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Abstract

In most terrestrial ecosystems, plant growth is limited by nitrogen and 
phosphorus. Adding either nutrient to soil usually affects primary 
production, but their effects can be positive or negative. Here we provide a
general stoichiometric framework for interpreting these contrasting effects.
First, we identify nitrogen and phosphorus limitations on plants and soil 
microorganisms using their respective nitrogen to phosphorus critical 
ratios. Second, we use these ratios to show how soil microorganisms 
mediate the response of primary production to limiting and non-limiting 
nutrient addition along a wide gradient of soil nutrient availability. Using a 
meta-analysis of 51 factorial nitrogen–phosphorus fertilization experiments
conducted across multiple ecosystems, we demonstrate that the response 
of primary production to nitrogen and phosphorus additions is accurately 
predicted by our stoichiometric framework. The only pattern that could not 
be predicted by our original framework suggests that nitrogen has not only
a structural function in growing organisms, but also a key role in promoting
plant and microbial nutrient acquisition. We conclude that this 
stoichiometric framework offers the most parsimonious way to interpret 
contrasting and, until now, unresolved responses of primary production to 
nutrient addition in terrestrial ecosystems.



Main

The growth of terrestrial plants is globally limited by nitrogen (N) and 
phosphorus (P)1,2,3. Adding these nutrients to the soil fosters plant growth. 
Across ecosystems, plant growth increases to a similar extent after 
addition of either N or P, suggesting widespread N and P co-limitation3. This
directly contradicts Liebig’s long-held and widely used Law of the 
Minimum, which states that the growth of an organism is constrained by 
the most limiting nutrient at any given time. Liebig’s law was originally 
developed for monoculture crop systems and therefore its applicability to 
natural plant communities has been questioned several times4,5,6. The 
Multiple Limiting Hypothesis offers an alternative explanation of global 
observations, suggesting that plants can adjust their demand and modify 
their environment so that N and P are equally limiting7. Both theoretical 
frameworks are widely used, but neither of them can explain the frequently
observed (and counterintuitive) negative effects of nutrient addition on 
plant primary production2,3. This negative effect has been ascribed mainly 
to a potential toxic effect of nutrients2, but it can also occur at nutrient 
concentrations below the toxicity level, raising the question of why are 
plants responding negatively to nutrient additions? Here we hypothesize 
that these contrasting patterns result from interactions between plants and
soil microorganisms.

As plants grow they acquire multiple nutrients from the soil. The same pool
of soil nutrients, however, is also accessed by soil microorganisms, which 
compete with plants for the limiting nutrients. When this competition 
reduces nutrient availability, primary production can be inhibited8,9. Soil 
microorganisms are particularly strong competitors for N and P, at least in 
the short term, because they temporarily incorporate limiting nutrients in 
their biomass, making them unavailable to nutrient-limited plants8,9,10,11. 
According to the definition of nutrient limitation, when plants are limited by
the availability of a certain nutrient, adding that nutrient to the soil 
increases plant growth. In contrast, adding a nutrient that is not limiting for
plants may have opposite consequences. It may stimulate soil 
microorganisms to compete with plants for limiting nutrient and ultimately 
intensify plant nutrient limitation.

Alternatively, the activity of soil microorganisms can improve plant 
nutritional status when soil microorganisms mineralize organically bound 
nutrients that are in relative excess to other nutrients12,13,14,15. In addition, 
direct cooperative (symbiotic) plant–microbe relationships are dominant in 
many ecosystems16,17. Several types of symbiotic plant–microbe 
relationships have evolved, including arbuscular mycorrhiza, 
ectomycorrhiza, ericoid mycorrhiza and cooperation with dark septate 
endophytes or N2-fixing bacteria. Cooperation usually incurs a trade of 
resources between plants and soil microorganisms18. Plants supply their 
microbial symbionts with labile carbon and receive nutrients in return, thus
alleviating plant nutrient limitation. In a system where plant–microbe 



cooperation dominates, adding a nutrient that does not limit plant growth 
can improve plant nutrition and growth indirectly by stimulating the 
cooperative soil microorganisms that are limited, contrary to plants, by the 
added nutrient. Thus, in comparison to systems dominated by the 
competitive plant–microbe relationships, plants appear to be nutrient co-
limited.

Based on these arguments, we hypothesize that considering the activity of 
the soil microorganisms and the level of cooperation with plants may 
explain the observed contrasting responses of primary production to 
nutrient addition. Here we provide a general conceptual framework of 
plant–microbe interactions based on two basic assumptions: (i) plants and 
microorganisms differ in their stoichiometric demand for soil nutrients (N 
and P) and (ii) the system of interest is either dominated by competitive or 
by cooperative relationship between plants and soil microorganisms. Our 
framework predicts contrasting plant responses to an addition of N or P, 
depending on the dominant type of plant–microbe relationship (that is, 
competitive or cooperative), the N/P ratio of soil nutrients and soil organic 
carbon availability (Table 1). Based on published plant and microbial N/P 
ratios, we first identify conditions of N or P limitations for plants and 
microorganisms. Second, using data from 51 factorial N–P fertilization 
experiments conducted in a range of ecosystems, we test specific 
hypotheses generated by our stoichiometric framework.



A general conceptual framework of plant–microbe interactions

Defining plant and microbial nutrient limitation

Nutrient limitation occurs when the organism’s growth is constrained by 
the availability of nutrients in the environment. When considering only two 
nutrients, nutrient limitation can be conveniently defined as the relative 
demand for one nutrient compared to the other (Fig. 1a)19. The relative 
amount of available soil N and P is therefore expressed as the molar ratio 
between available N and P in the soil (N/PSOIL), and the organism’s demand 
for these nutrients is expressed as the N/P critical ratio (N/PCR)20,21. In the 
following, N/PplantCRN/PCRplant denotes the plant N/PCR and 
N/PmicCRN/PCRmic denotes the N/PCR of the soil microbial community. Note
that we consider N solely as a nutrient acquired by organisms for biomass 
production; not for the energy-related metabolism of certain soil 
microorganisms (for example, during nitrification, denitrification or 
anaerobic ammonia oxidation) or for production of extracellular enzymes.



The N/PCR reflects the stoichiometric demand of N relative to P of a given 
organism, which is governed by the organism’s biomass composition in the
current physiological state (assuming comparable N and P uptake 



kinetics)20,21,22,23,24. According to empirical studies, N/PplantCRN/PCRplantcan
be approximated by the leaf N/P ratio. Leaf growth is more nutrient-
demanding than the growth of woody tissues22 and leaves perform 
photosynthesis, which is crucial for plant growth. We therefore use the leaf 
N/P ratio as a proxy for N/PplantCRN/PCRplant22,25. N/PmicCRN/PCRmic is 
approximated by the microbial biomass N/P ratio (assuming similar N and P
use efficiency of soil microorganisms). Although leaf and microbial biomass
N/P ratios may not always precisely reflect plant and microbial nutrient 
requirements (for example, when leaf senescence or luxury nutrient 
consumption occur21,26, see Discussion section), they are regarded as useful
proxies and are thus commonly used22,27,28,29,30,31,32,33.

When the organism critical ratio and N/PSOIL are equal, organisms 
experience optimal or balanced nutrition (Fig. 1a). When N/PSOIL is lower 
than the critical ratio, organism growth is N-limited; on the other hand 
when the N/PSOIL is higher than the critical ratio the organism growth is P-
limited (Fig. 1a). Addition of N or P to an organism whose growth is N or P-
limited promotes growth and thus biomass production. Because plants and 
microorganisms share the same pool of soil nutrients they also experience 
the same N/PSOIL. Their nutrient demand, however, differs (Figs. 1b and 2a).
As illustrated in Fig. 2a, N/PplantCRN/PCRplant is generally higher than 
N/PmicCRN/PCRmic along a gradient of N/PSOIL. Thus, plants require more N 
per unit of P than soil microorganisms and can be N-limited when soil 
microorganisms are P-limited.



Across ecosystems N/PplantCRN/PCRplant significantly increases with 
increasing N/PSOIL 
(log10(N/PplantCR)=1.32+0.2×log10(N/PSOIL)log10(N/PCRplant)=1.32+0.2
×log10(N/PSOIL), F(1,126) = 61.2, P < 0.001), while N/PmicCRN/PCRmic is 
independent of N/PSOIL (F(1,197) = 0.3, P = 0.61). Soil microorganisms are 
therefore considered P-limited at N/PSOIL above 6.3 (±1.0 s.e.m.) and plants 
are considered P-limited at N/PSOIL above 42.4 (±8.5 s.e.m.). Plants are N-
limited between N/PSOIL = 6.3 and 42.4, whereas soil microorganisms are P-
limited (Fig. 1b).

Expected responses of primary production to nutrient addition

Once the definition of N and P limitation of plants and soil microorganisms 
is established, three categories of soil conditions (N/PSOIL) referring to N–P 
limitation of the plant–microbe system can be defined (Fig. 1b). These 
categories are defined by two N/P thresholds: the N/PSOIL at which plants 
and soil microorganisms are limited by the same nutrient (Table 1 and Fig. 
2b, d) and the N/PSOIL at which plants are N-limited while soil 
microorganisms are P-limited (Table 1 and Fig. 2c). Nevertheless, these 



categories do not cover all ecologically relevant soil conditions because, in 
addition to N and P limitation, microbial C limitation is frequently observed 
across ecosystems34. Thus, a fourth category referring to limitation of 
competitive soil microorganisms by soil organic C has to be defined to 
cover soil conditions occurring in most ecosystems (Table 1 and Fig. 2e). 
Here we adopt the common approach of regarding soil microorganisms as 
C-limited when soil C/N ratio is lower than the microbial C/N ratio divided 
by their carbon use efficiency35,36,37 (see Methods section).

Within these four categories of specific soil conditions, mineral N and P 
fertilization is expected to affect primary production either directly or 
indirectly by altering the activity of soil microorganisms, which can 
cooperate or compete with plants. The expected response of primary 
production to N and P fertilization is illustrated in Fig. 2b–e and listed in 
Table 1 and Supplementary Table 14.

When soil conditions are considered N or P limiting for plants, the addition 
of the respective limiting nutrient should increase primary production, 
irrespective of the prevailing type of plant–microbe relationship. When N 
and P are added in reverse to plant demands (that is, the added nutrient is 
not the one limiting plant growth), the response of primary production 
depends on the activity and level of cooperation of soil microorganisms. 
This response can be positive (A), negative (B) or none (C):

1. A.

A positive primary production response is expected when plants benefit 
from the increased activity of soil microorganisms. This may occur when P 
fertilization increases growth and activity of P-limited cooperative soil 
microorganisms, which provide plants with limiting N (Fig. 2c). This 
mechanism is documented for symbiotic N2 fixation38,39,40,41 and mycorrhizal
colonization of plant roots42,43, which increases with P fertilization.

Plants may also benefit from increased nutrient mineralization of C-limited,
free-living competitive soil microorganisms. Under conditions of microbial C
limitation, consumed organic N and P are in excess relative to C and 
mineralized products are taken up by plants12. N and P fertilization is 
expected to increase nutrient mineralization by intensifying microbial C 
limitation13,44 (Fig. 2e), in addition to directly providing mineral nutrients to 
plants. This mechanism is often observed in agricultural as well as semi-
natural ecosystems14,15,45,46,47,48,49,50.

2. B.

A negative primary production response is expected when competitive soil 
microorganisms exacerbate nutrient limitation of plants. Competition arises
when plants and soil microorganisms are both limited by the same 
nutrient. The more limiting the nutrient is in relation to other nutrients, the 
more effectively microorganisms acquire that nutrient from the soil at the 
expense of plants. For example, higher N content in microbial biomass 



relative to plant N content is observed along gradients of increasing N 
limitation9. Therefore, primary production is decreased whenever nutrient 
addition increases competition of plants and soil microorganisms for an 
increasingly limiting nutrient. When plants are N-limited and soil 
microorganisms are P-limited (Fig. 2c), competitive microorganisms 
mineralize organic N, which is in excess to P, supporting plant growth. 
However, when P is added and N/PSOIL decreases below 
N/PplantCRN/PCRplant and N/PmicCRN/PCRmic (Fig. 2b, c), N becomes 
limiting for both plants and soil microorganisms. Microorganisms start to 
retain (instead of mineralising) organic N and competition for N ensues, 
intensifying plant N limitation. The more P is added, the more limiting N 
becomes (Fig. 1a), resulting in increased plant–microbe competition and 
reduced plant growth (Fig. 2b). The same, vice versa, applies to N addition 
to P-limited soil conditions (Fig. 2d).

3. C.

No primary production response is expected when plants cannot benefit 
from the activity of soil microorganisms and soil microorganisms do not 
exacerbate plant nutrient limitation. This may only occur when the non-
limiting nutrient is added to a system in which plants and soil 
microorganisms are limited by the same nutrient and cooperation 
dominates plant–microbe relationships (Fig. 2b, d).

This stoichiometric framework generates several specific hypotheses, 
which can be statistically tested (see Table 1, Supplementary Table 14and 
23). This framework can only predict whether the response of primary 
production to N or P is positive, negative or none. Predicting the magnitude
of positive and negative response is beyond the capabilities of this 
framework.

Results and discussion

Observed response of primary production to nutrient addition

Fig. 3 shows that the responses of primary production to nutrient additions 
observed across natural, semi-natural and agricultural ecosystems agree 
with our hypotheses (Fig. 2) in most cases (detailed statistical tests are 
reported in Supplementary Information, sections 3.3. to 3.6). In summary, 
although adding the nutrient-limiting plants promotes plant growth, adding
the non-limiting nutrient reduces plant growth when microorganisms are in
competition with plants. However, N addition to P-limited systems yielded 
an unexpected positive response of primary production (Figs. 2d and 3d), 
which can be explained by the non-structural function of N. In our 
framework, N is considered solely as a nutrient acquired by organisms for 
growth. Nevertheless, N is also a fundamental part of extracellular 
enzymes and, as such, its increased availability may stimulate plant P 
acquisition. Marklein and Houlton51 showed that N fertilization increases 
the activity of extracellular phosphatases of plant and microbial origin 



across different ecosystems. Importantly, plant phosphatases were shown 
to react positively and more strongly to N fertilization than microbial 
phosphatases51. Thus, we surmise that with increased N availability, P-
limited plants synthesize more phosphatases, thereby acquiring more 
organically bound P in soil. This may alleviate plant P limitation without 
direct contribution of cooperative or free-living soil microorganisms. It 
would also explain why the type of plant–microbe relationship (cooperative 
versus competitive) does not affect the response of P-limited plants to N 
fertilization (Fig. 3c). Direct evidence of this mechanism is reported in 
studies by Feller et al.52 and Keuskamp et al.53, in which initially P-limited 
mangrove forests exhibited both increased growth and higher phosphatase
activity after N fertilization.

These results suggest that the originally proposed hypotheses are 
supported in all cases, except one in which the addition of N facilitates the 
acquisition of P and thus indirectly promotes growth. When accounting for 
this indirect effect, and acknowledging that N serves for both growth and P 
acquisition, a full agreement between observed and expected responses of
primary production is attained (Table 2).



In addition to testing the hypotheses generated by our framework, we also 
tested additional hypotheses that could alternatively explain observed 
patterns in plant growth response to nutrient addition (see Supplementary 
Information, section 3.2). For example, negative response of plant growth 
to nutrient addition can be caused by the toxicity effect of the fertilizer 
when it is added in excessive concentrations. If that is the case, a negative
correlation between the response of primary production to nutrient 
addition and the dose of fertilizer would be expected. Our analysis shows 
the exact opposite behaviour (Supplementary Table 10) suggesting that 
nutrient additions were under the toxicity level in most studies. It can be 
further argued that the response of plants to nutrient addition is 
ecosystem-specific29and the observed patterns are driven by differences 
across ecosystems. Except for strongly P-limited mangrove forests, where 
P addition more than triples plant growth, there was no difference in 
response of primary production to nutrient addition across ecosystems 
(Supplementary Table 12). We also tested if the duration of fertilization 
experiment significantly affects the measured responses, but also found no
significant effect (Supplementary Table 11). Moreover, different types of 
fertilizers were used in the studies we considered, potentially affecting soil 
pH in different ways. In most studies, ammonium nitrate was used as the N
fertilizer and super phosphate as the P fertilizer. The pH change after 
fertilization was controlled in seven studies included in our meta-analysis. 
In six of them, no significant change of pH after fertilization was found. In 
one study, soil pH significantly decreased after N and P fertilization from 
5.76 to 5.28 and 5.54, respectively54. The plant response did not follow the 
pH trend, but rather the predictions of the stoichiometric framework. N 
addition significantly increased primary production and P addition had no 
effect as expected in the N-limited system (N/PSOIL = 5.2) dominated by 
cooperative plant–microbe relationships. Hence, these alternative 



explanations do not appear to be generally valid, lending support to our 
proposed stoichiometric mechanisms as main drivers of plant responses to 
nutrient additions.

Data uncertainties

Despite the strong empirical support for our predictions, some data 
limitations have to be acknowledged. Our framework requires knowledge of
several parameters not always measured in factorial fertilization studies. 
For this reason, some assumptions were made:

1. We combined studies that use different approaches to measure soil N 
and P. Thirty-three studies remained after including only those studies that
reported extractable (rather than total) N and P, which is supposedly more 
directly related to N and P acquisition, but the main results did not change 
(Supplementary Fig. 16).

2. Plant and microbial N/PCR were estimated from the N/P of leaves and soil 
microbial biomass, as often done22,27,28,29,30,31,32,33. However, these biomass-
based ratios do not always correspond well to plant and microbial nutrient 
requirements20,55. For example, plants resorb nutrients from leaves before 
senescence55, and so it could also be argued that leaves sampled shortly 
before senescence might not be representative of the actual nutrient 
demand. Microbes, on the other hand, are known to store P in the form of 
polyphosphates56, which may decrease microbial N/P ratio and 
overestimate microbial P demand with respect to N. However, microbial P 
is typically measured as a flush of reactive monophosphate after soil 
fumigation. Therefore, polyphosphates should not be detected by the 
method and they are not expected to bias our estimates of microbial P 
demand.

3. Consistent with most biogeochemical models, microorganisms are 
regarded as C-limited when soil C/N is less than the microbial C/N ratio 
over microbial C-use efficiency (CUE)44. When CUE and microbial biomass 
C/N were not reported, we assumed CUE = 0.5 and microbial C/N = 6 
(Supplementary Table 1)36,57. Although these values are reasonable 
approximations for mineral soils, both parameters might vary depending 
on soil C, N and P availabilities58.

4. We classified plant–microbe systems as either competitive or 
cooperative based on the plant species composition. However, a range of 
plant–microbe relationships may emerge at any given site, and our simple 
classification should be interpreted as a first-order approximation capturing
the tendency of a system to be predominantly competitive or cooperative.

These data limitations call for dedicated empirical approaches to further 
test our hypotheses, but do not weaken our general conclusions.

A stoichiometric perspective on nutrient co-limitation in plants



It is not surprising that adding N and P increases production of N- and P-
limited plants, respectively. However, it is less obvious why non-limiting 
nutrient addition also increases primary production. Such a situation is 
denoted as co-limitation2,3. Although several mechanisms were suggested 
to explain the occurrence of co-limitation in plants2,6,19,59,60,61 our 
stoichiometric framework provides an alternative explanation—the 
response of primary production to non-limiting nutrient addition is 
predicted based on the degree of nutrient limitation of soil microorganisms 
and on the type of plant–microbe relationship. By only using this type of 
information, our framework represents the most parsimonious conceptual 
model for understanding contrasting responses of primary production to 
nutrients addition. While proposing hypotheses that await testing in 
dedicated future fertilization experiments with a stronger focus on the 
stoichiometry of plant and microbial actors, our framework emphasizes 
some aspects of ecosystem function that are sometimes overlooked. First, 
the prevalence of competition versus cooperation completely alters the 
response to nutrient addition, with some unexpected outcomes (Fig. 3). 
Second, N and P cycling cannot be seen in isolation because nutrient 
limitations interact depending on soil nutrient status, and the availability of
N can promote acquisition of P. The stoichiometric interactions have the 
potential to shape ecosystem functions and responses to increasingly 
unbalanced N/P stoichiometry in many ecosystems. Under such conditions, 
maintaining the cooperation between plants and soil microorganisms with 
inherently contrasting stoichiometric composition may be viewed as an 
especially advantageous strategy to preserve ecosystem functions.

Methods

Published data compilation and treatment

Plant and soil microbial community demand for N and P

Plant and microbial community demand for N and P is approximated by the
N/P molar ratio of leaves and soil microbial biomass, respectively. From the
studies included in the meta-analysis, we extracted measured leaf total N 
and P concentrations and corresponding total or extractable soil N and P 
concentrations. The soil N and P was usually reported for the top 15 cm of 
soil. In some studies, the whole soil profile of N and P concentrations were 
measured; however, for consistency we used only the data from the top 
10–15 cm of soil.

Soil microbial biomass N and P concentrations and corresponding total soil 
N and P concentrations were extracted from two global data syntheses58,62.

N–P factorial fertilization experiments

A preliminary list of N–P fertilization studies was extracted from the studies
of LeBauer and Treseder1 and Harpole et al.2. Fertilization studies were also
searched on the Web of Science and PubMed using the keywords ‘addition’,
‘fertilization’, ‘nitrogen’, ‘phosphorus’, ‘soil’, ‘co-limitation’ and their 



combinations (Supplementary Fig. 1). We restricted our analysis to studies 
in which soil N and P were measured in unfertilized (control) soil in order to
calculate initial N/PSOIL(Supplementary Table 1). There are many methods to
measure different pools of soil N and P. Only rarely are all N and P pools 
measured, and we therefore considered studies reporting both N and P for 
at least one pool (for example, inorganic pool or total organic pool). 
However, we made sure that the measured pools of both elements were 
conceptually equivalent in order to calculate a meaningful N/PSOIL. For 
example, N is often measured as total soil N, but P is often measured as 
‘extractable P’. In this case, the N/PSOIL is not meaningful due to the 
conceptual difference between those pools. Because the number of studies
fulfilling these criteria is small, no other restrictions were applied. Applying 
our criteria, we found 51 relevant studies (Supplementary Table 1, 
Supplementary Fig. 
1)8,9,42,43,52,53,54,63,64,65,66,67,68,69,70,71,72,73,74,75,76,77,78,79,80,81,82,83,84,85,86,87,88,89,90,91,92,93,94,95,

96,97,98,99,100,101,102,103,104,105. These studies include experiments conducted in 
different agricultural, semi-natural and natural ecosystems under field or 
controlled conditions (Supplementary Table 1). However, our conceptual 
framework is general and generalizable across ecosystems, and thus the 
primary interest of our meta-analysis was to cover a wide range of N/PSOIL, 
irrespective of ecosystem. Relevant data were directly extracted from 
published studies using the program R(3.4.2)106 and the package 
digitize(0.0.4)107. We extracted all relevant parameters that characterized 
plant biomass, plant growth, plant nutrition, soil N and P, and plant or 
microbial N/PCRif reported.

To confront published data with predictions generated by the theoretical 
framework, several plant, soil and microbial characteristics have to be 
known for each experimental site within each study. If not reported 
directly, these characteristics were estimated as follows:

1. C limitation of soil microbial community. C limitation is considered only 
for systems with a dominant competitive plant–microbe relationship 
because symbiotic soil microorganisms are directly supplied by C from 
plants. The occurrence of microbial C limitation was estimated by 
comparing measured total soil C/N and the C/NCR of microbial biomass. The 
latter was calculated as microbial biomass C:N/CUE44 (0.536). When 
microbial biomass C/N was not measured directly (in only two studies), we 
used the global mean value of 657 (Supplementary Table 1). When the total 
soil C/N was lower than the C/NCR, soil conditions were considered C-
limited. When the soil total C/N was not reported, soil conditions were 
considered C-limited unless the soil type implied C abundance (for 
example, C-rich umbric soil horizon) or when glucose was added to the soil.

2. Plant and microbial N/PCR. When not reported directly, any missing plant 
and microbial N/PCR were calculated as follows (Fig. 2a):



For details see Supplementary Information sections 2.1. and 2.2.

3. Plant–microbe relationship. We assume that plants and soil 
microorganisms can maintain cooperative or competitive relationships. The
cooperative relationship is defined as any symbiotic relationship of soil 
microorganisms with plants and the competitive relationship is defined as 
its absence. We are aware of the fact that symbiotic associations are not 
always beneficial for plants and that non-symbiotic interactions between 
plants and soil microbes are not always competitive. However, this simple 
distinction between symbiotic, cooperative soil microorganisms and free-
living, competitive soil microorganisms is the only objective approach to 
define dominant cooperative and competitive plant–microbe interaction 
across published studies.

The dominance of symbiotic or non-symbiotic plant–microbe associations 
was inferred from the composition and abundance of plant species 
reported for the experimental sites or from the experimental soil 
treatment. In all studies with glucose or fungicide addition, the plant–
microbe interaction was considered to be competitive because we expect 
that, in the presence of high concentrations of labile C, free-living and 
competitive saprotrophs would dominate. In all other studies, the 
occurrence of symbiotic associations was inferred from the tendency of the
most abundant plant species to form, or not, the symbiotic associations 
(following the databases of Maherali et al.108 and Brundrett16). When no 
information on the dominant species was available, we verified the 
presence or absence of symbiotic associations in phylogenetically close 
species or at the genus or family level.

Statistical analysis

The meta-analysis of published data was conducted in the program 
R106using the package metafor (2.0.0)109. Effect sizes were calculated as 
logRR and the corresponding variance was calculated from the number of 
replicates and standard deviation of the mean. In studies where only 
standard errors were reported, standard deviations were back-calculated 
from standard errors and number of replicates. We used all parameters 
extracted from studies that were related to plant growth (see 
Supplementary Information, section 3.1). In several studies, more than one
parameter that was related to primary production was usually measured at
the end of the experiment. The complete list of all measured plant 
parameters is reported in Supplementary Table 1. Because these 
parameters are positively correlated, the calculated effect sizes were 
aggregated using Borenstein, Hedges, Higgins and Rothstein procedure 
using package MAd110 and assuming a correlation between effect sizes, r = 
0.3.

We used linear mixed-effect models to test the correspondence between 
theoretical predictions and data in two ways:



1. Analysis of subgroups. The dataset was divided into seven subgroups 
defined in Table 1 (see also Supplementary Table 14). The subgroups were 
defined according to measured or estimated plant and microbial N/PCR, N/
PSOIL and potential organic C limitation. All data are found in Supplementary
Table 1 and shown on Supplementary Fig. 8. For each subgroup, we fitted 
the linear mixed-effect model:

logRR=𝛽0+𝛽PhosphoruslogRR=β0+βPhosphorus

in which logRR is a response of primary production (calculated as logRR), 
β0 is a model intercept, which determines the response of primary 
production to N fertilization, and βphosphorus determines the additive effect of 
P fertilization. We tested the statistical significance of both model 
coefficients and we also tested if β0 and linear combination of β0 + βphosphorus

were significantly different from zero (see Supplementary Information 
section 3.2. for details and examples).

2. Analysis of response groups. Three groups of observations, determining 
three expected responses of primary production, were defined: ‘Positive’, 
‘Negative’ and ‘No’ (Table 1 and Supplementary Table 23). A linear mixed-
effect model of following formula was fit to the whole dataset:

In this formula, β0 determines the response of primary production of the 
‘Negative’ group, βNo determines the magnitude of additive effect for the 
‘No’ group and βPositive determines the magnitude of additive effect for the 
‘Positive’ group (see Supplementary Information, section 3.6). Using this 
statistical model, we tested if all model coefficients were statistically 
significant, and also if β0 is significantly lower than zero, β0+ βNois not 
different from zero and β0 + βPositive is significantly higher than zero.

In addition to the testing of the theoretical predictions, reasonable and less
complex (more parsimonious) hypotheses were tested using the same 
dataset. The statistical analysis is described step-by-step in the 
Supplementary Information, sections 3.3. to 3.6. All statistical tests are 
provided as R scripts in the source code for Supplementary Information.
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