevance in 
agriculture since most nutrients are delivered as ionized compounds (e.g. nutrient salts) 
which may interact and bind to the ionic surfactant molecules and thereby  alter their 
surface-active performance. 

The hydrophilic portion of an ionic surfactant can be either anionic or cationic. 
Anionic surfactants may possess one or more functional groups which become(s) 
ionized in solution and generate the negatively-charged organic ions responsible for 
lowering surface tension. This group of surfactants is probably the most widely used and 
includes various chemical compound groups such as alkyl-sulphates, alkyl-phosphates 
and alkyl-polyether sulphates and also paraffin-, olefin- and alkylbenzene-sulphonates 
and sulphate esters. The sulphate ester groups (C-O-S) attaching the hydrophilic head 
to the surfactant is easily hydrolysed to the corresponding alcohol and sulphate ion by 
dilute acids while the stronger C-S bond of sulphonate groups is much more stable and 
will be broken only under extreme chemical conditions (Cross, 1998). 

Cationic surfactants have one or more functional groups which becomes ionized in 
solution to generate positively-charged organic ions and therefore they are incompatible 
with anionic surfactants. The most representative cationic surfactants are based on 
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quaternary ammonium, alkyl-ethoxylate-ammonium or alkyl pyridinium compounds 
which have been found to have anti-microbial properties (Badawi et al., 2007).

Zwitterionic or amphoteric surfactants
This kind of surface-active agents contains both anionic and cationic head groups 
and can be anionic, cationic or non-ionic depending on the pH of the solution. These 
surface-active agents are milder as compared to other surfactants and are often used in 
cosmetics and ‘soft’ household chemicals in combination with other additives. Examples 
of commonly used zwitterionic surfactants are alkyl-betaines and lecithin and there are 
a number of commercially available adjuvant mixtures which use soya lecithin as the 
major ingredient.   

•  Mineral element carriers can be applied alone or in combination with a variety of 
adjuvants that may improve the contact properties, rate of absorption and surface 
distribution of the active ingredient(s) when applied to the foliage. Surfactants are 
an important and widely used group of adjuvants that reduce the surface tension 
of nutrient solutions as well as generally improve their wetting and spreading onto 
the plant surface.

•  Some adjuvants like surfactants, penetration synergists, stickers and humectants 
may increase the rate of uptake, retention and retard the rate of drying of foliar 
nutrient sprays. 

3.4. Conclusions 

In this chapter the current state of knowledge about the physico-chemical properties 
of foliar nutrient spray formulations and of the factors which can affect such properties 
has been provided. Since plant surfaces are hydrophobic to a lesser or greaterer degree 
depending on the plant species, organ and growing conditions, pure water (un-
formulated) solutions are limited in their uptake by the foliage. Therefore it is important 
to formulate foliar sprays with appropriate forms of nutrients and adjuvants to take into 
account these physico-chemical properties and limitations so that the overall efficacy of 
foliar fertilizers can be optimized. 

With this current knowledge base, the following certainties, uncertainties and 
opportunities for the application of foliar fertilizers can be addressed. 

Certainties
•	 There	is	abundant	empirical	and	scientific	evidence	to	demonstrate	that	to	varying	

degrees pure water and formulated nutrient solutions can be taken up by plant 
foliage.  
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•	 The	hydrophobic	character	of	plant	surfaces	impairs	the	rate	of	uptake	of	pure	water	
nutrient solutions compared to formulations containing additives that reduce surface 
tension, increase retention and humectancy. 

•	 While	 higher	 nutrient	 concentration	 solutions	 can	 be	 supplied	without	 adjuvants	
their efficacy will be lower compared to foliar spray treatments co-formulated with 
adjuvants and furthermore they may also be more phytotoxic to leaves.

•	 Environmental	 factors	 such	 as	 relative	humidity	 and/or	 ambient	 temperature	will	
affect the physical properties and performance of a foliar fertilizer formulation and 
these should be taken into consideration before applying spray treatments under 
field conditions.

Uncertainties
•	 The	physico-chemical	parameters	that	govern	foliar	uptake	are	poorly	understood.	
•	 Interactions	between	nutrients	and	adjuvants	occur	and	are	not	fully	understood.
•	 While	the	performance	of	a	particular	nutrient	carrier	can	be	improved	by	addition	of	

surfactants and/or other additives, it is currently not possible to determine accurately 
which adjuvant or additive will be most effective, or to determine the optimum rates 
of their addition, without empirical testing.

Opportunities
•	 Increased	 understanding	 of	 the	 mechanisms	 of	 nutrient	 penetration	 into	 leaves	

will provide better targets for the development of foliar fertilizer formulations with 
improved efficacy and safety.

•	 Improved	understanding	of	the	properties	of	formulation	additives,	their	interactions	
with nutrients and their effects on leaf structure and chemistry will also help improve 
the efficacy and reproducibility in performance of foliar sprays.

•	 The	 addition	 of	 humectants	 to	 foliar	 fertilizer	 formulations	 helps	 to	 prolong	 the	
process of solution drying which can improve the efficacy of the spray treatments 
especially in arid and semi-arid regions. 
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4. Environmental, physiological and 
biological factors affecting plant 
response to foliar fertilization

4.1. Introduction 

The response of plants to the foliar application of nutrients varies not only between 
species and cultivars but also depends upon the plant’s phenology, the physiological 
status and the environment in which the plant is growing. Understanding these 
responses is key to optimizing the efficacy and reproducibility in performance of foliar 
fertilizers (Kannan, 2010; Marschner, 2012; Weinbaum, 1988). 

The physical and physiological characteristics of a plant can alter the efficacy of foliar 
fertilization in two ways; differences in canopy surface area and the characteristics of 
the plant surface have a quantitative impact on the amount of applied nutrient that 
penetrates the surface barriers; while differences in physiological processes (uptake, 
storage and retranslocation) alter both the immediate and long-term biological efficacy 
of the nutrient once it has entered the plant.  

The environment also influences the efficacy of foliar fertilizers through direct effects 
on the physico-chemical properties of the spray on the leaf surface (Chapter 3), and 
by affecting biological processes in the plant over both the immediate and long-term. 
The immediate conditions of light, temperature and humidity at the time of foliar 
application affect plant metabolic status and hence may directly influence absorption 
processes across the leaf surface and from within the internal leaf spaces. Environmental 
conditions following application can determine the persistence of the treatments on leaf 
surfaces and affect nutrient redistribution within the plant following their absorption. 
Over a longer time frame, the environment in which a plant is growing can alter the 
efficacy of foliar fertilisers through its effect on leaf surface characteristics, the size and 
composition of the canopy, and its effect on plant nutrient status, morphology and 
physiology. These interactions are summarized in Table 4.1.

The complexity of the possible interactions between the environment and the biology 
of the plant on the efficacy of foliar applications greatly complicates the conduct and 
interpretation of field research and hence their agronomic efficacy. Historically, there have 
been relatively few studies of nutrient foliar applications that have directly characterized 
the environmental determinants of uptake integrated with the physiological basis of the 
observed plant response and consequently this has limited the development of broadly 
applicable, biologically-based guidelines for the use of foliar fertilizers in diverse crops. 
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Table 4.1. The physical structure and physiology of the leaf and the plant canopy interact with 
the local environment affecting retention, absorption and utilization of foliar-applied fertilizers.

Leaf age, leaf surface, leaf 
ontogeny, leaf homogeneity 
and canopy development

Physical structure of the leaf 
affects spray retention

hairs, trichomes, surface architecture

stomatal distribution and density

presence of discontinuities (lenticels, 
cracks…)

Chemical composition of the leaf 
affects penetration, distribution, 
absorption and ‘availability’ of 
foliar-applied nutrients

cuticle thickness, cuticle composition

apoplast binding and complexation

The physiological state of the 
leaf at the time of spraying 
affects nutrient assimilation and 
mobilization

leaf expansion and source/sink status

leaf senescence and remobilization

Plant architecture and 
metabolic status

Canopy architecture and 
phenology have a quantitative 
effect on spray retention and 
penetration

canopy size and leaf age distribution

new growth, presence of leaf or 
floral buds, presence of reproductive 
structures

Plant metabolic activity and crop 
phenology affect uptake and 
remobilizations

shoot and root growth activity alters 
demand and source:sink dynamics

metabolic status of plant affects 
availability of substrate and energy 
for absorption and assimilation

Short- and long-term  
environmental interactions

Temperature, light, humidity immediate effects on energy and 
metabolites required for nutrient 
absorption, metabolism and transport

long-term effects on physical and 
chemical properties of leaf and plant

Plant nutrient status alters leaf 
structure and physiology and 
may alter leaf assimilation of 
foliar applied nutrients

Biotic and abiotic stress (pests, 
temperature, water)

The purpose of this chapter is to review the existing literature on the role of the 
environment and biology in foliar fertilization efficacy and to use this information to 
identify common principles and knowledge gaps.
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4.2. Leaf age, leaf surface, leaf ontogeny, leaf homogeneity 
and canopy development

There is considerable evidence from field and laboratory studies that leaf and plant age 
can have a significant impact on the efficacy of foliar application of nutrients. These 
effects may reflect differences in ultrastructure, chemical and physical properties and 
metabolic state of the leaf as described earlier, but may also be a result of differences 
in the physiological status of the plant which acts to alter the availability of energy and 
substrate for absorption and assimilation as well as the rate at which absorbed nutrients 
are translocated out of the leaf (Weinbaum, 1988). When interpreting field studies that 
show an effect of leaf age on efficacy of foliar fertilization it is critical to consider possible 
confounding effects of environment (temperature, light, humidity) that generally vary 
coincident with plant and canopy development and consequently act to reduce the 
surface area available for spray retention.

A number of studies have shown that rates of uptake of applied chemicals by 
leaves declines with leaf age from initiation to full expansion (Sargent and Blackman, 
1962; Zhang and Brown, 1999b). This may also be followed by a period of increasing 
permeability as mature leaves begin to senesce. For example, uptake of N from 15N 
labelled urea and KNO3 on a per unit leaf area of Citrus paradisi L. cv. Redblush was 1.6 
to 6 fold greater for two month old leaves than for six  month old leaves. In studies using 
isolated cuticles of Marsh grapefruit (Citrus paradisi Macfad), transcuticular movement 
of urea decreased as leaf age increased from three to seven weeks, but permeability 
increased in cuticles from leaves older than nine weeks (Orbovic et al., 2001). In these 
studies, cuticle thickness, weight per area and the contact angle of urea solution droplets 
increased as leaves aged. 

Though most researchers have focused on N in these studies, the effect of leaf age 
on foliar absorption has been observed for other elements. Walker (1955) reported 
a higher P absorption by young apple leaves than old ones; and immature pistachio 
and walnut leaves absorbed 55 and 25% more Zn than fully expanded leaves (Zhang 
and Brown, 1999b). Olive plants sprayed with three KCl concentrations (0.2 and 4%) 
showed a positive linear response to increasing leaf K applications and that foliar K 
uptake was higher in young than in mature leaves of olive and French prune (Restrepo-
Diaz et al., 2009; Southwick et al., 1996).

Many researchers in diverse crops and environments have made the observation 
that the gross quantity and composition of the cuticle and the epicuticular waxes varies 
with leaf development, and have hypothesized that this variation with age influences 
foliar uptake (Hull et al., 1975; Leece, 1976; Rhee et al., 1998; Riederer and Friedmann, 
2006; Swietlik and Faust, 1984; Zhang and Brown, 1999b). While correlations between 
absorption and gross changes in cuticles clearly occur, this is not sufficiently mechanistic 
to be considered causal. The difficulty in interpreting the role of gross cuticular 
characteristics on foliar absorption is illustrated by the contrast in foliar absorption by 
diverse species whose leaves frequently exhibit gross differences in cuticle structure, 
wax percentages and composition but these differences are poorly predictive of foliar 
absorption capacity.  
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To better understand the relationship between cuticle composition and foliar 
absorption as affected by leaf age, Riederer (1995) analyzed the change in specific waxes 
in Fagus sylvatica. In this species, the distribution of aliphatic10 wax constituents, within 
the maximum range of C28 and C52 (number of carbon atoms), shifted within 20 days 
after bud expansion to a large single maximum of C28 waxes when the leaf reached 
final size (Riederer and Friedmann, 2006). Unfortunately, the physiological relevance of 
these changes was not determined. During leaf expansion of Prunus laurocerasus, the 
average chain length of alcohols and fatty acids of epicuticular waxes increased from 
C24 to approximately C32 (Bringe et al., 2006; Jetter and Schaffer, 2001) which altered 
the wettability of cuticles (Chapter 2). In apples, this coincided with the decrease in 
height of cuticular ridges or ‘wrinkles’ (about 0.8–1.0 µm in height in youngest leaves), 
especially above the lumen of epidermal cells (Bringe et al., 2006). In leaves and fruits 
of citrus, the same shift in wax composition during leaf expansion was observed and 
was coincident with a corresponding decline in wax concentration per unit of leaf area 
(Freeman et al., 1979). During ontogenesis of peach leaves, the individual wax mass as 
well as the composition of major components (triterpenes and alkanes), and the average 
chain lengths of alcohols increased with leaf ontogenesis while the absolute amounts of 
alcohols largely remained constant or slightly increased (Bukovac et al., 1979).

The cuticular wax of the adaxial surface of apple leaves was analyzed under 
controlled growth conditions for their chemical composition, micro-morphology and 
hydrophobicity just as the leaf unfolded (Bringe et al., 2006). With increasing leaf age, 
the hydrophobicity of the adaxial leaf surface decreased significantly. The contact angles 
of solutions with the leaf surface also decreased with age, facilitating the absorption of 
solutes. The amount of apolar cuticular wax per unit area was lower in older than in 
young leaves. A similar effect was detected for the ester fraction: the C40:C52 ratio was 
approximately 1:1.1 for the youngest leaf, and changed to 1:5 for the oldest one. These 
changes decreased the hydrophobicity of adaxial leaf surfaces and were associated with 
a decrease in the total amount of extractable surface waxes as well as modifications 
in the composition of wax compounds. The accumulation of OH-functional groups 
also seems to play an important role in increasing leaf wettability with leaf age.  This 
effect may be explained by the increased polarity of the mature surface due to the 
accumulation of hydroxyl groups (Fernandez et al., 2011). In agreement with Bringe 
et al. (2006), Hellmann and Stosser (1992) observed no consistent effect of leaf age or 
cultivar on total wax mass in apple (Malus domestica Borkh), while the proportion of 
alkanes and esters decreased during leaf ontogenesis and primary alcohols increased.

The conflicting results on the effect of leaf age on foliar absorption that are reported 
by different researchers are certainly a consequence of the species and the environment 
in which the experiments were conducted. The difference in response between field and 
laboratory research is striking.  Bringe et al. (2006) observed that, in all stages of leaf 
development for apples grown in the laboratory, the wax mass of adaxial cuticles of the 
leaves remained low (10–15 μg cm−2) as compared to about 280 μg cm−2 (total wax mass) 
and 76 μg cm−2 (epicuticular waxes) for apple leaves grown in the field (Hellmann and 
Stosser, 1992). The conclusions derived from research focused on one leaf surface or 
10Organic compounds with an open chain structure, for instance, n-alkanes
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species must also be considered with caution; in P. laurocerasus total cuticular waxes on 
the adaxial (280 μg cm−2) were much less than on the abaxial (830 μg cm−2) leaf surface 
(Jetter and Schaffer, 2001), and significantly greater than amounts detected for field 
grown Malus domestica (Hellmann and Stosser, 1992) which are 30 times greater than 
total cuticular waxes in laboratory grown Malus domestica. The differences in cuticular 
wax between these field and laboratory grown plants is a result of integrated differences 
in many factors including temperature, humidity, UV light, dust, mechanical strain, leaf 
phenology and other biotic and abiotic stresses.  

• Leaf cuticular composition changes with leaf age and varies with species and the 
environment.

• Changes in leaf cuticular composition corresponds with changes in efficacy of 
foliar-applied fertilizers.

• It is not currently possible to predict how changes in leaf cuticular composition 
will alter the efficacy of foliar-applied fertilizers. 

• With these uncertainties, empirical testing of foliar fertilizers is essential to ensure  
efficacy and safety.

It is well documented that the abaxial leaf surface takes up mineral nutrients 
more rapidly than the adaxial surface. According to Hull (1970), the greater nutrient 
absorption by the abaxial leaf surface results from the presence of a thinner cuticular 
membrane and a large number of stomata. Fernández et al. (2008) observed that adaxial 
cuticles isolated from pear leaves were thicker in contrast to abaxial ones, though the 
significance of abaxial cuticle characteristics in the uptake of foliar-applied fertilizers is 
currently unclear and requires further investigation. The theory that abaxial cuticles are 
thinner and therefore uptake will be more rapid has been inadequately validated as the 
majority of studies have been conducted with adaxial cuticles to avoid the complexities 
associated with the presence of stomata. Schlegel and Schönherr (2002) examined four 
plant species and observed that, during the first 24 hours, the absorption of Ca2+ by the 
abaxial leaf surface was much higher than that of the adaxial. In contrast, Boynton et al. 
(1954) concluded that both leaf surfaces differ only in the rate of nutrient absorption 
and not in their total absorption capacity. This conclusion was based on the observation 
that urea absorption by the abaxial leaf surface was rapid within the first 24 hours and 
then decreased rapidly. The adaxial leaf surface absorbed urea steadily for seven days 
after which the rate of this absorption was similar to the abaxial leaf surface (Boynton, 
1954). Leaf surface influenced Zn adsorption but not Zn absorption in pistachio and 
had no effect on either Zn adsorption or absorption in walnut (Zhang and Brown, 
1999a).

In addition to changes in leaf cuticle composition, the number of trichomes and 
the composition of the exudates also change with leaf development (Valkama et al., 
2004). Density of both glandular and non-glandular trichomes decreased drastically 
with leaf expansion although their numbers per leaf remained constant or decreased 
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as they were shed (Schönherr and Schreiber, 2004).  These results suggest that the final 
number of trichomes in a mature leaf is established early in development. Therefore 
the functional role of trichomes is likely to be most important at the early stages of 
leaf development when density is highest. However, since changes in trichome number 
occur simultaneous with changes in cuticular waxes, it is difficult to directly quantify 
the contribution of trichome density to foliar absorption as the leaf ages.

At the whole plant level, differences among species in patterns of leaf development, 
canopy expansion and bearing habit also affect the homogeneity of the leaf canopy by 
altering the leaf population at a given age at any point in time. For example, in peach 
(Prunus persica L. Batch) the canopy is borne mainly on long shoots with shoot growth 
and leaf expansion continuing throughout the growing season (Gordon and Dejong, 
2007). On the other hand, the canopy of apple (Malus domestica L.) and almond  
(Prunus amygdalus L.) trees consists mainly of short shoots and development of the 
leaf canopy is essentially complete within a month (Lakso, 1980). There is also a distinct 
difference between evergreen and deciduous trees, with evergreen trees (eg. Citrus sp. 
Olea europea) maintaining their leaves for more than a year with growth occurring in 
flushes during discrete periods. In many annuals, including the major cereal crops, plant 
growth and leaf expansion continues from first leaf expansion through flowering until 
seed set, at which time leaf senescence commences in the oldest leaves and progresses 
to the youngest leaves. 

Young trees growing under high levels of fertility and water availability show a 
longer period of shoot extension and persistence of the leaf canopy (Ramos et al., 1984) 
while conversely total canopy area and size of leaves is adversely affected  by nutrient 
deficiencies or water deficit (Chabot and Hicks, 1982).  Variability in light intensity and 
spectral distribution within the canopy may also result in non-uniformity of the foliage 
within the canopy. The distribution of light within the canopy may be influenced by 
various cultural practices such as tree spacing, rootstocks and pruning (Jackson and 
Palmer, 1980). Also, leaf senescence is delayed in exposed compared to shaded parts of 
the canopy. 

The uptake and redistribution of foliage-applied nutrients varies with the 
heterogeneity of leaves (Weinbaum, 1988). Experiments on foliar applications of urea 
in both almond (Weinbaum, 1988) and olive (Barranco et al., 2010) made in June/July, 
or later, had a greater response than April applications. Fisher (1952) and Barranco 
et al. (2010) interpreted this effect as a result of a greater leaf area available for urea 
absorption. The export of N from foliage-applied urea to immature leaves is reduced 
when applied early in the season because of a greater incorporation of N into leaf protein 
in developing foliage. In contrast, N applied in the late season does not stimulate protein 
formation and shows increased mobility to other plant parts as leaf senescence occurs 
(Klein and Weinbaum, 1984). The effect of leaf age on the absorption and transport of 
foliar-applied nutrients can be directly attributed to the stage of leaf transition from 
being a sink for photosynthates produced in mature tissues to then becoming a source 
of photosynthates for newly developing sinks.
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“The transition from sink to source status is one of the key events in leaf development. 
When a leaf is about half grown it stops importing phloem-mobile nutrients from the rest 
of the plant and begins to export its own products of photosynthesis. This shift in transport 
direction, which is largely irreversible, involves major changes in the way metabolites are 
transported to and from the leaf mesophyll through plasmodesmata and via transporters. 
The import of nutrients ceases when plasmodesmata in large veins are lost or narrowed 
preventing phloem-unloading. Export begins when the minor veins mature and begin 
to unload sugars and other compounds into the phloem. The uni-directional nature of 
loading is a consequence of sucrose transporter orientation in the plasma membrane of 
phloem cells, or of the trapping of raffinose family  sugars in those species that load through 
plasmodesmata.” (Turgeon, 2006)

In view of leaf ontogeny, leaves are not physically or physiologically capable of 
exporting nutrients until after they have matured and likewise old leaves are incapable 
of importing nutrients following maturation. This view is consistent with older literature 
in which radioactive 32P was applied as a foliar treatment to bean leaves of sequentially 
younger age and the transport of the applied labelled P monitored 48 hours later by 
placing plants on X-ray films (Figure 4.1). The application of  32P to mature leaves (A and 
B) resulted in rapid transport of the labelled P containing products to young developing 
leaves and roots. With application to successively younger leaflets (C), transport out 
of the treated leaf is reduced and restricted to the nearest sink tissue (apical shoot 
meristems) with no 32P transported to root; while application to immature leaves (D) 
resulted in 100% retention of the labelled P in the treated leaf. While the timing with 
which leaves transition from sink to source varies between species and environments, 
the effect of this transition on the ability of leaves to export foliar-applied nutrients is 
a general principle that should be considered when designing and interpreting foliar 
applications.

A B C D

Figure 4.1. 32P was applied to the indicated leaf (arrow) by immersion. 24 hours after exposure, 
plants were placed on X-ray film and the distribution of the labelled P was illustrated.



4.Environmental, physiological and biological factors affecting plant response to foliar fertilization 49

Collectively these results illustrate the difficulty in interpreting studies of leaf age, leaf 
cuticular structure and plant phenology on foliar absorption. In the absence of biotic 
and abiotic factors, it is apparent that (at the single leaf scale) the proportion of cuticular 
waxes on a leaf area basis decreases with time as leaves expand more quickly than new 
cuticular matter is synthesized. In field conditions, this pattern may be reversed as light, 
temperature, humidity, mechanical stresses and other abiotic and biotic factors stimulate 
cuticular synthesis while restricting leaf expansion. The complexity of the interactions 
between leaf age and foliar absorption are further complicated by simultaneous changes 
in leaf metabolism and nutrient export that occur during development, as well as 
patterns of crop phenology which determine leaf age distribution, canopy architecture 
and relative competition between organs. It is also very difficult to compare results 
from diverse experiments since true physiological leaf age is highly dependent on 
growth conditions and simultaneous changes in deposition of cuticular materials, leaf 
expansion and the accumulation of mechanical and biotic stresses (pathogens and 
herbivory) which all act to alter foliar absorption capacity. When rapid leaf export of a 
phloem mobile nutrient is occurring care should be taken to ensure quantification of 
the rate of absorption by measuring both nutrient recovery in the treated area as well 
as in sink organs.

• The influence of leaf age and the environment on the efficacy of foliar applications 
is complex and currently no universal principles can be discerned.

• Leaves of diverse species exhibit gross differences in cuticle structure, wax 
percentages and composition but these differences are poorly predictive of foliar 
absorption capacity.

• The effect of leaf age on the absorption and transport of foliar-applied nutrients 
can be directly attributed to leaf transition from a sink for photosynthates to a 
source of photosynthates for newly developing sinks.

• At the whole plant level differences in patterns of leaf development, canopy 
expansion and bearing habit affect the homogeneity of the leaf canopy and hence 
alter the population of leaves of a given age at any point in time.

• The rates of uptake of applied chemicals by leaves declines with leaf age from 
initiation to full expansion and may increase again during leaf senescence.

4.3. Plant species and variety

While there have been a large number of reports that demonstrate differences in foliar 
absorption between species, very few of these studies have identified the mechanism 
underlying them. Klein and Weinbaum (1985) examined urea absorption by the leaves 
of olive (Olea europea L.) and almond (Prunus dulcis Mill. D.A. Webb) and found that 
olive absorbed 15 times more urea than almond per unit leaf area. Amongst fruit trees, 
examples of varietal differences in response to foliar N application have been seen for 
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peach, plum, apple and citrus. Van Goor (1973) showed significant differences in Ca2+ 
absorption by apples of different varieties, with ‘Cox’s Orange Pippin’ absorbing five 
times more Ca2+ than ‘James Grieve’. Wojcik et al. (2004) indicated that an increase in 
apple fruit Ca2+ concentration as a result of foliar Ca2+ application depended on variety. 
For example, ‘Idared’ apples took up less Ca2+ than ‘Jonagold’ and ‘Gloster’. 

The mechanism by which species differ in response to foliar sprays was investigated 
by Picchioni et al. (1995) who showed that the rate of B absorption by apple leaves 
was two to three times higher than that of pear, plum and sweet cherry. Genotypic 
differences in shoot leaf surface characteristics, among the species tested, was found to 
influence greatly the amount of solution retained per unit leaf area. Leaf retention varied 
between species, with apple retaining significantly more B on a leaf area basis than pear, 
plum and sweet cherry (Figure 4.2). On average, apple shoot leaves retained, absorbed 
and exported at least twice as much labeled B per unit leaf area as prune and pear shoot 
leaves; and three to four times as much as sweet cherry shoot leaves. These differences 
in the quantity of B absorbed by the leaves and the amount of B exported from the 
leaves (Figure 4.3) may be attributed to the occurrence on the apple leaves of abundant 
epidermal hairs that help retain the applied solution (Picchioni and Weinbaum, 1995). 
These observations are in agreement with others (Brewer et al., 1991; Fernandez et al., 
2011; Hesse and Griggs, 1950) who found a significant influence of trichomes upon the 
degree of surface wetting of the different plant surfaces.

The rate at which a nutrient is removed from the leaf in the phloem will also influence 
tissue nutrient levels observed hours or even days following foliar application.  Boron 
application in apple and almond, for which there is a substantial remobilization of 
applied B out of the leaves and movement into fruiting tissues (Picchioni and Weinbaum, 
1995), generally results in a lower long-term leaf B concentration than the application of 
an equivalent treatment to pistachio or walnut in which B is immobile. This difference 
in relative mobility of B is the result of the formation of specific B-sorbitol compounds 
in apple and almond but not in walnut or pistachio (Brown and Shelp, 1997). Therefore 
under these circumstances leaf tissue analysis for B content performed hours or even 
days after foliar treatment will result in the false conclusion that walnut and pistachio 
absorbed more B than apple or almond.

Differences in rate of re-mobilization of absorbed nutrients may also explain 
differential response of species to Fe-chelates. Schlegel et al. (2006) reported that 
penetration of Fe-IDHA into stomatous leaf surfaces differed among plant species. The 
decrease in slopes with time was most conspicuous with apple and grapevine leaves. 
Penetration plots were linear with broad bean and Madagascar jasmine but not with 
the other species tested. The previous authors suggested that if Fe-chelates accumulate 
under the cuticle and are not translocated rapidly then rate constants would decrease 
with time. 

Species difference in utilization of foliar nutrients is undoubtedly related to the 
physical and chemical composition of the leaf surface. For example, the recovery and 
absorption of applied Zn by walnut was less than pistachio (Zhang and Brown, 1999b). 
This low effectiveness is associated with a highly hydrophobic cuticular wax layer in 
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Figure 4.2. Relationship between leaf area per single leaf and the total volume of B treatment 
solution (1000 mg B/liter + 0.05% Triton X-100) retained per leaf. Cultivars from top: ‘Red Delicious’ 
Apple, ‘French’ prune, ‘Bartlett’ pear and ‘Bing’ sweet cherry.  All data correspond to shoot leaves 
unless specified.  Regression lines with the same letter have slopes that are not significantly different 
at P=0.05. Each correlation coefficient is significant at P=0.01(Adapted from Picchioni and 
Weinbaum, 1995).
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walnut, which limits Zn penetration, and a high capacity for fixation of the cationic Zn 
to exchange sites in the cell wall and cuticle (Zhang, 1999). 

Leaf longevity can also account for species difference in response to foliar fertilizers 
with evergreen trees such as citrus, banana, coffee and cacao plants being more efficient 
in their utilization of soil-derived and foliar-applied leaf nutrients because of their longer 
leaf life; and the cycles of leaf wetting and drying enhances the recycling of nutrients 
through the autumn fall and decomposition process (Aerts and Chapin, 2000). 

Species differ remarkably in their response to foliar fertilizers as a consequence of 
differences in:
• Canopy architecture and distribution of leaves of different age.
• Leaf retention and absorption of foliar sprays.
• The rate of remobilization of applied nutrients.

Figure 4.3. Export of foliar-applied, labelled B by shoot leaves expressed as absolute quantity. Time 
0 h refers to 15-20 min following application (when the leaf had visibly dried). Export was calculated 
as the difference between the quantity of labeled B uptake and the quantity of labeled B measured 
in the leaf tissue extract at each time period (µg cm-2). Cultivars are shown in Figure 4.2. Each value 
is the mean +/- standard error of five tree replicates of two leaves on a single shoot (Adapted from 
Picchioni and Weinbaum, 1995).
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4.4. Effect of the environment on efficacy of foliar-applied 
nutrients

Light, humidity and temperature can each affect foliar absorption in several ways: 1) 
through direct effects on the spray solution prior to leaf absorption (Chapter 3.2.); 2) 
through effects on the leaf developmental processes discussed above (Chapter 4.2); and 
3) by altering photosynthesis, stomatal opening, respiration, leaf expansion and sink 
activity and consequently changing energy and metabolite availability for the uptake, 
assimilation and subsequent transport of foliar nutrients.

4.4.1. Light
Chemical ion uptake by leaves can be directly influenced by light as a result of physical 
and chemical changes in the cuticle and also from the direct involvement of light on 
the energy and metabolite availability on the uptake and assimilation of foliar-applied 
nutrients (Abadia, 1992; Alvarez-Fernandez et al., 2004; Hundt and Podlesak, 1990; 
Jacoby, 1975; Muhling and Lauchli, 2000; Nobel, 1969; Nobel, 1970; Rains, 1968; Raven, 
1971; Swader et al., 1975).  

The amount and composition of synthesized waxes and their arrangement on the 
surface is directly influenced by light including photosynthetically active radiation 
(Cape and Percy, 1993; Takeoka et al., 1983), as well as by UV-B radiation (Barnes et 
al., 1996; Bringe et al., 2006). The thickness of the cuticle and the amount of cuticular 
waxes in various plant species was found to be higher on those grown under high rather 
than low light intensities (Macey, 1970; Reed and Tukey, 1982) and the development of 
secondary wax structures is increased by higher light intensities (Hull et al., 1975). The 
influence of light is cumulative with exposure and Leece (1978) demonstrated that the 
seasonal build-up and development of secondary wax structures on the abaxial surface 
of plum leaves (Prunus domestica L.) positively corresponded with increasing light 
intensity. Leaves of apple trees grown outdoors can synthesize up to three times more 
cuticular wax per surface area as compared to the same species grown in the greenhouse 
(Hunsche et al., 2004) and as much as 30 times greater than those grown under low light 
intensity and high humidity plant culture conditions (Bringe et al., 2006). 

Numerous researchers have also shown stimulatory effects of light on short-term 
absorption of nutrients (Bowen, 1969; Christensen, 1980; Nobel, 1969; Rains, 1968) 
while others have demonstrated that light does not affect absorption (Rathore et al., 1970; 
Zhang and Brown, 1999b). Jyung et al. (1965) and Shim et al. (1972) showed positive 
relationships between light intensity and ability of apple and bean (Phaseolus vulgaris 
L.) leaves to take up urea, Rb and PO4. Rains (1968) demonstrated increased uptake of 
K+ by corn/maize (Zea mays L.) leaf slices in light; an effect that was seen under even 
low-light conditions and could be reversed with the addition of metabolic inhibitors. In 
corn/maize the light level required to maximize K absorption was significantly lower 
than that required for photosynthesis (Rains, 1968); while in tomato much higher light 
levels were required to maximize K absorption which was rapidly decreased in the dark 
and by inhibitors of photosynthesis and metabolic uncouplers as shown in Figure 4.4 
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(Nobel, 1969). Schlegel and Schönherr (2002) reported that rates of CaCl2 penetration 
from apple and pear leaf surfaces in the light were higher than in the dark. 

While a positive effect of light on uptake of foliar applied elements has been 
frequently reported, many examples exist where light, metabolic inhibitors or reduced 
temperatures had no effect on nutrient absorption or transport (Rathore et al., 1970; 
Zhang and Brown, 1999b). In pistachio and walnut Zn absorption at high concentrations 
(7.5 to 15 mM) was not affected by light or metabolic inhibitors (Zhang and Brown, 
1999b) which supports earlier reports on Zn absorption in bean (Phaseolus vulgaris) 
(Rathore et al., 1970). Zhang and Brown (199b) interpreted this result as evidence that 
Zn absorption was mostly determined by an ion exchange and/or diffusion process 
rather than a metabolically active one. 

A direct effect of light on foliar absorption may also occur if the spray compound is 
unstable in the light. Several authors have demonstrated that Fe3+ chelates are UV-labile 
(Albano and Miller, 2001a; Albano and Miller, 2001b; Albano and Miller, 2001c) and 
as a consequence Schönherr et al. (2005) concluded that foliar penetration of chelated 
Fe preferentially occurs during the night and therefore foliar applications during the 
late afternoon are recommended. The potential for photochemical or temperature 
dependent degradation of foliar sprays exists for many commercial products and 
should be verified before widespread adoption. However, application of sprays under 
dark conditions may in turn limit uptake rates since the stomatal pathway may not be 
involved in the absorbtion process due to stomatal closure during the night.

Figure 4.4. Effect of light and dark periods on uptake of K into leaf slices of tomato (Adapted from 
Nobel, 1969).
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The reported differences on the effect of light in short-term uptake of foliar- applied 
nutrients are likely to be the result of several interacting factors. At the cellular level 
the transmembrane transport, regulation and assimilation of most nutrients is directly 
or indirectly influenced by the metabolic status of the cell so light deprivation would 
be expected to reduce uptake. The only exception among the essential plant elements 
may be B, which is uncharged at normal pH, and sufficiently permeable through both 
leaf cuticle and cellular membranes to be absorbed and assimilated spontaneously into 
molecules of biological and metabolic importance. The finding that Zn absorption does 
not respond to the presence or absence of light may simply reflect a lack of sensitivity of 
the methodology employed or could be a consequence of the relatively small metabolic 
demand that (passive) Zn uptake would have on whole cell energetics which  likely 
reflects the significant binding of Zn to cell wall materials by non-metabolic diffusion 
and exchange processes. The contrasting results obtained with the macronutrients, N, 
P and K, likely reflect the proportionally lower cell wall binding and the predominance 
of active uptake and transport processes for these more mobile elements. It is also 
probable that applications of relatively low concentrations of micronutrients do not 
represent a substantial metabolic cost while supplying higher concentrations of the 
macronutrients presents a significant metabolic cost for uptake and assimilation 
especially in experimentation using excised leaf slices. 

4.4.2. Temperature  
Temperature can influence foliar absorption through its effect on the rate of drying of 
the spray application; the nutrient solution physico-chemistry; as well as its impact on 
leaf cuticles; and on plant metabolism, ion uptake and assimilation. The most immediate 
effect of high temperature is increasing the drying rate of the spray droplets which will 
directly reduces absorption. However, increased absorption by leaves over prolonged 
high temperatures has been recorded in several species (Cook and Boynton, 1952). This 
may be the result of the high temperature during leaf development altering the amount 
and composition of synthesized waxes and their arrangement on the surface (Baker, 
1974; Reed and Tukey, 1982) which then influences absorption (Norris, 1974). Reed and 
Tukey (1982) claimed that under conditions of persistent high air temperature surface 
wax components adopt a vertical configuration and hence their leaf surface coverage 
decreases which consequently allows increased nutrient absorption. Lurie et al. (1996) 
reported that even slight alterations in the molecular configuration of surface waxes can 
significantly affect nutrient absorption rate. Temperature will also have a direct effect 
on the rate of leaf development and hence influence foliar absorption through effects on 
leaf phenology and sink:source relations (Chapter 4.1.).

Over a short period, the prevailing temperature during and immediately following 
foliar application has varied effects depending on species and mineral element applied. 
In pistachio, Zn absorption after application ranged from 9 to 14% as the temperature 
increased from 8 to 31°C over a 24 hour period. Within the same temperature range 
Zn absorption in walnut only increased from 4 to 6% (Zhang and Brown, 1999b). The 
temperature coefficient (Q10) is perhaps the most classical of all indices for separating 
active and passive uptake processes by plant tissues (Zhang and Brown, 1999b). 
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According to Wittwer and Teubner (1959) the Q10 for active nutrient uptake processes 
in plants is usually above 2. The average Q10 of between 1.2 to 1.4 for Zn absorption 
observed by Zhang and Brown (1999b) is consistent with a Q10 of 1.2 as reported by 
Rathore et al. (1970). This lack of a strong temperature dependence suggests that foliar 
Zn absorption was largely non-metabolic dominated by ion exchange and/or diffusion 
processes. Furthermore lower Zn uptake by leaves under lower temperatures has 
also been attributed to an increased viscosity of the aqueous ambient solution which  
probably results in a decreased rate of diffusion of Zn ions (Rathore et al., 1970).  The 
slight temperature dependence observed in these experiments is in contrast to the strong 
temperature dependence reported by Bowen (1969) who found a Q10 of >2.5 using 
sugarcane leaf slices. In Marsh grapefruit (Citrus paradisi Macfad.) the permeability 
of isolated leaf cuticles to urea within the first 4 to 6 hours after application increased 
as temperature was raised from 19 to 28°C but there was no further increase at 38°C 
(Orbovic et al., 2001).

Further evidence that the effects of temperature on cuticular penetration are not due 
to changes in metabolism has been presented (Schönherr, 2001; Schönherr et al., 2005; 
Schönherr and Luber, 2001). When temperature increased from 15 to 30°C rates of 
penetration of Ca and K did not increase (Schönherr, 2001); and in the range of 15 to 
35°C the rate constants of penetration of chelated Fe3+ did not depend on temperature 
(Schönherr et al., 2005). In field situations temperature will interact with humidity to 
affect the physico-chemical characteristics and solubility of deposited materials. 

4.4.3. Humidity
As with light and temperature, humidity can affect multiple processes that ultimately 
influence the rate of foliar absorption of aerial applied fertilizers. The key processes 
affected by humidity are 1) the reaction of the foliar application during aerial transport 
and once deposited on the plant surface 2) the effect of humidity of leaf cuticle structure 
and stomatal function and 3) the effect of humidity on leaf metabolism and transport 
processes. In the short term the effect of humidity on nutrient absorption by leaves 
is primarily related to the rate of drying of droplets during aerial transit to the plant 
surface and their persistence once deposited on the plant surface (Gooding and Davies, 
1992). High relative humidity favors uptake as it delays rapid solution drying which can 
lead to crystallization on the leaf surfaces (Gooding and Davies, 1992). Additionally, 
high air humidity causes the swelling of the cuticular membrane which favors the 
absorption of hydrophilic compounds (Schönherr and Schreiber, 2004) (Chapter 3). 
Therefore humidity at the time of foliar application affects the velocity of penetration 
by two independent mechanisms: a) swelling of the cuticle; and b) dissolution of salt as 
related to the point of deliquescence (POD) which is defined as the relative humidity 
value at which the salt becomes a solute (Chapter 3.1.4.). Over longer time frames (days 
to weeks) the amount and composition of synthesized waxes and their arrangement on 
the surface is influenced by relative humidity which consequently may alter the rate at 
which foliar applications can penetrate the plant surface (Baker, 1974). Post absorption 
humidity can have general effects on plant responses to foliar nutrients by affecting 
xylem and phloem transport processes. Eichert and Goldbach (2010) reported that, 
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at high relative air humidity, B applied to the cotyledons of Ricinus communis L. was 
transported to hypocotyls and roots; whereas at low relative humidity no translocation 
of B was detectable. It is concluded that ambient air humidity influences phloem mobility 
of B via its effect on the xylem flow rate; if the xylem flow rate is low or interrupted then 
foliar-applied B becomes modestly mobile.

Various studies have demonstrated the effect of humidity on physico-chemical 
properties of different spray solutions and their interactions with plant surfaces 
(Schönherr and Schreiber, 2004) (Chapter 3). In their classical earlier work, Wittwer 
and Bukovac (1959) showed that the uptake of P by bean leaves was doubled when the 
treated surface was kept moist compared with similar treatments in which leaf surfaces 
were allowed to dry. Salts with points of deliquescence (POD’s) above the prevailing 
relative humidity, when applied in the leaves, theoretically remain as solutes and leaf 
penetration is prolonged. This principle has been clearly demonstrated in isolated 
cuticular membrane studies of Ca, K and Fe compounds under varied humidity regimes  

Table 4.2. Point of deliquescence (POD) of various salts (Schönherr, 2002).

Compound POD (% )

CaCl2 · 6H2O 33

Ca(NO3)2 · 4H2O 56

MgCl2 · 6H2O 33

Mg(NO3)2 · 6H2O 56

MgSO4 90

Zn(NO3)2 · 6H2O 42

ZnSO4 90

KCl 86

KNO3 95

K2SO4 98

K2CO3 · 2H2O 44

K2HPO4 92

KH2PO4 95

NH4NO3 63

Ca-propionate · H2O 95

Ca-lactate · 5H2O 97

Ca-acetate 100

FeCl3 · 6H2O 44

Fe(NO3)3 · 9H2O 54

Mn(NO3)2 · 4H2O 42

MnCl2 · 4H2O 60
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membrane penetration followed first order kinetics. When humidity is above the 
POD the salt residue on the cuticle dissolves while penetration ceases when humidity 
falls below the POD. Above the POD there is often a linear increase in penetration 
as humidity increases, though the exact nature of this relationship is mineral salt and 
species specific (Schönherr, 2001; Schönherr and Luber, 2001). 

Anomalies in the relationship between humidity, POD and penetration can be the 
result of undisturbed layers at the leaf surface which would increase effective humidity 
on the leaf surface. High humidity may also alter stomatal opening and have non-linear 
effects on aqueous pore formation (Schlegel et al., 2005; Schlegel et al., 2006; Schönherr, 
2006). Van Goor (1973) demonstrated that an increased penetration of Ca2+ through 
the cuticular membrane of apple fruit correlated with decreasing air humidity in the 
period of time just after application. This phenomenon is explained by an increase in 
droplet Ca2+ concentration resulting from their drying and the consequent increase in 
the concentration gradient for diffusion. However, despite initial enhanced absorption 
dynamics at low air humidity the final uptake rates of nutrients from salts of low 
hygroscopicity are decreased because of rapid salt crystallization once humidity drops 
below the POD (Wojcik, 2004).

Figure 4.5. Influence of humidity and anions on penetration of Ca salts through isolated cuticles of 
apple fruit (Adapted from Schönherr, 2001).
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While it is clear that the POD of the foliar applied chemical and the humidity 
during the application period have an important effect on penetration, knowledge of 
the POD alone is often insufficient to predict the efficacy of a mineral salt as a foliar 
fertilizer.  For example, the apparent ease of penetration of Ca(NO3)2 or CaCl2 (Figure 
4.5) demonstrated by Schönherr (2001) and Schönherr and Luber (2001) does not 
explain the great difficulty many growers have encountered in correcting field Ca 
deficiencies; and there are many reports of formulations with purported efficacy that 
an analysis of POD alone would not support. While a POD less than ambient humidity 
is required for uptake to occur, it is not always a guarantee since many other factors 
(e.g. associated with plant physiology or the prevailing environmental conditions) may 
hinder the absorption process under field conditions. Efficacy of salts with a high POD 
can be enhanced through the use of adjuvants with humectant properties (Chapter 3). 
In addition, and as suggested by Burkhardt (2010) for hygroscopic aerosols deposited 
onto plant surfaces, salts with low POD’s may either act as desiccants or simply increase 
nutrient uptake rates. Consequently, salts with low PODs may be more effective but may 
be more likely to cause phytotoxicity.

In summary, humidity influences foliar absorption primarily through its effect on 
droplet size and persistence on the leaf surface in the liquid state.  Humidity also alters 
leaf cuticular composition, its physical and chemical characteristics and has direct 
effects on leaf physiology and transport processes.

Light, humidity and temperature can affect foliar absorption: 1) through direct 
effects on the spray solution prior to leaf absorption; 2) through effects on the 
leaf development processes; and 3) by altering photosynthesis, stomatal opening, 
respiration, leaf expansion and sink activity which consequently changes energy and 
metabolite availability involved in the uptake, assimilation and subsequent transport 
of foliar applied nutrients.
• Light and temperature influence foliar absorption primarily through their effects 

on the physical and chemical characterisitics of the foliar solution as well as  the 
development of the cuticle.

• Direct effects of light or temperature on leaf metabolism influencing foliar 
fertilizer efficacy are not highly significant. 

• Humidity alters both leaf structure and the rate at which foliar fertilizer solutions  
dry on leaf surfaces.

4.5. Summary of the effects of the environment on plant 
response to foliar fertilization 

Over longer periods (weeks) the environment in which a plant develops can alter 
the cuticle and other physical characteristics of leaves as well as crop phenology and 
metabolism.  Environmental stress has been observed to either enhance foliar uptake, 
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through the disruption of leaf cuticular integrity, or reduce uptake and utilization, by 
impairing leaf expansion, sink activity and metabolism. In the shorter term (hours or 
days) optimal environmental conditions maximize photosynthetic activity, stomatal 
opening and metabolic performance of crops and therefore enhance the potential for 
uptake, translocation and the plant response to foliar-applied nutrients. This effect is 
greatest for nutrients that are readily permeable; are applied in metabolically significant 
quantities; and are rapidly assimilated by the plant. For such nutrients unfavourable 
environmental conditions (especially low light or sub-optimal temperatures) may 
limit the availability of adequate energy and metabolic substrates to drive the uptake, 
transport and assimilation processes. Examples of fertilizer nutrient sources that may 
be impacted by sub-optimal environmental conditions are urea and other soluble and 
permeable macronutrient formulations of N, P, K, S and Mg. For elements that interact 
strongly with the cuticle and cell wall components and are applied at concentrations 
that would not be expected to represent a substantial energetic or metabolic cost 
(predominantly the micronutrients) for their absorption, a direct effect of temperature 
on metabolic processes (and hence absorption) is unlikely. In this case any effect of the 
environment is likely to be a result of physical and not biological influences. 

In addition to its direct effects on metabolic absorption and transport processes, 
temperature determines the pattern of droplet drying and leaf surface distribution, 
which also has a direct effect on the efficacy of foliar applications (Chapters 2 and 3). 
Ultimately, it is the combination of effects of environment on the plant prior to foliar 
application and on the biology of the plant during and post-absorption that determine 
its impact on the efficacy of foliar fertilization. 

4.6. Nutrient mobility and transport

The efficacy of foliar nutrient sprays depend not only on the absorption of the nutrients 
but also on the transport of these nutrients to other plant parts like fruit, grains, young 
leaves, etc. (Bukovac and Wittwer, 1957). Knowledge of the ability of an element to 
be transported from the site of application can provide insight into the longevity and 
potential nutritional impact of foliar application on non-sprayed tissues. Non-sprayed 
tissues include roots, new growth that develops after spray application, and tissues that 
were not directly in contact with the spray solution. This includes internal tissue of fruit, 
dormant buds, enclosed reproductive tissues (such as wheat ears within the leaf sheath) 
as well as vascular and storage tissues. 

While the ability of an element to be transported from the site of application to 
other plant parts (roots, storage tissues, reproductive organs) increases the potential 
for the whole plant to benefit, it must be emphasized that transport from the site of 
application is not essential for foliar efficacy. Indeed, it is likely that most Zn, Mn, Ca 
and Fe sprays are local in their effect with only very limited transport out of the sprayed 
tissues. Nevertheless, these sprays may still have a significant local benefit and even 
a relatively small transport out of treated leaves and tissues may have a short-term, 
critical benefit to the plant. Development of foliar fertilizers and application techniques 
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that optimize transport of nutrients from site of application remain one of the most 
important challenges to the industry. Currently, there is only limited information to 
suggest that foliar-applied nutrients are transported differently or have a different 
physiological impact than soil-derived nutrients. Similarly, while it has been shown that 
the chemical form in which a nutrient is applied can influence its rate of absorption, it 
has not been confirmed if the nutrient provided can then influence the transport of the 
absorbed nutrient from the site of application. These are questions of great importance 
to the science and practical field application of foliar fertilizers.

Marschner (1995) classifies nutrients into three groups with regard to their phloem 
mobility: highly mobile (N, P, K, Mg, S, Cl, Ni); intermediate or conditionally mobile 
(Fe, Zn, Cu, B, Mo); and low mobility (Ca, Mn). Furthermore, Epstein and Bloom (2005) 
also classify nutrients with regard to their phloem mobility (Table 4.3). The former 
authors classify B as having high or low mobility depending on species as described by 
(Brown and Hu, 1998).

The plant species and phenological stage have critical effects on the mobility of all 
elements but these are particularly important for the intermediate or conditionally 
mobile ones.

In particular the mobility of micronutrients within plants is an important 
characteristic that determines plant growth and survival under conditions of limited 
nutrient availability. Three factors combine to determine the overall phloem mobility of 
a nutrient: a) the ability of the nutrient to enter the phloem; b) the ability of the nutrient 
to move within the phloem; and c) the ability of the nutrient to move out of the phloem 
into sink tissues. 

The degree of mobility of a particular element occurs to varying degrees throughout 
the plant’s life and this may vary significantly between species. The developmental 
stages that affect micronutrient mobilization include seed germination, vegetative and 
reproductive growth, leaf senescence and the onset of new growth in perennial species.  
Nutrient mobilization during flower and seed formation as well as following seed 
germination are the most critical phases. Indeed mobilization of stored nutrients during 
seed germination, particularly in infertile and arid soils, is important for supplying 

Table 4.3. Classification of nutrients with regard to their phloem mobility (Epstein and Bloom, 
2005).

Mobile Intermediate or conditional mobility Low mobility

Potassium Sodium Calcium

Nitrogen Iron Silicon 

Sulfur Zinc Manganese

Magnesium Copper Boron (species dependent)

Phosphorus Molybdenum

Boron (species dependent)

Chlorine
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micronutrients to the young seedlings prior to their developing a sufficient root system 
to enable significant soil uptake. During leaf senescence, re-mobilization of nutrients 
from the leaves to the reproductive tissues represents an important source of nutrients 
for the fruits and seeds. Recent evidence suggests that the nutrient content of the seeds 
can be enhanced using appropriate well-timed foliar applications with subsequent 
benefits for human consumption (of ‘treated’ grain) and subsequent (following planting 
out) seed germination (Cakmak et al., 2010; Dordas, 2006; Ozturk et al., 2006).  

In general, there is low potential for re-mobilization of foliar absorbed nutrients until 
the potential binding sites for that element within the leaf are saturated, thus nutrient 
deficiency can reduce nutrient mobility since there will be many unsaturated binding 
sites to be filled (saturated). Nutrient mobility may also be low until the structural 
integrity of the leaf begins to decline during senescence thereby releasing previously 
tightly bound nutrients. This effect is particularly prominent for nutrients that are 
found in permanent structures such as the cell wall which exhibit low turnover rates 
for elements including some microntrients e.g. Zn, B and Cu. When grown in deficient 
or marginally adequate levels of nutrient supply, more than 90% of the micronutrients, 
Cu, Zn and B, are present within permanent structures particularly the cell wall (Brown 
and Bassil, 2011; Brown et al., 2002; Zhang and Brown, 1999a). In species with limited 
B mobility (Brown and Hu, 1998) foliar applications of B are most effective at enhancing 
translocation when B is sufficient in the tissue at the time of application (Hanson, 1991; 
Leite et al., 2007; Will et al., 2011). A similar response was hypothesized for Zn (Erenoglu 
et al., 2002; Zhang and Brown, 1999a) with optimum re-translocation of applied Zn to 
grain being observed when a combination of soil and foliar Zn was used. Furthermore 
during grain development in wheat Cu-sufficient flag leaves lost more than 70% of their 
Cu compared to only 20% in Cu-deficient plants (Hill et al., 1979a; Hill et al., 1979b). 
This relationship between nutrient status and re-mobilization does not occur with the 
more mobile elements N, P, K, S, Mg, B (in polyol producing species), Cl, and Ni since 
a small portion of the cellular content of these elements is associated with permanent 
structures and each of these elements is also phloem mobile.  In general, deficiency of 
N, P, K, Mg and S enhances senescence and speeds nutrient re-mobilization. 

The mobility of micronutrients has a significant effect on the occurrence, expression 
and correction of deficiencies. Phloem mobile elements can move from organs of 
relative abundance to growing tissues so that plants do not immediately exhibit nutrient 
deficiency or depressed plant growth when the demand for a particular nutrient is 
higher than its uptake rate.  Understanding the precise mechanism of phloem mobility 
is important as it can provide a basis for the selection, or genetic engineering, of plants 
with enhanced phloem mobility. Improved tolerance to a short-term micronutrient 
deficiency has recently been demonstrated for B (Brown et al., 1999). Knowledge of 
the chemical form in which nutrients are transported in the phloem is important when 
developing foliar fertilizer formulations that mimic the naturalal plant process. The 
development of polyol-based fertilizers for transport of B as well as those based on 
amino acids have been rationalized on this understanding though scientific proof of 
transport of the element in its esterified form is not yet available. 

Any discussion of phloem transport must recognize that transport is strongly 
affected by plant genotype and various external and internal factors though a few broad 
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generalizations may be made. Nitrogen, P, K, Ni, Mg, S, Cl and B in polyol transporting 
species (Brown and Bassil, 2011) are thought to be phloem mobile in all species with 
transport rates determined by local leaf nutrient status and source:sink relationships. 
The elements Ca, B (in polyol non-transporting species) and Mn are immobile in the 
vast majority of plants except in a few species (Ca and Mn are mobile in lupin) and 
during senescence in some (Brown and Shelp, 1997; Graham et al., 1988; Jeschke et 
al., 1987). The intermediate or conditionally mobile elements (Zn, Fe, Cu and Mo) can 
be immobile or relatively mobile depending on phenology and supply which will be 
discussed later. 

The typical ranges for components of xylem and phloem saps in higher plants are 
given in Table 4.4. 

Because of the generally high mobility of N, P, K, Ni, Mg, S and Cl little discussion 
of species or phenology-specific re-mobilization will be presented here. Nitrogen, K, P, 

Table 4.4. Comparison of concentrations of organic and inorganic solutes in the phloem (stem 
incision, pH 7.9-8.0) and xylem (tracheal, pH 5.6-5.9) exudates of Nicotiana glauca (Marschner, 
2012).

Phloem Xylem Ratio phloem/xylem

(mg L-1)

Dry matter 170-196 1.1-1.2 155-163

Sucrose 155-168 nd

(µg mL-1)

Amino compounds 10,808 283 38.2

Nitrate nd1 na2

Ammonium 45.3 9.7 4.7

K 3,673.0 204.3 18.0

P 434.6 68.1 6.4

Cl 486.4 63.8 7.6

S 138.9 43.3 3.2

Ca 83.3 189.2 0.44

Mg 104.3 33.8 3.1

Na 116.3 46.2 2.5

Fe 9.4 0.60 15.7

Zn 15.9 1.47 10.8

Mn 0.87 0.23 3.8

Cu 1.20 0.11 10.9

From Hocking, 1980b.
1nd: not detectable    
2na: not available
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Figure 4.6. Schematic diagram of long distance transport in xylem (X) and phloem (P) in a stem 
with a connected leaf; and xylem-to-phloem transfer mediated by a transfer cell (T) (Marschner, 
2012).

S, Mg, Ni, Cl and B (in polyol producing species) are highly mobile in the phloem with 
transport driven mostly by source:sink relationships and tissue senescence. Phloem 
mobile nutrients frequently follow a circuitous path through the leaves (Figure 4.6) 
and are preferentially mobilized from the leaves to the fruit via the phloem rather than 
proceeding directly to sink tissues and fruit in the transpiration stream (Jeschke and 
Hartung, 2000). 

Phloem mobility can become particularly high during seed maturation in annual 
plants with the majority of  nutrients being supplied by re-translocation from the leaves 
to the seeds (Neumann, 1982). The extent of re-mobilization is highly element specific 
(Table 4.5) with a large percentage of final seed nutrient content being derived from leaf 
re-mobilized nutrients and not from ‘new’ uptake (Marschner, 2012). In many species 
the N requirements of developing seeds exceed the supply capacity of the roots and the 
resulting N deficit triggers catabolism (breakdown of leaf proteins) and the transfer 
of the resulting N and other nutrients to the seed. Catabolism of leaf protein also has 
a positive effect on the availability of Cu and Zn for re-mobilization to reproductive 
tissues (Hill et al., 1979b; Kutman et al., 2011).

Factors that influence the relative re-mobilization of the poorly mobile phloem 
elements have the greatest relevance to studies on the efficacy of foliar applications. 
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Table 4.5. Re-mobilization of nutrients in a pea crop between flowering and ripening (Mars-
chner, 2012).

N P K Mg Ca

Content in stems and leaves (kg ha-1)

Harvest

June 8 
(flowering)

64 7 53 5 31

June 22 87 10 66 8 60

July 1 60 7 61 8 69

July 12 
(ripening)

32 3 46 9 76

Increase or decrease after June 22 (%)

-63 -73 -30 +10 +21

In seeds (% of total shoot content)

76 82 29 26 4

Based on Garz, 1966.

Calcium is generally immobile in the phloem as a consequence of its low concentration 
in cytoplasm and phloem of between 0.1 to 10 µM (White and Broadley, 2003) as well as 
the negative impact of Ca on phloem sieve callose formation and plugging (Marschner, 
2012). Phosphate is the major anion in the phloem sap and the translocation of cations 
such as Ca2+, which form phosphates of low solubility, are limited in the sieve tubes 
by the solubility product of the phosphate salt. Many physiological disorders of fruits 
are associated with low Ca levels and because of its phloem immobility foliage-applied 
Ca is not re-distributed from sprayed leaves to the fruit (Swietlik and Faust, 1984). 
Because of the importance of Ca on the storage quality of fruits and vegetable, and as a 
consequence of the prevalence of Ca deficiency disorders, there has been considerable 
research effort on methods to enhance fruit Ca content (Blanco et al., 2010; Koutinas 
et al., 2010; Kraemer et al., 2009b; Lotze et al., 2008; Neilsen et al., 2005a; Peryea et 
al., 2007; Val and Fernandez, 2011). Evidence for the very low degree to which Ca is 
re-mobilized from sprayed leaves to fruits is provided in numerous publications and 
it is generally accepted that multiple sprays as well as the concurrent application of Ca 
to leaves, stems and fruit are required.  Early season sprays appear to be more effective 
than late season sprays (Lotze et al., 2008; Peryea et al., 2007) probably as a consequence 
of different leaf characteristics, or benefits of direct spray application to young fruits, 
or because it provides the time available for multiple applications. Though evidence 
suggests that the choice of Ca formulation can affect the amount of Ca in the fruit it is 
not clear if this is a result of enhanced absorption or better transport (Lotze et al., 2008; 
Rosen et al., 2006).
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Iron is generally considered to be an intermediately mobile nutrient in higher 
plants and can be re-translocated in small amounts from the old leaves to the younger 
ones (Abadia et al., 2011; Fernandez et al., 2006; Fernandez et al., 2009). A typical 
concentration of Fe in the phloem is 9.4 µg ml-1 which is too low to supply plant 
demand (Hocking, 1980) and the pH of the phloem is about 7.8-8.0 which favours Fe3+ 

insolubility (Mass et al., 1988). This suggests that mechanisms must exist to actively load 
the phloem and that Fe must be present in a complexed form (Palmer and Guerinot, 
2009; Waters and Sankaran, 2011; White and Broadley, 2009). The degree of mobility of 
Fe clearly varies with species, stage of plant growth and Fe supply amongst other factors 
(Garnett and Graham, 2005; Shi et al., 2011). Garnett and Graham (2005) observed 
very high levels of Fe and Cu, and moderate levels of Mn and Zn, re-mobilization 
during shoot senescence and grain filling in wheat. These results contrast with field 
studies in which very little Fe or Mn re-mobilization was observed (Hocking, 1994; 
Pearson and Rengel, 1994). Examples of limited mobility of foliar-applied Fe in both 
herbaceous plants and citrus shoots towards new, expanding leaves is a function of 
several factors, but most importantly the specific Fe source (Abadia, 1992; Abadia et al., 
2011; Fernandez et al., 2009). In this regard, some reports have suggested a better plant 
translocation of Fe chelates versus inorganic salts (Basiouny and Biggs, 1976; Basiouny 
et al., 1970; Fernandez and Ebert, 2005; Fernandez et al., 2009). 

Zinc is frequently more mobile than either Mn or Fe in most species (Nowack et 
al., 2008; Zhang et al., 2010) and Swietlik (2002). Longnecker and Robson (1993) 
suggested that Zn movement out of old leaves coincides with their senescence and 
the re-mobilization of Zn from the flag leaf to the grain in wheat has been confirmed 
(Herren and Feller, 1994). In subterranean clover (Trifolium subterraneum) total Zn in 
leaves and petioles decreased as the reproductive structures accumulated Zn (Riceman 
and Jones, 1958; Riceman and Jones, 1960). Application of 65Zn labelled fertilizer 
to ‘Pera’ orange demonstrated that after 120 days 14% of the total absorbed Zn was 
translocated from the applied leaves to other plant parts (Sartori et al., 2008). In other 
studies utilizing citrus species (Swietlik and Laduke, 1991) found limited or no evidence 
of Zn movement from sprayed leaves using 65Zn isotope. 

These results suggest that significant Zn re-mobilization can occur in some species 
during normal growth and in many species during senescence. Zinc concentrations 
in the phloem sap range from 3 to 170 µM (White and Broadley, 2009) and under 
conditions of normal supply only a small portion of Zn can be supplied via the phloem. 
While Zn re-mobilization in the phloem appears to be possible the quantity appears to 
be limited to about 5 to 20% across all experiments. The very limited re-translocation of 
Zn observed following foliar applications can be attributed to either the poor penetration 
or the high binding capacity of leaf tissues for Zn (Zhang and Brown, 1999a), but  does  
not imply that phloem mobility was limited (Figure 4.7). 

Manganese is generally considered to have low mobility in most species but can be 
influenced by the supply of Mn in the growth medium (Brown and Bassil, 2011). Early 
studies concluded that Mn has intermediate mobility with less mobility than P and 
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Figure 4.7. Zinc is highly immobile in pistachio trees.  The right side of this tree received foliar 
fertilizer at the rate of 10 kg ZnSO4 per 500 litres applied to drip in September (early post-har-
vest) with a hand gun sprayer each year for five years. The left half of the tree received no foliar 
applications. Repeated Zn applications effectively (but inefficiently) corrected deficiency on the 
sprayed right side. However, no significant benefit of the Zn applications was perceived on the 
un-sprayed left side (Courtesy Kiyoto Uriu).

more mobility than Ca. Experimental evidence by Romney and Toth (1954) showed 
that radioactive 54Mn can be partially translocated from leaves when foliar applied. In 
addition Nable and Loneragan (1984) used 54Mn and demonstrated that the isotope 
remained in the cotyledons and old leaves with little or no Mn exported from them and 
limited re-mobilization or re-translocation of Mn from mature leaves. MnSO4 foliar 
sprays were applied by Swietlik and Laduke (1991) for four years in ‘Valencia’ orange 
(Citrus sinensis Osbeck) and ‘Ruby Red’ grapefruit (Citrus paradisi Macf.) resulting in 
a very small but measurable increase in Mn in new leaves of 2 to 5 ppm. Hocking et 
al. (1977) reported variation in Mn accumulation among various lupin species with 
the concentration in Lupinus albus L. being consistently higher than that of Lupinus 
angustifolium L. and the differences were also expressed in the relative extent to which 
the species mobilize Mn from pods to seeds. In wheat Mn contents increased throughout 
the entire leaf life and did not even decline during senescence (CF and Graham, 1995; 
Pearson and Rengel, 1994; Pearson et al., 1995). Everett and Thran (1992) also reported 
that mobilization of Mn from leaves was limited as evidenced by the increase in 
amount of Mn in the needles of pinyon (Pinus monophylla) with time. However there 
is evidence to suggest that Mn is mobile in the phloem of Ricinus communis (Van Goor 
and Wiersma, 1976).
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Molybdenum exhibits high phloem mobility in soybean, rice and bean (Brown 
and Bassil, 2011; Kannan, 1986) but lower mobility in many other species (Masi and 
Boselli, 2011; Williams et al., 2004). Bukovac and Wittwer (1957) reported that Mo 
has intermediate mobility and observed that in Mo-sufficient plants there was re-
mobilization from leaves during flowering and pod filling; while in Mo-deficient plants  
content increased or remained constant in leaves which suggests that there was no or 
little re-mobilization (Jongruaysup et al., 1994; Jongruaysup et al., 1997). 

Boron is a unique element in that phloem B mobility is strongly species- ependent 
(Brown and Bassil, 2011; Brown and Shelp, 1997). In most plant species, B is largely 
xylem transported and exhibits marked immobility once deposited in the leaf. It is 
suggested that this immobility is a consequence of either the incompatibility of B with 
the phloem or ‘solute’ trapping in which the high trans-membrane mobility of B favors 
the movement of any B in the phloem back to the less concentrated xylem stream (for 
discussion see Brown and Bassil, 2011; Brown et al., 2002; Brown and Shelp, 1997). 
Limited phloem mobility may occur in certain species under conditions of low B supply 
(Huang et al., 2008; Shelp et al., 1996; Stangoulis et al., 2001; Stangoulis et al., 2010), 
perhaps suggesting that deficiency induced transporters are up-regulated. 

In contrast to the majority of plants, re-mobilization of B from mature leaves can 
easily take place in species that primarily transport polyols (sugar alcohols) and foliar 
B applications have long been known to be an effective means of enhancing bud and 
flower concentrations resulting in increased fruit set and yield in Malus, Prunus, Olea, 
Coffea and Pyrus species. Using 10B, Brown and Hu (1996) demonstrated that re-
mobilization of B can occur when B forms esters with a sugar alcohols (e.g. sorbitol, 
mannitol ordulcitol) which are stable when sugar alcohol to B ratios exceed 100:1. Plants 
where B is mobile are far less susceptible to transient shortages of B since foliar-applied 
B can be re-mobilized and supply untreated tissues. This principle that phloem mobility 
impacts susceptibility to deficiency and enhances plant response to foliar fertilizers is 
equally relevant for all elements.

Phloem immobility increases susceptibility to short-term nutrient withdrawal but 
can be corrected with foliar fertilization. Wild type tobacco, in which B is immobile, 
and transgenic tobacco containing a gene that induces phloem B mobility, were 
grown in nutrient solutions containing adequate B for 38 days (Figure 4.8). B in the 
rooting medium was removed on day 39 and the oldest mature leaf of both cultivars 
was supplied with daily spray application of foliar B at 250 ppm. Within 24 hours of B 
removal from the rooting media wild type tobacco plants rapidly exhibit B deficiency 
symptoms including abortion of flowers, inhibition of shoot elongation and chlorosis 
(Figure 4.8a). Transgenic tobacco, in which B is mobile, did not exhibit B deficiency 
due to enhanced ability to translocate B from old to young tissue (Figure 4.8b) (Brown 
et al., 1999a).

At normal pH values B is present as the uncharged low molecular weight borate 
molecule (H3BO3) with a relatively high cuticle and membrane permeability which is 
readily absorbed by leaves (Picchioni and Weinbaum, 1995). Therefore all species show 
a rapid uptake of B into the sprayed organ. However in species that transport polyols 
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Figure 4.8. Boron is immobile in the natural ‘Wild Type’ cultivars of tobacco (a) and highly 
mobile in transgenic (b) cultivars into which the gene for sorbitol production has been inserted 
(Brown et al., 1999). Plants were grown for 45 days with adequate boron then transferred to 
boron free media for 72 hours. After 72 hours, significant boron deficiency, including flower abs-
cision was observed in wild-type but not in transgenic cultivars. The phloem mobility of boron 
in the transgenic species prevented the occurrence of deficiency by allowing for re-use of pre-
viously acquired B.

a) Wild Type: B immobile b) Transgenic: B mobile

foliar applications of B are also rapidly transported out of the leaf in the phloem stream 
and move toward sink tissues including roots, young expanding leaves, reproductive 
organs and fruits, thus demonstrating the relevance of phloem mobility of crop response 
to foliar fertilization. 
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Phloem mobility has a profound effect on the ability of plants to absorb, translocate 
and benefit from foliar fertilizers and therefore it has an important role in determining 
their efficacy. 

Phloem-immobile nutrients:
•  Foliar application of phloem-immobile nutrients only benefit the tissues that 

directly receive the foliar spray.
•  Measurement of nutrient status in sprayed leaves may be problematic due to the 

presence of residues from un-absorbed nutrients on the leaf surface.
•  While development of foliar nutrient formulations with greater mobility is a 

worthwhile endeavor, a more immediate need is to maximize the efficacy of 
these materials on the sprayed tissues.

Phloem-mobile nutrients:
•  Foliar application of mobile nutrients has the potential for systemic and long-

term benefit.
•  Limitations to the quantity of nutrient that can be applied and rapid dilution of 

the applied nutrients from mobilization within the plant reduce the potential 
benefit of foliar sprays of phloem-mobile nutrients. 

•  Therefore measuring the impact and benefit of phloem-mobile foliar nutrients 
is complicated by their mobility and dilution within the plant.

For both mobile and immobile nutrients the most relevant role of foliar sprays is 
to prevent immediate and transient deficiencies that cannot be addressed quickly by 
soil applications.

4.7. Conclusions 

This chapter has highlighted the complex interactions between the environment, plant 
species, growth stage and conditions and timing of application on the efficacy of foliar 
fertilizers. While there are very few specific ‘rules’ that can be applied to every specific 
situation an understanding of the general principles that affect foliar fertilization will 
help make more informed decisions.

Certainties
• Species differ markedly in the characterisitics of their leaf surfaces and prediction of 

crop response to any formulation is currently impossible.
• The environment affects every aspect of foliar fertilization; from physical and chemical 

reactions of spray materials; to plant architecture; to leaf cuticular composition; and 
fate of the nutrients once they enter the plant.

• Plant phenology also has a large effect on leaf cuticular composition and therefore 
the efficacy of foliar fertilization.
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• Phloem mobility has a profound effect on the manner in which foliar nutrients are 
utilized by treated plants.

Uncertainties
• Current knowledge of the factors that determine plant cuticular composition and 

response to foliar application is insufficient to predict, or manipulate, plant response 
to a foliar application.

• It is an unknown if foliar-applied nutrients, once they enter the cellular space, are 
more or less ‘available’ or mobile than soil acquired nutrients.

Opportunities
• Improved understanding of the principles that govern the movement of foliar-

applied nutrients through the cuticle into the living leaf cellular spaces is essential to 
the development of improved foliar fertilizer formulations and practices.
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5. Years of practice – learning from the 
field

Experience gained from many years of grower applications as well as extensive 
controlled environment and field research trials has produced a wealth of valuable but 
frequently confusing data and information on the performance and efficacy of foliar 
fertilizers. This chapter is not intended to be a thorough review of field trials of foliar 
fertilizers since the majority of such trials do not attempt to explain their results in 
terms of physical, chemical or biological principles and therefore cannot be readily 
extrapolated beyond the specific context of the crop, location and methodology used 
in that particular trial. To make sense of field trials requires a sound understanding of 
the underlying principles as outlined in the previous chapters. This chapter will draw 
from field experience and integrate any established known principles to highlight the 
complexity and knowledge gaps in the use of foliar fertilizers in modern agriculture.

5.1. Spray application technology

Much of our current understanding of spray application techniques is based upon 
lessons learned with crop protection products such as herbicides, insecticides or 
fungicides, and there is little specific information available on foliar nutrient sprays. 
The information provided below has been obtained from spray application technology 
studies which can be generally applied to the performance of foliar fertilizer sprays.

The spray application technique is a key process influencing the effectiveness of a 
foliar fertilizer. The application process is complex and involves: the formulation of 
an active ingredient; atomization of the spray solution; transport of the spray to the 
target plant surface and droplet impaction; spreading and retention on the leaf surface; 
residue formation and penetration into the leaf (Brazee et al., 2004). Application of a 
foliar treatment implies that the liquid is passed through a spray generating system to 
produce droplets which are commonly different types of pressure nozzles (Butler Ellis 
et al., 1997). Spraying is inherently inefficient since not all the liquid droplets reach 
the plant target because of losses related to, amongst others, droplet reflection, run-off, 
spray drift and in-flight evaporation (Leaper and Holloway, 2002; Shaw et al., 1997; 
Wang and Liu, 2007). 

•  The spraying technique strongly influences the performance of a foliar nutrient 
spray.

•  Spray drift is a common problem associated with foliar spraying. 
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The characteristics of an agricultural spray nozzle are important criteria in the 
application of foliar sprays because of their ultimate effect on the efficiency of the 
application process.  Droplet size and velocity affect the structure of the spray deposits as 
well as  the drift of the droplets (Nuyttens et al., 2009; Taylor et al., 2004). Furthermore, 
droplet size may influence the biological efficacy of the applied formulation and also 
the environmental hazards associated with the treatment. Hence, the ideal nozzle-
pressure combination will maximize the efficiency of spray delivery and in depositing 
an adequate dose to the plant target whilst minimizing off-target losses such as spray 
drift and equally important sprayer-user exposure to the latter (Nuyttens et al., 2007).

Nozzles can deliver spray drops of different sizes depending on the size of the orifice, 
the shape of the nozzle and the pressure used (van de Zande et al., 2008a). Spray quality 
classification systems that distinguish drop size distributions as fine, medium or coarse 
have been introduced in recent years as a means to predict spray drift potential, which 
is a matter of increasing environmental concern, particularly in the case of plant 
protection agro-chemicals (Hewitt, 2008; van de Zande et al., 2008b). Such classification 
of sprays based on droplet size has enabled the identification of nozzles in relation to 
their efficacy and drift potential (van de Zande et al., 2008a; van de Zande et al., 2008b).

Spray drift is defined as the quantity of foliar spray that is deflected out of the treated 
area by air currents at the moment of spray application. Spray drift is affected by four 
main factors: weather conditions; spray application technique; characteristics of the 
surroundings; and physico-chemical properties of the spray liquid (De Schampheleire 
et al., 2008). Droplet size is determined by the interaction between the spray technique 
(spray pressure and nozzle selection) and the physico-chemical properties of the spray 
liquid (De Schampheleire et al., 2008).

Methods to limit spray drift have been implemented, such as using equipment 
that reduces the drift of the fine droplet component or that changes the droplet size 
distribution of the spray (Jensen et al., 2001). Nowadays, there is an increasing interest 
in standardizing the protocols for testing the efficacy of spray drift reducing technologies 
as a means to ultimately minimize the chance for environmental pollution with agro-
chemicals (Donkersley and Nuyttens, 2011; Khan et al., 2011). 

Apart from the properties of the nozzle and of the solution, the characteristics of the 
plant canopy, as described in Chapter 4, will also affect the rate of retention, spreading, 
wetting and uptake of a foliar nutrient sprays.  If leaves are wet from rain or dew, prior 
to application of foliar nutrients, the rate of retention may decrease (Zabkiewicz, 2002). 
Spray efficacy often depends on droplet size with better coverage being achieved by 
smaller droplets which are more likely to be retained by the leaf surface but equally are 
more prone to drift (Butler Ellis et al., 1997; Tuck et al., 1997). 

Development of models to predict droplet size and spray performance under field 
conditions is difficult due to the many factors involved and to the complex nature of the 
agrochemical spray mixtures employed (Liu, 2004; Miller and Butler Ellis, 2000; Steiner 
et al., 2006). 

Electrostatic spraying technologies for agricultural applications have been developed 
in recent decades (Law, 2001) which have great potential for improving the performance 
of foliar-applied plant protection products but these have not yet been fully tested on 
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foliar nutrient sprays. Droplet size is very much reduced by this technology giving 
better plant coverage but this method also increase the risk of spray drift as well as 
evaporation of the fine droplets from the plant surface particularly in arid and semi-arid 
climates. Additionally, in order to ensure that the plant surface is appropriately wetted 
as a prerequisite for the uptake of foliar-applied nutrients, a longer application time is 
required. This is in contrast to conventional spraying devices that deliver coarser spray 
droplets that represent a higher liquid volume deposited onto and wetting the plant 
surface. 

5.2. Foliar formulations and application technology

Foliar nutrient sprays are often applied as mixtures in the sprayer tank with compatible 
adjuvants and/or agrochemicals according to the recommendations/specifications of 
the relevant product manufacturers. The performance of foliar fertilizers in combination 
with some adjuvants and/or plant protection products may differ from the nutrient 
spray when applied alone. Currently, there is no way to predict theoretically the relative 
efficacy of foliar-applied nutrient/adjuvant/agrochemical mixtures. The significance 
of formulating foliar nutrient sprays with adjuvants has been described in detail in 
Chapter 3.

The physico-chemical properties of the spray formulation may also influence the 
application process and the risk of spray drift (De Schampheleire et al., 2008). Therefore 
changing the properties of the spray solution by addition of adjuvants may influence 
the mechanisms of spray formation and droplet performance on the leaf surface (Miller 
and Butler Ellis, 2000). Certain formulation additives can induce significant changes in 
the quality of the spray with effects on droplet size, velocity and structure (Butler Ellis et 
al., 1997). Increasing the viscosity of the spray liquid decreases drift occurrence through 
the formation of larger droplets (De Schampheleire et al., 2008). On the other hand the 
relationship between formulations having lower surface tension, droplet size and rate of 
drift is currently not fully understood (De Schampheleire et al., 2008).

5.3. Biological rationale for the use of foliar fertilizers

The use of foliar fertilizers to overcome adverse soil physical and chemical properties, or 
field access issues, is well defined and many examples of its implementation are available. 
However, the use of foliar fertilizers to target specific biological demands including the 
prevention or avoidance of deficiencies that occur as a result of phenology-dependent 
mis-match between plant demand and soil supply, refered to hereon as ‘transient 
deficiency’, has received little attention. It is generally true that foliar fertilizers are more 
expensive per unit compared to an equivalent quantity of soil-applied fertilizers, since 
foliar-applied nutrients provide a quality, specificity and rapidity of response that cannot 
be reliably achieved with soil application. While there are very few published research 
papers that have clearly identified the occurrence of a critical but transient nutrient 
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deficiency that can be best corrected through foliar fertilization, there is both a clear 
scientific rationale as well as considerable global field experience to suggest that this 
phenomenon is of agronomic significance. In the following, the relationship between 
stage of plant growth and plant response to foliar fertilizer applications through an 
integrated analysis of field research experience and established biological principles will 
be addressed. 

5.3.1. Role of crop phenology and the environment on plant response
A significant commercial justification for the use of foliar fertilizers is based upon 
the premise that they offer a specific advantage over soil fertilizers at certain crop 
phenological stages when high nutrient demand coincides with inadequate soil supply 
or poor within plant transport of essential nutrients. Good examples include periods 
of rapid fruit growth or grain fill; early spring growth in deciduous species when shoot 
growth occurs before adequate root nutrient uptake; or during rapid seedling growth 
when ambient air temperatures are favourable for growth but low soil temperature 
restricts nutrient uptake. Nutrient immobility may also result in deficiencies occurring 
even in a fertile soil when localized plant tissue demand exceeds the capacity for within-
plant nutrient re-distribution.

The effect of crop phenology on response to foliar fertilization is complex and related 
to  both physical and biological effects.  Physical effects include changes in leaf structure 
and composition that may alter the penetration and subsequent utilization of foliar 
nutrients; and changes in canopy size and architecture which directly influence the 
surface area available to intercept the foliar spray. 

Biological effects are:
•	 during	 flowering	 and	 fruit	 set	 in	 deciduous	 species	 with	 increases	 in	 demand	

for specific elements involved in critical plant functions e.g. B or Cu for pollen 
development and growth; 

•	 restriction	in	soil	nutrient	uptake	or	transport	due	to	senescence	e.g.	decreased	N	
uptake following grain set in cereals; 

•	 shoot	 demand	 occurring	 prior	 to	 root	 development	 e.g.	 flowering	 and	 fruit	
development in deciduous species or unfavorable root conditions e.g. cold or 
saturated soil in spring; 

•	 decrease	 in	 root	 growth	 and	 activity	 due	 to	 shoot	 vs.	 root	 competition	 for	
carbohydrates and metabolites e.g. during fruit growth; 

•	 limitation	to	within-plant	transport	or	distribution	of	essential	nutrients	to	critical	
plant organs e.g. Ca delivery to apple fruit.
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Table 5.1 Interactions between crop phenology and the environment can determine the use-
fulness of foliar fertilization through the following processes.

A limitation in soil nutrient uptake 
capacity occurs as a consequence of the 
environment or plant senescence that 
limits nutrient uptake by roots.

During early spring when many deciduous species flower 
and set fruit and soil temperatures or moisture regimes 
are unfavourable for soil nutrient uptake.

As a consequence of plant senescence limiting root 
activity.

Periods of peak crop growth induces a 
nutrient demand that exceeds nutrient 
supply even in a well-fertilized soil.

Nutrient demand for rapid fruit growth or grain fill can 
exceed uptake capacity even in adequately fertilized soils.

Competition between roots and shoots during periods of 
high shoot demand can reduce carbohydrate allocation to 
roots and restrict root growth and metabolism and hence 
reduce nutrient acquisition.

Plant architecture and organ development 
create local nutrient demand that exceeds 
capacity for within-plant nutrient delivery.

Limitations in transport of phloem-immobile elements to 
fleshy organs with inadequate vascular connectivity or 
low transpiration e.g. B or Ca deficiencies in fruits and 
fleshy organs and B, Cu, Fe, Zn deficiencies in reproduc-
tive structures.

Nutrient depletion due to rapid withdrawal of mobile 
nutrients in leaves adjacent to large rapidly growing 
reproductive organs.

In the following, selected examples in which unique environmental and phenological 
factors contribute to the efficacy of foliar fertilizers are provided.

5.3.2. Influence of the environment on the efficacy of foliar 
applications during spring 

Unfavourable climate and soil environment frequently limit nutrient availability and 
uptake from soils. If these limitations coincide with periods of critical nutrient demand 
the application of foliar fertilizers may be beneficial and thus the plant phenology at 
the time of the environmental limitation is critical in determining the need for foliar 
fertilization. For example, unfavourable weather conditions during reproductive 
development can be economically devastating, while unfavourable conditions during 
vegetative stages may have little effect on productivity, especially if subsequent warm 
weather allows for ‘catch up’. 

The best documented examples of this phenomenon come from deciduous tree crops 
where spring time foliar fertilization is widely practiced. In the Mediterranean and 
colder climates, an unusually cool, wet spring can result in water-logging and root anoxia 
(low soil oxygen) which reduces nutrient uptake (Drew, 1988; Leyshon and Sheard, 
1974; Robertson et al., 2009) which can be partially alleviated by foliar nutrient sprays 
(Pang et al., 2007). Dong et al. (2001) and Hogue and Neilsen (1986) noted that nutrient 
translocation from the roots of apple trees is restricted by low root temperatures during 
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anthesis. The occurrence of cool, wet springs, before the onset of warm conditions that 
favour rapid shoot growth and flowering, can result in a condition described as ‘spring 
fever’ which is generally believed to be caused by transient deficiencies of the immobile 
elements, B, Cu and Zn which are critical for bud break, pollen-tube development, 
flowering and vegetative expansion. It is generally observed that plants ‘grow out’ of 
the deficiency once conditions improve though considerable loss of yield is possible, 
especially with flowering species having reduced fruit set at the start of the growing 
season. 

While all nutrients are required for new growth deficiencies of B and Zn are 
particularly critical because of their low mobility in most species and their essential 
roles in vegetative and reproductive growth (Marschner, 2012). 

Boron plays an important role in pollen germination and pollen tube growth (Chen 
et al., 1998; De Wet et al., 1989; Jackson, 1989; Nyomora et al., 2000; Perica et al., 2001; 
Rerkasem and Jamjod, 2004; Robbertse et al., 1990; Schmucker, 1934) and foliar sprays 
of B increase pollen-tube  germination and fruit set in a number of tree species including 
almond (Prunus amygdalus L.) (Nyomora et al., 1999), pear (Pyrus communis L.) (Lee et 
al., 2009), olive (Olea europea L.) (Perica et al., 2001), cherry (Prunus avium L.) (Wojcik 
and Wojcik, 2006) and apple (Malus domestica Borkh.) (Peryea et al., 2003). 

Table 5.2. Influence of B application on yield, and on bud and July leaf B of pistachio. Foliar B 
was applied in 1998 at the specified concentrations; soil applications were applied by hand dur-
ing an irrigation cycle in July 1997. Yield and tissue nutrient was determined in 1998.

Foliar 
(Feb 1998)
(mg B L-1)

Yield Buds Leaves (July)

(kg in-shell splits tree-1) (mg B kg-1)

0 8.6 35 170

490 10.01 37 185

1225 11.82 39 171

2450 9.5 41 210

Soil  
(August 1997)

(g B tree-1)

 

12 8.6 35 172

23 8.6 38 189

35 9.1 44 201

47 9.5 50 219

1 and 2 denote significantly greater than control at 0.05 and 0.01% respectively.
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The importance of phenology in crop response to B was illustrated in a series of 
experiments reported by Brown (2001) demonstrating that foliar B application can 
result in the correction of deficiency that is not responsive to soil B application (Table 
5.2). Foliar applications of B to mature pistachio trees (Table 5.3) and walnut (Figure 
5.1) resulted in a significant increase in fruit set and yield only when that application was 
made during the late dormancy stage (pistachio) or the early-leaf-out phase (walnut) 
immediately preceding flower opening (Brown, 2001). Applications made at any other 
time of the year, including soil applications, were ineffective at increasing yield. The 
benefit of foliar application was observed even with high leaf B values (>150 ppm B in 
pistachio and >35 ppm in walnut) and irrespective of soil B application. This indicates 
that adequate soil and leaf B status in the prior season does not ensure that optimal 
B will be present at flowering and that tree productivity can be impacted by localized 
transient deficiencies which  respond well to properly timed foliar applications.  In 
the region where these experiments were conducted, heavy winter rain and persistent 
wet fogs may have leached B from flower buds and facilitated crop response to the 
pre-flowering foliar sprays. Nevertheless foliar applications of B served a unique role 
in enhancing pistachio fruit set most likely by providing B directly to the emerging 
reproductive structures. 

Table 5.3. Effect of application date of foliar B (1225 mg B L-1) on yield and leaf B in pistachio.

Application date Growth stage Yield 1 July leaf B

(kg) (mg kg-1)

28-Feb Late dormant  642 188

19-Mar Early budbreak  52 188

3-Apr Flowering  54 187

17-Apr Leafing out   51 2562

8-May Fully leafed out   52 4682

1All yields are fresh weight of fruit per tree.
2 denotes significantly greater than control at 0.01%.

Similar responses to foliar B applications, immediately prior to flowering, were 
observed in olive (Perica et al., 2001), walnut (Brown et al., 1999c; Keshavarz et al., 2011) 
and almond (Nyomora et al., 1999). In almond, however, yield was maximized when 
the foliar B was applied in either September (postharvest) or February (immediately 
preceding flowering). The effectiveness of postharvest B applications in almond but not 
pistachio or walnut are a consequence of difference in B mobility in these two species 
(Brown and Hu, 1996). Boron is phloem-mobile in almond and applications made in 
August are rapidly translocated from leaves to developing buds for utilization in the 
springtime. In contrast, B is immobile in pistachio and foliar applications in August 
provided little or no B to the developing flower buds. 
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Zinc is a cofactor of over 300 enzymes and proteins and has an early and specific 
effect on cell division, nucleic acid metabolism and protein synthesis (Marschner, 
2012). As a consequence of both the demand for Zn in growing tissues and springtime 
weather conditions many species exhibit Zn deficiencies early in the growing season. 
The responsiveness of many species (including walnut, pistachio, apple, avocado, pecan, 
macadamia) to foliar Zn is also greatest in the springtime (Huett and Vimpany, 2006; 
Keshavarz et al., 2011; Peryea, 2007; Zhang and Brown, 1999a; Zhang and Brown, 
1999b) in part because young leaf surfaces are more easily penetrated prior to full 
expansion (Zhang and Brown, 1999b). In many deciduous species Zn deficiency can 
have a marked effect on pollen production and physiology, floral anatomy and yield 
(Christensen, 1980; Pandey et al., 2006; Pandey et al., 2009; Sharma et al., 1990; Swietlik, 
2002). 

Foliar-applied Zn generally exhibits a low degree of leaf penetration (1 to 5%) 
and limited phloem-mobility. The resulting effect that foliar Zn sprays have greatest 
efficacy on are the tissues that directly received the foliar spray (Christensen, 1980; 
Faber and Manthey, 1996; Huett and Vimpany, 2006; Keshavarz et al., 2011; Peryea, 
2007; Zhang and Brown, 1999a). The extent to which Zn is phloem-mobilevaries with 
crop phenology. Low but measurable Zn transport to non-sprayed tissues (including 
roots) has been observed in many tree species (Faber and Manthey, 1996; Neilsen et 
al., 2005b; Sanchez et al., 2006; Zhang and Brown, 1999a) while increasing evidence 
suggests that foliar Zn applied immediately prior to leaf senescence in grain crops can 

Figure 5.1. Effect of B deficiency on reproduction in walnut (Juglans regia). Walnut trees were treated with 
soil B applications (2 kg B ha-1) in mid-summer in 1999, 2000 and 2001. In a sub-set of trees, foliar appli-
cations were applied at 400 ppm B in the final spray solution applied 14 days prior to pistillate flowering.  
Control trees received no soil or foliar B applications. Yields were as follows: Control: 1280 kg ha-1; Soil 
Applications: 2060 kg ha-1; Foliar Application: 4592 kg ha-1 (Brown et al., 1999c).
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significantly enhance grain Zn concentrations (Cakmak, 2008; Cakmak et al., 2010; 
Ebrahim and Aly, 2004; Erenoglu et al., 2002; Fang et al., 2008; Haslett et al., 2001; 
Kinaci and Gulmezoglu, 2007; Ozturk et al., 2006; Zhang et al., 2010). 

Several researchers have suggested a synergistic effect of application containing both 
B and Zn. Combined B and Zn sprays applied during the pre-bloom stage in apple 
improved yield by 22 to 35% (Stover et al., 1999). In walnut (Keshavarz et al., 2011) 
three B and three Zn concentrations (0,174 and 348 mg L–1 for B and 0,1050 and 1750 
mg L–1 for Zn) applied either independently or in combination showed that all B and Zn 
applications, and combinations, had a significant effect on reproductive and vegetative 
growth. Pollen germination, fruit set, vegetative growth, nut weight, kernel per cent, nut 
and kernel length and chlorophyll index were all highest when B and Zn were applied 
simultaneously at 174 and 1050 mg L–1 concentrations respectively.

The relatively greater efficacy of springtime Zn sprays likely reflects the specific 
need for Zn during rapid vegetative and floral expansion, the high degree of phloem 
immobility and the relatively greater penetration of Zn into young rather than mature 
leaves. The high degree of Zn mobility observed in senescing wheat leaves and its 
effective transport to grain also suggest that plants have an inherent ability to transport 
Zn and that limitations to mobility are likely physical and not biological in nature.

There is a significant need for continued development of Zn materials and timings to 
increase Zn mobility and enhance the longevity of foliar Zn applications.

Nitrogen foliar application in the springtime shows variable results depending on 
species, the environment or the plant nutritional status at time of application, as well 
as formulation used. In citrus the response to foliar-applied urea is generally beneficial. 
A seven year trial with navel orange demonstrated that application of urea as the foliar 
N source, immediately preceding and during flowering and leaf expansion, at the rate 
of 0.23 kg urea-N tree-1 split between two foliar applications, one in February and the 
second in late April to early May, were statistically equal to yields obtained with 0.45 
or 0.91 kg N tree-1 as ammonium nitrate applied to the soil (Sharples and Hilgeman, 
1972). The importance of an adequate supply of N during the critical stages of fruit 
initiation and development for yield and good quality citrus fruit has been demonstrated 
by several researchers (Alva et al., 2006a; Alva et al., 2006b). Trees receiving foliar-
applied urea in mid-January or mid-February, independent of soil N treatment, had 
significantly greater yield and fruit numbers per tree each year compared to the control 
trees receiving only soil N for three consecutive years (Ali and Lovatt, 1994).

Research in citrus has shown yield benefits of foliar sprays at bloom and post-
bloom, presumably from increased fruit retention during the two physiological drop 
periods during the spring-time (Rabe, 1994; Sanz et al., 1987). Several authors have 
demonstrated that application of foliar urea during flower initiation-differentiation can 
alter flower performance (Ali and Lovatt, 1994; Chermahini et al., 2011; Rabe, 1994). 
Single applications during fruit set and “June drop” were also efficient in increasing 
yield. In these trials, foliar urea increased leaf N content during the first 48 hours 
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following treatment of ‘Cadoux’ clementine mandarin trees (Citrus reticulate Blanco) 
but this effect disappeared by the 30th day after treatment. Yield improvement was due to 
increased fruit number since fruit size was not affected by the urea spray. In agreement 
with these results, urea applied pre-bloom increased flower initiation and intensity of 
the clementine mandarin and reduced alternate bearing (El-Otmani et al., 2000). In 
the majority of these trials, foliar N does not result in long term increases in tissue N 
levels and primarily acts to alter flower initiation/differentiation, fruit set and retention.  
These results may suggest that urea provides a physiological benefit that is more than a 
consequence  of simply adding N in this form.

Phosphorus foliar fertilization provides beneficial effects for a number of fruit crops. 
Increased fruit set (Albrigo, 1999), fruit yield (Lovatt et al., 1988) and fruit quality 
(Albrigo, 1999) have been reported in fruit trees in response to foliar P applications 
made near the bloom period or during the growing season.

Ensuring that plants are well supplied with all essential elements during the spring is 
essential for optimal productivity:
•  Predicting the occurrence of spring-time nutrient deficiency is difficult.
•  Environmental conditions can induce nutrient deficiencies in an unpredictable 

manner.
•  In high-value crops prophylactic application of foliar nutrients is frequently 

advised.
•  Some crop responses to foliar fertilizers are unexplained and may suggest a non-

nutritional effect.

5.3.3. Efficacy of foliar applications for flowering and grain set in field 
crops

Foliar application of nutrients to cereal crops is increasingly used though it is still 
not a widely adopted practice. Numerous foliar fertilizer trials have been conducted 
in a variety of crops and growing conditions. The results have been highly variable, 
at times demonstrating substantial benefit from foliar applications while on other 
occasions showing no effect (Barraclough and Haynes, 1996; Freeborn et al., 2001; Haq 
and Mallarino, 2005; Ma et al., 2004; Ma et al., 1998; Mallarino et al., 2001; Schreiner, 
2010; Seymour and Brennan, 1995; Tomar et al., 1988) and sometimes negative effects. 
The reported negative effects of foliar applications can largely be explained by the 
direct effects of the foliar salts causing leaf burn thus reducing effective leaf area and 
photosynthate production (Barel and Black, 1979a; Bremner, 1995; Fageria et al., 2009; 
Gooding and Davies, 1992; Haq and Mallarino, 1998; Kaya and Higgs, 2002; Krogmeier 
et al., 1989; Parker and Boswell, 1980; Phillips and Mullins, 2004). Negative effects 
of the foliar application of B to open flowers have also been reported (Brown, 2001; 
Nelson and Meinhardt, 2011) and may be a consequence of the applied B disrupting 
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the directionality of pollen tube growth and reducing effective fertilization (Dickinson, 
1978; Robbertse et al., 1990). 

Research with foliar P formulations is illustrative of the challenges in interpreting the 
role of crop phenology and experimental protocols on foliar efficacy. Foliar applications 
of P have been used on various crops such as soybeans (Haq and Mallarino, 2005; 
Mallarino et al., 2001; Syverud et al., 1980), wheat (Batten et al., 1986; McBeath et al., 
2011; Mosali et al., 2006; Noack et al., 2011), clover (Bouma, 1969; Bouma, 1975), maize 
(Girma et al., 2007; Ling and Silberbush, 2002) and cereal crops (McBeath et al., 2011; 
Noack et al., 2011). 

Syverud et al. (1980) found significant increases in the yields of maize and soybean 
from weekly sprays of polyphosphates, and low rates of foliar-applied P corrected mid- 
season P deficiency in winter wheat and resulted in higher P use efficiency (Mosali et 
al., 2006). Foliar P application in early growth stages of wheat increased the number of 
fertile tillers (Grant et al., 2001) but it has not been well established that this early supply 
of foliar P increases grain yield as well. Mosali et al. (2006) identified ‘Zadoks 32’ as 
the optimum growth stage for foliar P addition as it increased both P uptake and grain 
yield. Other studies (Batten et al., 1986; Hocking, 1994) showed that P accumulation in 
wheat plants was highest when applied before anthesis and a cessation of P uptake after 
anthesis was observed in wheat (Rose et al., 2007). Foliar application of 0, 2.2, 4.4 and 
6.6 kg P ha–1 as KH2PO4 at late anthesis in wheat (Benbella and Paulsen, 1998) suggested 
an optimal application rate of 2.2 kg P ha–1.  Similarly, foliar KH2PO4 applied to wheat 
at various vegetative growth and early reproductive stages was most effective when it 
was applied during flowering (Zadoks 65) at 2 kg P ha–1 (Mosali et al., 2006), while in  
maize grain yield response to foliar P at 2 kg P ha–1 was greatest when applied from the 
eighth leaf through to the tasseling growth stages (Girma et al., 2007). In general, the 
most appropriate timing for foliar P application is at early pod development in soybeans 
(Gray and Akin, 1984); from canopy closure to anthesis in cereal crops (Mosali et al. 
2006; Girma et al. 2007); and early tasseling in  maize (Girma et al., 2007; Giskin and 
Efron, 1986).

The response of various soybean cultivars to foliar N, P, K, S supply has been 
encouraging (Boote et al., 1978) when applied during the seed-filling period (between 
growth stages R5 and R7). Foliar N supply to soybean was found to be an effective 
means to replenish N in the leaves and resulted in higher yields in contrast to soil 
fertilization alone (Garcia and Hanway, 1976).  Foliar application of N in combination 
with P, K and S during the R4 to R7 development stages showed the best results (Haq 
and Mallarino, 1998; Poole et al., 1983a; Poole et al., 1983b). However, other studies did 
not reproduce these results (Boote et al., 1978; Parker and Boswell, 1980) perhaps due 
to leaf damage and consequent loss of photosynthetic area from foliar fertilization and 
the background nutrient status of the plant. Foliar sprays have been shown to increase 
tissue N, P, K and S concentrations with no effect on yields (Boote et al., 1978). Some 
nutrients, when applied as foliar fertilizers, may interact positively with other nutrients 
and may improve crop yields. For example, S applied alone as a foliar fertilization to 
soybean did not increase grain yield but when applied in a combination with N,P and 
K, the response was positive (Garcia and Hanway, 1976). 
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Increased yields from foliar sprays with N, P, K, S during the seed-filling period in 
bean plants have been reported (Neumann and Giskin, 1979). However, the response 
of Vicia faba L. and Phaseolus vulgaris L. to foliar N, P, K, S sprays led to inconsistent 
and even negative effects (Day et al., 1979; Witty et al., 1980) and Lauer (1982), while 
increased vegetative growth and quality due to Zn and N, P, K applications has been 
reported for musk-melon and a few other cucurbits (Lester et al., 2010; Lester et al., 
2006). 

In conclusion, the most appropriate timing for foliar application of macronutrients is 
at early pod development in soybeans; from canopy closure to anthesis in cereal crops; 
at early tasseling in maize; and at early flowering in cotton. However, while there are 
many cases of positive crop response to foliar applications of N, P, K and S there are 
several very well conducted trials in which no substantial benefits of foliar P or foliar 
fertilizer mixtures were detected (Haq and Mallarino, 2005; Leach and Hameleers, 
2001; Mallarino et al., 2001; Seymour and Brennan, 1995). 

The diversity of field crop response to foliar fertilization suggests that there is a 
substantial influence of the environment (climate, soil conditions, nutrient status, 
stage of growth, conditions during application), species and formulation on crop 
response. Understanding the conditions that lead to a positive crop response remains 
a major challenge.

5.3.4. Foliar fertilization during peaks of nutrient demand
In the majority of crops, nutrient demand is at its peak during the maximum (grand) 
phase of vegetative development in annuals and during fruit and nut development in 
tree crops. During these phases as much as 40% of total annual nutrient accumulation 
can be acquired over a 10-day period (Figure 5.2) (Jones et al., 2009). In almond, N 
demand is particularly high and during the first 60 days of growth it may exceed 180 
lbs N acre-1, whereas K demand maximizes later in the season and tends to overlap 
with periods of greatest demand for carbon (C) and during periods of limited new root 
production. 

In many perennial high-value crops, foliar fertilizers should be applied during 
the period of highest nutrient demand under the premise that soil supply and root 
uptake may be inadequate to meet demands even with adequate soil-applied fertilizer.  
Evidence for this phenomenon is available for several species. French prune has a 
particularly high demand for K (up to 280 kg K ha-1 year-1) with much of this demand 
occurring during mid to late summer as fruits accumulate sugars. Southwick et al. 
(1996) in a comparative study of foliar versus soil K application with ‘French’ prune 
trees reported that foliar KNO3 sprays given four times throughout the growing season 
corrected K deficiency and gave simiar or higher yields than soil applications. The 
rapid re-mobilization of K to the fruit from leaves reduced leaf K concentrations which 
resulted in leaf scorch (K deficiency symptoms) and shoot dieback in prune (Southwick 
et al., 1996) and pecan trees (Sparks, 1986). This effect occurred even in soils with 
abundant available K suggesting that demand in leaves immediately adjacent to fruit 
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Figure 5.2. Patterns of nutrient accumulation as a percentage of total seasonal accumulation over 
the growing season for six field crops (Adapted from Jones et al., 2009).
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exceeds the capacity for replenishment from soil pools. Foliar sprays appear to provide 
a more rapid replenishment particularly in K and P fixing soils where diffusion rates 
may be inadequate to satisfy demand which is also exacerbated by the reduced new root 
production that occurs during summer in many tree species. Often during summer 
nutrient absorption by roots is also decreased in plants when under water stress and 
foliar application of nutrients offers the possibility of an alternative path for nutrient 
entry.

In pistachio, the primary periods of N accumulation coincide with the spring flush of 
growth and the nut fill period. Potassium accumulation followed the same pattern as N 
accumulation. This demand for nutrients can be supplied from re-distribution or from 
uptake. The high demand for K and N during fruiting years, particularly during early 
spring growth and nut fill, suggests that any reduction of root nutrient uptake during 
those periods could result in impaired fruit growth and yield (Rosecrance et al., 1996; 
Rosecrance et al., 1998b) The demand for nutrients by large crops (heavy fruiting) in 
pistachio can result in highly localized but pronounced nutrient deficiencies in leaves 
immediately adjacent to nut clusters even in well fertilized soils (Figure 5.3). A similar 
pattern of deficiencies can be observed in the spur leaves immediately adjacent to a fruit 
in almond (Figure 5.4).

Musk-melon (Cucumis melo L.) responds very well to foliar sprays of K (Jifon and 
Lester, 2009; Lester et al., 2010; Lester et al., 2006) as the fruit sugar content is directly 
related to K-mediated phloem transport of sucrose into the fruit and during rapid 

Figure 5.3. Severe K and N deficiency in leaves immediately adjacent to a large nut cluster in 
pistachio (Pistacia vera). Deficiencies can occur even in heavily fertilized orchards and targetted 
foliar applications of KNO3 effectively corrects these foliar symptoms (Brown, unpublished re-
sults). 
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musk-melon fruit growth when soil fertilization may be inadequate due to poor root 
absorption capacity. Under such conditions K supplementation through foliar sprays 
is very effective in improving fruit quality. Cotton has a very high K demand and is 
sensitive to conditions that limit K availability such as soil drought during the critical 

Figure 5.4. Multi-element deficiencies in leaves immediately adjacent to two-fruited spurs (F2) 
of almond. Note the lack of apparent deficiencies in green leaves on non-fruiting (NF) neighbou-
ring spur of the same tree (Brown unpublished).

Table 5.4. Influence of foliar-applied K at boll filling stage on boll load, leaf N and yield of cotton 
(Oosterhuis and Bondada, 2001). 

Fertilizer Boll load Foliar nitrogen Yield

(kg N ha-1) (kg N ha-1) (kg seed cotton ha-1)

50 Low boll load 0 783 cda

50 Low boll load 50 970 bc

50 High boll load 0 1035 b

50 High boll load 50 1258 a

100 Low boll load 0 776 d

100 Low boll load 10 782 bcd

100 High boll load 0 884 b

100 High boll load 20 1170 a

a Means within a column followed by the same letter are not significantly different at P ≤ 0.05.
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demand periods. Peak demand for K is at the boll filling stage when higher boll load and 
potential yield results in greater demand (Gwathmey et al., 2009; Mullins and Burmester, 
1990). Late season foliar N application is also a standard practice in much of the world’s 
cotton producting regions (Gerik et al., 1998) and many studies demonstrate a benefit 
of foliar N applications even with high soil N rates (Bondada et al., 1999; Oosterhuis 
and Bondada, 2001). As with K the benefits from late season foliar N applications are 
strongly dependent upon tissue sink strength and phenology of the crop (Oosterhuis 
and Bondada, 2001).

5.3.5. Postharvest and late season sprays
Late season (postharvest) foliar application of nutrients is a common practice in 
many deciduous tree species with the belief that nutrient status can be enhanced for 
the spring flowering period. However there are considerable differences in leaf health 
and longevity during the postharvest period which depends upon species and cultivar.  
Thus, early season cherry, grape, apricot and peach can experience a substantial period 
of full postharvest leaf function, while late species such as almond, pistachio, walnut, 
apple and pear have very little active postharvest leaf function. In general, evidence 
suggests that the advantages associated with foliage application of nutrients during the 
postharvest period are greatest with the phloem-mobile nutrients (N, K as well as B 
in species that readily transport B) though the potential benefit of all nutrient sprays 
is diminished as plants and trees approach leaf abscission. For the phloem-immobile 
nutrients, particularly Ca, Fe, Mn and Zn, there appears to be no advantage of supplying 
trees with these elements during the late post-harvest period (Faber and Manthey, 1996; 
Huett and Vimpany, 2006; Neilsen et al., 2005b; Peryea, 2006; Peryea, 2007; Sanchez et 
al., 2006). 

Foliar-applied urea is commonly used to provide N to trees as they enter dormancy 
(Dong et al., 2002; Dong et al., 2005a; Sanchez and Righetti, 2005; Sanchez et al., 1990; 
Shim et al., 1972). Fall urea sprays increased total N of the dormant spur flower buds 
and fruit set of apple trees in the subsequent season (Guak et al., 2004). Late season 
applications of urea are better tolerated than in-season sprays since phytotoxicity is less 
of a concern in senescing leaves. In peach, the phytotoxicity threshold for most of the 
growing season is attained by foliar-applied urea concentrations between 0.5 to 1.0% 
and consequently multiple sprays are required to meet tree demand. Concerns about 
phytotoxicity diminish prior to natural leaf fall when higher urea concentrations (5 to 
10%) may be used (Johnson et al., 2001). Tagliavini et al. (1998) and Toselli et al. (2004) 
also reported that peach leaves are able to take up a significant proportion of the N 
intercepted by the canopy from foliar sprays and Scagel et al. (2008) reported that fall 
urea application enhanced spring growth and as a result that spring fertilizer practices 
may need to be modified upwards to account for the increased uptake or demand of 
some nutrients.

5.3.6. Foliar fertilization and crop quality
Foliar fertilizers can be used to enhance crop quality both in terms of grain protein 
and Zn content (Cakmak, 2008; Cakmak et al., 2010; Erenoglu et al., 2002).  In wheat 
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(Triticum sp.), several studies have shown that foliar sprays of N increased grain protein. 
Optimum timing for N sprays on wheat showed that post-pollination foliar N gave the 
highest grain protein (Blandino and Reyneri, 2009; Bly and Woodard, 2003; Gholami 
et al., 2011; Pushman and Bingham, 1976; Varga and Svecnjak, 2006; Woolfolk et al., 
2002). The benefits of late season foliar applications are influenced by both cultivar and 
plant N status (Varga and Svecnjak, 2006).

Results of Dong et al. (2009) showed that pre-harvest application of Ca and B to 
‘Cara cara’ navel orange (Citrus sinensis L. Osbeck) had significant effect on the cross-
linked polymer network of the fruit segment membrane and the enzyme expression 
levels of polygalacturonase, pectinesterase and b-galactosidase were significantly 
reduced by pre-harvest application of Ca and B alone, or in combination. Such 
treatments increased contents of total dietary fibre, insoluble dietary fibre, proto-pectin 
and cellulose but decreased soluble dietary fibre and water-soluble pectin. ‘Fortune’ 
mandarin fruit showed positive effects from the Ca sprays in reducing peel disorder 
incidence (Zaragoza et al., 1996{Ait-Qubahou, 2000 #1709}).

Pre-harvest sprays of Ca and K increased their mineral content in the fruit peel 
of ‘Fortune’ mandarin at harvest (El-Hilali et al., 2004). Foliar spraying of trees with 
fertilizers containing N, Ca and K, four weeks before harvest, reduced significantly the 
appearance of peel disorders after storage at 4 and 8°C, and a pre-harvest spray with 
Ca(NO3)2  and KNO3 improved the mineral content of fruit peel at harvest.

5.4. Impact of plant nutritional status on efficacy of foliar 
fertilizers

The nutritional status of a plant can have a significant effect on response to foliar 
fertilizer applications. These vary with plant species, the nutrient element and duration 
of the nutrient deficient condition. A persistent nutrient deficiency can reduce foliar 
absorption by altering leaf physical and chemical composition; by reducing canopy 
size; or by altering crop phenology. Short-term deficiencies can also result in enhanced 
absorption through increases in the activity of deficiency response mechanisms (uptake 
‘activators’) or as a consequence of the relative abundance of unsaturated binding sites 
for deficient nutrients. Transport of nutrients from the application site may also be 
enhanced under deficiency conditions as a consequence of chemical potential gradients 
that favour nutrient movement from the site of absorption. In contrast, nutrient 
adequacy can favour foliar absorption by increasing new shoot growth and increasing 
canopy size thereby enhancing nutrient uptake as described earlier (Chapter 4.1.). In 
accordance with Liebig’s Law of Minimum, crop response to enhanced supply of a 
single nutrient is maximized when all other essential elements are present in adequate 
amounts. The following text provides examples of each of these processes.

Marschner (2012) concluded that if the amount of any mineral nutrient in the leaves is 
extremely low then their ability to absorb this nutrient is limited because of irreversible 
changes in their tissues. This principle has been demonstrated recently in studies of Fe 
deficiency where it was shown that significant changes occur at the cuticular membrane 
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level as a result of Fe chlorosis (Fernandez et al., 2008b). Iron deficient plants had altered 
morphology and mechanical properties in the epidermis, the cell wall and the vascular 
bundles.  Leaves were characterized by the occurrence of hydraulic problems (Eichert et 
al., 2010; Fernandez et al., 2008b) as a result of disruptions in cuticle formation caused 
by limited production of lipidic material which has also been suggested to occur in pear 
and peach chloroplast thylakoid membranes under Fe deficiency (Abadia et al., 1988; 
Abadia, 1992; Abadia et al., 2011; Monge et al., 1993). 

In citrus leaves, N deficiency induced an increase in epicuticular wax concentration 
(Bondada et al., 2006; Bondada et al., 2001) and an analogous response was observed 
in Pinus palustris needles with low N status which exhibited greater epicuticular wax 
concentrations than high N needles (Prior et al., 1997). An increase in epicuticular 
wax reduces foliar absorption by reducing the transcuticular transport process and 
by increasing the proportion of long chain alkanes which alters epicuticular wax 
morphology as observed in ‘Douglas’ fir (Chiu et al., 1992). Nitrogen deficiency can 
also affect uptake by reducing leaf expansion and shoot growth resulting in smaller 
leaves and stems with thicker cuticles and more epicuticular wax on a leaf area basis. 

However a decrease in N absorption under N deficiency is not always observed 
since studies employing 15N-enriched urea undertaken by Klein and Weinbaum (1984) 
failed to establish a relationship between tree N status and foliar uptake of urea. They 
reported comparable absorption of foliar-applied urea by N-sufficient and N-deficient 
‘Manzanillo’ olive plants and demonstrated a 17% greater retention of urea-N by 
N-deficient plants than those with adequate N status. In olive, N deficient plants take 
up more N by the leaves than those with optimal N content (Fernandez-Escobar et 
al., 2011). In citrus, N uptake from foliar urea decreased with increasing total shoot N 
content (Leacox and Syvertsen, 1995).  Plant response to foliar sprays is also affected by 
K status as absorption of Rb (a K analog) by olive leaves was reduced in K-deprived and 
water-stressed plants compared to those cultivated in a K-rich medium (Restrepo-Diaz 
et al., 2008a). The K content in olive plants increased significantly as concentration of 
foliar KCl increased but only in plants cultivated in a low K (0.05 mM KCl) nutrient 
solution (Restrepo-Diaz et al., 2008a). This may occur as a result of changes in leaf 
cuticle as described earlier. The reduced absorption of foliar-applied Rb (K analog) by 
olive leaves under water stress may explain the irregular response of rainfed olive trees 
to foliar K application and could be related to water stress effects on leaf and canopy 
expansion (Arquero et al., 2006; Restrepo-Diaz et al., 2008a; Restrepo-Diaz et al., 2009; 
Restrepo-Diaz et al., 2008b), or reduced stomatal opening (Fischer and Hsiao, 1968). 

Boron-deficient leaves were found to have significantly lower 10B absorption rates as 
compared to B-sufficient leaves (9.7% of the applied dose vs. 26to 32%) (Will et al., 2011). 
Plants with no root B supply exhibited only 30% of the foliar B absorption as compared 
to plants grown under 10, 30 and 100 μM B. The absolute amount of foliar-applied B 
moving out of the application zone was reduced in plants with 0 μM root B supply (1.1% 
of the applied dose) and highest in those grown in 100 μM B (2.8%). The limited foliar B 
absorption by B-deficient leaves was most likely caused by a reduced permeability of the 
leaf surface (Will et al., 2011). In leaves of plants grown without B supply stomata were 
shrunken and closed which has been reported to reduce absorption of foliar-applied 
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solutes via the stomatal pathway (Eichert and Burkhardt, 2001; Eichert and Goldbach, 
2008). Possibly, B deficiency also induced alterations in cuticular structure as has been 
reported for Fe deficiency in peach and pear trees (Fernandez et al., 2008b). Several 
authors have quantified a proportionally greater mobility of foliar- and soil- applied 
B during plant reproductive stages under B-deficient conditions (Huang et al., 2008; 
Liakopoulos et al., 2009; Marentes et al., 1997; Shelp, 1988; Shelp et al., 1996). This effect 
may be a consequence of enhanced activity of B transporter channels under B deficiency 
(Miwa et al., 2010); a result  of enhanced phloem B transport from leaf to reproductive 
tissue under deficiency (Huang et al., 2008; Will et al., 2011); or a stimulation of polyol 
production that facilitates B transport (Liakopoulos et al., 2009).

Though there is little work identifying an interaction between nutrient deficiency, 
crop phenology, crop canopy expansion and foliar absorption, it can be hypothesized 
that growth conditions that optimize leaf expansion, canopy development, 
reproduction, fruit growth and senescence will enhance foliar nutrient absorption and 
re-mobilization. Klein and Weinbaum (1984) observed that the partitioning of foliar-
applied N appeared to be linked indirectly with the tree N status and transport out of 
leaves was increased in the more vigorously growing, high N trees. Furthermore, they 
concluded that, depending upon the tree N status, there may be uncoupling between 
the effects of the tree N status on leaf absorption of urea and the mobility of foliar-
applied urea-N within the plant. Others (Sanchez and Righetti, 1990; Sanchez et al., 
1990; Tagliavini et al., 1998) have shown that foliar N re-mobilization prior to natural 
leaf abscission was unaffected by the tree N status. 

In apples, leaves with N content absorbed more N from sprays (Cook and Boynton, 
1952) and  responded better to Mg sprays (Forshey, 1963) as well as foliar applications in 
general (Swietlik and Faust, 1984). While the amount of 65Zn absorbed by wheat leaves 
was not affected by the Zn nutritional status of the plants (Erenoglu et al., 2002), the 
supply of supplemental N to wheat plants resulted in enhanced grain N and a significant 
enhancement of foliar 65Zn transported to the grain and therefore an increase in grain Zn 
concentration (Cakmak et al., 2010). Improved foliar absorption of nutrient elements in 
trees replete with all other nutrients likely occurs due to the overall better physiological 
status of the trees,as well as to the enhanced availability of an absorptive surface (bigger 
canopy) and the enhanced sink strength of developing organs.

The plant nutritional status has predictable but not necessarily predictive effects on 
crop response to foliar fertilizers.
•  Plants with high nutrient status are less likely to respond to foliar fertilizers though 

the capacity for a plant to respond to a particular foliar nutrient application is 
dependent on an adequate status of all the other nutrients in the plant.

•  The nutrient status can alter plant size and plant structure and hence have complex 
effects on crop response.
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5.5. Source and formulation of nutrients for foliar spray 

From a review of the available literature, it is clear that the source and formulation 
of foliar nutrient sprays affects absorption by leaves and differences in response are 
found among nutrients and plant species. The differences in response may be ascribed 
to the chemical form of the nutrient; its physico-chemical properties (molecular size, 
solubility, volatility, charge partition, hygroscopicity, and point of deliquescence); the 
accompanying ions; and the presence of various additives and adjuvants. The following 
review is limited to examples where general principles rather than product-specific 
results can be highlighted.

Foliar applications of urea, calcium nitrate and ammonium sulphate had similar 
effects in increasing N concentration in apple (Malus domestica Borkh) leaves (Boynton, 
1954; Rodney, 1952). Urea is frequently used in foliar sprays in agriculture as it is rapidly 
and efficiently assimilated by plants and trees (Bi and Scagel, 2008; Bondada et al., 
2001; Cheng et al., 2002; Chermahini et al., 2011; Dong et al., 2002; Dong et al., 2005a; 
Gooding and Davies, 1992; Guvenc et al., 2006; Johnson et al., 2001; Laywisadkul et al., 
2010; Rosecrance et al., 1998a; Shim et al., 1972; Xia and Cheng, 2004; Yildirim et al., 
2007).  The primary limitations in the use of urea are associated with the occurrence of 
leaf toxicity and fruit damage when rates exceed plant tolerance. Furthermore, toxicity 
and damage may also be associated with a higher biuret content of some ureas (Fisher, 
1952; Gooding and Davies, 1992; Johnson et al., 2001; Krogmeier et al., 1989; Strik et 
al., 2004; Witte, 2011). 

Bowman and Paul (1992) showed comparable N absorption rates by ryegrass (Lolium 
perenne L.) leaves from foliar applications of urea, ammonium and nitrate N sources. 
This is in contrast with the majority of results that demonstrate a higher absorption 
rate of N by the leaves treated with urea compared with those treated with nitrate or 
ammonium forms (Reickenberg and Pritts, 1996; Swietlik and Faust, 1984; Wittwer 
et al., 1967). This phenomenon is related to the fact that the cuticular membrane is 
10 to 20 times more permeable to urea than to inorganic ions (Yamada et al., 1964a; 
Yamada et al., 1964b) which is a consequence of the small uncharged nature of the urea 
molecule. Urea-ammonium nitrate has also been very effective as a foliar-applied N 
source to barley (Turley and Ching, 1986), while in soybeans there were no differences 
in the uptake rate of foliar-applied N in the urea, ammonium or nitrate forms (Morris, 
1983). The absorption rate of ammonium ions into the leaves is faster than that for 
nitrate ions because the permeation of cations along the gradients of negatively charged 
sites in cuticular pores is enhanced. This has been verified in grapevines (Porro et al., 
2006) where uptake from the NH4-containing treatments was higher than treatments 
containing NO3. 

The role of the POD in determining the efficacy of foliar fertilizers has been described 
in Chapter 4 and as stated salts used for foliar nutrition often have a low POD (Schönherr, 
2001). Thus, CaCl2 (33%), K2CO3 (44%), and Ca(NO3)2 (56%) should be more effective 
than K2HPO4, KH2PO4, KNO3, Ca-acetate, Ca-lactate, and Ca-propionate as the later 
are soluble only at humidity close to 100% (Schönherr, 2001). However, the increased 
phytotoxicity risk of low POD salts should not be overlooked.
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It is commonly accepted that, for most plant species, foliar-applied Mg is rapidly 
absorbed when present as chloride and nitrate salts (Allen, 1959; Neilsen and Hoyt, 
1984) and Fisher and Walker (1955) reported that apple leaf Mg concentrations as a 
result of foliar applications of Mg in the form of nitrate, chloride, acetate and sulphate 
were increased by 71, 66, 32 and 8% respectively. When applied as MgCl2, 90% of the 
applied Mg was absorbed by apple leaves even at a relative humidity of 30%, whereas 
MgSO4 required a relative humidity of 80% for an increase in absorption (Neilsen and 
Hoyt, 1984). The response likely reflects the greater deliquescence of MgCl2 compared 
to MgSO4. 

Prior studies on foliar Zn fertilization of various plants have shown relatively little 
translocation of foliar-applied Zn as ZnSO4 or after chelation with a synthetic chelate 
such as EDTA (Chatzistathis et al., 2009; Neilsen et al., 2005b; Peryea, 2007; Swietlik 
and Laduke, 1991; Zhang and Brown, 1999a; Zhang and Brown, 1999b). In pea (Pisum 
sativum L.) only 25% and 75% of Zn applied as Zn-EDTA or ZnSO4 respectively were  
recovered after removal of epicuticular waxes, and  8 to 10% was  translocated from 
the treated tissues (Ferrandon and Chamel, 1988). In one of the only available studies 
on avocado (Kadman and Cohen, 1977) there was no translocation of 65ZnCl2 from 
spots applied to intact leaves even to adjacent parenchyma tissue. Amino acid chelates 
(metalosates) have been reported to be more effectively taken up and translocated than 
inorganic metal salts or the synthetic chelate EDTA in a variety of crops and trees (Hsu, 
1986; Shazly, 1986). Foliar-applied ZnSO4, ZnO, and Zn metalosate with Zn at 5.4, 
0.8 and 0.9 g L–1 respectively, resulted in increased leaf Zn concentrations in avocado 
(Crowley et al., 1996). However, experiments with 65Zn applied to leaves of greenhouse 
grown avocado seedlings (Persea americana Mill.) showed that <1% of Zn applied as 
ZnSO4 or Zn metalosate was actually taken up by the leaf tissue and that there was little 
translocation of Zn into leaf parenchyma tissue adjacent to the application spots or into 
the leaves above or below those treated.

Zinc deficiency in rice can be corrected by the application of ZnSO4 but application 
in chelated forms, such as Zn–EDTA, was found to be more efficient (Correia et al., 
2008; Karak et al., 2006). In citrus plants, (Sartori et al., 2008) reported that ZnCl2 was 
more efficient than ZnSO4  in supplying Zn to the leaves though the former source may 
have caused toxicity symptoms in the leaves. The magnitude of the leaf Zn absorption 
appears to be  dependent on the micronutrient source. When ZnSO4 was the Zn source 
for orange trees, Zn  absorbtion by leaves was small at 6% of the total applied (over 120 
days). However, when the Zn source was the chloride, Zn absorption reached 92% of the 
total applied. When commercially available Zn-chelated products were used on orange 
trees, the absorption and translocation rates were no greater than inorganic Zn sulphate 
and chloride (Caetano, 1982; Santos et al., 1999). When foliar applications of Zn sulphate 
and chloride, or chelated compounds of EDTA or lignosulfonate, labelled with 65Zn 
were compared on pea or bean leaves less than 7% of applied Zn was translocated from 
treated leaves to the other plant parts irrespective of Zn source (Ferrandon and Chamel, 
1988; Sartori et al., 2008). In pecan and citrus, Zn(NO3)2 alone, and in combination with 
urea and ammonium nitrate, raised leaf Zn level more than ZnSO4 (Smith and Storey, 
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1979). There was no difference in the effectiveness of Zn compounds for foliar sprays 
applied to apples (Neilsen and Neilsen, 1994). 

The efficacy of 11 commercially available Zn products applied in foliage of apple trees 
during post-bloom stage demonstrated that all of the Zn products increased leaf Zn 
concentrations to desirable levels (Peryea, 2006; Peryea, 2007). Leaf Zn concentration 
increased in the order: Zn phosphate < Zn oxide = Zn oxysulphate < chelated/organically 
complexed Zn < Zn nitrate. Because the inorganic Zn-based products usually are less 
expensive per unit of Zn, it may be less costly and just as effective to use a higher rate 
of an inorganic Zn product than use a lower rate of a  more expensive but organically 
complexed product. On the other hand, the use of organically complexed Zn products 
at low rates may minimize release of the metal into the environment. Post-bloom sprays 
of Zn applied at lower rates and with these safer formulations are replacing dormant 
and postharvest inorganic salt-based Zn sprays (Peryea, 2007; Sanchez et al., 2006). 
The relative effectiveness of the Zn-chelates, Zn-PHP, Zn-HEDTA, Zn-EDDHSA, Zn-
EDTA, Zn-S, ZN-EDDS and Zn-EDTA-HEDTA sources to navy beans (Phaseolus 
vulgaris L.) was greatest with Zn-EDTA, Zn-EDTA-HEDTA, Zn-HEDTA and Zn-
EDDHSA (Gonzalez et al., 2007).

Most forms of B available for use in foliar fertilizer products are highly soluble and 
generally effective. In apple, the B products Mor-Bor 17, Solubor, Solubor DF, Spraybor, 
Borosol, Liquibor, N-Boron, and Solubor plus Coron showed little substantive difference 
(Peryea et al., 2003). Furthermore, the chemical form of B in the product, its physical 
state and presence of additives had no consistent and substantive differential effects 
on B uptake. In a greenhouse study, there was a difference in tissue B concentration 
in cotton receiving foliar applications of different B sources, including boric acid and 
sodium borate, but there was no effect on tissue B concentration in soybean (Guertal 
et al., 1996). The relatively small effect of source or formulation on foliar B fertilizers is 
likely a result of the small size and uncharged nature of undissociated boric acid which 
is the predominant chemical state of B at pH values of less than 8.2. Undissociated boric 
acid, similar to urea and glycerol, should pass easily through cuticular membranes.

Identifying superior and effective sources of foliar Fe fertilizers has been a significant 
challenge for foliar fertilizer practitioners (Abadia et al., 2011; Fernandez et al., 2009). 
While some authors report advantages of using Fe chelates over inorganic Fe salts 
(Basiouny et al., 1970) others observed no benefit of the former over the latter which 
are cheaper (Alvarez-Fernandez et al., 2004; Rombola et al., 2000). In groundnut, Fe(II) 
sulphate was as effective as Fe(III)-EDTA and Fe(III)-citrate (Singh and Dayal, 1992) 
and Fe(II) sulphate was as effective as Fe(III)-DTPA in kiwi-fruit (Tagliavini et al., 
2000) while Fe(II) sulphate alone (9 mM Fe), or in combination with ascorbic, citric and 
sulphuric acids, was able to induce leaf re-greening in chlorotic pear (Garcia-Lavina et 
al., 2002). In grape Fe sulphate was somewhat effective (Reed et al., 1988) but not in 
peach. Similarly, several investigations observed variable physiological responses of Fe 
deficient plants to diluted acids and chelators such as citric acid (Alvarez-Fernandez et 
al., 2004; Tagliavini et al., 1998). Fernández and Ebert (2005) concluded that due to the 
chemistry of Fe(II) and Fe(III) in solution, as well as their instability in the presence 
of oxygen and pH dependency, it is better to apply Fe as foliar sprays as chelates than 
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as salts. However, when assessing the effect of several Fe compounds including Fe-
sulphate and four Fe chelates (Fernandez et al., 2006; Fernandez et al., 2008a) it was 
shown that all compounds may efficiently re-green chlorotic leaves and increase foliar 
Fe concentrations provided that suitable adjuvants are added to the formulations. 
Concentration plays an important role in foliar Fe uptake with proportionally increased 
uptake occurring from lower concentrations in the treatment solution (Fernandez and 
Ebert, 2005).

Two Mn sources (MnSO4∙H2O and Mn-EDTA) were foliar applied at various 
concentrations (0, 200, 400, 800 and 1200 mg Mn L-1) to Mn deficient ‘Washington 
navel’ orange trees (Papadakis et al., 2005) and 170 days after the applications the mean 
Mn concentrations in the leaves treated with MnSO4∙H2O (200, 400, 800 or 1200 mg 
Mn L-1) or Mn-EDTA (400, 800 or 1200 mg Mn L-1) were significantly higher than those 
of the control leaves. It was concluded that  MnSO4∙H2O was more effective than Mn-
EDTA when applied at equal (Mn kg-1) amounts. Similar results have been observed 
with apples (Thalheimer and Paoli, 2002), sugar beets (Last and Bean, 1991) and wheat 
(Modaihsh, 1997) with MnSO4 being more effective than chelated Mn; while in lupin 
(Lupinus augustifolia) the two sources (Mn kg-1) proved to be equally effective (Seymour 
and Brennan, 1995). 

Nutrient formulations can have a profound effect on plant response to foliar fertilizers.
•  The chemical and physical properties of the formulation alter the length of time 

that the nutrient remains hydrated and available for uptake on the leaf.
•  The size of the functional nutrient molecule affects its cuticular penetration though 

currently it is not understood how this will predict response.
•  It is unknown if a formulation alters within-plant efficacy of a nutrient or whether 

the differences in response are biological or simply physical in nature.
•  There are literally thousands of commercially available nutrient formulations in 

the market and a vast number of ways in which they can be combined and applied. 
•  To compare and contrast effectively the different formulations it is essential that 

precise information be provided on the experimental methodology employed and 
formulation compositions applied.

5.6. Toxicity

Leaf damage can sometimes occur with foliar-applied fertilizers due to localized salt 
toxicity; the presence of toxic compounds and contaminants; solution pH; or direct 
elemental toxicity (Alexander and Schroeder, 1987). The expression of toxicity can 
vary depending upon the degree of localization of the deposited materials and can be 
influenced by the movement of the applied material into and within the leaf tissue. The 
two most common toxicity symptoms are: 1) isolated necrotic spots that occur when 
droplets dry and materials concentrate in discrete spots (‘balling’) and; 2) leaf margin 
and tip burn due to gravitational flow of spray material to these areas, or as a consequence 
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of internal re-distribution of the applied chemical through the transpiration stream to 
the leaf margins and tips. The occurrence of necrotic or marginal lesions can result 
in a reduction in the photosynthetic area of the leaves with consequent decrease in 
productivity (Harder et al., 1982; Neumann, 1979) which can offset or negate the 
growth promoting effects of foliar fertilization. 

A common symptom of toxicity following the application of foliar fertilizers 
is ‘burning’ or ‘scorching’ which may be a consequence of cell rupture due to large 
differences in osmotic pressure across the cell wall when highly concentrated fertilizer 
solution is applied to the leaf surface (Greenway and Munns, 1980). This type of foliar 
damage is generically described as leaf burn and is most prevalent with compounds 
of high salt index (Clapp, 2009). In this scenario, the rapid development of a solute 
concentration gradient across the cell membrane generates an osmotic potential 
difference resulting to the collapse of the cell due to the movement of water out of the 
plant cell (Majid and Ballard, 1990). The propensity for ‘salt burn’ is dependent upon the 
solubility and formation of charged species; the concentration of the applied fertilizer; 
and on environmental conditions (temperature, humidity, wind speed) that influence 
the rate of evaporation and hence the concentrating of foliar sprays on the leaf surface. 
As the concentration gradient is the driving force for the penetration through the leaf 
cuticle it is the first and most limiting barrier to foliar uptake of nutrients (Schönherr, 
2001; Swietlik and Faust, 1984) and a key challenge for the use of foliar fertilizers is to 
balance the need for high solubility with the risks of ‘salt burn’.

An additional factor is the potential damage caused by supplying high concentrations 
of salts with low points of deliquescence (POD’s) as discussed in Chapter 4 and as 
suggested by Burkhardt (2010). Spraying nutrient salts with low POD´s may lead to 
leaf burn under conditions favouring the process of foliar uptake. This toxicity may be 
a result of the osmotic damage caused by the easily ionizable and soluble salt or may 
reflect direct elemental toxicity from large concentrations of the nutrient elements or 
associated counter-ions entering the cellular space. Given the mechanisms that function 
to maintain cellular metal ion concentrations within very tight tolerances (Brown and 
Bassil, 2011) it is perhaps not surprising that rapid entry of elements following foliar 
fertilization might lead to toxic responses.

One of the major problems associated with foliar P nutrition has been the limited 
amount of a given P compound that can be applied without damaging the leaf through 
high nutrient loading (Barel and Black, 1979a; Barel and Black, 1979b) though evidence 
suggests that the damage is predominantly a result of nutrient imbalance under the 
fertilizer droplets rather than osmotic effects (Marschner, 1995). The appearance of 
leaf burn has been observed (Parker and Boswell, 1980) but is not detrimental to the 
plant. However, some studies have resulted in severe leaf burn that results in part or 
all of the leaf dying which reduces yield following foliar-applied treatments. A study 
using urea, KH2PO4 and ammonium polyphosphate spray mixes was reported to 
lower significantly the yield of soybeans (Parker and Boswell, 1980) due to excessive 
salt loading from the three successive applications of foliar fertilizer resulting in severe 
leaf burn.  A large number of P compounds were applied to maize and soybean leaves 
to determine the maximum amount that could be applied without damage to leaves 
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(Barel and Black, 1979a; Barel and Black, 1979b). The best compounds (safest) for maize 
were [(NH4)5P3O10] followed by [NH4 PO3]n and then PO(NH2)3. Soybeans were more 
sensitive to scorch tolerating between 60 to 75% less compound than maize in most 
cases (Noack et al., 2011). 

There is still much uncertainty about the effects of low volume (water rate) applications 
on foliar absorption and the possible phytotoxic side effects due to the increased solute 
concentration. Increasing the concentration of the spray solution of different mineral 
compounds has been reported to improve leaf concentration of nutrients such as P, K, 
Mg and Cu (Swietlik and Faust, 1984) and Mn (Thalheimer and Paoli, 2002). The main 
reason for the observed increase of Mn and Mg uptake at reduced water volumes (rates) 
is the increased nutrient concentration in the spray droplets (Thalheimer and Paoli, 
2002). In the case of Mn, and to a lesser extent of Mg, there was a general increase of 
foliar nutrient concentration as water volume decreased from 1500 L ha-1 to 500 L ha-1, 
whereas a further reduction to 300 L ha-1 did not result in any further increment. This 
is likely because a threshold was reached when further increments in the concentration 
gradient are no longer effective for increasing cuticular penetration perhaps as a result 
of more rapid drying of the increasingly small droplets. 

The role of salt-burn in defining the efficacy of foliar fertilizers is well illustrated 
by K. Potassium chloride is the most widely used source of soil-applied fertilizer K 
but its relatively high salt index of ~120 (Mortvedt, 2001) and its high POD of 86%, 
(Schönherr and Luber, 2001) limit its use as a foliar fertilizer particularly as the high 
POD increases the risk of crystallization following foliar sprays. The efficacy of six foliar 
K sources (KCl, KNO3, MKP, K2SO4, KTS and a glycine amino-acid complexed K) on 
fruit quality parameters of field-grown musk-melon was assessed and phytotoxicity 
problems were not observed with any of the foliar K sources or concentrations used 
(Jifon and Lester, 2009) when the pH levels of spray solutions ranged from 6.5 to 7.7. 
Unbuffered solutions of the K sources tend to have alkaline pH levels that can cause leaf 
burn and this is more pronounced when applied during dry, hot weather conditions 
(Swietlik and Faust, 1984). 

Salts present in foliar sprays can act synergistically to cause salt damage. Injury can 
be directly caused by foliar absorption and accumulation of salt in irrigation water and 
in foliar applications. Sprinkling with a solution of 10 meq C1 L-1 caused leaf injury 
symptoms (Maas, 1982) but the degree of injury depended on the Ca:Na ratio as CaC12 
alone was more toxic than NaC1, but at lower concentrations (1-3 meq L-1) it reduced 
NaCl-induced leaf injury. The highly toxic effects of CaC12 solutions may have resulted 
directly from the marked accumulation of Ca2+ or indirectly from the ionic imbalance it 
caused. Since Na+ is generally far more permeable than Ca2+, and Cl- is highly permeable, 
the application of CaC12 may induce a local charge imbalance as Cl- fluxes greatly exceed 
Ca2+ fluxes into the leaf. However, the beneficial effects of low concentrations of Ca2+ are 
worth noting as a mixture containing 1 meq CaC12 and 24 meq NaC1 per liter was 
noticeably less toxic than 25 meq NaC1 L-1. This was true despite slightly higher Ca2+, 
Na+ and Cl- concentrations in the tissue itself. The rate of ion absorption as a function of 
salt concentration increases rapidly as the solution film on the leaf evaporates and the 
salt is concentrated. Injury appeared to be related to excessive accumulation of Cl- or 
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Na+. The toxicity of NaCl solution may reflect a deficiency in Ca which is important for 
maintaining membrane integrity. 

In addition to salt effect, there is increasing evidence to suggest that the rapid passage 
of nutrient ions from foliar fertilizer into the plant metabolic spaces can result in the 
disruption of normal metabolism. The potential for direct toxicity is greatest with foliar 
fertilizers that are rapidly assimilated into the leaf such as urea. A high penetration rate 
is a prerequisite for effective foliar nutrition and urea, due to its characteristics including 
its non-ionic nature, is usually taken up rapidly (Hill-Cottingham and Lloydjones, 
1975). It is also believed that the burn observed depends upon the form of N fertilizer 
used and that urea is less likely to cause leaf burn than other N fertilizers because it has a 
lower salt index and is more rapidly absorbed into the leaf where it is subject to dilution 
and metabolism (Garcia and Hanway, 1976). 

The leaf burn commonly observed after foliar fertilization of soybeans with urea 
results from accumulation of toxic amounts of urea in the soybean leaves rather than 
any salt effect, or from the formation of toxic amounts of ammonia through urea 
hydrolysis by leaf urease (Bremner, 1995; Krogmeier et al., 1989). Most studies of foliar 
fertilization of soybeans during seed development have given disappointing results. For 
example, in the review of Gray and Akin (1984) foliar fertilization of soybeans usually 
led to a decrease in yield and, to some degree, of leaf-tip necrosis. Leaf-burn is partly 
responsible for the reduced yields observed after foliar fertilization (Poole et al., 1983a; 
Poole et al., 1983b) and leaf burn is increased by low humidity and high temperatures 
which leads to accumulation of very concentrated fertilizer solution on leaf surfaces 
(Garcia and Hanway, 1976). 

Among the factors affecting leaf penetration of urea, its concentration in the spray 
solution plays a major part (Toselli et al., 2004). Leaf N uptake within 48 hrs was highest 
when urea was sprayed at the lowest concentration. However at the end of the study 
period (120 hrs) no differences in the percentage of intercepted N recovered in the leaves 
was recorded.  The hygroscopic behaviour of urea which has a critical relative humidity 
of 70% (Glendinnig, 1999), and the alternating high and low air relative humidity, likely 
caused the swelling of leaf cuticle that promotes urea absorption (Eichert and Burkhardt, 
2001). Repeated drying and wetting cycles are known to increase cuticle pore sizes and 
consequently cuticle penetration of water solutions. Thus, within a few days, the spray 
water volume does not substantially affect urea absorption. Once foliar-applied urea is 
absorbed by the leaves it is converted into ammonia by the enzyme urease, and then it 
is incorporated into glutamate by the enzyme glutamine synthetase (Witte, 2011). The 
effectiveness of urea as a foliar fertilizer can be enhanced, and its toxicity reduced, with 
the addition of Ni which is an essential component of the enzyme urease required for 
urea metabolism (Eskew and Welch, 1982; Gheibi et al., 2009; Krogmeier et al., 1991; 
Nicoulaud and Bloom, 1998).

In peach, the phyto-toxicity threshold is attained with foliar-applied urea 
concentrations of between 0.5 to 1.0% and as a consequence multiple sprays are 
required to supply tree demand. However phyto-toxicity diminishes prior to natural 
leaf fall when higher urea concentrations (5 to 10%) may be used (Johnson et al., 2001). 
Furthermore, Tagliavini et al. (1998) also reported that peach leaves are able to take up 
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a significant proportion of the N intercepted by the canopy during sprays. Scagel et al. 
(2008) stated that when growers spray plants with urea in the fall then spring fertilizer 
practices may need to be modified to account for this.

Urea applied as foliar spray is absorbed rapidly and efficiently by leaves of most 
fruit crops (Johnson et al., 2001). Studies have shown about 48 to 65% uptake and 
translocation efficiency of foliar applied urea to all other organs of the trees including 
roots (Tagliavini et al., 1998). Foliar application of low-biuret (< 0.5%) urea is quite 
common on large scale citrus plantations to provide a supplemental supply of N without 
any phytotoxic effects (Albrigo, 2002). Therefore foliar application of urea to citrus is an 
efficient and cost-effective way to supply N, which greatly influences fruit quality and 
enhances fruit size, peel thickness, juice content and yield according to Agabbio et al. 
(1999) and  and El-Otmani et al. (2002). 

Direct ion effects are  important factors in determining the toxicity of foliar fertilizers 
containing Zn, Cu, Fe and Mn which are generally not applied at high enough 
concentrations to result in salt burn.  However, these can disrupt metabolism by virtue 
of a rapid increases in cellular concentrations of what are potentially toxic elements. 
Somnez (2006) reported that high levels of Cu application to leaves seriously disrupted 
normal plant growth resulting in a reduction of total yield, fruit number, dry root weight 
and plant height. Copper is a transition metal that participates in redox reactions and 
in excess causes overproduction of oxy-radicals believed to be its primary toxic effect 
in plant cells. Furthermore, Cu and the other essential transition metals can induce 
cell disturbances when present in toxic levels, and therefore each has a sophisticated 
internal homeostatic process that could be disrupted by excessive foliar applications 
(Brown and Bassil, 2011).      

Though CuSO4 has a high salt index (Tisdale and Nelson, 1975) and therefore a high 
tendency to cause osmotic burning it is generally not used as a foliar fertilizer at high 
concentrations. Copper is, however, frequently applied as a fungicide at concentrations 
well in excess of that required to satisfy nutrient demands and under these conditions 
it can cause toxicity (Majid and Ballard, 1990). Similarly, ZnSO4 is frequently used in 
deciduous tree production (at rates as high as 20 kg ha-1 in 100 L) in the early fall to 
defoliate trees to reduce over-wintering disease load. In this manner, the toxicity of 
ZnSO4 is deemed beneficial though the environmental consequences of such a heavy 
metal load should be examined.

Foliar application of solutions containing high levels of B caused relatively small 
increases in leaf/plant B but had considerable negative effects on plant growth (Ben-Gal, 
2007). The increased toxicity symptoms and decreased yields found in plants with over-
applied B implies that the relative toxicity of B entering through the leaves is greater 
than that of B entering via the roots. This is possible since a greater percentage of total 
B in the leaves receiving foliar applications would exist in a soluble, intercellular form 
in contrast with the predominance of cell wall bound B in B-deficient plants (Hu and 
Brown, 1994). Soluble B has been reported to play an important role in occurrence 
of B toxicity (Wimmer et al., 2003) as it is likely to be more involved in physiological 
processes (Brown et al., 2002). Results of Nable et al. (1990) and Ben-Gal and Shani 
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(2002) imply that absolute B values in plant matter are not reliable for judging or 
predicting B damage.

The occurrence of toxicity following application of foliar fertilizers represents a major 
legal and financial threat to the foliar fertilizer industry and to grower productivity. The 
development of mechanisms to avoid toxicity while maintaining efficacy is, therefore, 
an issue of tremendous importance. The degree to which the presence of a toxicity 
symptom results in yield loss is poorly understood, frequently unpredictable and highly 
sensitive to crop type and foliar product used. Small blemishes on high value ornamental 
(flowers, foliage plants), or horticultural produce (peaches, cherries, melons, etc.), can 
result in complete loss of marketable crop, while quite severe toxicity on field crops may 
have little or no negative yield effect.

A variety of approaches have been used to reduce the toxicity of foliar fertilizers; 
the most important of which involve careful and diverse field-testing and controlled 
environment experiments to ensure that the product rates recommended and used 
are safe for all potential crops and production environments. Rate modification can be 
achieved through dilution and/or co-formulation with additives to optimize, amongst 
others, spray solution pH, reduce salt index or alter the distribution and drying rate of 
spray materials on the leaf surface. Care should be taken to ensure that the prevention 
of possible toxicity from a foliar spray does not result in a diminishment of the ability of 
the formulation to serve as an effective nutrient source.

Toxicity of foliar applications is an extremely important issue but poorly understood 
process.
•  Toxicity may be the result of osmotic or direct elemental effects.
•  Osmotic toxicity is the result of dehydration of cells due to the loss of water to an 

extracellular salt solution.
•  Elemental toxicity occurs when an excess of an essential element or its counter-ion 

enters the metabolic space, a process which is also very poorly understood.
•  The occurrence of elemental toxicity is an indication of excessive concentration of 

the formulation at providing nutrients to plant cells.

5.7. Conclusions 

Given the great complexity and theoretical uncertainties governing foliar fertilization 
then field trials and controlled environment experimentation will continue to play a 
critical role in the adaptation of theory into field practice. Equally important is the 
recognition that results gained from field trials cannot be generalized without thought 
to the specific conditions that prevailed during the trial and the characterisitics of the 
crop used. 

The observations and outcomes of field trial results cannot always be explained by 
known physical and chemical principles and that efficacy predicted on the basis of 
laboratory experimentation suggests that much remains to be learned. Regardless of this, 
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the greatest likelihood of success in achieving optimum efficacy for foliar fertilization 
practices will inevitably be realized through application of sound physical, chemical and 
biological principles and understanding.

Certainties
•	 The	occurrence	of	plant	toxicity	following	foliar	application	is	unacceptable	for	most	

growers and fertilizer manufacturers.
•	 For	some	crops,	especially	those	with	a	high	reliance	on	visual	quality,	there	is	zero	

tolerance to toxicity.
•	 The	environment,	crop	and	formulation	all	 interact	to	influence	the	occurrence	of	

toxicity.
•	 Toxicity	can	be	the	result	of	osmotic,	elemental	or	metabolic	perturbations.

Uncertainties
•	 Low	to	moderate	levels	of	toxicity	may	indicate	foliar	nutrient	efficacy,	be	transient	

in nature and hence, not a cause for concern.
•	 It	is	not	known	if	foliar-applied	nutrients	behave	in	a	similar	manner	as	soil-derived	

nutrients once they enter the plant.
•	 It	 is	 unknown	 if	 foliar-applied	 nutrients	 can	 be	 re-translocated	 better	 than	 soil	

derived nutrients.
•	 It	is	unknown	if	the	counter-ion,	or	other	molecules	present	in	the	formulation	along	

with the nutrient element, enter the leaf and have a perceptible metabolic effect on 
crop performance.

Opportunities
•	 There	is	a	need	for	the	development	of	a	risk	assessment	approach	to	foliar	fertilization	

that integrates the potential for occurrence of a transient but critical deficiency, with 
the likelihood of a positive outcome and the risk of a negative outcome (toxicity) 
based upon formulation, plant and environment conditions at the time of application. 

•	 Methodologies,	 both	 experimental	 and	 model-based,	 are	 required	 to	 predict	 the	
performance as well as the potential for a foliar fertilizer to cause toxicity damage.

•	 Methodologies	to	measure	the	translocation	of	nutrients	into	the	metabolic	space	are	
required. 

•	 There	is	a	need	to	demonstrate	if	molecules	delivered	(co-formulated)	along	with	the	
appropriate nutrient elements provide any benefit to, or can harm, the plant.
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6. Regulatory and environmental 
considerations 

In this chapter a brief account of the status of foliar nutrient sprays within the existing 
fertilizer regulation will be provided with emphasis on the environmental impact 
associated with foliar fertilization. 

6.1. Regulatory matters

This overview of current fertilizer legislation has been written based upon discussions 
with Prof. Juan José Lucena (Universidad Atónoma de Madrid). Currently, within the 
European Union (EU) and the United States (US) there are no specific regulations 
for foliar fertilizers other than those developed for fertilizers as a whole. Regulations 
governing fertilizers vary between countries and states and there are currently no 
general or standard protocols agreed upon for chemicals to be designated as fertilizers.   
For example, there are many products currently certified as fertilizers in the United 
States that are not yet permitted for use in the European Union. This is particularly true 
in the realm of products acceptable for use in organic agriculture.  A consequence of 
these disparate guidelines is that manufacturers must approach registration separately 
and agriculturalists must validate the efficacy of all products in each jurisdiction. For 
instance, the terms ‘complex’ or ‘chelate’ are widely used throughout the industry 
but as there is no requirement that these terms be used in accordance with their true 
chemical meaning the occurrence of these terms on material or product labels should 
be interpreted with caution.

In the EU, regulation (EC) N° 2003/2003 and its subsequent technical amendments 
known as ATP’s (Adaptations to Technical Progress) are used to approve fertilizers that 
comply with these conditions. Since 2003 a number of amendments (with a fifth and 
sixth to appear shortly) have been approved and subsequently implemented with the 
aim of promoting the effectiveness and purity of fertilizers as well as the standardization 
of products and analytical techniques to assess their quality. China, India, Australia 
and some other countries have regulations in place to ensure quality and efficacy of 
fertilizers to greater or lesser degrees. In the US, regulations mandate that fertilizer 
labels accurately reflect nutrient contents and meet the standards for heavy metal 
contamination only. Currently, there are no US regulations that require a demonstration 
of effectiveness of a fertilizer product as a nutrient source. 

The European fertilizer legislation complies with the legal requirements established 
in all European countries but it may be superceded by national fertilizer regulations 
that may allow or disallow the use of nutrient compounds not regulated by the 
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European Union. The regulation of fertilizers within the European countries enables the 
occurrence of “legal windows” to introduce products that may otherwise not be allowed 
by Regulation (EC) N° 2003/2003 and its consequent ATP’s. 

6.2. Environmental and food quality considerations

Generally speaking, and when applied alone the environmental impact of foliar fertilizers 
is lower than that of most soil-applied fertilizers and leaf–applied plant protection 
products primarily because amounts applied are lower and the risk of soil or water 
contamination is minimized. However, since agricultural sprays are often supplied as 
agrochemical mixtures that may include foliar nutrients and plant protection products 
together, care should be taken to avoid environmental contamination. In Chapter 5, 
the technology of foliar application was discussed and referred to the rising concern 
about spray drift from plant protection products which is leading to the gradual 
implementation of control policies in many areas of the world as described by Hewitt 
(2008) and van de Zande et al. (2008a). These restrictions may impact upon the use of 
foliar fertilizers both by limiting their use in tank mixes with other agrochemicals and 
indirectly by affecting public perception of field spraying activities in general. 

Foliar nutrients may benefit the environment by enhancing the efficacy of plant 
protection chemicals. The synergistic effect of mineral nutrients when applied in 
combination with plant protection products has been shown in several investigations 
(Dordas, 2009; Elattal et al., 1984; Moustafa et al., 1984; Simoglou and Dordas, 2006). 
In addition, the plant protection effects of several foliar-applied macro- and micro-
nutrient solutions, including silicon based compounds, has been described, especially 
in relation to the control of fungal diseases (Dordas, 2009; Reuveni and Reuveni, 1998a; 
Reuveni and Reuveni, 1998b). Recently, Deliopoulos et al. (2010) reviewed the existing 
literature to analyze the effect of 34 inorganic salts (chiefly bicarbonates, phosphates, 
silicates, chlorides and phosphites) that were reported to reduce the severity of 49 
fungal diseases in 35 plant species, and concluded that they were generally less effective 
in controlling fungal diseases than conventional fungicides and therefore cannot fully 
replace them. However, it was suggested that application of inorganic salts in a disease 
management strategy may enable a reduction in the number of conventional fungicide 
applications required (Deliopoulos et al., 2010), and the supply of nutrients may improve 
the tolerance or resistance mechanisms of the host plant to pathogens (Dordas, 2009). 
Balanced nutrition is clearly an essential component of any integrated crop protection 
programme (Datnoff, 2007) but more research is required to fully realize the potential 
of foliar mineral element sprays as  tools to reduce the effect of biotic stress in plants.

Phosphite has been recognized to have antifungal properties but there is controversy 
concerning the potential of this chemical to provide P to plants (Lovatt, 1990). Recently, 
it has been suggested that it should not be classified as a foliar fertilizer due to the high 
phytotoxicity risk from its application (Ratjen and Gerendas, 2009).
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• Foliar fertilizers are often applied alone and as such they have a low environmental 
impact.

•  When supplied in combination with plant protection products problems associated 
with spray drift may occur.  

•  Foliar fertilizers may have a synergistic effect when applied together with fungicides 
or pesticides.

•  Several foliar-applied inorganic compound solutions have been reported to limit 
the effect of biotic stress in plants.

There are only a few studies reporting the occurrence of foliar spray residues 
and subsequent damage to marketability and safety of horticultural commodities. 
Application of in-season P-based foliar fertilizers to apple trees led to the occurrence of 
P-acid residues in apples at the time of harvest (Malusa and Tosi, 2005; Tosi and Malusa, 
2002). Cheng and Crisosto (1994) showed that high concentrations of surface Fe and 
Al contaminants, in combination with abrasion (as may occur to the fruits during 
transportation), induced ‘skin-inking’ of peach and nectarine. In the light of these 
obsevations, Crisosto et al. (1999) recommended avoiding the application of foliar-
nutrient sprays containing heavy metals particularly Fe but to a lesser degree Al and 
Cu in decreasing order for inducing fruit ‘skin-inking’ within 22 days before harvest.

•  In general, and when applied alone, foliar fertilizers are not prone to cause food 
safety risks or produce marketability problems.

The beneficial effect of applying nutrients as foliar sprays in terms of improved 
effectiveness and limited environmental pollution as compared to soil-applied 
fertilizers has been illustrated by several authors (Kannan, 2010). Johnson et al. (2001) 
suggested that supplying N to peach trees using a combination of soil and foliar N 
fertilizers leads to optimal plant responses and limited environmental pollution risks. 
This approach has also been supported by others (Dong et al., 2002; Dong et al., 
2005b) who demonstrated the effectiveness of foliar applications of urea in autumn as 
a strategy to increase tree N storage and to limit NO3-N leaching problems associated 
with soil N fertilization. Stiegler et al. (2011) measured minimal NH3-N volatilization 
losses when urea was applied to the foliage of actively growing turf grass. The authors 
highlighted the potential for minimizing N losses to the environment and increasing 
application efficiency through the use of foliar N fertilization on high-density golf 
courses. A similar efficacy relationship between foliar and soil K fertilization was 
demonstrated in rainfed olive trees grown in arid and semi-arid regions (Restrepo-Diaz 
et al., 2009) in order to avoid problems associated with low K root uptake under limited 
soil moisture conditions. Similarly, a benefit of foliar P nutrition in dry-land cereal 
crops may occur when soil surface layers become dry thereby reducing the efficacy of 
surface P applications (Noack et al., 2011).
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•  Foliar fertilization has a lower environmental risk in contrast to soil applications.
• Nutrients are delivered to target organs by spraying.
•  A combination of foliar and soil treatments can help to increase nutrient uptake 

efficiency and limit soil pollution, particularly with elements such as N and/or P.

6.3. Conclusions 

In this chapter, the regulation of foliar fertilizers and the potential environmental 
and food quality risks have been evaluated. In light of the current knowledge and 
understanding, the following certainties, uncertainties and opportunities for the 
regulation and risk potential of foliar fertilizers can be addressed. 

Certainties
•	 There	are	currently	no	specific	regulations	governing	foliar	fertilizers.	
•	 Products	are	classified	according	to	a	list	of	active	ingredients	allowed	as	fertilizers.
•	 When	applied	alone	foliar	fertilizers	have	a	low	environmental	impact.
•	 Fertilizer/plant	protection	product	mixtures	are	often	applied	to	the	foliage	with	the	

consequent spray drift and pollution risk.
•	 Certain	 nutrient	 element	 compounds	 can	 have	 a	 synergistic	 effect	 when	 applied	

together with fungicides or insecticides. 
•	 Some	nutrient	element	compounds	can	have	a	plant	protection	effect	(e.g.	fungicidal)	

when sprayed to the plants.
•	 Foliar	nutrient	fertilizers	applied	alone	generally	do	not	represent	food	safety	risks.
•	 Many	reports	provide	evidence	for	the	lower	environmental	impact	of	foliar	sprays	

as compared to soil treatments.  

Uncertainties
•	 Since	there	are	currently	no	specific	regulationss	for	foliar	fertilizers	it	is	difficult	to	

standardize the many foliar fertilizer products available on the market.
•	 The	process	of	introducing	new	foliar	fertilizers	in	the	market	is	complex.
•	 The	effects	of	combined	fertilizer/plant	protection	products	cannot	be	predicted	a 

priori.
•	 Several	reports	provide	evidence	for	the	beneficial	effect	of	spraying	nutrient	element	

solutions to the foliage as a tool to control plant disease but the mechanisms involved 
are currently not fully understood 

•	 The	use	of	foliar	fertilizers	as	a	complementary	strategy	to	reduce	soil	applications	
and pollution has not been fully exploited in agricultural production.
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Opportunities
•	 By	 introducing	 regulations	 specifically	 for	 foliar	 fertilizers	 it	might	be	possible	 to	

standardize and categorize the commercialy available products and better focus 
scientific research and field practices to improve the overall performance and efficacy 
of foliar nutrient sprays.

•	 Knowledge	of	the	synergistic	effect	of	certain	plant	nutrient	compounds	when	applied	
together with plant protection products may help to optimize the concentration of 
agrochemicals applied to plants and therefore reduce their environmental impact 

•	 The	beneficial	effect	of	foliar-applied	nutrients	in	reducing	plant	biotic	stress	should	
be further elucidated and implemented in agriculture. 

•	 The	low	food	safety	and	environmental	risk	of	foliar-applied	fertilizers	have	proven	
advantageous for agricultural and horticultural production.

•	 As	a	complementary	strategy	to	soil	treatments	foliar	nutrient	sprays	can	help	reduce	
nutrient run-off and leaching from soils and thus reduce contamination of water 
tables. 
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7. Perspectives of foliar fertilization

Foliar fertilization has been widely adopted in modern crop management where it is used 
to ensure optimal crop performance when nutrient supply from the soil is inadequate 
or uncertain. Foliar fertilizers offer specific advantages over soil fertilizers when plant 
demand for nutrients exceeds the capacity for root nutrient uptake; when elemental 
mobility within the plant limits delivery to tissues; and when environmental conditions 
limit the effectiveness or prevent the application of nutrients to the soil. In many risk-
averse, high-value production systems foliar fertilizers are marketed as  ‘insurance’ to 
minimize the potential impacts of unpredictable nutrient deficiencies.

The supply of nutrients by foliar fertilization represents a significant cost (per kg 
of applied element) and requires careful consideration of the relative benefit over 
conventional soil fertilizer applications. Determining the cost:benefit ratio of foliar 
fertilizers is not trivial and requires a realistic assessment of the economic risk of a 
nutrient deficiency occurring; quantification of the biological efficacy of the foliar 
fertilizer; and consideration of the full costs of the application (such as spraying). While 
it is relatively straightforward to estimate application and yield-lost costs it is much 
more difficult to determine: 1) the likelihood of an economically relevant nutrient 
deficiency occurring during the growing cycle; and 2) the biological efficacy of the foliar 
fertilizer applied. Given the widespread use of foliar fertilizers and the cost of these 
practices it is remarkable that there are very few examples where the economic viability 
of foliar fertilizers has been critically assessed. This is at least partially a consequence of 
the difficulty in knowing accurately the true risk of an economically important nutrient 
deficiency occurring and the uncertainty as to the effectiveness of the foliar materials 
used as a solution in treating the effects of the deficiency. The goal of this book is to 
provide insight into these two uncertainties so that more informed decisions can be 
made and improved practices can be developed.

As illustrated in the preceding chapters there is a good deal of complexity in 
determining if plants in a given environment have the potential to experience a nutrient 
demand that cannot be adequately provided by soil nutrients.  Equal complexity exists 
in predicting if a given foliar application will adequately supply the required nutrients in 
a timely manner. Regardless of these complexities a fundamental understanding of the 
principles of foliar fertilization will minimize uncertainty and help improve the efficacy 
of foliar fertilization in modern crop production.

The factors that govern plant ‘demand’ for foliar fertilizers and the factors that govern 
the ability of a foliar formulation to ‘supply’ nutrients are summarized by the following:
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Demand: foliar fertilization is applicable if any of the following situations prevail:
•	 Plant	demand	exceeds	the	capacity	of	 the	root	to	absorb	the	nutrient.	This	occurs	

when:
◉ Soil conditions limit nutrient solubility or delivery to the root as a consequence of 

unfavorable pH or chemical composition of the nutrient; excess soil concentrations 
of competing ions; unfavorable conditions for root growth; or soil environmental 
conditions that limit nutrient uptake (unfavorable temperature, moisture or 
oxygen content).

◉ A limitation in uptake capacity as a consequence of plant phenology such as during 
early spring when many deciduous species flower and set fruit during periods of 
unfavorable soil temperatures.

◉ During periods of peak nutrient requirement such as rapid fruit growth when 
demand for nutrients can exceed the ability of roots to supply adequate nutrients 
even in a well-fertilized soil. 

•	 When	localized	within-plant	demand	exceeds	the	capacity	for	within-plant	nutrient	
re-distribution.

◉ This commonly occurs in the vicinity of large fruit and nut clusters, or during 
grain fill or storage tissue development, and is related to both the highly localized 
demand for elements (notably N and K) or as a consequence of low phloem 
mobility of certain elements (notably Ca and B).

◉ Within-plant element mobility can also be limited if flowering precedes leaf 
expansion and thereby limits xylem nutrient transport.

◉	 Periods	of	drought	or	high	humidity	can	also	limit	both	transpirational	xylem	flow	
as well as restrict the delivery of phloem-immobile nutrients.

•	 When	plant	demand	cannot	be	satisfied	due	to:
◉ Field conditions, application costs or growth stages that prevent the use of soil 

applications.
◉ A perceived need for nutrient ‘insurance’ to minimize the potential risks of 

unpredictable nutrient deficiencies.

Supply: the efficacy of foliar fertilization is determined by:
•	 The	physical	and	chemical	characteristics	of	the	fertilizer	which	determines	the	total	

quantity of nutrient that can be delivered and the compatibility of that nutrient with 
other chemicals.

•	 The	characteristics	of	the	species	and	the	environment	in	which	it	is	grown.
•	 The	use	of	additives	(surfactants,	humectants,	spreader/stickers,	etc)	and	the	method	

of application.
•	 The	environment	at	the	time	of,	and	following,	foliar	application.
•	 The	 ability	 of	 the	 nutrient	 to	 penetrate	 into	 the	 cytoplasmic	 volume	 which	 is	

influenced by species; leaf type and age; chemical characteristics of the fertilizer; 
environmental conditions; and application method.
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•	 The	phytotoxicity	of	 the	 foliar	 fertilizer	mixture	which	 limits	 the	concentration	of	
nutrient that can be applied.

•	 The	mobility	of	the	applied	nutrient	within	the	leaf	that	is	determined	by	its	relative	
phloem mobility, species characteristics, leaf age and immobilization of the element 
at the site of application.

Ultimately, the decision to use foliar fertilizers requires consideration of each of 
these demand and supply factors balanced against the relative costs.  In circumstances 
where the soil-type, cropping system or the environment prevent soil application of 
the required nutrients then foliar fertilization represents an essential practice and 
as a consequence the primary challenge must be to develop foliar formulations and 
application methods that are as efficacious and economical as possible. However the 
majority of foliar fertilizers are not applied under circumstances where soil application 
is impossible but are rather being applied under the presumption that foliar application 
is superior to soil application. It is also probably true that the uncertainty of knowing 
the demand for foliar fertilizers, or the efficacy of a formulation, results in growers 
utilizing foliar fertilizers inefficiently; either applying them when they are not required; 
or failing to apply them when they are. In such scenarios which likely represent a large 
percentage of the conditions under which foliar fertilizers are utilized the challenge is 
not only to develop foliar formulations and application methods that are as effective 
and economical as possible, but also to develop methodology to predict if and when  
nutrients may become limiting and unresponsive to soil applications.

Foliar fertilization, as currently practiced, is both a science and an art and for those 
who ascribe to the ‘spray and pray’ philosophy it also resembles a faith. For the science 
of foliar fertilization to be optimized there is a substantial need to understand the factors 
that govern the efficacy of foliar fertilizers and to develop formulations and application 
methods that maximize the chance of beneficial response. 

7.1. Conclusions

In this book, we have provided an integrated analysis of the physical, chemical and 
biological principles known to influence the absorption and utilization of foliar fertilizers 
by the plant and have reviewed the available laboratory and field results to provide 
insights into the factors that ultimately determine the efficacy of their application. Our 
goal was to provide an integrated analysis of what is known and what remains to be 
discovered toward reaching the goal of optimizing the utilization of foliar fertilizers in 
modern crop production. The factors that determine the efficacy of foliar fertilization 
are complex and encompass aspects of physics, chemistry, environment, biology and 
economics as well as intangibles such as risk aversion and ease of management. While 
some of the fundamental principles governing the use of foliar fertilizers are well 
understood there is far more about their technology that remains to be resolved or is 
yet to be discovered. 
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Certainties, uncertainties and opportunities
Previous	 chapters	 have	 identified	 the	 facts	 that	 are	 known	 (certainties);	 those	 that	
are unknown or unclear (uncertainties); and the opportunities that exist to improve 
the practice of foliar fertilization by optimizing our understanding of the factors that 
govern plant demand for foliar fertilizers as well as the factors that govern the ability 
of a foliar formulation to supply nutrients. The most important uncertainties that are 
constraining the utility of foliar fertilizers are as follows:

With regard the factors that govern the ability of a foliar formulation to ‘supply’ 
nutrients current knowledge of the following critical processes is inadequate:
•	 The	mechanisms	of	cuticular	penetration	of	polar,	hydrophilic	compounds	are	largely	

unknown.
•	 The	contribution	of	 the	 stomatal	pathway	and	other	 epidermal	 structures	 such	as	

trichomes and lenticels, to foliar uptake has not been adequately investigated.
•	 We	have	poor	understanding	of	the	contact	phenomena	between	the	foliar	fertilizer	

formulation and plant surface.
•	 The	 role	 of	 surfactants,	 humectants,	 spreaders/stickers	 and	 other	 additives	 is	 not	

well understood and hence there is no mechanism to predict plant response without 
empirical testing.

•	 The	 factors	 that	 affect	 plant	 cuticular	 composition	 and	 plant	 response	 to	 foliar	
application are poorly understood and current knowledge is insufficient to predict or 
manipulate plant response to a foliar application.

With regard the factors that govern plant demand for foliar fertilizers current 
knowledge of the following critical processes is inadequate:
•	 The	 occurrence	 and	 importance	 of	 ‘transient’	 or	 other	 nutrient	 deficiencies	 that	

cannot be prevented by soil fertilization has not been adequately investigated.
•	 It	is	unknown	if	foliar	applied	nutrients,	once	they	enter	the	cellular	space,	are	more	

or less metabolically available than soil acquired nutrients. 
•	 The	mechanism	of	toxicity	of	foliar	fertilizers	is	not	well	understood.	
•	 It	is	unknown	if	foliar-applied	nutrients	can	be	re-translocated	more	efficiently	than	

soil derived nutrients.
•	 The	significance	of	the	counter-ion,	or	other	molecules	present	in	the	formulation,	

in the metabolism or transport of nutrient elements following passage into the living 
cell is unknown.  

•	 The	influence	of	foliar	sprays	on	shoot-to-root	signalling	and	subsequent	root	growth	
and nutrient uptake from the soil has not been adequately investigated.

There are clear opportunities to improve the efficacy, or extend the utilization, of 
foliar fertilizers:
•	 There	is	potential	to	use	supplemental	foliar	fertilizers	with	soil-applied	fertilizers	to	

provide more environmentally friendly, target-oriented and efficient fertilization.
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•	 The	full	potential	of	foliar	nutrient	sprays	as	a	complementary	strategy	to	improve	
the quality characteristics of crops has not been fully researched. 

•	 The	permeability	 of	 plant	 surfaces	 to	 nutrient	 solutions	 offers	 the	 opportunity	 to	
supply nutrients to sink organs, bypassing root uptake and translocation mechanisms 
that limit the nutrient supply of the plant under certain growing conditions.

•	 There	 is	 increasing	 evidence	 showing	 that	nutrient	 deficiencies	 can	damage	plant	
structure and limit responsiveness to subsequent nutrient availability. 

•	 The	addition	of	humectants	to	the	foliar	nutrient	formulations	to	prolong	the	process	
of solution drying improves the efficacy of the treatments especially in arid and semi-
arid areas.  

•	 There	 is	 a	 need	 for	 the	 development	 of	 a	 risk	 assessment	 approach	 to	 foliar	
fertilization which would integrate the potential for occurrence of a transient but 
critical deficiency with the likelihood of a positive outcome and balance these with 
the risk of a negative outcome based upon formulation, plant and environment 
conditions at the time of application. 

•	 Methods,	both	experimental	and	model-based,	are	required	to	predict	the	potential	
for a foliar fertilizer to cause toxicity damage.

•	 More	importantly	there	is	a	need	to	better	coordinate	foliar	timing	and	formulation	
to match critical periods of plant demand where foliar application may have a specific 
advantage.

In Chapters 2 to 4, the mechanisms of foliar uptake of nutrient sprays in association 
with plant structure and function were described in detail. The characteristics of the 
plant surface as a barrier for the entry of water and solutes were described andremarked 
on the generally hydrophobic character of the lipid coating covering the epidermis, 
namely the cuticle. The importance of providing nutrients in formulations that may 
facilitate the process of foliar uptake was subsequently highlighted and developed. In 
order to ensure the effectiveness of foliar nutrient sprays, one of the key factors that can 
actually be controlled, and that may radically change the performance of a particular 
nutrient compound, is the addition of suitable adjuvants. Efforts should be made to 
improve the physico-chemical properties of nutrient spray formulations to ensure 
the effectiveness and reproducibility of treatments under different environmental 
conditions. For instance, foliar applications in arid and semi-arid areas may be hindered 
by the rapid drying of spray solutions after treatment, and the addition of humectants 
may significantly increase the rate of uptake of foliar-applied nutrients. 

Research and development in the area of foliar fertilizer formulations may increase 
the market and improve the quality, performance and effectiveness of foliar treatments. 
Apart from improving the rate of uptake of foliar nutrient fertilizers research efforts 
should focus on analyzing the physiological effect of foliar-applied nutrients on plant 
metabolism and signalling. In addition, the role of plant stress physiology relating to the 
effectiveness of foliar-applied nutrients is still not clear and should be elucidated, since 
foliar sprays are often used to overcome nutrient deficiencies that are more common in 
arid and semi-arid areas with high pH, calcareous or saline soils. 
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Other key factors influencing the effectiveness of foliar nutrient sprays are the mode 
and timing of application. For instance to improve uptake treatments should be sprayed 
when stomata are open and the improvement and development of more efficient 
spraying technologies will increase the efficacy of nutrient sprays when applied to the 
foliage. 

In summary, foliar fertilization is already established as a normal practice in many 
cropping systems. The full potential of this technology has not been fully realized due 
to an inadequate understanding of the principles involved. There are clear knowledge 
gaps that hinder the development of improved foliar fertilization strategies. However, 
there is also a good deal of information on the mechanisms of uptake, plant physiology, 
physico-chemistry and formulation that has not been fully applied. Foliar fertilization 
is likely to play an increasing role in maintaining crop nutrient status under a variety of 
environmental situations when soil supply of nutrients is inadequate, and during periods 
of peak nutrient demand when delivery of soil-applied nutrients may be inadequate.

Ultimately the goal should be to improve the ability to predict the likelihood of an 
economically relevant nutrient deficiency occurring during a crop growth cycle and 
to optimize the timing and biological efficacy of the foliar fertilizer applied.  With this 
information	on	hand,	a	rational	cost/benefit	analysis	can	be	performed	and	an	informed	
decision made. Furthermore analyses such as these will result in better focus of research 
efforts which will undoubtedly result in improved foliar fertilizer formulations and their 
practical application.
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Introduction  
Foliar feeding is a technique of feeding nutrient to plants by applying liquid fertilizer (either in 
solution or suspension) directly to the crop canopy. If used wisely, it can be more efficient, 
economical, environmental friendly and target oriented when used to supplement soil 
fertilization. Now days, foliar feeding is a widely adopted strategy in modern crop management 
where it is used to ensure higher or optimal crop performance by enhancing crop growth at 
certain growth stage, correcting the nutrient deficiency in crop and enhancing crop tolerance to 
adverse conditions for crop growth. Foliar application overcomes soil fertilization limitations 
like leaching, insoluble fertilizer precipitation, antagonism between certain nutrients, heterogenic 
soils unsuitable for low dosages and fixation/absorption reactions like in the case of phosphorus 
and potassium.  
 

History 
The ability of plant leaves to absorb water and nutrients was recognized approximately three 
centuries ago. The application of nutrient solutions to the foliage of plants as an alternative 
means to fertilize grapevines was noted in the early 19th century (Gris, 1843).With the aid of 
fluorescent and radio-labelling techniques in the first half of the 20th century it became possible 
to perform more accurate investigation in the mechanisms of leaf cuticular penetration and 
translocation within the plant (Kannan 2010).In the early 1980s, studies on foliar application of 
fertilizers were investigated for selected crops, including cereals. However, most of the 
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Foliar feeding is a common practice of supplying nutrients to plants through their 
foliage. It involves spraying water-dissolved fertilizers directly on the leaves. Foliar 
feeding can provide the nutrients required for normal development of crops in cases 
where absorption of nutrients by the roots system is suboptimal. Foliar feeding with 
fully water-soluble fertilizers at critical stages dramatically increases yields and 
improves yield quality. The efficiency of nutrient uptake is considered to be 8-9 folds 
higher when nutrients are applied to the leaves compared with nutrients applied to 
soil. Foliar fertilization can prove a great tool in correcting the nutrient deficiencies 
and providing much needed nutrients during stages of high nutrient demand in crop. 
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researches were limited to micronutrients in high-value horticultural crops (Eddy 1999 and Higgs 
2001).  
 
Foliar feeding: conditions for application 
1. When soil conditions limit availability of soil applied nutrients. 
2. In conditions when high nutrient loss rates of soil applied nutrients may occur.  
3. Stage of plant growth: when the internal plant demand and the environment conditions 

interact to limit delivery of nutrients to critical plant organs. 
Meteorological Conditions Favouring Foliar Applications 

Time of Day:  Late evening; after 6:00 p.m. 
Early morning; before 9:00 a.m. 

Temperature:  Low (18-19; ideal 21)  

Humidity:  High (greater than 70 % relative humidity)  

Wind speed:  Low (less than 8 kph) 

Rainfall:  Within 24 to 48 hours after a foliar application may reduce the application 
effectiveness, as not all nutrient materials are immediately absorbed into 
the plant tissue  

Foliar feeding: methods for application 
The different methods for foliar feeding of nutrients are use of spray pumps, sprinkler system 
and aeroplane sprayers. 
Foliar feeding: commercial formulations 
Types of Fertilizer Materials: Not all fertilizers are suitable for use as a foliar spray. 
Qualifications for fertilizer materials should be as follows: 

• Low salt index: Damage to plant cells from high salt concentrations can be considerable, 
especially from nitrates (NO3

-) and chlorides (Cl-). 
• High solubility:  Needed to reduce the volume of solution needed for application. 
• High purity:  Needed to eliminate interference with spraying, solution compatibility, or 

unexpected adverse effects on foliage.  
Water soluble NPK Fertilizers  

Grade  Total 
Nitrogen, 
% min.  

Ammonical 
Nitrogen % 
min.  

Urea 
Nitrogen % 
min.  

Nitrate 
Nitrogen  
% min.  

Water 
soluble  P

2
O

5  

% min.  

Water 
soluble  K

2
O 

% min.  

19-19-19  19  4.5  10.5  4 (max)  19  19  

17-44-00  17  0  17  0  44  0  

00-52-34  0  0  0  0  52  34  

18-18-18  18  0  18  0  18  18  

12-61-00  12  12  0  0  61  0  

00-00-50  0  0  0  0  0  50  
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Foliar feeding: desirable characteristics 
1. Solubility:  foliar fertilizers should be able to either dissolve or suspended in water and 

contain an active ingredient chemical compound as salts, chelates or complexes of mineral 
nutrients. 

2. Molecular weight/size: foliar fertilizer must contain low molecular weight or molecules of 
smaller size in order to have higher penetration of leaf cuticle. 

3. Solution pH: solution pH should be adjusted for better activity of nutrient and to prevent 
the scorching or burning effects. 

4. Form:  The absorption rate of ammonium ions into the leaves is faster than that for nitrate 
ions. Urea has higher leaf penetration than other inorganic N fertilizers. KCl fit for use for 
soil fertilization but unfit for foliar application due to its rapid crystallization over leaf 
surface (Porro et al., 2006). 

 
Foliar feeding: factors affecting effectiveness 
The effectiveness of foliar feeding may be subjected to several factors. These factors can be 
divided into four major groups:  

1. Spray solution 
2. Environmental conditions 
3. Leaf characteristics and 
4. Plant state 

Spray Solution: Several factors play a role for spray solution: 
1. Solution pH – pH mainly affect the solubility level of several elements such as 

phosphorus, which improves its solubility as pH decreases. pH may affect the ionic form of 
the elements and this may affect the penetration rate as well. 

2. Ionic stage/molecule type – materials with high molecular weight penetrate much slower 
than those with low molecular weight (Haile 1965 and Kannan 1969).  

3. Solution water tension – decrease in the interfacial surface tension of a water droplet 
increases the exposure sites for uptake into the leaf (Leece 1976). Lower water tension 
improves penetration through the stomata as well (Greene and Bukovac 1974).  

4. Spray droplet size – different drop size may affect the interaction with the targeted surface 
and the possible drift of the solution from the targeted plant. Bigger drops may resist drift 
but decrease penetration through the plant canopy.  

 

Environmental Conditions: The environment can influence leaf absorption, cuticle 
development or physiological reactions related to active absorption mechanism (Flore and 
Bukovac1982). Among the major factors:  
1. Humidity –  it has direct influence on the rate of dehydration of the spray drop. In high 

humidity, the solution will be active for a longer period enabling solutes to penetrate before 
it dries completely. In low humidity conditions, stomata are closed and plants may develop a 
thicker cuticle, yet in high humidity conditions the stomata are open and plants may develop 
a thinner cuticle.   
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2. Temperature – when solution dehydration is not a limiting factor, temperature rise 
increases absorption (Jyung et al., 1964).Temperature may have negative relations with 
humidity - as temperature decreases, humidity may rise. 

3. Light – in high light levels the cuticle and the wax layers are thick compared to low light 
levels (Macey 1970, Hallam 1970, Reed and Tuley 1982), yet the light effect can be related 
to the stomata opening and the temperature resulting from the radiation.  

 

Leaf Characteristics 
1. Leaf age – as the leaf ages it tends to thicken with more wax and broader cuticle tissue. This 

increased barrier reduces penetration rate.  
2. Leaf surface – some plants have high density hairs (trichomes), which may cause the spray 

drops not to contact with the actual leaf surface – the water drops ‘stand’ on the hairs. Leaf 
surface texture may differ between plants. Smoother surfaces may cause the spray to slide 
with a lower wetting rate, while rough surfaces will hold the spray drop and have a greater 
wetting rate.  

3. Leaf disposition –leaf angle towards the ground influences spray solution retention on the 
leaf surface (De Rutter et al., 1990). 

4. Leaf shape – different leaf shapes may determine the effective surface in contact with the 
spray drops.  

5. Plant species – Plants can be divided into those that grow in wet habitats (hydromorphic) 
and dry habitats (xeromorphic) and differ in cuticle thickness, stomata position 
(adaxial=upper side/abaxial=lower side), and shape.  

 

Plant State 
• The physiological state of plants may have an effect, where plants with lower metabolic 

activity have been shown to have a lower ‘sink’ activity, resulting in lower translocation  
 

Foliar fertilization: the positive aspects 
Foliar fertilizers can provide the plant nutrient at critical stages of plant growth where the 
nutrient requirement of plant exceeds the normal uptake for certain nutrients (Fageria et al., 
2009). 
• Foliar fertilization in rapid in action as compared to soil application. 
• It also has a higher residual effect as compared to soil application when the crop residues are 

incorporated after harvest (Chauhan et al., 2004). 
• Since they are applied mostly at high nutrient requirement growth stage and directly to leaf 

surface without any involvement of soil thus avoiding losses or fixation.  
• It can target certain different growth stages effectively for enhancing yield and quality of 

produce e.g. application of foliar N at post flowering stage in wheat increases the protein 
content and grain yield (Woolfolk et al., 2002). 

• Observed effects of foliar fertilization have included yield increases, resistance to diseases 
and insect-pest, improved drought tolerance and enhanced crop quality (Haytovas 2013).  
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Toxicity 
Leaf damage can sometimes occur with foliar-applied fertilizers due to localized salt toxicity; the 
presence of toxic compounds and contaminants; solution pH; or direct elemental toxicity 
(Alexander and Schroeder 1987). The expression of toxicity can vary depending upon the degree 
of localization of the deposited materials and can be influenced by the movement of the applied 
material into and within the leaf tissue. The two most common toxicity symptoms are:  
1) Isolated necrotic spots that occur when droplets dry and materials concentrate in discrete spots 
(‘balling’) 
2) Leaf margin and tip burn due to gravitational flow of spray material to these areas, or as a 
consequence of internal re-distribution of the applied chemical through the transpiration stream 
to the leaf margins and tips. 
A common symptom of toxicity following the application of foliar fertilizers is ‘burning’ or 
‘scorching’ which may be a consequence of cell rupture due to large differences in osmotic 
pressure across the cell wall when highly concentrated fertilizer solution is applied to the leaf 
surface (Greenway and Munns 1980). This type of foliar damage is generically described as leaf 
burn and is most prevalent with compounds of high salt index (Clapp 2009). 
 

Benefits of Foliar feeding over soil application 
• Foliar Fertilization is the most efficient way to increase yield and plant health. Tests have 

shown that foliar feeding can increases yields from 12% to 25% when compared to 
conventional fertilization. 

• Tests conducted in different locations under different environmental conditions have 
reflected the following: 

• When fertilizers are foliar applied, more that 90% of the fertilizer is utilized by the plant.  
When a similar amount is applied to the soil, only 10 percent of it is utilized.  

• In the sandy loam, foliar applied fertilizers are up to 20 times more effective when 
compared to soil applied fertilizers. 

 

Foliar fertilization: the limitations  
• Increase in the inputs: apply after considering the benefit cost ratio i.e. it should be profit 

generating. 
• Availability of labour during fertilization schedule. 
• Climatic constraints: cannot be applied at cloudy and rainy days. High wind velocity 

decreases uniformity of spray. 
• Leaf burns: due to use of high nutrient concentration or unbuffered nutrient solutions. Leaf 

burns can lead to decrease in photosynthesis therefore leading to decrease in crop response 
(Fageria et al., 2009). 

• Plants with high nutrient status are less likely to respond to foliar fertilizers. 
• Foliar fertilization with nitrogen, phosphorus, and potassium (N-P-K) can be supplemented 

along with soil applied fertilizers but cannot replace soil fertilization (Ling and Silberush 
2002).  
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Conclusion 
Foliar fertilization can prove a great tool in correcting the nutrient deficiencies and providing 
much needed nutrients during stages of high nutrient demand in crop. It increases the nutrient 
content in crop foliage and residues from the crop will have high nutrient content. It can 
efficiently supply nutrients during late growing season when the physiological efficiency of plant 
to take nutrients from soil is decreased. When used to supplement soil fertilization, foliar 
fertilization has a great potential to give higher yields under intensive cropping system. Foliar 
fertilization can also enhance the crop tolerance to diseases and drought conditions. 
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Leaf Wetting and Uptake of Fluid Foliar 

P Fertilizers for Wheat 

Courtney Peirce, Craig Priest, Evelina Facelli, Therese 

McBeath, Victoria Fernández and Mike McLaughlin 



Tactical Foliar P Fertilization  

 Fertilizer P is a very high input cost and represents a 

high financial risk to growers in regions with variable 

seasonal rainfall 

 

 Tactical application as a “top-up” of P in good seasons 

on marginally deficient soils 

 

 Higher efficiency of fertilizer P uptake through the 

foliar route  

 Limit to the total amount of P that can be supplied 



Plant-related factors 

• Leaf wettability 

• Leaf surface morphology 

Environmental factors 

• Temperature 

• Wind 

• Relative humidity 

Formulation  factors 

• Adjuvants 

• pH of formulation 

• Form of P 

Major Factors Affecting Foliar Fertilizer Efficacy 



 Plant-Related Factors 

 Morphology and foliar P uptake of: 

 Adaxial (upper) vs. abaxial (lower) leaf sides 

 Varying levels of P nutrition 

 

 Measured by: 

 Impressions of leaves using cyanoacrylate adhesive  

 Scanning Electron Microscopy of fresh and fixed leaves  

 Leaf wettability by static advancing and receding contact 

angles 

 Tracer studies using 32P and 33P to give foliar-applied 

fertilizers a unique fingerprint 

 

 

 



Foliar P Uptake Methods - Leaf Side 

 2 foliar application timings  

 ear emergence 39DAS and mid-anthesis 49DAS 

 3 32P and 33P labelled fertiliser rates (0.6, 1 and 2.6 

kg P/ha) 


33P applied to lower side 


32P applied to upper side 

 Leaves not washed after treatment but 

translocation reported as a % of foliar P recovered 

in the plant 

 Plants harvested during maturity 

 



Wheat Leaf Scanning Electron Microscope Images 
 -leaf side 

 Upper side  Lower side 

800x magnification:  fresh leaves sampled at 44DAS 



Wheat Leaf Morphology – Leaf Side 

LSD (P ≤0.05) side effect: stomata 2, trichomes 6 

Upper leaf side 

LI 700® (0.3% w v-1) 

Contact Angle 113° 

Lower leaf side 

LI 700 ® (0.3% w v-1) 

Contact Angle 80° 

  
Upper 

leaf side 

Lower 

leaf side 

Stomata mm-2 51 ± 6  a 39 ± 4  b 

Trichomes mm-2 45 ± 22  a   5 ± 4   b 

Trichomes increase 

surface roughness 

and decrease leaf 

wettability 
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Foliar P Translocation to Plant Parts – Leaf Side 
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P 

treatment  

(kg P/ha) 

Stomata  

/mm2 

Trichome  

/mm2 

Contact angle  

of water(°)  

Upper Lower Upper Lower Upper   Lower 

24 77c 59c 59c 7c 143.2b 117.7a 

8 55b 39b 41b 3b 139.3ab 112.8a 

0 36a 29ª 5ª 0a 123.2a 103.2a 

Effect on P Nutrition on Leaf Surface Properties 

Higher θ with upper leaf sides & higher trichome densities P deficiency decreases the leaf surface hydrophobicity 

Fernández et al. (2014) “Effect of wheat phosphorus status on leaf surface properties and permeability to foliar-

applied phosphorus” Plant and Soil (in press) 



P 

treatment 

(kg P/ha) 

Radioactivity recovered  

Foliar P  

Absorption (%)  

Foliar P  

translocated 

from treated 

leaf (%) 

24 33ª 34ª 

8 20b 35ª 

0 0c 0b 

24 

8 

0 

Effect on P Nutrition on Foliar P Absorption  



Summary of Previous Experiments 

 Different surface morphology between leaf sides 

 Upper leaf side less wettable than lower leaf side 

 Higher foliar uptake from adaxial leaf side 

 Implication for crops with horizontal leaf orientation 

 

 P Nutrition affects morphology and wettability of leaves 

 Deficient leaves have less trichomes and stomata 

 Severely deficient leaves are unable to take up foliar-applied 

P 



Plant x Formulation Mechanism 

 Foliar P in the form of orthophosphate 

 Charged anion but leaf surface hydrophobic 

 Phosphoric acid more penetrative than  

    ammonium phosphates 

 

 Use of adjuvants 

 Surfactants to increase retention on leaves 

  (spreading and lowering contact angles) 

 Humectants to keep nutrients in solution longer 



Experiment Protocol – Adjuvant Effect  
 Contact angle measurements of water and fertilizers on 

wheat leaves 

 GS early booting to early ear emergence 

 Concentrations ranging from 0.01 – 0.3 % w v-1 

 Adjuvants: 
 Agral® (Active ingredient: 63% nonyl phenol ethylene oxide condensate) 

 LI 700 ® (Active ingredients: 35% w v-1 soyal phospholipids, 35% w v-1 propionic acid) 

 Genapol ® X-080 (Polyethylene glycol monoalkyl ether) 

 

 Short-term foliar uptake of phosphoric acid + adjuvant 

 1.85 % P w v-1 applied at mid-late booting 


33P tracer added to fertilizers 

 Harvested 7 days after application 



Static Contact Angles – Adjuvant Effect 

Genapol ® X-080 at 0.05 % w v-1  

 Water 
Contact 

Angle (°) 

Advancing 159  ±  6  

Receding 149 ± 10  

Wheat leaf surface is 

superhydrophobic due to 

high advancing contact angle 

and small hysteresis 
 

Advancing contact angle of water 



Adjuvant Effect on Leaf Wettability 
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 94% of foliar applied P absorbed by the  

   leaves for all treatments 
 3% washed off the leaves 

 <3% not recovered 

 

 Plant separated into parts after washing 

   to measure translocation from treated area 
 Treated leaf tip and base 

 Ear (from main stem) 

 The rest of the main stem 

 Tillers 

Short-term Uptake of Foliar P 
 -with Adjuvants 
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Short-term Translocation of Foliar P 
 -with Adjuvants 
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Summary– Effect of Adjuvant 

 Wheat leaves are superhydrophobic  

 

 Contact angle of fertilizers vary with different 

adjuvants 

 

 Short-term uptake of P does not vary for adjuvants 

with different contact angles  

 



Practical Implications 

 Without use of adjuvants, wheat leaves are very 

difficult to wet resulting in loss of foliar fertilizer to 

soil 

 

 The foliar uptake of P is high regardless of the 

adjuvant used 

 

 The effect of time-to-drying vs. leaf coverage by 

fertilizer should be further investigated 

 Possible trade-off helps explain the results from this study 

 



Any Questions? 
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Appendix 4 
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Soil microbes in nitrogen dynamics 



Nitrogen is an essential element for all living organisms 
and is required for the biosynthesis of key cellular com-
ponents, such as proteins and nucleic acids. Atmospheric 
dinitrogen gas is the largest inventory of freely accessible 
nitrogen, and it is biologically available to highly diverse 
but rare nitrogen-fixing bacteria and archaea. Other 
organisms must rely on more reactive forms of nitrogen 
for growth, such as ammonium and nitrate. This bio-
available nitrogen is rare in many environments, and the 
availability of this growth-limiting nutrient is controlled 
primarily by microbial reactions that alter the oxidation 
state of nitrogen.

Human activity has had a profound effect on the 
amount of bioavailable nitrogen, mainly owing to the 
high input of industrial nitrogen-based fertilizers1. Food 
production for about 50% of the human population cur-
rently relies on industrial fertilizers2. This fertilizer use 
and legume cultivation have nearly doubled the nitro-
gen input to terrestrial and marine ecosystems1. To pre-
dict the consequences of this input, there is a pressing 
need to understand the basic mechanisms that underlie 
 microbial nitrogen transformations.

Microorganisms can transform nitrogen compounds 
as reactive and toxic as nitric oxide or as inert and 
harmless as dinitrogen gas. Microbial transformations 
of nitrogen are often depicted as a cycle consisting of 
six distinct processes that proceed in an orderly fash-
ion. This view of the nitrogen cycle implies that a mol-
ecule of dinitrogen gas is first fixed to ammonia, which 
is assimilated into organic nitrogen (that is, biomass). 
The degradation of organic nitrogen, ammonification, 
releases a molecule of ammonia, which is subsequently 
oxidized to nitrate through nitrification (NH4

+ → NO2
− 

→ NO3
−) and eventually converted back to a molecule of 

dinitrogen gas through denitrification (NO3
− →NO2

− → 
NO → N2O → N2) or anaerobic ammonium oxidation 
(anammox; NO2

− + NH4
+ → N2). In reality, there is not 

one balanced nitrogen cycle. Instead, the six distinct 
processes are associated with nitrogen fluxes of vastly 
different magnitude (BOX 1).

Nitrogen-transforming microorganisms are generally 
classified according to one of the six processes they are 
involved in: nitrifiers carry out nitrification; denitrifi-
ers, denitrification; nitrogen-fixers, nitrogen fixation; 
and so on. However, genomic data collected during 
the past decade challenge this classification, as they 
have revealed tremendous metabolic versatility within 
nitrogen- transforming microorganisms. We now know 
that diverse microorganisms can fix dinitrogen gas and 
denitrify simultaneously3,4, and organisms classified as 
nitrite oxidizers can also grow on formate, hydrogen 
and sulfide5,6. Thus, owing to their metabolic versatility, 
it has become nearly impossible to objectively classify 
nitrogen- transforming microorganisms according to the 
six classical processes (BOX 1). We will use process names, 
such as denitrification and nitrification, but refrain 
from classifying organisms accordingly. This Review 
focuses on the redox reactions that convert nitrogen 
compounds, biochemical pathways, and the responsible 
enzymes (FIG. 1) and microorganisms.

Based on our current understanding, micro-
organisms can convert nitrogen compounds spanning 
redox states from −3 to +5 using 14 discrete redox 
reactions (FIG. 1). There is no change in redox state in 
the interconversion of organic nitrogen to ammonia. 
Nitrogen-converting enzymes are often found in very 
diverse microorganisms (see below) and many of these 
enzymes have only recently been identified. In the past 
decade, four new reactions were discovered: hydroxy-
lamine oxidation to nitric oxide7,8 (FIG. 1; reaction 7), 
nitric oxide dismutation to dinitrogen gas and oxygen9 
(reaction 9), hydrazine synthesis10 (reaction 13) and 
hydrazine oxidation to dinitrogen gas10 (reaction 12). 
In addition, many new metabolic capabilities were 
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discovered, such as phototrophic nitrite oxidation11 
and complete ammonia oxidation (comammox) to 
nitrate12,13, and novel microorganisms were identified, 
such as ammonia-oxidizing archaea14, denitrifying 
eukaryotic foraminifera15 and symbiotic heterotrophic 
nitrogen-fixing  cyanobacteria16 .

In this Review, we present these new findings in the 
context of our current understanding of microbial trans-
formations of nitrogen. We describe microbial nitrogen- 
transforming reactions and microorganisms and their 
physiological and environmental function, and we 
also present reactions that are likely to exist but have 

Box 1 | Biogeochemical nitrogen cycling: global inventories, processes and fluxes

The largest global nitrogen inventory, with 1.8 × 1010 Tg nitrogen, is ammonia bound in rocks and sediments139 (nitrogen 
inventories in grey boxes; see the figure). Although this bound ammonia becomes available upon erosion, it has a minor 
role in annual biogeochemical nitrogen cycling. Whereas the terrestrial inventory of freely accessible ammonia is 
unknown140, the marine inventory70,139 is estimated to be between 340 and 3,600 Tg nitrogen. The largest freely accessible 
global nitrogen inventory is dinitrogen gas with 3.9 × 109 Tg nitrogen followed by organic nitrogen, nitrate and nitrous oxide 
inventories70,139. Global nitrite and nitric oxide inventories are negligible.

Biogeochemical nitrogen cycling between these inventories is often attributed to the following six distinct nitrogen-
transforming processes: assimilation, ammonification, nitrification, denitrification, anaerobic ammonium oxidation 
(anammox) and nitrogen fixation (see the figure). We estimated the annual nitrogen fluxes for a number of these processes 
from the available literature129,141–143 and by using simple assumptions (see below). In the figure, the fluxes between major 
nitrogen species are shown in Tg nitrogen per year, in green, blue and red boxes referring to terrestrial, marine and 
anthropogenic nitrogen fluxes, respectively. The best-defined fluxes involve nitrogen loss and fixation because they have 
been the focus of many studies129,141,143. These fluxes are comparatively small (see the figure) but regulate the availability of 
bioavailable nitrogen, which largely controls the removal of atmospheric carbon dioxide through the biological carbon 
pump129. Current estimates suggest that biological nitrogen fixation (~300 Tg nitrogen yr−1) combined with industrial 
nitrogen fixation (~125 Tg nitrogen yr−1)129,143 exceeds the production of dinitrogen gas by anammox and denitrification 
(~350 Tg nitrogen yr−1)129,141. Not all nitrous oxide produced from nitric oxide reduction is further reduced to dinitrogen gas. 
The resulting nitrous oxide release from the marine and terrestrial environments is 4 and 12 Tg nitrogen yr−1, respectively129. 
Although the nitrous oxide flux is small compared to the other nitrogen fluxes, it has a profound effect on the environment 
because nitrous oxide is the main ozone-depleting agent and a powerful greenhouse gas92.

As shown in the figure, the nitrogen-transforming processes have vastly different fluxes and do not form one balanced 
nitrogen cycle, as often depicted in papers and textbooks. The largest nitrogen fluxes are associated with the 
interconversion of ammonia and organic nitrogen. In the marine environment alone, the fluxes associated with 
ammonification and ammonium assimilation are an order of magnitude larger (~8,800 Tg nitrogen yr−1)142 than marine 
nitrogen loss and gain combined (~400 Tg nitrogen yr−1)141. Another substantial nitrogen flux is associated with the 
oxidation of ammonia to nitrate via nitrite (that is, nitrification). Marine nitrification is associated with a flux of ~2,000 Tg 
nitrogen per year, which explains why marine ammonia-oxidizing archaea are among the most abundant microorganisms 
even though ammonia concentrations are low in the ocean. Nitrate assimilation-related fluxes are in the same order of 
magnitude. Marine phytoplankton account for 2,000 Tg nitrate reduced per year142. Compared to this, the fluxes associated 
with dissimilatory nitrate reduction to ammonium are most likely smaller. Although there are no available estimates for the 
terrestrial environment, assimilation-related fluxes are likely six times smaller owing to the lower nitrogen requirement of 
land plants, which require about 1 molecule of nitrogen for every 40 carbon molecules fixed144, compared to 1 molecule 
of nitrogen per 6.6 molecules of carbon fixed by marine algae. Assuming steady-state conditions (when gain of a nitrogen 
compound equals its loss), we estimated the terrestrial nitrification and ammonification fluxes by dividing the marine 
fluxes by six.
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Reductants
The electron-donating 
compounds in a redox 
reaction.

Oxygenic phototrophs
Organisms that obtain energy 
from light and use water as the 
electron donor, forming 
molecular oxygen and sugar 
as products.

not yet been discovered. Furthermore, we discuss the 
complex network of interactions between nitrogen- 
transforming microorganisms and its impact on global 
 biogeochemical nitrogen cycling.

Nitrogen-transforming reactions
Nitrogen fixation. Atmospheric dinitrogen gas is the 
largest reservoir of freely accessible nitrogen, but it is 
biologically available only to microorganisms that carry 
the nitrogenase metalloenzyme and thus can fix dinitro-
gen into ammonia. Nitrogenase is widespread in bacte-
ria and archaea, and provides them with a competitive 
advantage in environments that are depleted of bioavail-
able nitrogen. There are three different types of nitro-
genases — iron-iron (FeFe), vanadium-iron (VFe) and 
molybdenum-iron (MoFe) nitrogenases17. They have 
similar sequences and structural and functional prop-
erties but vary in their metal cofactor. All nitrogenases 
are composed of two components (FIG. 2a). anfDGK, 
vnfDGK or nifDK encode the catalytic component of 
nitrogenases that have iron, vanadium or molybdenum 
in the active centre, respectively17,18. In addition, anfH, 
vnfH or nifH encode iron-containing electron transfer 
proteins (known as nitrogenase reductase or iron pro-
tein). NifH is used as a gene marker for the detection of 

nitrogen-fixing microorganisms in the environment18. 
The soil bacterium Azotobacter vinelandii encodes all 
three types of nitrogenases, whereas other microorgan-
isms, such as the marine nitrogen-fixers Trichodesmium 
spp., have only MoFe nitrogenase18. Whereas vanadium 
is seldom limiting, molybdenum and iron are rare in the 
terrestrial and marine environment, respectively, and can 
therefore limit nitrogen fixation in these ecosystems19.

During nitrogen fixation, an electron carrier such 
as ferredoxin first reduces the iron protein, which 
subsequently reduces the catalytic component. This 
requires the iron and catalytic proteins to dissoci-
ate and reassociate20. Per molecule of nitrogen fixed, 
16 molecules of ATP are consumed20. Additional bio-
energetic costs arise from the production of powerful 
reductants, such as ferredoxin, and the protection of the 
oxygen-labile nitrogenase21. Because oxygen exposure 
deactivates nitrogenases, oxygenic phototrophs, such 
as Trichodesmium spp., Crocosphaera watsonii and 
Nodularia spp., often separate nitrogen fixation from 
photosynthesis, either spatially (for example, in hetero-
cysts, which are specialized nitrogen-fixing cells), or 
temporally22. Even non-photosynthetic organisms liv-
ing in oxic environments require mechanisms, such 
as increased oxygen respiration, detoxification via 

Fig. 1 | Microbial transformations of nitrogen compounds. Microorganisms carry enzymes that perform 14 redox 
reactions involving 8 key inorganic nitrogen species of different oxidation states (enzyme-bound intermediates and 
their redox states are not shown). The interconversion of ammonia and organic nitrogen does not involve a change in 
the redox state of the nitrogen atom. The reactions involve reduction (red), oxidation (blue) and disproportionation and 
comproportionation (green). The following enzymes perform the nitrogen transformations: assimilatory nitrate reductase 
(NAS, nasA and nirA); membrane-bound (NAR, narGH) and periplasmic (NAP, napA) dissimilatory nitrate reductases; nitrite 
oxidoreductase (NXR, nxrAB); nitric oxide oxidase (NOD, hmp); haem-containing (cd1-NIR, nirS) and copper-containing 
(Cu-NIR, nirK) nitrite reductases; cytochrome c-dependent (cNOR, cnorB), quinol-dependent (qNOR, norZ) and 
copper-containing quinol-dependent nitric oxide reductases (CuANOR); NADH-dependent cytochrome P450 nitric oxide 
reductase (P450NOR, p450nor); flavo-diiron nitric oxide reductase  (NORvw, norVW); hybrid cluster protein (HCP, hcp); 
hydroxylamine oxidoreductase (HAO, hao); hydroxylamine oxidase (HOX; hox); nitrous oxide reductase (NOS, nosZ); nitric 
oxide dismutase (NO-D, norZ); assimilatory nitrite reductase (cNIR; nasB and nirB); dissimilatory periplasmic cytochrome c 
nitrite reductase (ccNIR, nrfAH); ε-hydroxylamine oxidoreductase (εHAO; haoA); octahaem nitrite reductase (ONR); 
octahaem tetrathionate reductase (OTR); molybdenum-iron (MoFe, nifHDK), iron-iron (FeFe, anfHGDK) and vanadium-iron 
(VFe, vnfHGDK) nitrogenases; hydrazine dehydrogenase (HDH, hdh); hydrazine synthase (HZS, hzsCBA); ammonia 
monooxygenase (AMO, amoCAB); particulate methane monooxygenase (pMMO, pmoCAB); cyanase (CYN, cynS); and 
urease (URE, ureABC).
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Bacteriocytes
Special cells in animals that 
contain endosymbiotic 
bacteria.

superoxide dismutase and conformational changes 
of nitrogenase, to protect their nitrogenase from oxy-
gen23. The existence of a completely different, oxygen- 
insensitive pathway of nitrogen fixation using an 
unusual nitrogenase was recently refuted24.

Although no nitrogen-fixing eukaryotes have been 
found, many nitrogen-fixing microorganisms live in 
symbioses with eukaryotes. The unicellular cyano-
bacterium ‘Candidatus Atelocyanobacterium thal-
assa’ (UCYN-A), which lives in symbiosis with small 

unicellular haptophyte algae such as Braarudosphaera 
bigelowii, is one of the most widespread nitrogen-fixing 
microorganisms and has a key role in marine nitrogen 
fixation16,25. Symbiotic nitrogen-fixing microorganisms 
are also part of the gut microbiota of animals such as 
termites and can be found in special bacteriocytes in 
bivalves26,27. Moreover, nitrogen-fixing members of the 
Rhizobiales order live in special root nodules of crop leg-
umes, such as alfalfa, beans, peas and soy, which provide 
20% of food protein worldwide28.
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Fig. 2 | Enzymes catalysing four key nitrogen-cycling reactions. a | The molybdenum-iron (MoFe) nitrogenase enzyme 
contains the electron transfer protein (green; encoded by nifH) and the α-subunit (magenta; encoded by nifD) and 
β-subunit (purple; encoded by nifK) of the catalytic enzyme. nifH is used to detect nitrogen-fixing microorganisms in the 
environment. The iron-sulfur clusters mediate electron transfer to the catalytic centre. The association and dissociation of 
the electron transfer and catalytic proteins require the input of ATP. b | In the anaerobic ammonium-oxidizing bacterium 
Kuenenia stuttgartiensis, electrons flow through the haems of the octahaem hydroxylamine oxidase (red arrows). Haems 
belonging to different monomers are depicted in green, blue and grey. Haem 4 is the catalytic centre. c | In the 
membrane-bound bacterial nitrate reductase (NAR), the catalytic dimer is encoded by narG and narH, whereas 
the membrane anchor is encoded by narI. narG is used to detect denitrifying microorganisms in the environment. Nitrate 
reduction to nitrite occurs in the cytoplasm, and protons are translocated into the periplasm. Thereby, NAR contributes 
to the proton motive force. d | In K. stuttgartiensis, hzsA, hzsB and hzsC encode hydrazine synthase. The former two genes 
are used to detect anaerobic ammonium-oxidizing bacteria in the environment. This enzyme is proposed to perform a 
two-step reaction. It starts in the γ-subunit (grey) with the reduction of nitric oxide to hydroxylamine, which is transported 
through the substrate channel (brown) to the α-subunit (green). The α-subunit comproportionates hydroxylamine with 
ammonia into hydrazine. Both reactions are catalysed by cytochrome c‑type haem proteins. *ADP-ammonium fluoride; 
ATP analogue. Part a is adapted with permission from David Goodsell, doi:10.2210/rcsb_pdb/mom_2002_2 (February 
2002). Part b was originally published in the J. Biol Chem. Maalcke, W. J. et al. Structural basis of biological NO generation 
by octaheme oxidoreductases. 2014; 289: 1228–1242. © the American Society for Biochemistry and Molecular Biology 
(REF. 8). Part c is adapted with permission from REF. 154, Elsevier. Part d is adapted with permission from REF. 115, Macmillan 
Publishers Limited. 
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Thaumarchaeota
The phylum that contains the 
ammonia-oxidizing archaea.

Acidophilic
The propensity of organisms to 
grow in acidic environments 
(pH <6).

Methanotrophs
Organisms that oxidize 
methane to conserve energy.

NC10
A candidate bacterial phylum, 
named after the Nullarbor 
Caves in Australia, that 
contains ‘Candidatus 
Methylomirabilis oxyfera’, 
which is the first organism 
discovered that performs 
methane oxidation coupled 
to oxygenic denitrification.

Endergonic
A reaction that requires energy 
input.

Verrucomicrobia
A bacterial phylum with only a 
few described species, some of 
which appear to be important 
in the methane cycle.

Anoxygenic phototrophs
These microorganisms obtain 
energy from light and use 
compounds such as hydrogen 
sulfide instead of water as an 
electron donor and thus do not 
produce molecular oxygen.

Ammonia oxidation to hydroxylamine. All known 
aerobic ammonia-oxidizing bacteria and archaea acti-
vate ammonia by oxidizing it to hydroxylamine using 
ammonia monooxygenase (AMO)29. Most ammonia- 
oxidizing bacteria belong to the Betaproteobacteria and 
Gammaproteobacteria classes, and are chemolithoau-
totrophs that oxidize ammonia to nitrite30. They can 
be found in nearly all environments, including ferti-
lized soils31 and wastewater treatment plants. Archaea 
belonging to the Thaumarchaeota phylum, such as 
Nitrosopumilus maritimus, can also grow chemolitho-
autotrophically by oxidizing ammonia to nitrite14. Their 
discovery resolved the long-standing mystery of the 
apparently rare ammonia oxidizers in the oceans32,33. 
Thaumarchaeota are more abundant than bacteria in 
some sandy and silty clay soils31,34. Furthermore, the 
isolation of the acidophilic ammonia-oxidizing archaeon 
‘Candidatus Nitrosotalea devanaterra’ overturned the 
common assumption that chemolithoautotrophic 
ammonia oxidation could not occur at low pH because 
of low ammonia availability35. Many ammonia oxidiz-
ers, such as Nitrosospira sp. and Nitrososphaera viennen-
sis, can also degrade organic nitrogen compounds, for 
example, by hydrolysing urea with ureases, to produce 
additional ammonia36,37. The archaeon Nitrososphaera 
gargensis can also produce ammonia by hydrolysing 
cyanate with a cyanase38.

Recently, the ability to oxidize ammonia has also 
been found in members of the genus Nitrospira, which 
were previously assumed to only be capable of nitrite 
oxidation12,13. The discovery of these bacteria that oxi-
dize ammonia to nitrate (complete ammonia oxida-
tion (comammox)), refuted the dogma that the oxidation 
of ammonia and nitrite requires two distinct groups of 
microorganisms. The bacteria that perform the comam-
mox process, such as ‘Candidatus Nitrospira inopinata’, 
appear well adapted to ammonia-limited environments 
and can outcompete most cultured ammonia- oxidizing 
microorganisms for ammonia39. The transient accu-
mulation of nitrite in comammox cultures grown on 
ammonia indicates that they more efficiently oxidize 
ammonia than nitrite12,13,39. We hypothesize that bac-
teria that perform the comammox process oxidize 
ammonia to nitrate under ammonia-limited conditions 
and perform partial ammonia oxidation to nitrite under 
oxygen-limited conditions.

AMO is closely related to methane monooxygenase 
(MMO), which is found in methanotrophs such as gam-
maproteobacteria40 and candidate phylum NC10 (REF. 9). 
MMO can also oxidize ammonia to hydroxylamine, 
although very inefficiently41 (FIG. 1). Similarly, AMO can 
also oxidize methane but less efficiently than MMO30. 
Intriguingly, amo sequences of bacteria that perform the 
comammox process were detected in the environment 
(for example, in groundwater) already before their dis-
covery but were wrongly assigned as particulate MMO 
(pmo) genes of the filamentous methane-oxidizing 
Crenothrix polyspora42. Recent resequen cing of C. poly-
spora and other Crenothrix species revealed that they 
actually contain typical gammaproteobacterial pmo and 
not amo43.

Hydroxylamine oxidation to nitric oxide and further 
to nitrite. Aerobic oxidation of ammonia to hydroxy-
lamine is an endergonic reaction. Therefore, all aero-
bic ammonia oxidizers conserve energy by further 
oxidizing hydroxylamine. It was believed that aerobic 
ammonia- oxidizing bacteria oxidize hydroxylamine to 
nitrite using octahaem hydroxylamine oxidoreductase 
(HAO). Recently, it was shown that the product of HAO 
is not nitrite but nitric oxide, which is further oxidized 
to nitrite by an unknown enzyme7. Although the enzyme 
catalysing the latter reaction has not been conclusively 
identified, copper-containing nitrite reductase (Cu-NIR) 
working in reverse has been suggested to catalyse it7. 
All ammonia- oxidizing bacteria, including the newly 
discovered Nitrospira spp., which can oxidize ammo-
nia all the way to nitrate, contain AMO and HAO12,13. 
By contrast, known ammonia-oxidizing archaea do not 
encode HAO, and the archaeal enzyme responsible for 
 hydroxylamine oxidation remains unknown44,45.

HAO belongs to a family of octahaem proteins 
(FIG.  2b) found in diverse microorganisms44,46. The 
genomes of anaerobic ammonium-oxidizing bacteria 
encode approximately ten HAO-like proteins46, and one 
of these also oxidizes hydroxylamine to nitric oxide8. In 
anaerobic ammonium-oxidizing bacteria, this hydroxy-
lamine oxidase (HOX) recycles hydroxylamine, which 
leaks from hydrazine synthase (HZS; see below).

Methane-oxidizing bacteria also produce hydroxy-
lamine as a result of their unspecific ammonia oxida-
tion activity41 (see above), and diverse methanotrophs 
in the Proteobacteria, Verrucomicrobia and NC10 phyla 
(for example, ‘Candidatus Methylomirabilis oxyfera’) 
encode HAO-like proteins that likely oxidize hydroxy-
lamine to nitric oxide, which is further oxidized to nitrite 
or reduced to nitrous oxide8,47,48. Currently, it is unknown 
whether this reaction directly contributes to energy 
 conservation in methane-oxidizing bacteria.

Nitrite oxidation to nitrate. Nitrite oxidation is the 
main biochemical pathway that produces nitrate and 
is catalysed by nitrite oxidoreductase (NXR). NXR is 
encoded by aerobic nitrite-oxidizing bacteria (mem-
bers of the Alphaproteobacteria, Betaproteobacteria, 
Gammaproteobacteria, Chloroflexi, Nitrospinae and 
Nitrospirae phyla)6, anoxygenic phototrophs (for exam-
ple, Thiocapsa sp. KS1 and Rhodopseudomonas sp. 
LQ17)11,49 and anaerobic ammonium-oxidizing bacte-
ria50. Whereas aerobic nitrite-oxidizing bacteria directly 
couple nitrite oxidation by NXR to energy conservation, 
anaerobic nitrite-oxidizing bacteria do not. Thiocapsa 
sp. KS1 and Rhodopseudomonas sp. LQ17 can oxidize 
nitrite anaerobically by coupling it directly to photot-
rophy11,49. Further, anaerobic ammonium-oxidizing 
bacteria might couple anaerobic nitrite oxidation to 
carbon fixation51.

Nitrite-oxidizing bacteria are metabolically ver-
satile and can grow on substrates other than nitrite6. 
Indeed, the comammox Nitrospira species oxidizes 
ammonia to nitrate12,13. Nitrospira moscoviensis grows 
aerobically on hydrogen and anaerobically on organic 
acids while respiring nitrate52,53. Nitrate reduction 
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Eutrophication
An increased input of nutrients 
that leads to excessive growth 
of algae or cyanobacteria.

Proton motive force
Proton dislocation creates a 
difference of charge and pH 
between two sides of a cell 
membrane and thereby 
generates an electrochemical 
potential, which is used for 
energy conservation.

Anaerobic sludge digesters
Bioreactors in which excess 
microbial biomass (sludge) 
produced during wastewater 
treatment is anaerobically 
converted to carbon dioxide, 
methane, ammonium and 
reduced sulfur compounds.

in these nitrite-oxidizing bacteria is also catalysed 
by NXR, which is related to bacterial and archaeal  
nitrate reductases54.

The concerted activity of nitrite and ammonia- 
oxidizing microorganisms in agricultural soils con-
verts nitrogen-based fertilizers to nitrate and has a key 
role in the loss of fertilizers to river and groundwaters, 
leading to the eutrophication of rivers, lakes and coastal 
waters. The same two processes are also used in waste-
water treatment plants as the first step of conventional 
nitrogen removal (BOX 2). In marine environments, 
nitrite- oxidizing bacteria generate nitrate, which is the 
dominant form of biologically available nitrogen in 
the ocean, and  contribute to carbon fixation55.

Nitrate reduction to nitrite. Nitrate reduction to nitrite 
is used for respiration, known as dissimilatory nitrate 
reduction, and for nitrogen assimilation into biomass. 

Dissimilatory nitrate reduction to nitrite can be car-
ried out by microorganisms from all three domains of 
life. These microorganisms occur in all anoxic envi-
ronments in which nitrate is present, including soils56, 
oxygen minimum zones57, marine sediments58 and the 
human gastrointestinal tract59. The reaction is catalysed 
by either a membrane-bound nitrate reductase (NAR) or 
periplasmic nitrate reductase (NAP)60. Many organisms, 
including the model organism Paracoccus denitrificans, 
contain both NAP and NAR60. NAR reduces nitrate in 
the cytoplasm and releases protons into the periplasm 
(FIG. 2c) and thereby directly contributes to energy con-
servation through the proton motive force. By contrast, 
NAP reduces nitrate to nitrite in the periplasm and thus 
does not  translocate  protons that could contribute to the 
proton motive force60.

Dissimilatory nitrate reduction to nitrite is not merely 
the first step in denitrification. Some microorganisms 

Box 2 | Nitrogen removal by microorganisms in wastewater treatment

Since the industrial revolution, agriculture, burning of fossil fuels and 
domestic and industrial wastewater production have been the major drivers 
of nitrogen pollution, which severely affects life on Earth141,142. Nitrogen has 
been recognized as an important pollutant in wastewater only in the past 
40 years, when it became clear that excess nitrogen leads to eutrophication 
and fish mortality owing to the toxic effects of ammonia. Consequently, 
nitrogen-removing systems were added to many wastewater treatment 
plants, which were originally used to remove organic carbon. Nevertheless, 
most conventional wastewater treatment plants do not remove nitrogen.

In contrast to most natural ecosystems in which precious nitrogen is 
recycled and retained, nitrogen-removing treatment plants are designed to 
convert ammonium to dinitrogen gas, which is lost to the atmosphere. In 
these treatment plants, organic carbon is removed first. This results in 
organic carbon-poor and ammonium-rich wastewater, which is fed into a 
nitrogen-removal system. Conventional systems rely on nitrification (NH4

+ → 
NO2

− → NO3
−) to oxidize ammonium to nitrate, which is subsequently 

reduced to dinitrogen gas by denitrification (NO3
− → NO2

−→ NO → N2O → 
N2). Nitrification requires extensive aeration to create conditions that are 
suitable for ammonium oxidation to nitrate (2 molecules of O2 are needed 
per molecule of ammonium). Subsequently, external organic carbon (often 
methanol) is added to induce heterotrophic denitrification, which reduces 
nitrate to dinitrogen. Hence, conventional nitrogen removal is costly, as well 
as energy and resource intensive, and also produces nitrous oxide, which 
contributes to global warming. To alleviate these problems, different reactor 
configurations have been implemented to minimize external carbon 
addition and aeration. For example, in some systems, part of the raw 
wastewater, which is rich in organic carbon, is fed directly to the 
denitrification step or, in others, intermittent aeration is used to promote 
nitrification and denitrification in a single tank145.

In the past decade, anaerobic ammonium oxidation (anammox) emerged 
as an alternative process for nitrogen removal. In compact bioreactors, 
aerobic ammonia-oxidizing bacteria, such as Nitrosomonas europea, convert 
half of the available ammonia to nitrite under oxygen limitation, which is 
termed ‘partial nitritation’. This is followed by the conversion of nitrite with 
the remaining ammonium to dinitrogen gas by bacteria performing the 
anammox process, such as ‘Candidatus Kuenenia stuttgartiensis’ (solid 
arrows, see the figure)146. In these partial nitritation-anammox systems, 
nitrate production by aerobic nitrite oxidizers such as Nitrospira spp. or 
Nitrobacter spp. is undesired as it decreases the efficiency of nitrogen 
removal. Oxygen-limited partial nitritation-anammox reactors have lower 
aeration requirements than conventional nitrogen-removal systems, do not 
require the addition of organic carbon and produce less nitrous oxide. 
Currently, partial nitritation-anammox systems are increasingly used for 

ammonium-rich wastewaters146,147, such as effluents from anaerobic sludge 
digesters. Implementation of these systems in full-scale municipal 
wastewater treatment, which has much lower ammonium concentrations, 
could pave the way to more sustainable sewage treatment146.

Some of the recently discovered nitrogen-cycling microorganisms could 
also be applied in wastewater treatment. Archaea that oxidize ammonia to 
nitrite and bacteria that oxidize ammonia to nitrate (in the complete 
ammonia oxidation (comammox process)) have been detected in 
nitrogen-removing wastewater treatment plants133,148, but their role in these 
systems is unclear. In oxygen-limited nitrogen-removal systems, such as 
partial nitritation-anammox bioreactors, bacteria performing 
comammox12,13,39 will most likely act as conventional ammonia oxidizers that 
produce nitrite. Exciting new possibilities for wastewater treatment are 
offered by the newly discovered nitrite-dependent and nitrate-dependent 
anaerobic methane-oxidizing microorganisms66,149. A bioreactor that 
combines anaerobic methanotrophs, such as ‘Candidatus Methylomirabilis’ 
spp. and ‘Candidatus Methanoperedens’ spp., with microorganisms that 
perform the anammox process could simultaneously remove ammonium, 
nitrate and methane (dashed arrows; see the figure). Such co-cultures have 
already been established under laboratory conditions; however, a full-scale 
wastewater treatment system has not been implemented66,149. In these 
systems, aerobic methane oxidizers such as Methylomonas spp. would also 
contribute to methane removal.

Fundamental physiological and biochemical research into nitrogen-cycling 
microorganisms and their application have always progressed hand in hand 
— newly discovered microorganisms led to more efficient and sustainable 
treatment systems and vice versa. It is apparent that this trend will continue 
to help safeguard the environment for future generations.
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Primary nitrite maxima
The peak in nitrite 
concentrations at the base 
of the euphotic zone.

such as the giant sulfur-oxidizing Beggiatoa sp.61, which is 
widespread in freshwater and marine sediments, reduce 
nitrate via nitrite to ammonium, and many microorgan-
isms, such as some members of the ubiquitous marine 
clade SAR11 (REF. 62), only reduce nitrate to nitrite (FIG. 1). 
Nitrate reduction is a major source of nitrite for other 
nitrogen-cycling processes, including aerobic nitrite 
oxidation and anammox62–64. Dissimilatory nitrate 
reduction can be coupled to the oxidation of electron 
donors such as organic matter65, methane66,67 (for exam-
ple, in ‘Candidatus Methanoperedens’ spp.), sulfur com-
pounds (for example, in Thiobacillus denitrificans)68, 
hydrogen (for example, in Cupriavidus necator, also 
known as Alcaligenes eutrophus) or iron (for example, in 
Ferroglobus placidus)69.

Nitrate is a major nitrogen source for eukaryotes, 
bacteria and archaea that contain assimilatory nitrate 
reductases (NAS)60. Considering that nitrate supports 
at least 20% of marine algal growth70, nitrate assimila-
tion likely exceeds the magnitude of most other redox 
driven nitrogen-cycle processes in the ocean (BOX 1). 
NAS, together with assimilatory nitrite reductases (see 
below), produces ammonia, which is incorporated into 
biomass60. Because NAS is located in the cytoplasm, 
nitrate assimilation requires nitrate transport into 
the cell by ATP-dependent transporters60. Due to this 
energy requirement, NAS expression is repressed in 
 ammonia-replete environments, such as fertilized soils60.

Bacterial and archaeal NAS, together with NAP, NAR 
and NXR, belong to the dimethylsulfoxide reductase 
family, whereas eukaryotic assimilatory nitrate reduc-
tases belong to the sulfite oxidase family71. This suggests 
multiple origins of nitrate reductases. The distinction 
between assimilatory and dissimilatory nitrate reduction 
pathways is not absolute. In principle, nitrite produced 
by assimilatory nitrate reduction could be reduced fur-
ther in the respiratory chain. Conversely, Mycobacterium 
tuberculosis has been shown to use the NAR complex for 
nitrate assimilation72.

Nitrite reduction to ammonium. Nitrite reduction to 
ammonium is used for both dissimilatory and assimi-
latory purposes. Dissimilatory nitrite reduction to 
ammonium is carried out by most bacterial lineages, 
the thermophilic Pyrolobus fumarii73, which is a member 
of the Crenarcheota, methane-oxidizing archaea67, dia-
toms74 and fungi75. This reaction is catalysed by the peri-
plasmic cytochrome c nitrite reductase (ccNIR) encoded 
by nrfAH, the octahaem nitrite reductase (ONR)76 or the 
octahaem tetrathionate reductase (OTR)77. It is unclear 
whether the latter two enzymes are used for respiration 
or detoxification of nitrite or hydroxylamine. Reduction 
of nitrite to ammonium involves the formation of 
hydroxylamine as an intermediate, which remains 
bound to the enzyme until it is reduced to ammonium78.

Interestingly, the anaerobic ammonium- oxidizing 
bacterium K.  stuttgartiensis can reduce nitrite to 
ammonium but lacks known ammonium- producing 
nitrite reductases. It is hypothesized that nitrite 
reduction to ammonium instead might be accom-
plished by an HAO-like protein46. Recently, an HAO 

encoded by an Epsilonproteobacteria (εHAO), such 
as Campylobacter fetus and Nautilia profundicola, 
was shown to reduce nitrite and hydroxylamine to 
 ammonium, although with poor efficiency79.

Dissimilatory nitrite reduction to ammonium is the 
key reaction in the so-called dissimilatory nitrate reduc-
tion to ammonium (DNRA) process80. Microorganisms 
can grow using DNRA by coupling it to the oxidation 
of electron donors, such as organic matter, ferrous iron, 
hydrogen, sulfide and methane67,81–83. Little is known 
about the environmental importance of DNRA84,85; how-
ever, in marine and lake sediments, DNRA appears to be 
favoured over denitrification when there is an excess of 
electron donor relative to nitrate58.

Assimilatory nitrite reductases produce ammo-
nium and are as widespread as NAS, and both types of 
enzymes are often encoded on the same nas operon54. 
The formation of primary nitrite maxima in the ocean 
has been attributed to the release of nitrite owing to an 
uncoupling of assimilatory nitrate and nitrite reduction 
in phytoplankton86. The physiological reasons for this 
uncoupling are still unclear.

Nitrite reduction to nitric oxide. Many microorgan-
isms have the ability to reduce nitrite to nitric oxide, 
such as Proteobacteria, anaerobic ammonium- oxidizing 
bacteria and Bacteroidetes54. These microorganisms 
are found in many environments in which nitrate is 
available and oxygen concentrations are low, such as 
soils56, oxygen minimum zones57 and marine sedi-
ments58. This  reaction can be catalysed by two unre-
lated enzymes: a haem- containing cd1 nitrite reductase 
(cd1-NIR; encoded by nirS) or a Cu-containing nitrite 
reductase (Cu-NIR; encoded by nirK), which are wide-
spread among bacteria and archaea87. Both enzymes are 
located in the periplasm and do not contribute directly 
to energy conservation54,65. These two enzymes also 
occur together in a single microorganism, for example, 
in Rhodothermus marinus87.

Commonly, nirS and nirK are used in environmental 
studies as gene markers for denitrifiers; however, these 
genes are present in many other microorganisms, includ-
ing anaerobic ammonium-oxidizing bacteria, nitrite and 
methane-oxidizing bacteria, and ammonia-oxidizing 
bacteria and archaea88. Apart from Cu-NIR and cd1-NIR, 
other nitrite-reducing enzymes might exist; for exam-
ple, some anaerobic ammonium-oxidizing bacteria con-
tain neither of the genes but can reduce nitrite to nitric 
oxide89. To carry out this reaction, these bacteria might 
use an HAO-like octahaem oxidoreductase46.

Nitric oxide reduction to nitrous oxide or dinitrogen 
gas. Nitric oxide is a signalling molecule, a toxin90 and an 
intermediate of the denitrification, nitrification and 
anammox processes. Additionally, bacteria that per-
form oxygenic denitrification dismutate two molecules 
of nitric oxide to one molecule of dinitrogen gas and 
one molecule of oxygen9. Therefore, microorganisms 
capable of nitric oxide reduction can be found in a wide 
range of environments, including wastewater treatment 
plants46, agricultural soils56,91, marine sediments58 and 
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Nitric oxide dismutation
Two molecules of nitric oxide 
are disproportionated into one 
molecule of molecular oxygen 
and one molecule of dinitrogen 
gas.

marine oxygen minimum zones57. Microbial nitric oxide 
reduction (FIG. 1) is the main source of nitrous oxide, a 
powerful greenhouse gas (310 times more potent than 
carbon dioxide) and the dominant ozone-depleting 
agent92. Nitrous oxide-producing nitric oxide reductases 
(NOR) are used for detoxification or respiration of nitric 
oxide and belong to a diverse group of enzymes ran ging 
from flavoproteins to haem copper oxidases, which are 
widespread throughout the tree of life. Flavo-diiron 
proteins, such as flavorubredoxin nitric oxide reductase 
(NORvw), are used to detoxify nitric oxide, for exam-
ple, by the sulfate-reducing bacterium Desulfovibrio 
gigas93,94. Other NOR-type enzymes are the NADH-
dependent cytochrome P450NOR found in the mito-
chondria of fungi, such as Fusarium oxysporum95, and 
the hybrid cluster protein HCP recently discovered in 
Escherichia coli96.

The haem copper oxidase family contains termi-
nal oxidases, the cytochrome  c-dependent cNOR, 
quinol-dependent qNOR and the copper-containing 
CuANOR, which all have a role in nitric oxide respira-
tion97–99. Nitrous oxide is an intermediate of denitrifi-
cation, and NOR is present in microorganisms such as 
P. denitrificans and Pseudomonas stutzeri65. Nitrous oxide 
can also be the end product of denitrification in some 
microorganisms, such as Pseudomonas chloro raphis65. 
Ammonia-oxidizing bacteria can produce nitrous 
oxide in a process termed nitrifier– denitrification, 
in which NOR is used to reduce nitric oxide formed 
upon nitrite reduction30. In cultures  of ammonia- 
oxidizing bacteria and bacteria capable of carry ing 
out the comammox process, nitrous oxide can also 
be formed through abiotic reactions of the extracellu-
lar inter mediates hydroxylamine and nitric oxide100. 
Additionally, ammonia-oxidizing bacteria can produce 
nitrous oxide through the NOR-catalysed reduction of 
nitric oxide, which is produced during hydroxylamine 
oxidation7,30. Similar to ammonia- oxidizing bacteria, 
methano trophic bacteria produce nitrous oxide through 
the NOR-catalysed reduction of nitric oxide formed 
upon hydroxylamine oxidation (see above) and nitrite 
reduction47,48. By contrast, nitrous oxide production in 
ammonia- oxidizing archaea might exclusively involve 
the abiotic reactions of the  intermediates nitric oxide 
and hydroxylamine45.

The use of nitrogen-based fertilizers has drastically 
increased nitrous oxide emissions101. Due to the con-
certed activity of nitrogen-transforming microorgan-
isms, 3–5% of the nitrogen used as agricultural fertilizer 
is converted into nitrous oxide102,103. Nitrogen-based 
fertilizers are increasingly used to grow crops for bio-
fuel production, which represents a potential replace-
ment for fossil fuels. Herein lies a dilemma — the more 
fertilizer is used to produce biofuels, the more nitrous 
oxide emissions increase. Therefore, the fertilizer use for 
biofuel production counteracts the reduction in green-
house gas emissions that is achieved by reducing the use 
of fossil fuels103.

Nitric oxide dismutation to dinitrogen and oxy-
gen gas (FIG.  1) is a recently discovered nitrogen- 
transforming reaction104. Microorganisms such as ‘Ca. 

Methylomirabilis oxyfera’ found in anoxic systems rich 
in methane and nitrate (for example, in eutrophied 
lakes and wetlands) use this reaction to produce their 
own molecular oxygen from nitrite9. This enables ‘Ca. 
Methylomirabilis oxyfera’ to live in anoxic environments 
and to use the aerobic methane oxidation pathway9. The 
dismutation reaction might involve an unusual qNOR, 
tentatively called nitric oxide dismutase (NO-D)9. Nitric 
oxide dismutation might be more widespread than pre-
viously thought, as similar unusual qNOR sequences are 
present in other phyla, such as Gammaproteobacteria (for 
example, strain HdN1) and Bacteroidetes (for  example, 
Muricauda ruestringensis)104.

Nitrous oxide reduction to nitrogen gas. Microbial 
nitrous oxide reduction to nitrogen gas is the main 
sink of this powerful greenhouse gas. The only known 
enzyme that catalyses this reaction is nitrous oxide 
reductase (NOS), which, owing to its location in the 
periplasm, does not directly contribute to energy con-
servation through the proton motive force105. Diverse 
bacteria, including members of the Proteobacteria, 
Bacteroidetes and Chlorobi phyla, and archaea from 
Crenarchaeota and Halobacteria106 utilize NOS. The 
discovery of a slightly different NOS-encoding gene in 
Wolinella succinogenes107 revealed an overlooked diver-
sity of NOS sequences in soils108. Intriguingly, organ-
isms encoding this NOS variant often have no other 
nitrogen-oxide reductases87,91,109. Some eukaryotes, the 
Foraminifera and Gromiida, also reduce nitrous oxide, 
but their enzymatic machinery is unknown15,110.

For a long time, it was believed that NOS was more 
sensitive to oxygen, pH and sulfide than other nitro-
gen-oxide reductases105. Based on that apparent sensi-
tivity, environmental emissions of nitrous oxide were 
fully attributed to inhibition of NOS in organisms that 
reduce nitrate all the way to nitrogen, the so-called com-
plete denitrifiers. Additionally, interactions of so-called 
incomplete denitrifiers, which are microorganisms 
that only perform, for example, nitrite reduction to 
nitrous oxide or nitrous oxide reduction to dinitrogen 
gas, and their niche differentiation might cause imbal-
ances between nitrous oxide production and consump-
tion in many environments, such as soils and marine 
environments91,109,111.

Hydrazine synthesis and hydrazine oxidation to dini-
trogen gas. Until recently, it was generally believed that 
ammonium could be activated only with molecular oxy-
gen and that bioavailable nitrogen could be lost only 
as dinitrogen gas through denitrification112. The dis-
covery of anaerobic ammonium oxidation (anammox) 
to dinitrogen gas with nitrite as the terminal electron 
acceptor overturned both of these dogmas51,113,114. HZS 
is the only known enzyme that can activate ammonium 
anaerobically89, and it is found exclusively in anaero-
bic ammonium-oxidizing bacteria that belong to five 
genera in the phylum Planctomycetes89,115,116. HZS is 
also the only enzyme known to form an N–N bond 
from two discrete N-compounds, producing hydrazine 
as a free intermediate in a two-step reaction10,115. The 
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Comproportionation
A chemical reaction in which 
two reactants containing the 
same element with a different 
oxidation state react to create 
a product with a single 
oxidation state.

Anammoxosome
A bacterial organelle found in 
anaerobic ammonium oxidizing 
(anammox) bacteria that is the 
only known prokaryotic 
membrane-bound structure 
that is equally divided into 
daughter cells upon cell 
division.

hypothetical mechanism of hydrazine synthesis starts 
with nitric oxide reduction to hydroxylamine (FIG. 2d), 
which subsequently undergoes  comproportionation 
together with ammonium into hydrazine, one of the 
most potent reductants in nature10,115. During this 
 reaction, hydroxylamine is transferred from one 
active site to the next (FIG. 2d), which might result in 
hydroxylamine loss from HZS. Two of the genes encod-
ing HZS, hzsA and hzsB, are used as genetic markers 
for anaerobic  ammonium-oxidizing bacteria in the  
environment117,118.

Hydrazine is oxidized to dinitrogen gas by hydra-
zine dehydrogenase (HDH)10,119. Based on amino acid 
sequences, this enzyme is related to HOX and HAO; 
however, it is inhibited by hydroxylamine and can 
oxidize only hydrazine119. Hydrazine oxidation occurs 
in a unique membrane-bound structure called the 
 anammoxosome and is most likely directly associated 
with energy conservation46,120,121. Intriguingly, all cata-
bolic enzymes of anaerobic ammonium-oxidizing bac-
teria (HDH, HZS, NIR, HOX and NXR) are located 
 exclusively in the anammoxosome122.

HDH is responsible for the release of a substantial 
amount of dinitrogen to the atmosphere119. In the past 
decade, it became clear that the anammox process is a 
major nitrogen sink in the ocean123–125, and it could also 
have an important role in terrestrial ecosystems126.

Microbial nitrogen-transforming networks
There is an astonishing diversity of microorganisms 
that transform nitrogen, and each of these microorgan-
isms has discrete physiological requirements for opti-
mal growth. As growth conditions in nature are highly 
variable and seldom optimal, nitrogen turnover by 
individual microorganisms is bound to be inefficient. 
However, nitrogen transformations in the environment 
are carried out by microbial communities that recycle 
nitrogen more efficiently than single microorganisms. 
Consequently, very little bioavailable nitrogen escapes to 
the atmosphere, and the small amount lost as dinitro gen 
gas is balanced by nitrogen fixation (BOX 1). This apparent 
nitrogen homeostasis not only characterizes the global 
biosphere; it also characterizes many ecosystems, such as 
forest soils and ocean gyres. The microbial communities 
required to efficiently recycle nitrogen in these ecosys-
tems retain nitrogen-transforming  reactions even when 
the species composition changes in response to envi-
ronmental perturbations. The nitrogen- transforming 
reactions are linked by microorganisms that form 
complex networks in both natural and  man-made 
 ecosystems (FIG. 3).

The ocean gyres, the world’s largest ecosystems, are 
nearly nitrogen-balanced owing to extensive nitrogen 
recycling (FIG. 3a). Here, the main nitrogen- transforming 
processes are nitrogen assimilation by cyanobacteria, 
such as Prochlorococcus marinus70, ammonification 
by mesozooplankton127 and heterotrophic bacteria, 
such as ‘Candidatus Pelagibacter ubique’ (REF. 128) and 
nitrification by Nitrosopumilus spp. and Nitrospina spp. 
(BOX 1; FIG. 3a). Nitrogen fixation by microorganisms, such 
as Trichodesmium spp. and ‘Ca. Atelocyanobacterium’ 

spp., is a rather minor nitrogen-transforming process in 
the gyres70. Yet, owing to the sheer extent of the area in 
which nitrogen fixation occurs, it is the main supply of 
new bioavailable nitrogen to the ocean.

In contrast to the ocean gyres, oxygen minimum 
zone waters cover less than 1% of the open ocean area 
but might account for 30–50% of oceanic nitrogen 
loss57,70,125 (BOX 1). Here, anaerobic microorganisms such 
as ‘Candidatus Scalindua’ spp. co-occur with aerobic 
organisms such as Nitrosopumilus spp. and Nitrospina 
spp.57. The microbial nitrogen-transforming network in 
open-ocean oxygen minimum zones is complex57, with 
all the known nitrogen-converting processes occurring 
alongside each other (FIG. 3b).

Similar to oxygen minimum zone waters, nitrogen- 
removing wastewater treatment plants are characterized 
by imbalanced nitrogen transformations. These man-
made systems are designed to convert ammonium to 
dinitrogen gas, which is lost to the atmosphere (BOX 2).

Agricultural fields are among the largest man-made 
ecosystems, and their microbial nitrogen-transforming 
networks have been strongly affected by the anthropo-
genic input of nitrogen. The cultivation of legumes that 
form symbioses with nitrogen-fixing microorganisms 
have substantially increased the nitrogen input into 
the environment2,129. Nitrogen-fixing microorganisms, 
such as Bradyrhizobium spp., often live in specialized 
root nodules and provide ammonium to the legumes 
(FIG. 3c). Ammonium that leaks out into the surrounding 
soil fuels other microbial nitrogen transformations, such 
as aerobic ammonia oxidation. In rice paddy fields, the 
use of industrial fertilizers has resulted in intense nitri-
fication and increased nitrogen loss126. Recent studies 
reveal that these systems have highly complex nitrogen- 
transforming networks, which include nitrite-reducing 
(‘Ca. Methylomirabilis’ spp.) and nitrate-reducing (‘Ca. 
Methanoperedens’ spp.) methanotrophs130 (FIG. 3d).

In these ecosystems, some nitrogen- transforming 
microorganisms, such as anaerobic ammonium- 
oxidizing bacteria, can perform multiple redox reactions 
(reactions 1, 2, 5, 7, 10, 12 and 13; FIG. 1). Still, processes 
such as nitrification and denitrification are performed 
by a complex network of specialists in a modular fash-
ion (FIG. 3). Such modularity, which is a general feature 
of nitrogen-transforming microbial networks, results 
in cooperative and competitive interactions (exam-
ples in FIG. 3). A cooperative interaction exists between 
Nitrosopumilus spp. and Nitrospina spp. that together 
oxidize ammonia to nitrate (FIGS. 3a,b). In most environ-
ments, nitrification is carried out by diverse assemblages 
of ammonia- oxidizing and nitrite-oxidizing micro-
organisms, which also compete for ammonia and nitrite, 
respectively. Substrate competition also exists between 
microorganisms with very different metabo lisms, such as 
Nitrospira spp., ‘Ca. Methylomirabilis’ spp., ‘Candidatus 
Brocadia’  spp., ‘Ca.  Methanoperedens’  spp. and 
Pseudomonas spp., which all compete for nitrite (FIG. 3d). 
Microbial interactions can also be simultaneously 
 cooperative and competitive: Nitrosopumilus spp. pro-
duce nitrite for ‘Ca Scalindua’ spp., but both also compete 
for ammonia (FIG. 3b).
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The factors that control these interactions are poorly 
understood. Sometimes, a single physiological char-
acteristic is used to explain the dominance of certain 
nitrogen-transforming microorganisms in the environ-
ment. For example, the abundance of ammonia-oxidiz-
ing archaea relative to bacteria in ammonia-depleted 
environments was attributed to the superior ammonia 
affinity of the archaea31,131,132. Recently, however, it was 
shown that the terrestrial bacterium ‘Ca. Nitrospira 
inopinata’, which performs the comammox process, has 
a higher ammonia affinity than all cultured terrestrial 
ammonia-oxidizing archaea39. Yet, the microorganisms 
that perform the comammox process do not dominate 
all the ammonia-depleted terrestrial environments133. 
The success of nitrogen-transforming microorgan-
isms also depends on other factors, such as the use of 
alternative substrates and cellular energy requirements. 
Such variables might have general roles in shaping 
 nitrogen-transforming microbial networks.

Fig. 3 | Potential nitrogen-transforming microbial 
networks in different ecosystems. a | The open ocean 
gyres are vast nutrient-limited regions in which nitrogen 
is extensively recycled. In the sunlit surface waters, 
cyanobacteria mainly assimilate ammonium and/or organic 
nitrogen compounds for growth. Viral lysis and grazing by 
mesozooplankton release organic nitrogen (for example, 
urea), which is subsequently mineralized back to ammonium 
by heterotrophic bacteria. Nitrogen-fixing bacteria provide 
additional ammonium. In deeper waters, ammonium is 
oxidized to nitrate. Some of this nitrate diffuses up into the 
surface waters and is assimilated by phytoplankton. 
b | Marine oxygen minimum zones are found on the eastern 
boundaries of oceans, where wind-driven upwelling of 
nutrient rich waters stimulates primary productivity in the 
surface waters. The subsequent aerobic mineralization of 
sinking organic matters depletes oxygen in the underlying 
waters. Aerobic nitrifying communities that are well 
adapted to low oxygen conditions perform ammonia 
oxidation to nitrite and nitrate. The oxygen minimum zones 
are major regions of nitrogen loss owing to the activity of 
anaerobic ammonium-oxidizing bacteria and to a lesser 
extent denitrification. Complex communities of 
microorganisms are involved in the denitrification process. 
c | Among the largest man-made ecosystems are 
agricultural fields that are used for crop production. 
Legumes are common crops and an important source of 
protein. They influence the microbial community in the 
surrounding soil by releasing organic carbon and live in 
symbiosis with nitrogen-fixing microorganisms, such as 
Bradyrhizobium spp. Ammonium that leaks out into the 
surrounding soil can fuel aerobic ammonia and nitrite 
oxidation. Subsequent diffusion of nitrate to anoxic zones 
in soil fuels nitrogen-transforming processes, such as 
dissimilatory nitrate reduction to ammonium, nitrous oxide 
and dinitrogen gas. d | Rice paddies are flooded agricultural 
fields, which are fertilized with nitrogen-containing 
compounds such as urea to grow rice155. Urea hydrolysis and 
nitrogen fixation generate ammonia, which is oxidized to 
nitrate in oxic soils surrounding the rice-plant roots. 
Subsequent diffusion of nitrate to the underlying anoxic 
soil fuels processes such as denitrification, anaerobic 
ammonium oxidation (anammox) and the oxidation of 
methane produced by methanogenesis.
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Exergonic
A reaction that results in the 
release of free energy.

Disproportionation
A chemical reaction in which 
a reactant is split into two 
species containing the same 
element with different 
oxidation states, one more 
oxidized and the other more 
reduced than the reactant.

Concluding remarks
Identifying the factors that shape nitrogen-transform-
ing networks will require greater insight into the phys-
iology of the involved microorganisms and a deeper 
understanding of their ecology and evolution. Only a 
fraction of all microorganisms has been cultivated, and 
the uncultivated majority likely contains undiscovered 
metabolic pathways (BOX 3). Cultivation, followed by 
painstaking biochemical, physiological and genomic 
characterization, has already changed our perspective of 
key nitrogen- cycle processes. Aerobic nitrite- oxidizing 
bacteria and anaerobic ammonium-oxidizing bacteria 
have a hitherto unexpected metabolic versatility that ren-
ders their classification as mere aerobic nitrite oxidizers 
or anaerobic ammonia oxidizers inadequate. Many aero-
bic nitrite oxidizers might grow as hydrogen oxidizers, 
ammonia oxidizers or nitrate reducers in the environ-
ment6. Anaerobic ammonium-oxidizing bacteria can also 
use short-chain fatty acids, methylamines and Fe(ii) as 

electron donors46,134, and they can use nitrate, Mn(iv) and 
Fe(iii) as electron acceptors46,135,136.

Conversely, there is a growing realization that complete 
denitrification by single microorganisms is the exception 
rather than the rule, with many microorganisms being 
specialists that perform only one or a few nitrogen oxide 
reduction reactions3,91,137. Specialized nitrogen oxide redu-
cers often lack known genes enabling them to reduce 
nitrate all the way to nitrogen87,138. These specialist nitrogen 
oxide reducers are often described as incomplete denitrifi-
ers, which is comparable to describing ammonia oxidizers 
such as Nitrosomonas spp. as incomplete nitrifiers.

Undoubtedly, it will become increasingly difficult to 
classify organisms according to the classical six nitrogen- 
cycling processes, leaving it up to the eye of the beholder 
to define the function of an organism. If we can learn one 
thing from the past few decades of research, it is that micro-
organisms do not conform to boundaries. They will do 
whatever is necessary in the perpetual struggle to survive.

Box 3 | Undiscovered biochemical reactions

Numerous new microbial nitrogen-transforming reactions and pathways have been discovered in the past decade. Based 
on thermodynamic considerations, further exergonic reactions exist that could be exploited by microorganisms 
(reactions 15–26). Whereas some reactions could be catalysed by known enzymes, others would require hitherto 
unknown biochemistry (reactions 15–19, 25 and 26). For example, nitrate-dependent ammonium oxidation (reaction 15) 
cannot proceed through the known anaerobic ammonium oxidation pathway because ammonia first needs to be 
oxidized to the intermediate hydroxylamine or a similar oxygen-containing species46.

Reaction 15 5NH4
+ + 3NO3

− → 4N2 + 9H2O + 2H+ (ΔG0ʹ = −297 kJ mol-1 NH4
+)

Similarly, novel biochemical pathways for ammonia activation would be necessary for iron-dependent and manganese-
dependent ammonium oxidation (reactions 16–19).

Reaction 16 NH4
+ + 6Fe3+ +2H2O → NO2

−
 + 6Fe2+ + 8H+ (ΔG0ʹ = −247 kJ mol-1 NH4

+)

Reaction 17 2NH4
+ + 6Fe3+ → N2 + 6Fe2+ + 8H+  (ΔG0ʹ = −303 kJ mol-1 NH4

+)

Reaction 18 NH4
+ + 3MnO2 + 4H+ → NO2

−
 + 3Mn2+ + 4H2O (ΔG0ʹ = −60 kJ mol-1 NH4

+)

Reaction 19 2NH4
+ + 3MnO2 + 4H+ → N2 + 3Mn2+ + 6H2O (ΔG0ʹ = −249 kJ mol-1 NH4

+)

Conversely, several disproportionation reactions (reactions 20–24) could be carried out by known microorganisms using 
the existing biochemical machinery. Anaerobic ammonium-oxidizing bacteria could perform nitrite (reaction 20) and 
nitric oxide (reaction 21) disproportionation46.

Reaction 20 5NO2
− + 2H+ → N2 + 3NO3

−
 + 2H2O (ΔG0ʹ = −60 kJ mol-1 NO2

−)

Reaction 21 10NO + 2H2O → 3N2 + 4NO3
−

 + 4H+ (ΔG0ʹ = −100 kJ mol-1 NO)

Similarly, disproportionation of nitrite into nitrous oxide and nitrate (reaction 22) and nitric oxide into nitrite and 
nitrous oxide (reaction 23) or nitrate and nitrous oxide (reaction 24) could theoretically be carried out by aerobic 
nitrite-oxidizing bacteria.

Reaction 22 4NO2
−

 + 2H+ → N2O + 2NO3
− +H2O (ΔG0ʹ = −32 kJ mol-1 NO2

−)

Reaction 23 4NO + H2O → 2NO2
− + N2O + 2H+  (ΔG0ʹ = −40 kJ mol-1 NO)

Reaction 24 8NO + H2O → 2NO3
− + 3N2O + 2H+ (ΔG0ʹ = −56 kJ mol-1 NO)

These microorganisms could use nitrite oxidoreductase to oxidize nitrite to nitrate and nitrite reductases present in 
Nitrobacter spp., Nitrococcus spp., Nitrospira spp. and Nitrospina spp. could reduce nitrite to nitric oxide6. Nitric oxide 
oxidation has been observed in Nitrobacter spp.150, 151, but it is unclear whether this reaction is biotic or abiotic, and the 
responsible enzyme remains unknown. Nitric oxide oxidation to nitrite could also be catalysed by Cu-containing nitrite 
reductases (encoded by nirK), which are known to be bidirectional152. The remaining reaction, reduction of nitric oxide to 
nitrous oxide, can be carried out by terminal oxidases, which are evolutionarily related to nitric oxide reductases153.

Nitrous oxide, a potent greenhouse gas, is reduced to dinitrogen gas in the absence of oxygen, whereas it is assumed to 
be biologically stable under oxic conditions. Intriguingly, aerobic nitrous oxide oxidation to either nitrite or nitrate is 
thermodynamically feasible (reactions 25, 26), but this reaction would also require a new biochemical pathway.

Reaction 25 N2O + O2 +H2O → 2NO2
− + 2H+  (ΔG0ʹ = −21 kJ/mol N2O)

Reaction 26 N2O + 2O2 + H2O → 2NO3
− + 2H+  (ΔG0ʹ = −89 kJ/mol N2O)

The only way to identify microorganisms that catalyse these undiscovered reactions is to grow them under controlled 
laboratory conditions. It is clear that the physiology and biochemistry of nitrogen-transforming microorganisms will 
remain fertile fields of research for years to come.

R E V I E W S

NATURE REVIEWS | MICROBIOLOGY  ADVANCE ONLINE PUBLICATION | 11

©
 
2018

 
Macmillan

 
Publishers

 
Limited,

 
part

 
of

 
Springer

 
Nature.

 
All

 
rights

 
reserved. ©

 
2018

 
Macmillan

 
Publishers

 
Limited,

 
part

 
of

 
Springer

 
Nature.

 
All

 
rights

 
reserved.



1. Galloway, J. N. et al. Transformation of the nitrogen 
cycle: recent trends, questions, and potential 
solutions. Science 320, 889–892 (2008).
A comprehensive overview of the human impact on 
biogeochemical nitrogen cycling.

2. Erisman, J. W., Sutton, M. A., Galloway, J., Klimont, Z. 
& Winiwarter, W. How a century of ammonia synthesis 
changed the world. Nat. Geosci. 1, 636–639 (2008).

3. Stein, L. Y. & Klotz, M. G. The nitrogen cycle. 
Curr. Biol. 26, R94–R98 (2016).

4. Yan, Y. et al. Nitrogen fixation island and rhizosphere 
competence traits in the genome of root-associated 
Pseudomonas stutzeri A1501. Proc. Natl Acad. Sci. 
USA 105, 7564–7569 (2008).

5. Füssel, J. et al. Adaptability as the key to success for 
the ubiquitous marine nitrite oxidizer Nitrococcus. Sci. 
Adv. 3, e1700807 (2017).

6. Daims, H., Lücker, S. & Wagner, M. A. New 
perspective on microbes formerly known as nitrite-
oxidizing bacteria. Trends Microbiol. 24, 699–712 
(2016).

7. Caranto, J. D. & Lancaster, K. M. Nitric oxide is an 
obligate bacterial nitrification intermediate produced 
by hydroxylamine oxidoreductase. Proc. Natl Acad. 
Sci. USA 114, 8217–8222 (2017).

8. Maalcke, W. J. et al. Structural basis of biological 
NO generation by octaheme oxidoreductases. 
J. Biol. Chem. 289, 1228–1242 (2014).

9. Ettwig, K. F. et al. Nitrite-driven anaerobic methane 
oxidation by oxygenic bacteria. Nature 464,  
543–548 (2010).
The discovery of oxygenic denitrification.

10. Kartal, B. et al. Molecular mechanism of anaerobic 
ammonium oxidation. Nature 479, 127–130 (2011).
Isolation and characterization of the unique 
enzyme that produces free hydrazine.

11. Griffin, B. M., Schott, J. & Schink, B. Nitrite, an 
electron donor for anoxygenic photosynthesis. Science 
316, 1870–1870 (2007).
The discovery of phototrophic nitrite oxidation.

12. Daims, H. et al. Complete nitrification by Nitrospira 
bacteria. Nature 528, 504–509 (2015).

13. van Kessel, M. A. et al. Complete nitrification by 
a single microorganism. Nature 528, 555–559 
(2015).
Together with reference 12, this article reports 
the discovery of complete nitrification by a single 
microorganism.

14. Konneke, M. et al. Isolation of an autotrophic 
ammonia-oxidizing marine archaeon. Nature 437, 
543–546 (2005).
The discovery of ammonia-oxidizing archaea.

15. Risgaard-Petersen, N. et al. Evidence for complete 
denitrification in a benthic foraminifer. Nature 443, 
93–96 (2006).

16. Thompson, A. W. et al. Unicellular cyanobacterium 
symbiotic with a single-celled eukaryotic alga. Science 
337, 1546–1550 (2012).
Shows that the ubiquitous unicellular 
cyanobacterium UCYN-A forms a nitrogen-fixing 
symbiosis with an algae.

17. Eady, R. R. Structure-function relationships of 
alternative nitrogenases. Chem. Rev. 96, 3013–3030 
(1996).

18. Zehr, J. P., Jenkins, B. D., Short, S. M. & Steward, G. F. 
Nitrogenase gene diversity and microbial community 
structure: a cross-system comparison. Environ. 
Microbiol. 5, 539–554 (2003).

19. Vitousek, P. M. & Howarth, R. W. Nitrogen limitation 
on land and in the sea: How can it occur? 
Biogeochemistry 13, 87–115 (1991).

20. Bothe, H., Schmitz, O., Yates, M. G. & Newton, W. E. 
Nitrogen Fixation and Hydrogen Metabolism in 
Cyanobacteria. Microbiol. Mol. Biol. Rev. 74,  
529–551 (2010).

21. Robson, R. L. & Postgate, J. R. Oxygen and hydrogen 
in biological nitrogen fixation. Annu. Rev. Microbiol. 
34, 183–207 (1980).

22. Berman-Frank, I., Lundgren, P. & Falkowski, P. 
Nitrogen fixation and photosynthetic oxygen evolution 
in cyanobacteria. Res. Microbiol. 154, 157–164 
(2003).

23. Inomura, K., Bragg, J. & Follows, M. J. A quantitative 
analysis of the direct and indirect costs of nitrogen 
fixation: a model based on Azotobacter vinelandii. 
ISME J. 11, 166–175 (2017).

24. MacKellar, D. et al. Streptomyces 
thermoautotrophicus does not fix nitrogen. Sci. Rep. 
6, 20086 (2016).

25. Martinez-Perez, C. et al. The small unicellular 
diazotrophic symbiont, UCYN-A, is a key player in 

the marine nitrogen cycle. Nat. Microbiol. 1, 16163 
(2016).

26. Brune, A. Symbiotic digestion of lignocellulose in 
termite guts. Nat. Rev. Microbiol. 12, 168–180 
(2014).

27. Lechene, C. P., Luyten, Y., McMahon, G. & Distel, D. L. 
Quantitative imaging of nitrogen fixation by individual 
bacteria within animal cells. Science 317, 1563–1566 
(2007).

28. Burris, R. H. & Roberts, G. Biological nitrogen fixation. 
Annu. Rev. Nutr. 13, 317–335 (1993).

29. Hooper, A. B., Vannelli, T., Bergmann, D. J. & 
Arciero, D. M. Enzymology of the oxidation of 
ammonia to nitrite by bacteria. Antonie Leeuwenhoek 
71, 59–67 (1997).

30. Arp, D. J. & Stein, L. Y. Metabolism of inorganic N 
compounds by ammonia-oxidizing bacteria. Crit. Rev. 
Biochem. Mol. Biol. 38, 471–495 (2003).

31. Prosser, J. I. & Nicol, G. W. Relative contributions of 
archaea and bacteria to aerobic ammonia oxidation in 
the environment. Environ. Microbiol. 10, 2931–2941 
(2008).

32. Wuchter, C. et al. Archaeal nitrification in the ocean. 
Proc. Natl Acad. Sci. USA 103, 12317–12322 
(2006).

33. Francis, C. A., Roberts, K. J., Beman, J. M., 
Santoro, A. E. & Oakley, B. B. Ubiquity and diversity 
of ammonia-oxidizing archaea in water columns and 
sediments of the ocean. Proc. Natl Acad. Sci. USA 
102, 14683–14688 (2005).
Shows that ammonia-oxidizing archaea are 
ubiquitous in the oceans.

34. Leininger, S. et al. Archaea predominate among 
ammonia-oxidizing prokaryotes in soils. Nature 442, 
806–809 (2006).
Shows that archaea are major ammonia oxidizers in 
soils.

35. Lehtovirta-Morley, L. E., Stoecker, K., Vilcinskas, A., 
Prosser, J. I. & Nicol, G. W. Cultivation of an obligate 
acidophilic ammonia oxidizer from a nitrifying acid 
soil. Proc. Natl Acad. Sci. USA 108, 15892–15897 
(2011).
The discovery of an acidophilic ammonia oxidizer.

36. Tourna, M. et al. Nitrososphaera viennensis, an 
ammonia oxidizing archaeon from soil. Proc. Natl 
Acad. Sci. USA 108, 8420–8425 (2011).

37. Burton, S. A. & Prosser, J. I. Autotrophic ammonia 
oxidation at low pH through urea hydrolysis. 
Appl. Environ. Microbiol. 67, 2952–2957 (2001).

38. Palatinszky, M. et al. Cyanate as an energy source for 
nitrifiers. Nature 524, 105–108 (2015).

39. Kits, K. D. et al. Kinetic analysis of a complete nitrifier 
reveals an oligotrophic lifestyle. Nature 549, 269–272 
(2017).

40. Hakemian, A. S. & Rosenzweig, A. C. The biochemistry 
of methane oxidation. Annu. Rev. Biochem. 76,  
223–241 (2007).

41. Stein, L. Y. & Klotz, M. G. Nitrifying and denitrifying 
pathways of methanotrophic bacteria. Biochem. Soc. 
Trans. 39, 1826–1831 (2011).

42. Stoecker, K. et al. Cohn’s Crenothrix is a filamentous 
methane oxidizer with an unusual methane 
monooxygenase. Proc. Natl Acad. Sci. USA 103, 
2363–2367 (2006).

43. Oswald, K. et al. Crenothrix are major methane 
consumers in stratified lakes. ISME J. 11, 2124–2140 
(2017).

44. Simon, J. & Klotz, M. G. Diversity and evolution of 
bioenergetic systems involved in microbial nitrogen 
compound transformations. Biochim. Biophys. Acta 
1827, 114–135 (2013).
An extensive overview of enzymes involved in 
microbial nitrogen transformations.

45. Kozlowski, J. A., Stieglmeier, M., Schleper, C., 
Klotz, M. G. & Stein, L. Y. Pathways and key 
intermediates required for obligate aerobic ammonia-
dependent chemolithotrophy in bacteria and 
Thaumarchaeota. ISME J. 10, 1836–1845 (2016).

46. Kartal, B. et al. How to make a living from anaerobic 
ammonium oxidation. FEMS Microbiol. Rev. 37,  
428–461 (2013).

47. Ren, T., Roy, R. & Knowles, R. Production and 
consumption of nitric oxide by three methanotrophic 
bacteria. Appl. Environ. Microbiol. 66, 3891–3897 
(2000).

48. Nyerges, G. & Stein, L. Y. Ammonia cometabolism and 
product inhibition vary considerably among species of 
methanotrophic bacteria. FEMS Microbiol. Lett. 297, 
131–136 (2009).

49. Schott, J., Griffin, B. M. & Schink, B. Anaerobic 
phototrophic nitrite oxidation by Thiocapsa sp. strain 

KS1 and Rhodopseudomonas sp. strain LQ17. 
Microbiology 156, 2428–2437 (2010).

50. Strous, M. et al. Deciphering the evolution and 
metabolism of an anammox bacterium from a 
community genome. Nature 440, 790–794 (2006).

51. Strous, M. et al. Missing lithotroph identified as new 
planctomycete. Nature 400, 446–449 (1999).
The discovery of anaerobic ammonium-oxidizing 
bacteria.

52. Koch, H. et al. Growth of nitrite-oxidizing bacteria by 
aerobic hydrogen oxidation. Science 345, 1052–1054 
(2014).

53. Koch, H. et al. Expanded metabolic versatility of 
ubiquitous nitrite-oxidizing bacteria from the genus 
Nitrospira. Proc. Natl Acad. Sci. USA 112,  
11371–11376 (2015).

54. Maia, L. B. & Moura, J. J. How biology handles nitrite. 
Chem. Rev. 114, 5273–5357 (2014).

55. Pachiadaki, M. G. et al. Major role of nitrite-oxidizing 
bacteria in dark ocean carbon fixation. Science 358, 
1046–1051 (2017).

56. Philippot, L., Hallin, S. & Schloter, M. Ecology of 
denitrifying prokaryotes in agricultural soil. Adv. 
Agronomy 96, 249–305 (2007).

57. Lam, P. & Kuypers, M. M. Microbial nitrogen-cycling 
processes in oxygen minimum zones. Annu. Rev. Mar. 
Sci. 3, 317–345 (2011).

58. Kraft, B. et al. The environmental controls that govern 
the end product of bacterial nitrate respiration. 
Science 345, 676–679 (2014).

59. Lundberg, J. O., Weitzberg, E. & Gladwin, M. T. The 
nitrate-nitrite-nitric oxide pathway in physiology and 
therapeutics. Nat. Rev. Drug Discov. 7, 156–167 
(2008).

60. Moreno-Vivian, C., Cabello, P., Martinez-Luque, M., 
Blasco, R. & Castillo, F. Prokaryotic nitrate reduction: 
molecular properties and functional distinction among 
bacterial nitrate reductases. J. Bacteriol. 181,  
6573–6584 (1999).

61. Preisler, A. et al. Biological and chemical sulfide 
oxidation in a Beggiatoa inhabited marine sediment. 
ISME J. 1, 341–353 (2007).

62. Tsementzi, D. et al. SAR11 bacteria linked to ocean 
anoxia and nitrogen loss. Nature 536, 179–183 
(2016).

63. Lam, P. et al. Revising the nitrogen cycle in the 
Peruvian oxygen minimum zone. Proc. Natl Acad. Sci. 
USA 106, 4752–4757 (2009).

64. Bristow, L. A. et al. N2 production rates limited by 
nitrite availability in the Bay of Bengal oxygen 
minimum zone. Nat. Geosci. 10, 24–29 (2017).

65. Zumft, W. G. Cell biology and molecular basis of 
denitrification. Microbiol. Mol. Biol. Rev. 61,  
533–616 (1997).

66. Haroon, M. F. et al. Anaerobic oxidation of methane 
coupled to nitrate reduction in a novel archaeal 
lineage. Nature 500, 567–570 (2013).
The discovery of nitrate-reducing methanotrophic 
archaea.

67. Ettwig, K. F. et al. Archaea catalyze iron-dependent 
anaerobic oxidation of methane. Proc. Natl Acad. Sci. 
USA 113, 12792–12796 (2016).

68. Cardoso, R. B. et al. Sulfide oxidation under 
chemolithoautotrophic denitrifying conditions. 
Biotechnol. Bioengineer. 95, 1148–1157 (2006).

69. Weber, K. A., Achenbach, L. A. & Coates, J. D. 
Microorganisms pumping iron: anaerobic microbial 
iron oxidation and reduction. Nat. Rev. Microbiol. 4, 
752–764 (2006).

70. Gruber, N. The marine nitrogen cycle: overview and 
challenges. Nitrogen Marine Environ. 2, 1–50 
(2008).

71. Stolz, J. F. & Basu, P. Evolution of nitrate reductase: 
molecular and structural variations on a common 
function. Chembiochem 3, 198–206 (2002).

72. Malm, S. et al. The roles of the nitrate reductase 
NarGHJI, the nitrite reductase NirBD and the 
response regulator GlnR in nitrate assimilation of 
Mycobacterium tuberculosis. Microbiology 155, 
1332–1339 (2009).

73. Blöchl, E. et al. Pyrolobus fumarii, gen. and sp. nov., 
represents a novel group of archaea, extending the 
upper temperature limit for life to 113 C. 
Extremophiles 1, 14–21 (1997).

74. Kamp, A., de Beer, D., Nitsch, J. L., Lavik, G. & Stief, P. 
Diatoms respire nitrate to survive dark and anoxic 
conditions. Proc. Natl Acad. Sci. USA 108,  
5649–5654 (2011).

75. Zhou, Z. et al. Ammonia fermentation, a novel anoxic 
metabolism of nitrate by fungi. J. Biol. Chem. 277, 
1892–1896 (2002).

R E V I E W S

12 | ADVANCE ONLINE PUBLICATION www.nature.com/nrmicro

©
 
2018

 
Macmillan

 
Publishers

 
Limited,

 
part

 
of

 
Springer

 
Nature.

 
All

 
rights

 
reserved. ©

 
2018

 
Macmillan

 
Publishers

 
Limited,

 
part

 
of

 
Springer

 
Nature.

 
All

 
rights

 
reserved.



76. Tikhonova, T. V. et al. Molecular and catalytic 
properties of a novel cytochrome c nitrite reductase 
from nitrate-reducing haloalkaliphilic sulfur-oxidizing 
bacterium Thioalkalivibrio nitratireducens. 
Biochim. Biophys. Acta 1764, 715–723 (2006).

77. Atkinson, S. J., Mowat, C. G., Reid, G. A. & 
Chapman, S. K. An octaheme c-type cytochrome from 
Shewanella oneidensis can reduce nitrite and 
hydroxylamine. FEBS Lett. 581, 3805–3808 (2007).

78. Einsle, O. et al. Structure of cytochrome c nitrite 
reductase. Nature 400, 476–480 (1999).

79. Haase, D., Hermann, B., Einsle, O. & Simon, J. 
Epsilonproteobacterial hydroxylamine oxidoreductase 
(εHao): characterization of a ‘missing link’ in the 
multihaem cytochrome c family. Mol. Microbiol. 105, 
127–138 (2017).

80. Tiedje, J. M. in in Biology of Anaerobic 
Microorganisms (ed. Zehnder, A. J. B.) 179–244 
(Wiley, New York, NY, USA, 1988).

81. Brunet, R. & Garcia-Gil, L. Sulfide-induced 
dissimilatory nitrate reduction to ammonia in 
anaerobic freshwater sediments. FEMS Microbiol. 
Ecol. 21, 131–138 (1996).

82. Seitz, H.-J. & Cypionka, H. Chemolithotrophic growth 
of Desulfovibrio desulfuricans with hydrogen coupled 
to ammonification of nitrate or nitrite. Arch. Microbiol. 
146, 63–67 (1986).

83. Robertson, E. K., Roberts, K. L., Burdorf, L. D. W., 
Cook, P. & Thamdrup, B. Dissimilatory nitrate 
reduction to ammonium coupled to Fe(II) oxidation 
in sediments of a periodically hypoxic estuary. 
Limnol. Oceanogr. 61, 365–381 (2016).

84. Rütting, T., Boeckx, P., Müller, C. & Klemedtsson, L. 
Assessment of the importance of dissimilatory nitrate 
reduction to ammonium for the terrestrial nitrogen 
cycle. Biogeosciences 8, 1779–1791 (2011).

85. Burgin, A. J. & Hamilton, S. K. Have we 
overemphasized the role of denitrification in aquatic 
ecosystems? A review of nitrate removal pathways. 
Front. Ecol. Environ. 5, 89–96 (2007).

86. Lomas, M. W. & Lipschultz, F. Forming the primary 
nitrite maximum: nitrifiers or phytoplankton? 
Limnol. Oceanogr. 51, 2453–2467 (2006).

87. Graf, D. R., Jones, C. M. & Hallin, S. Intergenomic 
comparisons highlight modularity of the denitrification 
pathway and underpin the importance of community 
structure for N2O emissions. PloS ONE 9, e114118 
(2014).

88. Bartossek, R., Nicol, G. W., Lanzen, A., Klenk, H. P. 
& Schleper, C. Homologues of nitrite reductases in 
ammonia-oxidizing archaea: diversity and genomic 
context. Environ. Microbiol. 12, 1075–1088 (2010).

89. Kartal, B. & Keltjens, J. T. Anammox biochemistry: 
a tale of heme c proteins. Trends Biochem. Sci. 41, 
998–1011 (2016).

90. Fang, F. C. Antimicrobial reactive oxygen and nitrogen 
species: concepts and controversies. Nat. Rev. 
Microbiol. 2, 820–832 (2004).

91. Hallin, S., Philippot, L., Löffler, F. E., Sanford, R. A. 
& Jones, C. M. Genomics and ecology of novel N2O-
reducing microorganisms. Trends Microbiol. 26, 
43–55 (2018).

92. Ravishankara, A. R., Daniel, J. S. & Portmann, R. W. 
Nitrous Oxide (N2O): the dominant ozone-depleting 
substance emitted in the 21st century. Science 326, 
123–125 (2009).

93. Saraiva, L. M., Vicente, J. B. & Teixeira, M. The role 
of the flavodiiron proteins in microbial nitric oxide 
detoxification. Adv. Microb. Physiol. 49, 77–129 
(2004).

94. Rodrigues, R. et al. Desulfovibrio gigas flavodiiron 
protein affords protection against nitrosative stress 
in vivo. J. Bacteriol. 188, 2745–2751 (2006).

95. Shoun, H., Fushinobu, S., Jiang, L., Kim, S.-W. & 
Wakagi, T. Fungal denitrification and nitric oxide 
reductase cytochrome P450nor. Phil. Trans. R. Soc. B 
Biol Sci. 367, 1186–1194 (2012).

96. Wang, J. et al. The roles of the hybrid cluster protein, 
Hcp, and its reductase, Hcr, in high affinity nitric oxide 
reduction that protects anaerobic cultures of 
Escherichia coli against nitrosative stress. 
Mol. Microbiol. 100, 877–892 (2016).

97. Hino, T. et al. Structural basis of biological N2O 
generation by bacterial nitric oxide reductase. Science 
330, 1666–1670 (2010).

98. Matsumoto, Y. et al. Crystal structure of quinol-
dependent nitric oxide reductase from Geobacillus 
stearothermophilus. Nat. Struct. Mol. Biol. 19,  
238–245 (2012).

99. Al-Attar, S. & de Vries, S. An electrogenic nitric oxide 
reductase. FEBS Lett. 589, 2050–2057 (2015).

100. Liu, S. et al. Abiotic conversion of extracellular 
NH2OH contributes to N2O emission during 
ammonia oxidation. Environ. Sci. Technol. 51,  
13122–13132 (2017).

101. Stocker, T. F. et al. IPCC, 2013: Climate Change 2013: 
The Physical Science Basis. Contribution of Working 
Group I to the Fifth Assessment Report of the 
Intergovernmental Panel on Climate Change 
(Cambridge Univ. Press, 2013).

102. Davidson, E. A. The contribution of manure and 
fertilizer nitrogen to atmospheric nitrous oxide since 
1860. Nat. Geosci. 2, 659–662 (2009).

103. Crutzen, P., Mosier, A., Smith, K. & Winiwarter, W. 
N2O release from agro-biofuel production negates 
global warming reduction by replacing fossil fuels. 
Atmos. Chem. Phys. 8, 389–395 (2008).

104. Ettwig, K. F. et al. Bacterial oxygen production in the 
dark. Front. Microbiol. 3, 273 (2012).

105. Zumft, W. G. & Kroneck, P. M. Respiratory 
transformation of nitrous oxide (N2O) to dinitrogen 
by Bacteria and Archaea. Adv. Microb. Physiol. 52, 
107–227 (2006).

106. Cabello, P., Roldan, M. D. & Moreno-Vivian, C. 
Nitrate reduction and the nitrogen cycle in archaea. 
Microbiology 150, 3527–3546 (2004).

107. Simon, J., Einsle, O., Kroneck, P. M. & Zumft, W. G. 
The unprecedented nos gene cluster of Wolinella 
succinogenes encodes a novel respiratory electron 
transfer pathway to cytochrome c nitrous oxide 
reductase. FEBS Lett. 569, 7–12 (2004).

108. Sanford, R. A. et al. Unexpected nondenitrifier nitrous 
oxide reductase gene diversity and abundance in soils. 
Proc. Natl Acad. Sci. USA 109, 19709–19714 
(2012).

109. Jones, C. M. et al. Recently identified microbial guild 
mediates soil N2O sink capacity. Nat. Climate Change 
4, 801–805 (2014).

110. Piña-Ochoa, E. et al. Widespread occurrence of nitrate 
storage and denitrification among Foraminifera and 
Gromiida. Proc. Natl Acad. Sci. USA 107, 1148–1153 
(2010).

111. Philippot, L., Andert, J., Jones, C. M., Bru, D. & 
Hallin, S. Importance of denitrifiers lacking the genes 
encoding the nitrous oxide reductase for N2O 
emissions from soil. Global Change Biol. 17,  
1497–1504 (2011).

112. Codispoti, L. & Christensen, J. Nitrification, 
denitrification and nitrous oxide cycling in the eastern 
tropical South Pacific Ocean. Mar. Chem. 16, 
277–300 (1985).

113. Van de Graaf, A. A., de Bruijn, P., Robertson, L. A., 
Jetten, M. S. & Kuenen, J. G. Autotrophic growth of 
anaerobic ammonium-oxidizing micro-organisms in a 
fluidized bed reactor. Microbiology 142, 2187–2196 
(1996).

114. Mulder, A., Vandegraaf, A. A., Robertson, L. A. & 
Kuenen, J. G. Anaerobic ammonium oxidation 
discovered in a denitrifying fluidized bed reactor. 
FEMS Microbiol. Ecol. 16, 177–183 (1995).
The discovery of anaerobic ammonium oxidation.

115. Dietl, A. et al. The inner workings of the hydrazine 
synthase multiprotein complex. Nature 527,  
394–397 (2015).

116. Jetten, M. S. M., den Camp, H. J. M. O., Gijs 
Kuenen, J. & Strous, M. in Bergey’s Manual of 
Systematics of Archaea and Bacteria (ed. 
Whitman, W. B.) https://doi.org/ 
10.1002/9781118960608.fbm00160 (John Wiley 
& Sons, Ltd, 2015).

117. Harhangi, H. R. et al. Hydrazine synthase, a unique 
phylomarker with which to study the presence and 
biodiversity of anammox bacteria. Appl. Environ. 
Microbiol. 78, 752–758 (2012).

118. Wang, Y. et al. Co-occurrence and distribution of 
nitrite-dependent anaerobic ammonium and methane-
oxidizing bacteria in a paddy soil. Fems Microbiol. 
Lett. 336, 79–88 (2012).

119. Maalcke, W. J. et al. Characterization of anammox 
hydrazine dehydrogenase, a key N2-producing enzyme 
in the global nitrogen cycle. J. Biol. Chem. 291, 
17077–17092 (2016).

120. Neumann, S. et al. Isolation and characterization 
of a prokaryotic cell organelle from the anammox 
bacterium Kuenenia stuttgartiensis. Mol. Microbiol. 
94, 794–802 (2014).

121. de Almeida, N. M. et al. Membrane-bound electron 
transport systems of an anammox bacterium: 
a complexome analysis. Biochim. Biophys. Acta 1857, 
1694–1704 (2016).

122. de Almeida, N. M. et al. Immunogold localization of 
key metabolic enzymes in the anammoxosome and on 

the tubule-like structures of Kuenenia stuttgartiensis. 
J. Bacteriol. 197, 2432–2441 (2015).

123. Kuypers, M. M. et al. Anaerobic ammonium oxidation 
by anammox bacteria in the Black Sea. Nature 422, 
608–611 (2003).
The first detection of anaerobic 
ammonium-oxidizing bacteria in the environment.

124. Kuypers, M. M. M. et al. Massive nitrogen loss from 
the Benguela upwelling system through anaerobic 
ammonium oxidation. Proc. Natl Acad. Sci. USA 102, 
6478–6483 (2005).

125. Devol, A. H. Nitrogen cycle: Solution to a marine 
mystery. Nature 422, 575–576 (2003).

126. Zhu, G. et al. Anaerobic ammonia oxidation in a 
fertilized paddy soil. ISME J. 5, 1905–1912 (2011).

127. Bronk, D. A. & Steinberg, D. K. in Nitrogen in the in 
Marine Environment 2nd edn 385–467 (Academic 
Press, San Diego, 2008).

128. Sunagawa, S. et al. Structure and function of the 
global ocean microbiome. Science 348, 1261359 
(2015).

129. Gruber, N. & Galloway, J. N. An Earth-system 
perspective of the global nitrogen cycle. Nature 451, 
293–296 (2008).

130. Vaksmaa, A. et al. Enrichment of anaerobic  
nitrate-dependent methanotrophic ‘Candidatus 
Methanoperedens nitroreducens’ archaea from an 
Italian paddy field soil. Appl. Microbiol. Biotechnol. 
101, 7075–7084 (2017).

131. Martens-Habbena, W., Berube, P. M., Urakawa, H., 
de la Torre, J. R. & Stahl, D. A. Ammonia oxidation 
kinetics determine niche separation of nitrifying 
Archaea and Bacteria. Nature 461, 976–979 (2009).

132. Schleper, C. & Nicol, G. W. Ammonia-oxidising archaea 
— physiology, ecology and evolution. Adv. Microb. 
Physiol. 57, 41 (2010).

133. Pjevac, P. et al. AmoA-targeted polymerase chain 
reaction primers for the specific detection and 
quantification of comammox Nitrospira in the 
environment. Front. Microbiol. 8, 1508 (2017).

134. Oshiki, M. et al. Nitrate-dependent ferrous iron 
oxidation by anaerobic ammonium oxidation 
(anammox) bacteria. Appl. Environ. Microbiol. 79, 
4087–4093 (2013).

135. Ferousi, C. et al. Iron assimilation and utilization in 
anaerobic ammonium oxidizing bacteria. Curr. Opin. 
Chem. Biol. 37, 129–136 (2017).

136. Jensen, M. M. et al. Intensive nitrogen loss over the 
Omani Shelf due to anammox coupled with 
dissimilatory nitrite reduction to ammonium. ISME J. 
5, 1660–1670 (2011).

137. Jones, C. M., Graf, D. R. H., Bru, D., Philippot, L. & 
Hallin, S. The unaccounted yet abundant nitrous 
oxide-reducing microbial community: a potential 
nitrous oxide sink. ISME J. 7, 417–426 (2013).

138. Heylen, K. & Keltjens, J. Redundancy and modularity 
in membrane-associated dissimilatory nitrate 
reduction in Bacillus. Front. Microbiol. 3, 371  
(2012).

139. Canfield, D. E., Thamdrup, B. & Kristensen, E. 
Aquatic Geomicrobiology (Elsevier Academic Press, 
2005).

140. Sutton, M. A. et al. The European Nitrogen 
Assessment: Sources, Effects and Policy Perspectives 
(Cambridge Univ. Press, 2011).

141. Canfield, D. E., Glazer, A. N. & Falkowski, P. G. The 
evolution and future of Earth’s nitrogen cycle. Science 
330, 192–196 (2010).

142. Duce, R. A. et al. Impacts of atmospheric 
anthropogenic nitrogen on the open ocean. Science 
320, 893–897 (2008).

143. Grosskopf, T. et al. Doubling of marine dinitrogen-
fixation rates based on direct measurements. Nature 
488, 361–364 (2012).

144. McGroddy, M. E., Daufresne, T. & Hedin, L. O. Scaling 
of C:N:P stoichiometry in forests worldwide: 
implications of terrestrial redfield-type ratios. Ecology 
85, 2390–2401 (2004).

145. Rittmann, B. E. & McCarty, P. L. Environmental 
Biotechnology: Principles and Applications (Tata 
McGraw-Hill Education, 2012).

146. Kartal, B., Kuenen, J.v. & Van Loosdrecht, M. Sewage 
treatment with anammox. Science 328, 702–703 
(2010).

147. Lackner, S. et al. Full-scale partial nitritation/anammox 
experiences — an application survey. Water Res. 55, 
292–303 (2014).

148. Park, H.-D., Wells, G. F., Bae, H., Criddle, C. S. & 
Francis, C. A. Occurrence of ammonia-oxidizing 
archaea in wastewater treatment plant bioreactors. 
Appl. Environ. Microbiol. 72, 5643–5647 (2006).

R E V I E W S

NATURE REVIEWS | MICROBIOLOGY  ADVANCE ONLINE PUBLICATION | 13

©
 
2018

 
Macmillan

 
Publishers

 
Limited,

 
part

 
of

 
Springer

 
Nature.

 
All

 
rights

 
reserved. ©

 
2018

 
Macmillan

 
Publishers

 
Limited,

 
part

 
of

 
Springer

 
Nature.

 
All

 
rights

 
reserved.

Falko
Highlight



149. Luesken, F. A. et al. Simultaneous nitrite-dependent 
anaerobic methane and ammonium oxidation processes. 
Appl. Environ. Microbiol. 77, 6802–6807 (2011).

150. Starkenburg, S. R., Arp, D. J. & Bottomley, P. J. 
Expression of a putative nitrite reductase and the 
reversible inhibition of nitrite-dependent respiration by 
nitric oxide in Nitrobacter winogradskyi Nb-255. 
Environ. Microbiol. 10, 3036–3042 (2008).

151. Freitag, A. & Bock, E. Energy conservation in 
Nitrobacter. FEMS Microbiol. Lett. 66, 157–162 
(1990).

152. Wijma, H. J., Canters, G. W., de Vries, S. & 
Verbeet, M. P. Bidirectional catalysis by copper-
containing nitrite reductase. Biochemistry 43,  
10467–10474 (2004).

153. Sousa, F. L. et al. The superfamily of heme–copper 
oxygen reductases: types and evolutionary 

considerations. Biochim. Biophys. Acta 1817,  
629–637 (2012).

154. Rothery, R. A., Workun, G. J. & Weiner, J. H. The 
prokaryotic complex iron–sulfur molybdoenzyme 
family. Biochim. Biophys. Acta 1778, 1897–1929 
(2008).

155. Ishii, S., Ikeda, S., Minamisawa, K. & Senoo, K. 
Nitrogen cycling in rice paddy environments: past 
achievements and future challenges. Microbes Environ. 
26, 282–292 (2011).

Acknowledgements
The authors thank W. Mohr and J. Milucka (Max Planck 
Institute for Marine Microbiology, Bremen, Germany) for dis-
cussions. This work was supported by the Max Planck Society 
(MPG) and the European Research Council Grant 640422 
to B.K.

Competing interests
The authors declare no competing financial interests.

Author contributions
M.M.M.K., H.K.M. and B.K. researched data for the article, 
made substantial contributions to discussions of the content, 
wrote the article and reviewed and edited the manuscript 
before submission.

Publisher’s note
Springer Nature remains neutral with regard to jurisdictional 
claims in published maps and institutional affiliations.

Reviewer information
Nature Reviews Microbiology thanks Holger Daims, Sarah 
Hallin and the other anonymous reviewer(s) for their 
 contribution to the peer review of this work.

R E V I E W S

14 | ADVANCE ONLINE PUBLICATION www.nature.com/nrmicro

©
 
2018

 
Macmillan

 
Publishers

 
Limited,

 
part

 
of

 
Springer

 
Nature.

 
All

 
rights

 
reserved. ©

 
2018

 
Macmillan

 
Publishers

 
Limited,

 
part

 
of

 
Springer

 
Nature.

 
All

 
rights

 
reserved.


	App1
	1.1 MicrobialP
	Convergence of microbial assimilations of soil carbon, nitrogen, phosphorus, and sulfur in terrestrial ecosystems
	Results
	Discussion
	Methods
	Data Compilation. 
	Regression Analysis. 

	Acknowledgements
	Author Contributions
	Figure 1.  Generic homeostatic regulation of soil elements assimilated by microbes (fractional control represents condition when microbial element is exactly certain fraction of soil elements homeostatic regulation represents microbial regulation of
	Figure 2.  (A) Relationship between microbial element concentrations and soil element concentrations ( represents carbon (C), represents nitrogen (N), represents P, represents S) (B) The homeostatic regulation of element concentrations across C, N, 
	Figure 3.  Scatterplot showing C, N, P, and S in soil nutrients and soil microbial biomass for eleven key biomes (S is not included in some biomes due to lack of data pink reverse solid triangles represent S, blue solid triangles represent P, red so
	Table 1.   Model parameters of power function of microbial element concentrations and soil element concentrations for eleven key biomes [values are mean (standard error)] (all regressions are significant at 0.


	1.2 Shen (2018) Increasing the Size of the Microbial Biomass Altered Bacterial Community Structure which Enhances Plant Phosphorus Uptake
	1.3 AM soilP
	Phosphorus Acquisition Efficiency Related to Root Traits: Is Mycorrhizal Symbiosis a Key Factor to Wheat and Barley Cropping?
	Introduction
	Phosphorus in the Soil-Plant Continuum
	Phosphorus Efficiency
	Phosphorus Acquisition Efficiency
	Root Architecture
	Root Exudates
	Microorganisms


	Arbuscular mycorrhizal symbiosis
	Mycorrhizal Influence on PAE Traits of Wheat and Barley
	Root Architecture and Surface Area
	Organic Acid Anion and Phosphatase Exudation
	Changes in P Transporters


	AM functional diversity
	Future perspectives
	Author Contributions
	Acknowledgments
	References


	1.4 Biol_-_Microbial_Biomass_web
	1.5 Sarker (2018) Impact of agricultural management practices on the nutrient supply potential of soil organic matter under long-term farming systems
	Impact of agricultural management practices on the nutrient supply potential of soil organic matter under long-term farming systems
	Introduction
	Materials and methods
	Site descriptions
	Soil sampling and processing
	Soil physical and chemical analysis
	Laboratory incubation
	Measurement of soil organic carbon mineralisation
	Soil microbial biomass C and N
	Plant available N, P and S in soil
	Statistical analysis

	Results
	Soil carbon and nutrient stocks and soil pH
	Total soil organic carbon mineralisation
	Mean residence time of soil organic carbon
	Management impact on soil microbial properties
	Management impact on net release of available nitrogen, phosphorus and sulphur
	Relations between soil properties and carbon–nutrient mineralisation

	Discussion
	Soil organic carbon mineralisation
	Mineralisation of nitrogen
	Mineralisation of phosphorus and sulphur

	Conclusions
	Acknowledgements
	Supplementary data
	References


	App 2
	2 LeafBiomass Removal
	Taxonomic and Functional Responses of Soil Microbial Communities to Annual Removal of Aboveground Plant Biomass
	Introduction
	Materials and Methods
	Site and Sampling
	Ambient Temperature, Precipitation, and Soil and Vegetation Property Measurements
	DNA Extraction and GeoChip Analysis
	GeoChip Data Processing
	MiSeq Sequencing of ITS and 16S rRNA Gene Amplicons
	Statistical Analysis

	Results
	Ambient Temperature, Precipitation, Plant, and Soil Over Time
	Overall Responses of Soil Microbial Communities to Annual Clipping
	Linking Microbial Communities to Environmental Variables
	Effects of Annual Clipping on Microbial Functional Genes

	Discussion
	Conclusion
	Data Accessibility
	Author Contributions
	Funding
	Acknowledgments
	Supplementary Material
	References


	App3
	3.1 2013_foliar_fertilization_HR
	2013_ifa_foliar_fertilization_HR.pdf
	About the book
	Acknowledgements
	List of abbreviations, acronyms, 
and symbols
	1. Introduction and scope
	2.1. A brief history of foliar fertilization  

	2. Mechanisms of penetration into the plant
	2.1. Role of plant morphology and structure
	2.1.1. Cuticles and their specialized epidermal structures 
	2.1.2. Effect of topography: micro- and nano-structure of the plant surface

	2.2. Pathways and mechanisms of penetration 
	2.2.1. Cuticular permeability

	2.3. Conclusions

	3. Physico-chemical properties of spray solutions and their impact on penetration
	3.1. Factors determining spray retention, leaf wetting, spreading and rate of penetration
	3.1.1. Concentration
	3.1.2. Solubility
	3.1.3. Molecular weight
	3.1.4. Electric charge
	3.1.5. Solution pH
	3.1.6. Point of deliquescence 

	3.2. Environment
	3.3. Formulations and adjuvants
	3.3.1.Mineral compounds applied as foliar sprays
	3.3.2. Formulation additives: adjuvants

	3.4. Conclusions 

	4. Environmental, physiological and biological factors affecting plant response to foliar fertilization
	4.1. Introduction 
	4.2. Leaf age, leaf surface, leaf ontogeny, leaf homogeneity and canopy development
	4.3. Plant species and variety
	4.4. Effect of the environment on efficacy of foliar-applied nutrients
	4.4.1. Light
	4.4.2. Temperature  
	4.4.3. Humidity

	4.5. Summary of the effects of the environment on plant response to foliar fertilization 
	4.6. Nutrient mobility and transport
	4.7. Conclusions 

	5. Years of practice – learning from the field
	5.1. Spray application technology
	5.2. Foliar formulations and application technology
	5.3. Biological rationale for the use of foliar fertilizers
	5.3.1. Role of crop phenology and the environment on plant response
	5.3.2. Influence of the environment on the efficacy of foliar applications during spring 
	5.3.3. Efficacy of foliar applications for flowering and grain set in field crops
	5.3.4. Foliar fertilization during peaks of nutrient demand
	5.3.5. Post-harvest and late season sprays
	5.3.6. Foliar fertilization and crop quality

	5.4. Impact of plant nutritional status on efficacy of foliar fertilizers
	5.5. Source and formulation of nutrients for foliar spray 
	5.6. Toxicity
	5.7. Conclusions 

	6. Regulatory and environmental considerations 
	6.1. Regulatory matters
	6.2. Environmental and food quality considerations
	6.3. Conclusions 

	7. Perspectives of foliar fertilization
	7.1. Conclusions

	8. References


	3.2 Floiar Feeding
	3.3 Foliar P uptake
	App4
	4 Kuypers NatRevMicro (2018) The microbial nitrogen-cycling network
	Abstract | Nitrogen is an essential component of all living organisms and the main nutrient limiting life on our planet. By far, the largest inventory of freely accessible nitrogen is atmospheric dinitrogen, but most organisms rely on more bioavailable fo
	Box 1 | Biogeochemical nitrogen cycling: global inventories, processes and fluxes
	Nitrogen-transforming reactions
	Fig. 1 | Microbial transformations of nitrogen compounds. Microorganisms carry enzymes that perform 14 redox reactions involving 8 key inorganic nitrogen species of different oxidation states (enzyme-bound intermediates and their redox states are not show
	Fig. 2 | Enzymes catalysing four key nitrogen-cycling reactions. a | The molybdenum-iron (MoFe) nitrogenase enzyme contains the electron transfer protein (green; encoded by nifH) and the α-subunit (magenta; encoded by nifD) and β-subunit (purple; encoded 
	Box 2 | Nitrogen removal by microorganisms in wastewater treatment
	Microbial nitrogen-transforming networks
	Fig. 3 | Potential nitrogen-transforming microbial networks in different ecosystems. a | The open ocean gyres are vast nutrient-limited regions in which nitrogen is extensively recycled. In the sunlit surface waters, cyanobacteria mainly assimilate ammoni
	Concluding remarks
	Box 3 | Undiscovered biochemical reactions



 
    
       
          application/pdf
          
             
                Convergence of microbial assimilations of soil carbon, nitrogen, phosphorus, and sulfur in terrestrial ecosystems
            
         
          
             
                srep ,  (2015). doi:10.1038/srep17445
            
         
          
             
                Xiaofeng Xu
                Dafeng Hui
                Anthony W. King
                Xia Song
                Peter E. Thornton
                Lihua Zhang
            
         
          doi:10.1038/srep17445
          
             
                Nature Publishing Group
            
         
          
             
                © 2015 Nature Publishing Group
            
         
      
       
          
      
       
          © 2015 Macmillan Publishers Limited
          10.1038/srep17445
          2045-2322
          
          Nature Publishing Group
          
             
                permissions@nature.com
            
         
          
             
                http://dx.doi.org/10.1038/srep17445
            
         
      
       
          
          
          
             
                doi:10.1038/srep17445
            
         
          
             
                srep ,  (2015). doi:10.1038/srep17445
            
         
          
          
      
       
       
          True
      
   




