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ABSTRACT 72 

Anthropogenic nutrient enrichment is driving global biodiversity decline and modifying 73 

ecosystem functions. Theory suggests that plant functional types that fix atmospheric 74 

nitrogen have a competitive advantage in nitrogen-poor soils, but lose this advantage with 75 

increasing nitrogen supply. By contrast, addition of phosphorus, potassium and other 76 

nutrients may benefit such species in low nutrient environments by enhancing their nitrogen-77 

fixing capacity. We present the first global-scale experiment confirming these predictions for 78 

nitrogen-fixing legumes (Fabaceae) across 45 grasslands on six continents. Nitrogen addition 79 

reduced legume cover, richness, and biomass particularly in nitrogen-poor soils while cover of 80 

non-nitrogen-fixing plants increased. Addition of phosphorous, potassium, and other nutrients 81 

enhanced legume abundance but did not mitigate the negative effects of nitrogen addition. 82 

Increasing nitrogen-supply thus has potential to decrease the diversity and abundance of 83 

grassland legumes worldwide regardless of the availability of other nutrients, with 84 

consequences for biodiversity, food webs, ecosystem resilience and genetic improvement of 85 

protein-rich agricultural plant species. 86 

 87 

SIGNIFICANCE STATEMENT 88 

Predicting effects of anthropogenic nutrient enrichment on plant communities is critical for 89 

managing implications for biodiversity and ecosystem services. Plant functional types that fix 90 

atmospheric nitrogen (e.g. legumes) may be at particular risk of nutrient-driven global decline, 91 

yet global-scale evidence is lacking. Using an experiment in 45 grasslands across six 92 

continents, we showed that legume cover, richness, and biomass declined substantially with 93 

nitrogen additions. Although legumes benefited from phosphorus, potassium and other 94 

nutrients, these nutrients did not ameliorate nitrogen-induced legume decline. Given global 95 

trends in anthropogenic nutrient enrichment, our results indicate potential for global decline 96 

in grassland legumes, with likely consequences for biodiversity, food webs, soil health and 97 

genetic improvement of protein-rich plant species for food production.  98 



MAIN TEXT 99 

Introduction 100 

Anthropogenic enrichment of nitrogen (N), phosphorus (P) and other nutrients from fertilizers 101 

and fossil fuel combustion is transforming natural ecosystems worldwide (1–5), leading to 102 

increased terrestrial plant productivity (6, 7) and loss of biodiversity (8, 9). Resource 103 

competition theory proposes that the capacity of species to persist at low levels of a limiting 104 

resource is a key mechanism underpinning competitive success. Consequently, plant 105 

functional types with specialized nutrient-acquisition strategies are expected to have a 106 

competitive advantage in nutrient-limited environments but also to be especially vulnerable 107 

to nutrient enrichment (10–13).  108 

Legumes (Fabaceae) are one of the largest families of flowering plants, contributing over 650 109 

genera and 19,000 taxa to global plant diversity (14). This diversity is important for 110 

biodiversity conservation and for genetic improvement of protein-rich crops and forage 111 

species for sustainable livestock production (15–17). Further, the ability to fix atmospheric N2 112 

is one of the most important plant functional traits for influencing ecosystem processes, 113 

conferring N-fixing legumes with a disproportionately important role in ecosystem functioning 114 

(18, 19). For example, litter produced by legumes is nitrogen-rich and more easily 115 

decomposed by soil micro-organisms, leading to flow on effects to higher trophic levels, 116 

including increased complexity of food webs and resistance of soil biophysical and chemical 117 

properties to ecosystem disturbance (20). As the success of legumes often arises from this 118 

capacity for symbiotic fixation of atmospheric N2 in N-limited environments (21, 22), 119 

atmospheric N-deposition and other pathways of anthropogenic N supply are expected to 120 

drastically reduce their competitive advantage in plant communities (1, 5, 11, 23). This is 121 

especially the case for obligate-N-fixers that cannot down-regulate N-fixation (24, 25) and 122 

hence at higher soil N are disadvantaged by the high energetic cost of N-fixation (26). 123 

While concerns about global nutrient enrichment are focused on impacts of N on 124 

biodiversity and ecosystem productivity (1, 2, 27), changes in P and potassium (K) cycles (3, 4) 125 

or altered concentrations of other nutrients, can also influence the abundance and diversity of 126 

legumes in accordance with resource competition theory (10–13). Owing to the physiological 127 

demands of N-fixation, N-fixing legumes often have higher requirements for P, K, and other 128 

nutrients (e.g. Molybdenum (Mo), Iron (Fe), and Calcium (Ca)) than non-N fixing plants (28–129 

31), and increases in these nutrients can favor N-fixing over non-N-fixing species, particularly 130 

in nutrient poor soils (21, 22). However, added nutrients may have synergistic effects (6, 32), 131 

leading to uncertainties in the expected net effect of P addition on the abundance of N-fixing 132 

legumes (26). For example, the phosphatases required for P-acquisition from soils are rich in 133 

N; N addition may increase phosphatase investment, conferring legumes a superior 134 

phosphorus acquisition capacity in P- and N-limited environments (25, 29). Conversely, 135 

multiple nutrient addition is expected to allow non-legumes to compete more effectively with 136 

legume species. Resulting light limitation may suppress legume growth and reduce the 137 

survival and establishment of new legume individuals (8, 9), especially of those legumes that 138 

are unable to reduce the costs of N-fixation through down-regulation (10, 11, 15, 33–35). 139 



Despite these theoretical predictions, empirical evidence for the individual and 140 

interactive effects of changes in nutrient availability on legumes in natural ecosystems is 141 

limited (29, 36–39). Some experimental studies have shown decreased legume abundance 142 

with N addition and increased with P addition, but these studies are typically conducted at a 143 

single site and show both positive and negative interactive effects among nutrients (e.g. (37, 144 

40, 41). Further, minimal evidence is available regarding the influence of K or micronutrient 145 

enrichment on legume responses (29), and the underlying mechanisms of legume responses 146 

to nutrient addition, such as soil and climatic conditions, have not been investigated at global 147 

scales (but see (26) for forest ecosystems).  148 

Using data from the Nutrient Network global collaborative experiment 149 

(www.nutnet.org (42)), we measured the cover, richness, and biomass responses of N-fixing 150 

legumes (hereafter legumes) to standardized experimental nutrient additions in 45 grasslands 151 

across six continents (SI Appendix Fig. S1 and Table S1). Grasslands are a globally significant 152 

biome, covering more than one third of the Earth’s ice-free land surface, accounting for a 153 

third of terrestrial net primary production (43), and supporting the livelihoods of more than 154 

1.3 billion people. They are subject to chronic atmospheric nitrogen deposition due to fossil 155 

fuel combustion and are likely candidates for direct nitrogen fertilisation (44). Whilst N 156 

emissions in many regions of Europe has declined leading to plateaus or reductions in 157 

deposition (45) deposition in other world grasslands, such as the Mongolian Steppe, have 158 

increased in recent decades (e.g. (46)). Experimental sites included temperate and anthropic 159 

grasslands that spanned a broad range of geographical locations and ecological conditions, 160 

although were mostly from temperate latitudes (39; SI Appendix Table S1; Fig. S1; see 161 

Methods for details).  162 

Three nutrients (N, P, K+) were applied in factorial combinations, resulting in eight 163 

treatments enabling evaluation of the interactive effects of N, P, and K addition (6, 8) on 164 

legumes. Over 3-6 years, 10 g m-2 N, P, and K were added annually to their respective 165 

treatment plots at the beginning of each sites’ growing season; other nutrients in the K+ 166 

treatment (sulphur (S), magnesium (Mg) and micronutrients) were applied only in the first 167 

year to avoid toxicity (42). These nutrient levels were selected to ensure they were high 168 

enough to reduce nutrient limitation at a wide diversity of sites. They are at the higher end of 169 

the range for agricultural fertilizer application rates globally (5), and higher than atmospheric 170 

nutrient deposition rates (1, 3, 41, 43). In particular, our N-addition rate was about three 171 

times maximum current N-deposition rates in European grasslands and more generally across 172 

the globe (1, 48, 49). 173 

We used a standardized protocol (6, 42) to annually measure cover, richness and 174 

biomass of legumes, forbs and grasses in 1 m2 permanent plots (see Methods), starting in the 175 

year prior to the first nutrient application (Y initial). Across all years and sites, we recorded 170 176 

species of N-fixing grassland legumes, comprising 50 genera (SI Appendix Table S2). The most 177 

species-rich genera were Trifolium (25 spp.), Astragalus (12 spp.), Vicia (11 spp.) and Lupinus 178 

(11 spp.). Vicia sativa, Trifolium repens and Vicia hirsuta were the most frequent species 179 

across our sites (9.1%, 5.1% and 4.9% of total occurrences, respectively). Each site contained 180 

1–8 legume species (see Methods; SI Appendix Table S1). Most legume species were 181 

http://www.nutnet.org/


perennials (~60%), including ten woody or shrub species (~6% of species). On average, 182 

approximately 3% and 4% of total live cover comprised annual and perennial legumes, 183 

respectively. 184 

We present results of nutrient addition for the third and the last available sampling 185 

year (years 3 to 6) after starting nutrient application in each site (noting sites started applying 186 

experimental treatments in different calendar years and ran for different lengths of time (SI 187 

Appendix Table S1)). To measure the relative impact of N, P, and K+ addition on legumes, we 188 

calculated the log ratio (LR) of legume abundance and richness in the third or last year in each 189 

plot versus the initial (pre-treatment) value [LR = ln (Y final  / Y initial)]. We used the pre-190 

treatment legume abundance in the LR instead of control plots (50) to control for initial 191 

legume abundance and spatial variability among plots (8, 51). We also calculated measures of 192 

legume colonization and extinction in each plot, and evaluated the effect of initial soil nutrient 193 

concentrations, community structure and climatic conditions as contingencies for nutrient 194 

addition effects (See Methods for details). We analyzed the data using linear mixed-effects 195 

models (52–54), with nutrient treatments (i.e., N, P, K+ and their interactions) as fixed effects, 196 

and blocks nested within sites as random effects. Confidence intervals for model parameters 197 

were bootstrapped as a conservative method for hypothesis testing (52, 53) (See Methods for 198 

details).  199 

Results and Discussion 200 

Effects of nutrient addition on legumes 201 

We expected N addition to reduce the competitive advantage of legumes, resulting in a 202 

decline in legume relative abundance and richness (11–13, 23, 30, 33, 55). This prediction was 203 

strongly supported (Fig. 1, SI Appendix Fig. S2-3 and Tables S3-5), with an average 32% decline 204 

in legume cover (LRN = -0.397) after only three years of chronic N addition (SI Appendix Table 205 

S3-4). Nitrogen addition did not significantly reduce non-leguminous forb cover (LRN = -0.086, 206 

SI Appendix Table S6a), and increased grass cover (LRN = 0.129; SI Appendix Table S6b), 207 

showing that the negative effect of N addition was specific to legumes. Nitrogen also 208 

significantly reduced legume species richness by 12% and biomass by 43% (LRN = -0.129 and 209 

LRN= -0.569, respectively, Figure 1, SI Appendix Fig. S3-4 and Table S3-5).  210 

The clear declines in legume cover, biomass, and richness with N addition occurred 211 

despite the potential for some N-fixing legumes to down-regulate N-fixation (24), further 212 

supporting our predictions. Down-regulation is proposed to underpin the ‘tropical paradox’, 213 

enabling high species richness and abundance of legumes in late successional tropical 214 

rainforests with high soil N (25). Our result indicates that in temperate grasslands around the 215 

world, (i) the high cost of fixation in obligate N-fixing legumes, and/or (ii) inferior competitive 216 

growth strategies in facultative N-fixing legumes compared with other herbaceous species, 217 

outweighed any potential amelioration of these costs through down-regulation of N-fixation. 218 

Nevertheless, it is possible that down-regulation reduced the magnitude of the negative N-219 

addition effect. This contrasting result in grasslands compared with tropical forests highlights 220 

a need for further evaluation of the importance of down-regulation in grasslands, and 221 



potential drivers of differences from tropical forests. For example, vertebrate herbivores, 222 

nutrient leaching, or grass-legume dynamics, could maintain ongoing or fluctuating N deficits 223 

in grasslands, that reduce evolutionary pressures for legumes to down-regulate ((56, 57); see 224 

(58) for evolutionary persistence of fixation). Further investigation could be achieved by 225 

directly assessing nodulation, N-fixation and rhizobial biomass in experimental plots (35), and 226 

more broadly by better global documentation of which legume species are facultative and 227 

which are obligate N-fixers. 228 

 We predicted that P and K+ addition would increase legume abundance, particularly in 229 

the absence of N addition (26, 28, 30, 31, 37, 39, 59), despite the potential for concurrent 230 

increases in non-legume competitors. Accordingly, we found that P addition (without N) 231 

significantly increased the cover of legumes by an average of 34% by the last experimental 232 

year (the average 20% increase after 3 years was not significant; Fig. 1). By contrast, K+ 233 

addition alone did not significantly increase legume cover (Fig. 1, SI Appendix Table S3-4 and 234 

Fig. S2-4).  235 

Together, P and K+ addition increased the cover of legumes by an average of 37% after three 236 

years (32% by the last experimental year; Fig. 1; SI Appendix Table S3-5), even though P also 237 

enhanced grass cover (but not non-N fixing forbs, LRP grass = 0.13; SI Appendix Table S6). The 238 

increase in legume cover with P and K+ was additive (P x K interaction and LR(K + P) vs KP contrast 239 

included zero; SI Appendix Fig. S2 and Table S3-5), suggesting that in the absence of N 240 

addition, K and/or other added nutrients became limiting to N-fixers when P requirements 241 

were met (29, 60).  242 

A similar pattern was evident for legume biomass, with P and K+ addition on average across 243 

nutrient treatments leading to significant increases in legume biomass after three years (25%, 244 

LRP = 0.22 and 29%, LRK =0.25 respectively, SI Appendix Table S5), although the effect of P was 245 

not significant for the final year analysis (43% for K+ addition; LRK =0.36, Fig. 1, SI Appendix 246 

Table S5). We did not detect significant changes in legume richness due to P or K+ addition 247 

(Fig. 1, SI Appendix Table S3-5). 248 

 Given the opposing effects of N versus P or K+ addition on legumes, effects of adding N 249 

in combination with P or K+ are difficult to predict, and empirical evidence is conflicting (10, 250 

21, 22, 26, 36, 37). We hypothesised that legumes would decrease with high levels of N 251 

addition even with concurrent addition of P and K+, because the P and K+ required for N-252 

fixation confers less advantage to legumes when N is not limiting (26, 28, 37). Consistent with 253 

this hypothesis, we found that despite the benefits of P addition, its combination with N 254 

resulted in a net reduction of legume cover and biomass that was nearly as large as the effect 255 

of N addition alone (LRNxP = -0.24, Fig. 1, SI Appendix Fig. S2-3 and Table S3-5). This indicates 256 

that the benefits of P were largely overridden by the suppressive effects of N (although this 257 

effect was significant only for legume cover). Similarly, statistical contrasts indicated that N 258 

addition obscured the positive effects of combined P and K+ addition on legumes (Contrast 6-259 

7 in SI Appendix Fig. S4 and Table S5), again as would be expected where N-fixing capacity is 260 

no longer advantageous (29) (see also (6)). While N, P, and K+ have previously been 261 



recognized as influencing the abundance of N-fixing legumes (10, 11, 37, 61), our study is the 262 

first to describe N, P and K+ interactions in grassland ecosystems at a global scale.   263 

Mechanisms underpinning legume responses 264 

We expected N addition to suppress legumes by reducing their competitive advantage over 265 

co-occurring, non-N-fixing forbs and grasses (10–13, 33, 37). Supporting this prediction, plot-266 

scale mixed-effects models showed that cover of non-legume forbs plus grasses significantly 267 

increased with N addition (see above; SI Appendix Table S6c), and this increase was 268 

significantly associated with the reduction in legume cover (Fig. 2a, SI Appendix Table S7). 269 

Further, through increases in cover and biomass (6, 8, 9), N addition reduced 270 

photosynthetically active radiation (PAR) at the soil surface (SI Appendix Fig. S5 and Table S8), 271 

consistent with previous evidence that light reduction impairs legume performance (35, 56) 272 

(see also (9)). Taken together, these results are consistent with previous evidence (10, 11, 37, 273 

61) suggesting nutrient-related increases in non-legume forbs and grasses may affect legumes 274 

through increased competition, particularly for light.  275 

  We also asked whether the strong negative effect of N on legumes arose through a 276 

reduction in legume establishment (e.g. due to diminished seed accumulation and/or 277 

microsite availability), or reduction in growth and survival of mature individuals (62, 63). We 278 

found evidence for both mechanisms: by the third year, N addition had significantly reduced 279 

legume species colonization rates from 34 to 15% and increased local legume species 280 

extinction from 25 to 46% (Fig. 3, SI Appendix Table S9). The proportion of annual richness 281 

was only slightly higher for legumes (mean = 0.46 ± 0.39), than forbs (0.39 ± 0.26) or grasses 282 

(0.36 ± 0.25), suggesting that a higher proportion of species with annual life history seems 283 

unlikely to solely explain observed negative N-addition impact on legumes. Indeed, the trends 284 

were consistent across both perennial and annual species of legume: extinction of perennial 285 

legume species increased from 21 to 35%, and of annual legume species from 45 to 72%. 286 

Similarly, colonization of perennial legume species decreased from 5.5 to 2.7% and from 1% to 287 

less than 1% for annuals (SI Appendix Table S9).  288 

Potential contingencies influencing nutrient responses 289 

We expected legume responses to nutrient addition to vary among sites because of differing 290 

background rates of edaphic resource availability (10, 12, 13). With respect to N addition, we 291 

predicted greater legume decline in soils that were initially more favourable for legumes, 292 

including soils with lower initial N (11, 13, 56) or with higher P, K or micronutrient 293 

concentrations (26, 38, 39, 56, 59). We predicted this because (i) potential for loss is limited if 294 

initial legume abundance is low, (ii) non-fixing competitors would be more responsive to N 295 

addition at low N, resulting in greater rate of increase in competition for light (6), and (iii) sites 296 

with initially higher N (or lower K or micronutrients) may already support a higher proportion 297 

of more competitive, facultative legumes that are less likely to decline with N addition (24, 298 

25). 299 



 Analysis of site-scale data indeed showed that N addition led to greater legume decline 300 

at sites with lower initial soil N (SI Appendix Fig. S6 and Tables S10a), lower N:Pratio (Fig. 2b, SI 301 

Appendix Table S7), or higher initial soil Fe (an element that is particularly critical for the 302 

legume symbiosis (39, 59, 60, 64) (SI Appendix Fig. S6, SI Appendix Table S10a), supporting our 303 

hypothesis that N addition has the greatest impact on legumes in soils more favourable for 304 

legumes (65). We did not detect a significant relationship between initial soil N or Fe and 305 

initial legume abundance, inconsistent with our first hypothesized mechanism (i) for this 306 

response, i.e. that it resulted from initially low legume abundance in high N or low Fe sites. 307 

Our second hypothesized mechanism (ii) was supported, with significantly greater increases in 308 

non-fixing competitors with N addition at lower initial soil N [N addition: 0.09 (0.05;0.13); Soil 309 

N x N addition: -0.15 (-0.25; -0.03)]. We could not test our third hypothesised mechanism (iii), 310 

that greater legume decline at sites with lower initial soil N was explained by a lower 311 

proportion of more competitive, facultative legumes in sites with initially low soil N or Fe, 312 

because we lack data on nodulation and fixation rates (35, 36). Further investigation is thus 313 

needed to test whether  facultative legumes increase in or colonise N-enriched sites that were 314 

initially low in N (24, 25).  315 

 Unexpectedly, N addition was more detrimental to legume cover in sites with lower 316 

initial soil K (i.e. in soils we expected to be already limiting for N-fixation, SI Appendix Table 317 

S10a). The reason for this is unclear but could involve correlations of soil K with other soil 318 

variables that impact legume cover (e.g. soil pH, r=0.64, SI Appendix Fig. S7). We detected no 319 

significant effects of initial soil P on legume response to N addition.  320 

 With respect to addition of P or K+, we expected a greater benefit to legumes when 321 

initial soil concentrations of P or K+ were lower (suggesting potentially greater P or K+ 322 

limitation), and when initial N was lower, suggesting greater activation of N-fixation by 323 

legumes (21). We did not detect these effects directly (SI Appendix Tables S11-S12) but we did 324 

detect an increasing benefit of K+ addition with increasing initial soil P and decreasing initial 325 

soil K+ (SI Appendix Table S12), i.e. in conditions that are otherwise more favourable for N-326 

fixation. This trend is consistent with our experimental result that legume response to 327 

addition of K+ was evident when combined with P addition.  328 

 Other potential contingencies influencing legume responses to nutrient addition include 329 

climate and initial community composition factors. We expected legume responses to 330 

nutrient addition to be stronger in mesic environments where moisture limitation does not 331 

constrain the benefits of N-rich leaves for photosynthesis (21) (but see also (66–68)), and in 332 

warmer environments with lower energetic constraints on N-fixation (26, 67). We did not 333 

detect any significant effects of mean annual precipitation but found that temperature 334 

significantly predicted N (although not P or K+) effects on legumes (SI Appendix Tables S10-335 

S12). In particular, N addition was more detrimental to legumes at sites with higher mean 336 

annual temperatures (SI Appendix Table S10), providing further support for the hypothesis 337 

that N addition is more detrimental in environments more favourable for N-fixation (26, 56).  338 



 With respect to initial community composition, we predicted that legume response to 339 

nutrient addition may be constrained by (i) the ambient site-level cover and richness of 340 

legumes, and (ii) availability of N-responsive, non-legume competitors such as many non-341 

native grassland species (69, 70). Consistent with our first prediction (i), plot and site-scale 342 

regressions indicated that N addition was more detrimental to legumes at sites with higher 343 

initial legume cover and richness (Fig. 2c, SI Appendix Table S9b), likely due to density 344 

dependent limits to decline at low initial cover values (11). For unknown reasons, control plots 345 

also declined in proportional legume cover over the experimental period, especially in sites 346 

with initially higher legume cover (Fig. 2c), but the decrease was 30% greater with N addition 347 

(SI Appendix Table S7). Consistent with our second prediction (ii), N addition was more 348 

detrimental to legumes in sites with higher initial non-native plant species cover, potentially 349 

indicating greater scope for suppression by N-responsive competitors (69, 70). Our 350 

assessment of effects of N, P and K+ addition across 45 grasslands thus emphasizes the 351 

importance of soil nutrients and plant community composition in combination with macro-352 

climatic conditions as predictors of legume responses.  353 

Conclusions  354 

Our data from 45 standardized experiments in grasslands from six continents provide broad-355 

scale evidence that the individual and interactive effects of nutrient addition on legumes 356 

correspond with predictions from resource competition theory (10, 26, 55). First, grassland 357 

legumes declined substantially with N addition at 10 g N m-2 yr-1 over at least 3 years. This 358 

finding demonstrates the generality of this response in temperate grasslands, which until now 359 

has only been documented in a range of isolated experiments and model predictions (11, 37, 360 

40, 71). The reduction likely resulted from reduced competitive advantage of legumes over 361 

non-N-fixing plants, potentially mediated by light availability. Second, grassland legumes 362 

benefited from P and K+ addition in the absence of N addition, generalizing emerging localized 363 

evidence to global scales (29, 37, 41). Third, addition of P and/or K+ at rates exceeding current 364 

global deposition rates did little to ameliorate N-induced legume decline, providing global 365 

support for overriding impacts of high levels of N enrichment (11, 37). These results 366 

complement and support broader conclusions regarding impacts of N and P enrichment on 367 

grasslands, including increased grassland productivity (6, 72), reduced plant richness (8, 9), 368 

and changes in the spectrum of plant functional traits (73).   369 

Anthropogenic activities are increasing  N supplies through atmospheric deposition 370 

and direct fertilization,  thereby transforming ecosystems across the globe (1–5). While 371 

further work is needed to investigate the role of elemental supply rates on changes in obligate 372 

and facultative legume relative abundance (24, 25, 35), our results highlight the potential for 373 

substantial impact of anthropogenic N-enrichment on the abundance and diversity of plants 374 

with specialized N-acquisition strategies. In the context of atmospheric N-deposition, we 375 

acknowledge our experiment applied N at ~ 3x estimated annual maximum global N-376 

deposition rates (1, 48), so likely overestimates the effects of N-deposition over our 377 

experimental timeframe. On the other hand, global N deposition is expected to occur over 378 

decades to centuries, while our results were observed after only 3-6 years of nutrient 379 



addition. Earlier work (74) provides evidence for ongoing loss of legumes with long-term N 380 

addition across a wide a range of rates (0 to 20 g m-2 yr-1), so it is conceivable that our N-381 

addition treatments could elicit broadly comparable responses to the cumulative effects of 382 

global N-deposition. Nevertheless, further work is needed to understand implications of 383 

interactions between rates and duration of nutrient applications to better predict impacts of 384 

atmospheric N-deposition. 385 

Finally, our results suggest that legume decline is likely in the face of significant N 386 

enrichment regardless of changes in global P or K cycles. Owing to their disproportionate 387 

effects on ecosystem functions, widespread decline in grassland legumes is likely not only to 388 

contribute directly to global loss of plant diversity, but to affect nutritional quality for other 389 

trophic levels (19, 75), and to reduce food web complexity and ecosystem resilience (18–20). 390 

Further, loss of legume genetic resources will reduce the potential for new or genetically-391 

improved protein-rich crop and pasture species important for food production (15–17). 392 

Reduced N-fixation through loss of legumes could result in quantifiable impacts on the global 393 

N cycle that could potentially mitigate anthropogenic N-deposition. However, even if N2 394 

fixation ceased in all grasslands globally, this would represent only 5–10% of anthropogenic N-395 

deposition (1, 76), falling well-short of the estimated 45–75% reduction needed to restore the 396 

global N cycle below planetary boundaries (7, 27). 397 

METHODS 398 

Site selection. Our experiment was replicated at 45 sites participating in the global Nutrient Network 399 
experiment (42). Sites included natural and anthropogenic grasslands from six continents, most in 400 
temperate climate zones (SI Appendix Fig. S1 and Table S1). We included all Nutrient Network sites 401 
with N-fixing legumes in their regional composition (i.e. the entire spatial and temporal span for each 402 
site) and that had applied nutrient treatments for at least 3 years (see below). In sites with longer time 403 
spans (>7 yr), we used data from years 0 to 6 only (as only 12 sites, all from the USA, had >7 years of 404 
data). N-fixer status of legume species was reported by each site principal investigator, based on local 405 
literature. Sites ranged in latitude from 54° N to 37° S (SI Appendix Fig. S1), differing in initial degree of 406 
native versus non-native species dominance (70) and spanning a broad spectrum of climates and soils. 407 
Climatic conditions ranged from 252 to 1898 mm mean annual precipitation and 0.3 to 22.1°C mean 408 
annual temperature, and pre-treatment soils varied from 0.018–1.182 % N and 9.25–227.62 mg kg-1 P 409 
(SI Appendix Table S1).  410 

Experimental treatments. Each site established eight 5 x 5 m plots per block to accommodate a single 411 
replicate of eight treatments per block, with sites mostly containing 3 blocks (SI Appendix Table S1). All 412 
sites had the same treatments, involving factorial combinations of nitrogen, phosphorus and 413 
potassium addition and an untreated control. Nutrients were added annually as follows: 10 g N m-2 yr-1 414 
as timed-release urea ((NH2)2CO), 10 g P m-2 yr-1 as triple-super phosphate (Ca(H2PO4)2), 10 g K m-2 yr-1 415 
as potassium sulphate (K2SO4). Plots receiving potassium also received a once-off addition of other 416 
macro- and micronutrients in the first year: 100 g m-2 of a mix containing Fe (15%), S (14%), Mg (1.5%), 417 
Mn (2.5%), Cu (1%), Zn (1%), B (0.2%) and Mo (0.05%). Nitrogen addition was approximately three 418 
times the maximum Year 2000 estimated annual global N-deposition rate (1, 48), whereas P and K 419 
were added at substantially higher rates than currently occur (3, 47). We note though that our 420 
experimental timeframes of 3-6 years were short compared with decades to centuries of expected 421 
nutrient deposition. Further, our N addition rate was also less than those used in other studies to 422 
evaluate N limitation of N fixation (e.g. 20 or 40 g m-2 yr-1; (35)).   423 



Response variables. Plant cover and biomass were measured annually, beginning one year before 424 
treatments were applied. Within each treatment plot, the cover of each vascular plant species was 425 
estimated to the nearest 1% in a permanent 1 x 1 m subplot during the season of peak biomass at each 426 
location. Sites with two biomass peaks were measured at each peak, and data averaged between 427 
sampling dates in each year. For each plot in each year, we calculated the cumulative cover for species 428 
belonging to four key functional groups: N-fixing legumes, other forbs, graminoids (grasses + sedges). 429 
Adjacent to the 1 x 1 m cover subplot, all aboveground biomass was clipped in two 1 x 0.1 m strips (0.2 430 
m2), dried at 60°C and weighed to the nearest 0.01 g. Biomass was sorted to the functional group level 431 
in 30 of the 45 sites.  432 

Legume abundance and diversity were expressed as cover, richness and biomass. For each 433 
response in each plot, we calculated ln-ratio (LR) of the current over the initial values in each plot (LR= 434 
ln [(Yfinal+1) / (Yinitial +1)]), where Yinitial and Yfinal are the initial and final values, and final values are either 435 
the third or last year of the study. We added 1 to the numerator and denominator because zeros make 436 
LR incalculable, although they can indicate an ecologically meaningful outcome (i.e. initial absence or 437 
total loss of legumes in the plot). We used current year / initial legume values as LR ratios (50) because 438 
this allowed us to study legume changes after accounting for variation in initial legume abundance and 439 
local conditions (8, 51), and to evaluate the effects of (standardized) initial conditions. We also 440 
checked for successional trends by evaluating changes in control plots in the LR analysis. In these plots, 441 
cover, richness, and biomass did not differ from initial values, suggesting that there were no 442 
perceptible successional changes. We also analysed absolute cover richness and biomass, with initial 443 
values as covariables, with similar results as described under Statistical analyses. 444 

Site- and plot-level covariates. We used community, soil and climatic covariates to investigate controls 445 
on N-fixing legume responses to nutrient additions at the site and plot level. In some cases, we 446 
calculated the ln-ratio of the covariate, using initial and final values as above (e.g. cover of grasses: LRG, 447 
see below).  448 

Plant community covariates. A range of plant community-level variables were calculated from the 449 
plant cover data for the third or last year of the experiment in each plot (plot-level predictors) or 450 
across all plots (site-level predictors). The latter were measured either at the beginning of the 451 
experiment or averaged across all plots in a site. At the plot level, we considered initial legume cover 452 
(%) and legume richness (number of species), initial total non-native cover (%), initial live biomass (g m-453 
2) and third or last year abundance of grasses and forbs (%). At the site level, we calculated initial mean 454 
legume cover (%), legume richness (number of species), total live plant biomass (g m-2), mean native 455 
and non-native plant cover (%).  456 

Photosynthetically active radiation (PAR, µmol photons m-2 s-1) was measured annually in the 1 m2 457 
cover-sampling subplots, in cloud-free conditions between 10am and 2pm during peak biomass (8, 42). 458 
One above-canopy and two perpendicular ground level measurements were made in each plot using a 459 
1-m light ceptometer. Proportion of PAR was calculated as the ratio of the average ground level and 460 
the incident above-canopy PAR readings.  461 

Soil covariates. We measured soil chemical properties at the plot level at the beginning of the 462 
experiment in 37 of the 45 sites (SI Appendix Table S1). In each plot, two 2.5 cm diameter x 10 cm 463 
depth soil cores, free of litter and vegetation, were collected, combined, homogenized, air-dried and 464 
shipped to a single laboratory (A&L Laboratories, Memphis, Tennessee, USA) for analysis using 465 
standard methods. In particular, we measured soil pH, N:P ratio, total N (%), extractable P (ppm), 466 
extractable K (ppm), Calcium (Ca, ppm), Magnesium (Mg, ppm), Sulfur (S, ppm), Sodium (Na, ppm), 467 
Manganese (Mn, ppm), Iron (Fe, ppm), Copper (Cu, ppm), and Boron (B, ppm) (see 468 
http://www.nutnet.org/exp_protocol; see (42) for further details). 469 

Climatic covariates. Mean annual precipitation (MAP, mm), mean annual temperature (MAT, °C), and 470 
aridity index (AI) were derived from WorldClim (77) based on site location (42).  471 

Statistical analyses. All analyses were conducted using R version R-3.4.0 (R Core Team, 2017). We used 472 
mixed effect-models (52, 54) to evaluate the effect of nutrient treatments and community or soil 473 
covariates on N-fixing legume LR-cover, LR-richness and LR-biomass. Models included nutrient addition 474 

http://www.nutnet.org/exp_protocol


and covariates as fixed effects and block within sites as nested random effects (see below). In all cases, 475 
we analyzed data from the third and last measured year (3, 4, 5 or 6) separately. We included 476 
experiment duration (i.e. years under treatment) as a co-variate but it was never significant, so we do 477 
not report it. Initial cover of N-fixing legumes was significantly positively correlated with legume 478 
biomass and richness (Spearman correlation: r=0.88 and r=0.60, respectively), as were their respective 479 
LRs (r=0.58, r=0.28). Given that we included sites based on legume presence at the site level, not all 480 
plots within a site had initial legume cover.  481 

To evaluate possible bias originating from these differences, we tested the same models 482 
considering only those plots that initially contained legumes. Results did not differ qualitatively across 483 
these subsets of the data, and we present results of models fitted with the larger data set. Similarly, to 484 
avoid excessive zeros and error originating from spatial patchiness (e.g. because cover and biomass 485 
were necessarily sampled in different parts of each experimental plot), N-fixing legume biomass was 486 
analysed only in the 26 sites that reported biomass data for at least two years. Moreover, to indicate 487 
whether N-fixing legume responses differed from other elements of the vegetation, we tested the 488 
response of non-N-fixing forbs, graminoids and forbs + graminoids (LRF LRG and LRF+G) using an identical 489 
approach. 490 

We also analyzed results using the absolute (non-ln-transformed) cover, richness or biomass 491 
values. As with LR, we analyzed these data using the factorial design or as eight independent 492 
treatments. We used initial cover, richness or biomass as covariates. Covariates were always 493 
conserved and concurred with LR in accounting for initial values in each plot. Untransformed and LR 494 
analysis led to similar conclusions. We opted for the LR approach in the main text because LR presents 495 
the relative change independently of site values, accounts for potential successional trends and is 496 
easily comparable with other studies. In addition, LR has better statistical properties and is superior for 497 
our experimental structure (50). Untransformed data is presented in the Supplementary section (SI 498 
Appendix Table S4).  499 

To evaluate legume responses to different combinations of nutrient additions, we performed 500 
planned contrasts based on a priori questions (78). Contrasts are described in Fig. S4. Estimable 501 
functions were determined on the basis of the planned contrast for the fixed effects while conserving 502 
the structure of the model with respect to random effects (78, 79). In addition, to estimate the effect 503 
of nutrient addition on legume colonization (plots where legumes were initially absent but later 504 
present) or local extinction (plots where legumes were initially present but became extinct by the end 505 
of the experiment), we used generalized linear mixed effect models (54), with a binomial error 506 
distribution and a logit link function, including blocks within sites as the random structure. 507 
Colonization was measured as the number of new legume species divided by the final number of 508 
legumes in the plot, whereas extinction was measured as the number of legume species lost in the 509 
period divided by the initial legume richness (modified from(80)). We replicated this for all legumes, 510 
and for perennial and annual/biennial legume species separately.  511 

To evaluate plot-level drivers of N-fixing legume response to treatments, we tested the effect 512 
of changes in community variables with treatments (i.e. LRPAR, LRbiomass and LRF+G), initial N-fixing 513 
legume abundance at the site level and soil N:P ratio for each plot. In particular, we evaluated whether 514 
competition and relative community change in each plot (i.e. relative change in the cover of forbs and 515 
grasses or change in biomass as proxies for competition intensity) affected legumes, including also 516 
quadratic terms (i.e. LRF+G +LR2

F+G). Model selection was performed through stepwise elimination (e.g. 517 
function stepAIC in ‘mass’ package, (81)), with further eliminations using AIC criteria(54). In all these 518 
cases, to test the significance of parameter estimates, we generated confidence intervals using semi-519 
parametric bootstrapping with 9,999 randomizations (53). These results were consistent with 520 
approximate P-values, but more conservative; as a reference, we also present approximate degrees of 521 
freedom based on Satterthwaite approximation (82).  522 

To evaluate contingencies of nutrient effects on legume cover at the site level, we first 523 
calculated the main effects of N, P and K+ in each site as the N addition treatment x Site, P addition x 524 
Site and K addition x Site interactions in the full model, and then used initial soil, climatic or 525 
community variables at the site level as predictors of these changes. We utilized multiple regression 526 



using step-wise elimination (e.g. function stepAIC in the ‘mass’ package (81)). We checked for 527 
collinearity through variance inflation factor (v.i.f) criteria; v.i.f. were lower than 2.8. Residuals were 528 
approximately homoscedastic and normally distributed. We repeated this analysis for the third year 529 
and last year data from the experiment.  530 
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Figure legends  722 

Fig. 1. Change in legume cover (a), richness (b) and biomass (c) for the third year (top row) and 723 

last (third to sixth) year after initiation of the experiment (bottom row). Change were 724 

expressed as response ratios, the natural logarithm of the relative change from initial values 725 

(see Methods); positive and negative values indicate increases and decreases, respectively. 726 

Bars represent means ± standard error of the means and dots (•) indicate treatment means 727 

that were statistically different from the controls. No response ratio in control plots were 728 

statistically different from zero, indicating that controls remained the same on average over 729 

time. Note the different Y-axis ranges. Cover and richness data were available for 45 sites and 730 

biomass data for 26 sites. 731 

Fig. 2. Community drivers of the change in legume cover after three years of N addition. The 732 

relative change in legume cover (natural log of response ratio) was explained by nitrogen 733 

addition (red lines, versus blue lines for plots without N) and by the relative change in cover of 734 

non-leguminous forbs + grasses (LRF+G) (a), the initial soil N:P ratio (b) and the initial cover of 735 

legumes of the site (c). Nitrogen (a and b) and N addition x legume cover (c) persisted as 736 

significant drivers (P<0.05) after stepwise model reduction. Red symbols indicate plots without 737 

N addition, and red symbols indicate plots with N addition. Results for the last year at all sites 738 

were qualitatively similar (SI Appendix Table S7, S10-12).  739 

Fig. 3. Colonization and extinction probabilities for legume species in plots without (blue 740 

symbols) and with (red symbols) N addition for the third and last experimental year. Symbols 741 

are estimates ± bootstrapped 95% confidence intervals. Asterisks indicate that the logit of the 742 

confidence interval for the N effect did not include zero in the reduced model (SI Appendix 743 

Table S9). Colonization was assessed in plots where legumes were initially absent but later 744 

present, and extinction in plots where legumes were initially present but disappeared by the 745 

third or last year of the experiment. Estimates are based on 468 to 726 plots in 32 to 42 sites. 746 

SI Appendix Table S9 for further details and for colonization and extinction of annual and 747 

perennial legume species. 748 
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