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Abstract 26 

Atmospheric nitrogen (N) and phosphorus (P) deposition rates are predicted to drastically 27 

increase in the coming decades. The ecosystem level consequences of these increases will 28 

depend on how plant tissue nutrient concentrations, stoichiometry and investment in nutrient 29 

uptake mechanisms such as arbuscular mycorrhizal fungi (AMF) change in response to 30 

increased nutrient availability, and how responses differ between plant functional types. 31 

Using a factorial nutrient addition experiment with seedlings of multiple N-fixing and non-N-32 

fixing tree species, we examined whether leaf chemistry and AMF responses differ between 33 

these dominant woody plant functional groups of tropical savanna and dry forest ecosystems. 34 

We found that N-fixers have remarkably stable foliar chemistry that stays constant with 35 

external input of nutrients. Non-N-fixers responded to N and N+P addition by increasing both 36 

concentrations and total amounts of foliar N, but showed a corresponding decrease in P 37 

concentrations while total amounts of foliar P stayed constant, suggesting a ‘dilution’ of 38 

tissue P with increased N availability. Non-N-fixers also showed an increase in N:P ratios 39 

with N and N+P addition, probably driven by both an increase in N and a decrease in P 40 

concentrations. AMF colonization decreased with N+P addition in non-N-fixers and 41 

increased with N and N+P addition in N-fixers, suggesting differences in their nutrient 42 

acquisition roles in the two plant functional groups. Our results suggest that N-fixers and 43 

non-N-fixers can differ significantly in their responses to N and P deposition, with potential 44 

consequences for future nutrient and carbon cycling in savanna and dry forest ecosystems. 45 

 46 

Keywords: Plant functional group; Nutrient deposition; Stoichiometry; Mycorrhizae; 47 

Savanna; Global change 48 

 49 

 50 
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Introduction 51 

Atmospheric nitrogen (N) and phosphorus (P) deposition are major anthropogenic global 52 

change drivers that have resulted in drastic increases in the amounts of key plant nutrients 53 

cycling through land and water (Galloway et al. 2008; Mahowald et al. 2008). Estimates 54 

suggest that anthropogenic N inputs have increased from ~15 Tg yr-1 in 1860 to ~187 Tg yr-1 
55 

in 2005, and the amount of reactive nitrogen has increased 120% from the Holocene and late 56 

Pleistocene baseline with nitrate levels recorded post 1980 being higher than anything in the 57 

last 100,000 years (Galloway et al. 2008; Waters et al. 2016). The amount of P cycling 58 

through ecosystems has also doubled compared to pre-industrial baselines, with much of the 59 

additional N and P coming from fertilizer application and fossil fuel combustion (Filippelli 60 

2002; Waters et al. 2016). Rates of N and P deposition are predicted to further increase in the 61 

coming decades (Galloway et al. 2008; Mahowald et al. 2008, Bobbink et al. 2010). Given 62 

that N and P limit plant growth in most ecosystems, soil nutrient enrichment has the potential 63 

to have effects that cascade through the ecosystem. Increased soil N and P availability can 64 

alter plant leaf N and P concentrations, which in turn can affect plant photosynthetic rates, 65 

competitive ability, community composition, litter quality and processes such as 66 

decomposition (e.g., Allison & Vitousek 2004, Wardle et al. 2004, Wright et al. 2004, Reich 67 

2014).   68 

The ecosystem level consequences of anthropogenic N and P deposition depend on 69 

how plant tissue nutrient concentrations and stoichiometry change in response to increased 70 

availability of N and P, and how these differ between plant species and functional types. 71 

Whether plants change their nutrient uptake and tissue nutrient concentrations is, in turn, 72 

influenced by whether the plant is limited by the added nutrient or not, the plant’s capacity 73 

for luxury consumption and storage of the added nutrient (Sistla et al. 2015) and unique 74 

mechanisms improving the plant’s ability to access nutrients, such as symbiotic N fixation.   75 
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Besides foliar chemistry, soil N and P enrichment can also affect plant investment in 76 

nutrient uptake mechanisms such as arbuscular mycorrhizal fungal (AMF) symbioses. AMF 77 

play a major role in the cycling and storage of carbon (C) and nutrients in ecosystems 78 

(Treseder & Allen 2000) with about 70-90% of all land plants investing up to 20% of their 79 

photosynthates in AMF for better access to N and P (Parniske 2008). Changes in plant 80 

investment in AMF, therefore, can also affect nutrient and C cycling and storage in 81 

ecosystems (Rillig 2004). Increased soil nutrient availability is expected to divert investment 82 

away from nutrient acquisition structures such as AMF (Johnson 2010), but previous studies 83 

have reported highly variable AMF responses to increased nutrient availability, especially in 84 

terms of AMF colonization levels (Treseder 2004).  85 

In this study, we focus on N-fixers and non-N-fixers, the two dominant plant 86 

functional groups in savanna and dry forest ecosystems. N-fixers and non-N-fixers differ in 87 

both their demand for and access to nutrients such as N and P. Symbioses with rhizobia in N-88 

fixers increases their N access, which in turn increases their P demand, as well as their 89 

potential to invest in N rich phosphatases that makes P access easier (Vitousek et al. 2002, 90 

2010). Plant N fixation ability can also affect flexibility or stasis of leaf N and P levels, and 91 

foliar N:P stoichiometry (Sistla et al. 2015). Further, investment in rhizobia can influence the 92 

dependence of N-fixing plant species on other nutrient acquisition mechanisms such as AMF. 93 

However, whether N-fixers and non-N-fixers differ in their leaf chemistry and AMF 94 

colonization responses to nutrient addition are not known, which we address in this study.  95 

We examined whether N-fixers and non-N-fixers, which differ strongly in nutrient 96 

demand and acquisition strategies, also respond differently to nutrient addition. Specifically, 97 

we predicted that: (1) N-fixers and non-N-fixers will differ in foliar N and P responses to 98 

fertilization, and (2) Plant N fixation ability will influence AMF colonization responses to 99 

nutrient addition. 100 
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Methods 101 

We conducted a factorial nutrient addition experiment using seedlings of 13 dominant species 102 

characteristic of savanna and dry forest ecosystems of southern and central India (Sagar & 103 

Singh 2004; Kumar & Shahabuddin 2005; Kodandapani et al. 2008). We focused on 104 

seedlings since they are most susceptible to changes in nutrient status of the soil, and altered 105 

competitive ability at the seedling stage can influence community composition of forests in 106 

the long term (Barbosa et al. 2014; Cárate-Tandalla et al. 2015). Plant species used in the 107 

experiment included 7 non-N-fixers (Lagerstroemia indica L., L. speciosa (L.) Pers., 108 

Phyllanthus emblica L., Sapindus emarginatus Vahl, Terminalia arjuna (Roxb. ex DC.) 109 

Wight & Arn., T. bellirica (Gaertn.) Roxb. and Ziziphus jujuba Mill.) and 6 N-fixers (Acacia 110 

catechu (L.f.) Willd., A. ferruginea DC., A. leucophloea (Roxb.) Willd., Albizia amara 111 

(Roxb.) B.Boivin, A. lebbeck (L.) Benth. and Dalbergia latifolia Roxb.). N fixation has been 112 

reported for all the N-fixers used in the experiment (Germplasm Resource Information 113 

Network database (GRIN); http://www.ars grin.gov/).  114 

Plants were grown to seedling stage at the Foundation for Revitalization for Local 115 

Health Traditions (FRLHT), Bangalore, India, in uniform, homogenized, unsterilized soil. At 116 

four weeks of age, seedlings were transplanted into 20 litre polybags in a 1:1 sand:soil 117 

mixture at the experimental site in Hosur village near Mysore, India. Unsterilized soil used in 118 

the transplanting medium was collected locally from the experiment site and homogenized 119 

prior to mixing with sand. Average C, N and P content per unit weight of the sand:soil 120 

medium in which the seedlings were transplanted was 383.4 g kg-1, 24.4 g kg-1 and 13.7 g kg-121 

1, respectively (Varma et al. 2017). Each polybag contained an individual seedling. Multiple 122 

seedlings of each species were randomly assigned to one of four treatments: N addition (5g N 123 

as urea), P addition (0.5g P as single super phosphate (SSP)), combined N and P addition, and 124 

a control treatment with no nutrient addition. Fertilizer application (as urea or SSP solution in 125 

http://www.ars-grin.gov/
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water) was carried out in three instalments: 2, 4 and 6 weeks after the start of the experiment. 126 

Seedlings were watered with tap water regularly to prevent drought induced mortality, and 127 

above- and belowground biomass were harvested after 6 months from the start of the 128 

experiment. At the time of harvest, there were 5-14 seedlings per species per treatment, for a 129 

total of 624 seedlings. For more details of the experiment, see Varma et al. (2017).  130 

 131 

Foliar chemistry analysis  132 

Foliar %N and %P were estimated from ground, oven dried (at 60 °C for 48 hr) leaves of a 133 

subset of the samples (2-7 replicates per species per treatment, median = 5, for a total of 245 134 

samples). Foliar %N was determined by combustion, using a LECO TruSpec CN analyser 135 

(LECO Corporation), and %P was determined from acid digested samples (treated with 70% 136 

HNO3 and 30% H2O2) using inductively coupled plasma (ICP) spectrophotometry (ICP 6300, 137 

Thermo Fischer Scientific). Total leaf weight per plant was measured from oven dried plant 138 

samples (2-6 replicates per species per treatment, median = 4, for a total of 222 samples), and 139 

whole plant leaf N and P were calculated for these samples as the product of leaf dry weight 140 

and %N and %P, respectively.  141 

 142 

Mycorrhizal colonization estimation 143 

Fine roots from individual seedlings were collected at the time of harvest, stored in FAA 144 

(10% formaldehyde, 5% acetic acid, 50% ethanol), and transported for laboratory analyses to 145 

the National Centre for Biological Sciences, Bangalore. AMF colonization was estimated for 146 

3-18 individuals per species per treatment (median = 13) for a total of 600 samples. For 147 

estimating AMF colonization levels, we used the ink and vinegar method (Vierheilig et al. 148 

1998, 2005). Briefly, 1-2 cm pieces of the fine roots of each individual were treated with 10% 149 

KOH at 90 °C for 1 hr, washed, incubated for 15 min at 90 °C in a 5% solution of black ink 150 
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(Parker Quink, Bangalore, India) in 5% acetic acid, and then destained with distilled water 151 

acidified with 1-2 drops of acetic acid. AMF colonization was estimated using the grid line 152 

intersection method (Giovannetti & Mosse 1980). On average, ~25 intersections for each 153 

plant root sample were observed under 400× magnification, and scored for presence of 154 

arbuscules, vesicles and/or aseptate hyphae. AMF colonization was calculated as the ratio of 155 

the number of these intersections that showed AMF presence to the total number of 156 

intersections observed. Preliminary analyses using resampling based simulations suggested 157 

that our sampling effort was sufficient to arrive at accurate AMF colonization measures, with 158 

AMF colonization estimates stabilizing at ~10 total intersections observed (data not shown).  159 

 160 

Data analysis 161 

We used linear mixed effects models, with individual plants as the sampling unit, to analyse 162 

fertilization treatment and functional group effects on leaf chemistry and AMF colonization. 163 

Our objective was to identify patterns in responses at the functional group level, and host 164 

plant species identity was included as a random factor in all analyses to account for intrinsic 165 

variation in leaf chemistry and AMF colonization between plant species within functional 166 

groups.  167 

In the linear mixed effects models to assess leaf chemistry (%N, %P, N:P ratios, total 168 

foliar N and total foliar P) responses, we used nutrient treatments (Control, N addition, P 169 

addition, and N+P addition), functional group (N-fixer and non-N-fixer) and their interaction 170 

as fixed predictors. Percent N, %P, total N and total P were log transformed before the 171 

analyses to meet assumptions of normality. 172 

To assess functional group differences in AMF responses to nutrient addition, we 173 

used a generalized linear mixed effects model with binomial errors, given the non-normal 174 

nature of the data (AMF colonization data are in the form of proportions) (Bolker et al. 2009).  175 
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In a framework similar to the previous analysis, we used treatments, functional groups and 176 

their interaction as fixed predictors.  177 

We used the lme4 (ver. 1.1-11), lmerTest (ver. 2.0-30) and car (ver. 2.1-2) packages 178 

in R for the mixed effects model analyses and statistical testing of the fixed effects (Bates 179 

2010; Bates et al. 2014, Kuznetsova et al. 2015; Bates et al. 2017). We performed t-tests with 180 

Satterthwaite approximations on the degrees of freedom using the lmerTest package, and 181 

Wald chi-square tests using the car package to test the statistical significance of predictors 182 

(Bates et al. 2014, Bates et al. 2017). We also computed marginal and conditional R2 values 183 

for all our analyses using the R package piecewiseSEM (ver. 1.2.1). The marginal and 184 

conditional R2 values give an indication of the variance explained only by the fixed effects in 185 

the mixed effects models, and by the fixed and random effects together, respectively 186 

(Nakagawa and Schielzeth 2013). All analyses were carried out using R, version 3.2.4 (The R 187 

Foundation for Statistical Computing Platform, 2016). 188 

 189 

Results 190 

Marginal and conditional R2 values computed for all the analyses suggest sizeable inter-191 

species variation (Table 1). However, we found significant functional-group level differences 192 

in responses to nutrient addition for the parameters measured.  193 

 N-fixers had 59% higher foliar %N (~2.82% in N-fixers versus ~1.77% in non-N-194 

fixers), but 44% lower %P than non-N-fixers (~0.15% in N-fixers versus ~0.22% in non-N-195 

fixers) in the control treatment (Fig. 1a, b). Fertilization affected foliar nutrient 196 

concentrations and stoichiometry in the two functional groups differently (Table 2). N-fixers 197 

were remarkably stable in their foliar chemistry, and none of the nutrient treatments 198 

influenced leaf %N or %P in this functional group (Fig. 1a, b). Non-N-fixers showed 199 

increases in %N with N and N+P addition (by 22% and 19% on average, respectively; P < 200 
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0.001 and P = 0.0019, respectively), while there was no change with P addition (Fig. 1a). 201 

Interestingly, in non-N-fixers, there was a concomitant decrease in %P with N and N+P 202 

addition (by 61% and 51% on average, respectively; P < 0.001 in both cases), to levels 203 

comparable to the N-fixers, while P addition elicited no change (Fig. 1b).  204 

In the control treatment, N-fixers had higher N:P ratios compared to non-N-fixers 205 

(mean: 19.4 vs. 9.7, respectively). N:P ratio in N-fixers was not affected by any of the 206 

nutrient treatments, while in the non-N-fixers it increased to ~18.5 with N addition (P  < 207 

0.001) and to ~15.2 with N+P addition (P = 0.0026), but was unaffected by P addition (Fig. 208 

1c).  209 

Total foliar N and P in N-fixers did not differ from control levels with nutrient 210 

addition (Fig. 2a, b). Total foliar N in non-N-fixers increased significantly with N (by 114% 211 

on average) and N+P addition (by 98% on average; P < 0.001 in both cases), but not with P 212 

addition (Fig. 2a). However, total foliar P did not change with nutrient addition in the non-N-213 

fixers, suggesting redistribution of existing P into newly produced foliage when N was added 214 

(Fig. 2b).  215 

AMF colonization levels in non-N-fixers were 28% greater than N-fixers in the 216 

control treatment on average (Fig. 3). Fertilization affected AMF colonization levels in the 217 

two functional groups differently (Table 2). AMF colonization in non-N-fixers remained 218 

unchanged with N or P addition alone, but decreased by 15% on average with N+P addition 219 

(P = 0.007). In N-fixers, AMF colonization levels increased by 20% and 31.5% on average, 220 

respectively, with N and N+P addition (P = 0.007 and P < 0.001, respectively), but remained 221 

unchanged with P addition. 222 

 223 

 224 

 225 
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Discussion 226 

In this study, we experimentally tested whether seedlings of N-fixing and non-N-fixing dry 227 

forest tree species respond differently to soil N and P enrichment, given their distinct nutrient 228 

demand and acquisition strategies. We specifically focused on leaf chemistry and AMF 229 

colonization responses, given their potential to further affect nutrient and carbon cycling and 230 

storage in these ecosystems. Our results suggest that N-fixers have remarkably stable foliar 231 

chemistry and N:P stoichiometry that remains unchanged even with external input of 232 

nutrients. Unlike N-fixers, non-N-fixers responded to N addition (both N and N+P) by 233 

increasing concentrations and total amounts of foliar N, as well as N:P ratios, but showed no 234 

responses to P addition. Interestingly, with N addition (both N and N+P) non-N-fixers 235 

decreased their leaf P concentrations, while total amounts of foliar P stayed constant. AMF 236 

colonization levels decreased with N+P addition in non-N-fixers and increased with N 237 

addition (both N and N+P) in N-fixers, suggesting differences in their nutrient acquisition 238 

roles in the two plant functional groups.  239 

The remarkable stability of foliar N and P in N-fixers and comparatively greater 240 

stoichiometric flexibility in non-N-fixers suggest that foliar chemistry mediated ecosystem 241 

level consequences of nutrient deposition will be different for N-fixer dominated and non-N-242 

fixer dominated communities. This result also supports the idea that while the nature of 243 

nutrient limitation (or soil N and P availability, and plant nutrient uptake) can drive foliar 244 

stoichiometry in many cases, like in the non-N-fixers in our study (Koerselman & Meuleman 245 

1996; Aerts & Chapin 1999; Güsewell et al. 2003; Cleland & Harpole 2010; Huang et al. 246 

2012), foliar stoichiometry can be independent of nutrient availability in others, like the N-247 

fixers in our experiment (Sistla et al. 2015; Koufali et al. 2016). There is also evidence from 248 

other systems that suggest that the direction of change of foliar nutrient concentrations could 249 

be unrelated to the nature of nutrient limitation. For example, Ostertag (2010) reported an 250 
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increase in P content with nutrient addition as a consistent response across 13 plant species in 251 

Hawaiian islands, irrespective of whether N or P was limiting in the ecosystem. Functional 252 

group level differences in foliar chemistry responses that we found appear to reflect a 253 

widespread pattern: a meta-analysis of vegetation responses to N addition suggests that across 254 

the globe, foliar N concentration responses of N-fixers are associated with lower effect sizes 255 

than non-N-fixers (Xia & Wan 2008). Interestingly, studies have also reported similar 256 

stability in foliar nutrient content in other plant groups such as palms (Mayor et al. 2014).  257 

Unlike N-fixers, non-N-fixers in our experiment showed an increase in foliar N with 258 

N and N+P addition and a concomitant decrease in P concentrations. However, total foliar P 259 

content remained unchanged, suggesting a ‘dilution’ of the nutrient with increased N 260 

availability, indicative of luxury consumption of P. In other words, higher concentrations of P 261 

that we see in non-N-fixers in the absence of additional N might be indicative of P 262 

‘accumulation’ in the leaf tissue. This ‘dilution’ of P could be because the plants are limited 263 

by some other nutrient or resource other than P, such as N – biomass responses in this 264 

experiment suggest that non-N-fixers are N limited while N-fixers are co-limited by N and P 265 

(Varma et al. 2017). N-fixers showed substantial increases in total biomass (by >50%) from 266 

control levels with only N+P addition. Non-N-fixers showed similar increases from control 267 

levels in total biomass with N and N+P addition, while P addition elicited no significant 268 

change (Varma et al. 2017). A meta-analysis of responses of aquatic and terrestrial plants to 269 

fertilization reports similar evidence for dilution of P (and increasing C:P ratios) from N 270 

limited aquatic systems, where fertilization with N dilutes biomass P across tissue types 271 

(Sistla et al. 2015). Biomass C:P across studies conducted in terrestrial ecosystems also show 272 

increases with N enrichment, where the systems are co-limited by N and P, or do not have an 273 

identified limiting nutrient (Sistla et al. 2015). Limitation by resources other than nutrients, 274 

such as water, can also bring about reductions in foliar nutrient concentrations with 275 
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fertilization. For example, N and P concentrations in leaves of savanna tree species have been 276 

found to decrease with nutrient addition under an uneven water regime (i.e., under natural 277 

rainfall with uneven frequency, as opposed to a watering treatment with regular frequency 278 

that was part of the study) (Barbosa et al. 2014). Further, the effect was found to be more 279 

pronounced in broad leaved, non-N-fixing species than fine leaved, N-fixing species 280 

(Barbosa et al. 2014). Increased addition of N can also make P less available in the soil, 281 

causing a reduction in P content in the plant (Witkowski 1989).  282 

Plant functional groups in our study differed not only in foliar chemistry responses to 283 

fertilization, but in AMF colonization responses as well. Our results suggest that reduction in 284 

AMF with greater nutrient availability may not be a general rule that applies to all plants. 285 

Host plant differences in nutrient acquisition strategies and nutrient demand such as between 286 

N-fixers and non-N-fixers can result in differences in AMF responses to nutrient addition 287 

with consequences for nutrient and carbon cycling and storage in ecosystems. In our 288 

experiment, AMF colonization levels in non-N-fixers showed decreases with N+P addition, 289 

while we observed increases in AMF colonization levels in N-fixers with N and N+P addition 290 

compared to control levels. This is contrary to what one would expect based on optimal 291 

allocation theory, which suggests that plants reduce resource allocation to nutrient acquisition 292 

apparatus such as AMF with increasing soil nutrient availability (Johnson 2010; Johnson et 293 

al. 2013).  Several studies suggest that in general nutrient enrichment favours phototrophs at 294 

the expense of heterotrophs, and carbon dependent mutualists such as AMF are particularly 295 

vulnerable (Shantz et al. 2016). While evidence from earlier studies points to nutrient 296 

addition mediated decreases in AMF levels in plant roots especially in P rich soils (Antoninka 297 

et al. 2011), our results suggest that functional groups of plants might be an important factor 298 

to also consider.  299 
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Reduction in AMF colonization levels with N+P addition in non-N-fixers, and 300 

increases with N addition in N-fixers suggests that while AMF in non-N-fixers in our study 301 

may be useful for both N and P uptake, N-fixers might be relying more on AMF-mediated 302 

uptake from the soil to meet their N requirement with N addition, rather than investing in 303 

atmospheric N fixation. Atmospheric N-fixation is an energy demanding process (Vitousek et 304 

al. 2002), and with greater soil N availability, one can expect a shift in N-fixer nutrient access 305 

strategy from N fixation to uptake via structures such as AMF. Apart from increases in AMF 306 

colonization levels in N-fixers with N addition that we see in our study, significant decreases 307 

in nodulation levels in N-fixers in this experiment with N and N+P addition were also 308 

observed (Varma et al. 2017). N addition elicited a 67% reduction in nodule dry weight, 309 

while N+P addition elicited 88% declines in nodule weights when compared to levels in the 310 

control and P addition treatments (Varma et al. 2017). This supports the idea of a possible 311 

shift from N fixation to AMF-mediated soil N uptake with greater N availability. Further, 312 

there is evidence from laboratory studies – experiments with root organ cultures as well as 313 

with some intact plants – for AMF-mediated N transport to host plants, especially under 314 

conditions of extra N in the soil, and when N is in less mobile forms such as ammonium, 315 

though evidence from studies under field conditions with natural AMF communities is yet to 316 

be gathered (Hodge & Storer 2015). 317 

While the role of AMF in N transport is still unclear, studies on rhizobia-AMF 318 

interactions suggest that rhizobia and AMF colonizing the same host plants could have either 319 

facilitative or competitive interactions (Larimer et al. 2010, 2014; Lin et al. 2015). AMF 320 

colonization in legumes can improve N fixation since AMF make P, which the N-fixers have 321 

a high demand for, easier to access. Studies have also suggested that co-infection with AMF 322 

can reduce the negative effect N addition has on nodulation in N-fixers (Larimer et al. 2014). 323 

However, AMF and rhizobia can also compete for the C pool of their common host plant, 324 



14 

 

whereby increases in host plant investment in one symbiont can reduce investment in the 325 

other, which could be one possible mechanism for the increases in AMF colonization and 326 

concomitant decreases in nodulation (Varma et al. 2017) with N and N+P addition observed 327 

in this study. Alternately, increases in AMF levels could also indicate an increase in more 328 

pathogenic forms of AMF under high nutrient levels, rather than changes in plant strategy or 329 

competition between symbionts (Johnson 1993; Johnson 2010; Powers et al. 2015). Several 330 

studies have shown that nutrient addition can change the AMF species pool in the soil, both 331 

the quantum of inoculum in the soil and AMF species composition (Johnson 1993; Egerton-332 

Warburton et al. 2007; Ochoa-Hueso et al. 2013). N-fixers and non-N-fixers may also host 333 

different AMF communities, which can also potentially explain differences in AMF 334 

responses that we see (Scheublin et al. 2004, Ochoa-Hueso et al. 2013).   335 

Our study focused on N-fixer and non-N-fixer responses to fertilization at the seedling 336 

stage, but whether similar responses are likely to be observed at the adult tree stage is unclear 337 

and can depend on several other factors. For instance, adult trees capable of N fixation may 338 

not be actively fixing N in forests (Vitousek et al. 2002), since the nature of N and P 339 

limitation depends on plant age among other factors (Güsewell 2004). Further, how results in 340 

this study scale up to influence processes at the ecosystem level is also open-ended, and can 341 

be influenced by factors such as neighbourhood competition for soil resources which were 342 

not part of this study, given that we used individual plants. Greater nutrient availability can 343 

also make other factors limiting and thus influence plant responses; for instance, high nutrient 344 

conditions might make plants limited by light (and consequently carbon) as a consequence of 345 

greater shading due to increased aboveground growth of neighbouring plants, and this can 346 

affect the direction and magnitude of plant biomass allocation, stoichiometry and AMF 347 

colonization responses. Plant and AMF responses to N and P deposition can also be 348 

influenced by factors such as plant species composition of the ecosystem, the ability of N-349 
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fixing and non-N-fixing trees to modify the biochemistry of the soil patch in which they 350 

grow, land use history, disturbances such as fire, intra- and inter-annual variability in other 351 

resources such as water, and increasing atmospheric CO2 (Allison & Goldberg 2002; Matson 352 

et al. 2002; Novotny et al. 2007; Yang et al. 2011; Chimphango et al. 2015; Powers et al. 353 

2015; Varma 2016). Nevertheless, this study provides several indications of how dry forest 354 

and savanna ecosystems might respond to enhanced N and P availability. For one, our results 355 

suggest that dominant functional groups of woody plants in tropical savannas and dry forests, 356 

i.e., N-fixers and non-N-fixers, are likely to differ fundamentally in their responses to 357 

enhanced future atmospheric deposition of N and P.  Our data also suggest that savanna 358 

communities dominated by N-fixers are likely to be more ‘resistant’ to foliar chemistry 359 

induced shifts in ecosystem processes than communities dominated by non-N-fixers. Further, 360 

while stoichiometric ratios might provide a useful index for evaluating responses of some 361 

functional groups to changes in nutrient availability (e.g., non-N-fixers), they are unlikely to 362 

be a useful index in other cases (such as N-fixers, palms, etc.).  However, further 363 

experiments, including long term studies, of nutrient addition effects in tropical dry forests 364 

are needed for elucidating the individual and combined effects of several nutrients on 365 

vegetation, AMF, and carbon storage potential of these ecosystems, especially in the context 366 

of global change.  367 
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References 369 

Aerts R, Chapin FS (1999) The mineral nutrition of wild plants revisited: a re-evaluation of 370 

processes and patterns. Advances in Ecological Research 30:1–67. doi: 10.1016/S0065-371 

2504(08)60016-1. 372 



16 

 

Allison VJ, Goldberg DE (2002) Species-level versus community-level patterns of 373 

mycorrhizal dependence on phosphorus: an example of Simpson’s paradox. Functional 374 

Ecology 16:346–352. doi: 10.1046/j.1365-2435.2002.00627.x. 375 

Allison SD, Vitousek PM (2004) Rapid nutrient cycling in leaf litter from invasive plants in 376 

Hawai’i. Oecologia 141:612–619. doi: 10.1007/s00442-004-1679-z. 377 

Antoninka A, Reich PB, Johnson NC (2011) Seven years of carbon dioxide enrichment, 378 

nitrogen fertilization and plant diversity influence arbuscular mycorrhizal fungi in a 379 

grassland ecosystem. New Phytologist 192:200–214. doi: 10.1111/j.1469-380 

8137.2011.03776.x. 381 

Barbosa ERM, van Langevelde F, Tomlinson KW, Carvalheiro LG, Kirkman K, de Bie S, 382 

Prins HHT (2014) Tree species from different functional groups respond differently to 383 

environmental changes during establishment. Oecologia 174:1345–1357. doi: 384 

10.1007/s00442-013-2853-y. 385 

Bates DM (2010) lme4: Mixed-effects modeling with R. Springer, New York. 386 

Bates D, Maechler M, Bolker B, Walker S, Christensen RHB, Singmann H, Dai B, 387 

Grothendieck G, Eigen C, Rcpp L (2014) Package “lme4”. R Foundation for Statistical 388 

Computing, Vienna.   389 

Bates D, Maechler M, Bolker B, Walker S, Christensen RHB, Singmann H, Dai B, 390 

Grothendieck G, Green P (2017) Package “lme4.” R Foundation for Statistical 391 

Computing, Vienna. 392 

Bobbink R, Hicks K, Galloway J, Spranger T (2010) Global assessment of nitrogen 393 

deposition effects on terrestrial plant diversity: a synthesis. Ecological Applications 394 

20:30–59. doi: 10.1890/08-1140.1. 395 



17 

 

Bolker BM, Brooks ME, Clark CJ, Geange SW, Poulsen JR, Stevens MHH, White J-SS 396 

(2009) Generalized linear mixed models: a practical guide for ecology and evolution. 397 

Trends in Ecology & Evolution 24:127–135. doi: 10.1016/j.tree.2008.10.008. 398 

Cárate-Tandalla D, Leuschner C, Homeier J (2015) Performance of seedlings of a shade-399 

tolerant tropical tree species after moderate addition of N and P. Frontiers in Earth 400 

Science 3:75. doi: 10.3389/feart.2015.00075. 401 

Chimphango SBM, Potgieter G, Cramer MD (2015) Differentiation of the biogeochemical 402 

niches of legumes and non-legumes in the Cape Floristic Region of South Africa. Plant 403 

Ecology 216:1583–1595. doi: 10.1007/s11258-015-0542-0. 404 

Cleland EE, Harpole WS (2010) Nitrogen enrichment and plant communities. Annals of the 405 

New York Academy of Sciences 1195:46–61. doi: 10.1111/j.1749-6632.2010.05458.x. 406 

Egerton-Warburton LM, Johnson NC, Allen EB (2007) Mycorrhizal community dynamics 407 

following nitrogen fertilization: a cross site test in five grasslands. Ecological 408 

Monographs 77:527–544. doi: 10.1890/06-1772.1. 409 

Filippelli GM (2002) The global phosphorus cycle. Reviews in Mineralogy and 410 

Geochemistry 48:391–425. doi: 10.2138/rmg.2002.48.10. 411 

Galloway JN, Townsend AR, Erisman JW, Bekunda M, Cai Z, Freney JR, Martinelli LA, 412 

Seitzinger SP, Sutton MA (2008) Transformation of the nitrogen cycle: recent trends, 413 

questions, and potential solutions. Science 320:889–892. doi: 10.1126/science.1136674. 414 

Giovannetti M, Mosse B (1980) An evaluation of techniques for measuring vesicular 415 

arbuscular mycorrhizal infection in roots. New Phytologist 84:489–500. doi: 416 

10.1111/j.1469-8137.1980.tb04556.x. 417 

Güsewell S (2004) N:P ratios in terrestrial plants: variation and functional significance. New 418 

Phytologist 164:243–266. doi: 10.1111/j.1469-8137.2004.01192.x. 419 



18 

 

Güsewell S, Koerselman W, Verhoeven JT (2003) Biomass N:P ratios as indicators of 420 

nutrient limitation for plant populations in wetlands. Ecological Applications 13:372–421 

384. doi: 10.1890/1051-0761(2003)013[0372:BNRAIO]2.0.CO;2. 422 

Hodge A, Storer K (2015) Arbuscular mycorrhiza and nitrogen: implications for individual 423 

plants through to ecosystems. Plant and Soil 386:1–19. doi: 10.1007/s11104-014-2162-424 

1. 425 

Huang W, Zhou G, Liu J, Zhang D, Xu Z, Liu S (2012) Effects of elevated carbon dioxide 426 

and nitrogen addition on foliar stoichiometry of nitrogen and phosphorus of five tree 427 

species in subtropical model forest ecosystems. Environmental Pollution 168:113–120. 428 

doi: 10.1016/j.envpol.2012.04.027. 429 

Johnson NC (1993) Can fertilization of soil select less mutualistic mycorrhizae? Ecological 430 

Applications 3:749–757. doi: 10.2307/1942106. 431 

Johnson NC (2010) Resource stoichiometry elucidates the structure and function of 432 

arbuscular mycorrhizas across scales. New Phytologist 185:631–647. doi: 433 

10.1111/j.1469-8137.2009.03110.x. 434 

Johnson NC, Angelard C, Sanders IR, Kiers ET (2013) Predicting community and ecosystem 435 

outcomes of mycorrhizal responses to global change. Ecology Letters 16:140–153. doi: 436 

10.1111/ele.12085. 437 

Kodandapani N, Cochrane MA, Sukumar R (2008) A comparative analysis of spatial, 438 

temporal, and ecological characteristics of forest fires in seasonally dry tropical 439 

ecosystems in the Western Ghats, India. Forest Ecology and Management 256:607–440 

617. doi: 10.1016/j.foreco.2008.05.006. 441 

Koerselman W, Meuleman AFM (1996) The vegetation N:P ratio: a new tool to detect the 442 

nature of nutrient limitation. Journal of Applied Ecology 33:1441–1450. doi: 443 

10.2307/2404783. 444 



19 

 

Koufali E, Voulgari OK, Mamolos AP, Karanika ED, Veresoglou DS (2016) Functional 445 

groups’ performances as influenced by nitrogen, phosphorus and nodule inhibition of 446 

legumes. Journal of Plant Ecology 9:784–791. doi: 10.1093/jpe/rtw023. 447 

Kumar R, Shahabuddin G (2005) Effects of biomass extraction on vegetation structure, 448 

diversity and composition of forests in Sariska Tiger Reserve, India. Environmental 449 

Conservation 32:248. doi: 10.1017/S0376892905002316. 450 

Kuznetsova A, Brockhoff PB, Christensen RHB (2015) Package “lmerTest”. R package 451 

version, 2(0). 452 

Larimer AL, Bever JD, Clay K (2010) The interactive effects of plant microbial symbionts: a 453 

review and meta-analysis. Symbiosis 51:139–148. doi: 10.1007/s13199-010-0083-1. 454 

Larimer AL, Clay K, Bever JD (2014) Synergism and context dependency of interactions 455 

between arbuscular mycorrhizal fungi and rhizobia with a prairie legume. Ecology 456 

95:1045–1054. doi: 10.1890/13-0025.1. 457 

Lin G, McCormack ML, Guo D (2015) Arbuscular mycorrhizal fungal effects on plant 458 

competition and community structure. Journal of Ecology 103:1224–1232. doi: 459 

10.1111/1365-2745.12429. 460 

Mahowald N, Jickells TD, Baker AR, Artaxo P, Benitez-Nelson CR, Bergametti G, Bond TC, 461 

Chen Y, Cohen DD, Herut B, Kubilay N, Losno R, Luo C, Maenhaut W, McGee KA, 462 

Okin GS, Siefert RL, Tsukuda S (2008) Global distribution of atmospheric phosphorus 463 

sources, concentrations and deposition rates, and anthropogenic impacts. Global 464 

Biogeochemical Cycles 22:GB4026. doi: 10.1029/2008GB003240. 465 

Matson P, Lohse KA, Hall SJ (2002) The globalization of nitrogen deposition: consequences 466 

for terrestrial ecosystems. Ambio: A Journal of the Human Environment 31:113–119. 467 

doi: 10.1579/0044-7447-31.2.113. 468 



20 

 

Mayor JR, Wright SJ, Turner BL (2014) Species-specific responses of foliar nutrients to 469 

long-term nitrogen and phosphorus additions in a lowland tropical forest. Journal of 470 

Ecology 102:36–44. doi: 10.1111/1365-2745.12190. 471 

Nakagawa S, Schielzeth H (2013) A general and simple method for obtaining R2 from 472 

generalized linear mixed-effects models. Methods in Ecology and Evolution 4:133–473 

142. doi: 10.1111/j.2041-210x.2012.00261.x 474 

Novotny AM, Schade JD, Hobbie SE, Kay AD, Kyle M, Reich PB, Elser JJ (2007) 475 

Stoichiometric response of nitrogen-fixing and non-fixing dicots to manipulations of 476 

CO2, nitrogen, and diversity. Oecologia 151:687–696. doi: 10.1007/s00442-006-0599-477 

5. 478 

Ochoa-Hueso R, Pérez-Corona ME, Manrique E (2013) Impacts of simulated N deposition on 479 

plants and mycorrhizae from Spanish semiarid Mediterranean shrublands. Ecosystems 480 

16:838–851. doi: 10.1007/s10021-013-9655-2. 481 

Ostertag R (2010) Foliar nitrogen and phosphorus accumulation responses after fertilization: 482 

an example from nutrient-limited Hawaiian forests. Plant and Soil 334:85–98. doi: 483 

10.1007/s11104-010-0281-x. 484 

Parniske M (2008) Arbuscular mycorrhiza: the mother of plant root endosymbioses. Nature 485 

Reviews Microbiology 6:763–775. doi: 10.1038/nrmicro1987. 486 

Powers JS, Becklund KK, Gei MG, Iyengar SB, Meyer R, O’Connell CS, Schilling EM, 487 

Smith CM, Waring BG, Werden LK (2015) Nutrient addition effects on tropical dry 488 

forests: a mini-review from microbial to ecosystem scales. Frontiers in Earth Science 489 

3:34. doi: 10.3389/feart.2015.00034. 490 

Reich PB (2014) The world-wide “fast-slow” plant economics spectrum: a traits manifesto. 491 

Journal of Ecology 102:275–301. doi: 10.1111/1365-2745.12211. 492 



21 

 

Rillig MC (2004) Arbuscular mycorrhizae and terrestrial ecosystem processes. Ecology 493 

Letters 7:740–754. doi: 10.1111/j.1461-0248.2004.00620.x. 494 

Sagar R, Singh JS (2004) Local plant species depletion in a tropical dry deciduous forest of 495 

northern India. Environmental Conservation 31:55–62. doi: 496 

10.1017/S0376892904001031. 497 

Scheublin TR, Ridgway KP, Young JPW, van der Heijden MGA (2004) Nonlegumes, 498 

legumes, and root nodules harbor different arbuscular mycorrhizal fungal communities. 499 

Applied and Environmental Microbiology 70:6240–6246. doi: 500 

10.1128/AEM.70.10.6240-6246.2004. 501 

Shantz AA, Lemoine NP, Burkepile DE (2016) Nutrient loading alters the performance of 502 

key nutrient exchange mutualisms. Ecology Letters 19:20–28. doi: 10.1111/ele.12538. 503 

Sistla SA, Appling AP, Lewandowska AM, Taylor BN, Wolf AA (2015) Stoichiometric 504 

flexibility in response to fertilization along gradients of environmental and organismal 505 

nutrient richness. Oikos 124:949–959. doi: 10.1111/oik.02385. 506 

Treseder KK (2004) A meta-analysis of mycorrhizal responses to nitrogen, phosphorus, and 507 

atmospheric CO2 in field studies. New Phytologist 164:347–355. doi: 10.1111/j.1469-508 

8137.2004.01159.x. 509 

Treseder KK, Allen MF (2000) Mycorrhizal fungi have a potential role in soil carbon storage 510 

under elevated CO2 and nitrogen deposition. New Phytologist 147:189–200. doi: 511 

10.1046/j.1469-8137.2000.00690.x. 512 

Varma V (2016) Direct and indirect effects of nutrient deposition on woody vegetation 513 

dynamics of tropical dry forests. Dissertation, National Centre for Biological Sciences, 514 

Tata Institute of Fundamental Research. 515 



22 

 

Varma V, Catherin AM, Sankaran M (2017) Effects of increased N and P availability on 516 

biomass allocation and root carbohydrate reserves differ between N-fixing and non-N-517 

fixing savanna tree seedlings. bioRxiv. doi: https://doi.org/10.1101/224188 518 

Vierheilig H, Coughlan AP, Wyss U, Piche Y (1998) Ink and vinegar, a simple staining 519 

technique for arbuscular mycorrhizal fungi. Applied and Environmental Microbiology 520 

64:5004–5007. 521 

Vierheilig H, Schweiger P, Brundrett M (2005) An overview of methods for the detection and 522 

observation of arbuscular mycorrhizal fungi in roots. Physiologia Plantarum 125:393–523 

404. doi: 10.1111/j.1399-3054.2005.00564.x. 524 

Vitousek PM, Cassman K, Cleveland C, Crews T, Field CB, Grimm NB, Sprent JI (2002) 525 

Towards an ecological understanding of biological nitrogen fixation. Biogeochemistry 526 

57:1–45. doi: 10.1023/A:101579842. 527 

Vitousek PM, Porder S, Houlton BZ, Chadwick OA (2010) Terrestrial phosphorus limitation: 528 

mechanisms, implications, and nitrogen-phosphorus interactions. Ecological 529 

Applications 20:5–15. doi: 10.1890/08-0127.1. 530 

Wardle DA, Bardgett RD, Klironomos JN, Setälä H, van der Putten WH, Wall D (2004) 531 

Ecological linkages between aboveground and belowground biota. Science 304:1629–532 

1633. doi: 10.1126/science.1094875. 533 

Waters CN, Zalasiewicz J, Summerhayes C, Barnosky AD, Poirier C, Gauszka A, Cearreta 534 

A, Edgeworth M, Ellis EC, Ellis M, Jeandel C, Leinfelder R, McNeill JR, Richter D 535 

deB, Steffen W, Syvitski J, Vidas D, Wagreich M, Williams M, Zhisheng A, Grinevald 536 

J, Odada E, Oreskes N, Wolfe AP (2016) The Anthropocene is functionally and 537 

stratigraphically distinct from the Holocene. Science 351:aad2622-1-aad2622-10. doi: 538 

10.1126/science.aad2622. 539 



23 

 

Witkowski ETF (1989) Effects of nutrients on the distribution of dry mass, nitrogen and 540 

phosphorus in seedlings of Protea repens (L.) L.(Proteaceae). New Phytologist 541 

112:481–487. doi: 10.1111/j.1469-8137.1989.tb00341.x. 542 

Wright IJ, Reich PB, Westoby M, Ackerly DD (2004) The worldwide leaf economics 543 

spectrum. Nature 428:821–827. doi: 10.1038/nature02403. 544 

Xia J, Wan S (2008) Global response patterns of terrestrial plant species to nitrogen addition. 545 

New Phytologist 179:428–439. doi: 10.1111/j.1469-8137.2008.02488.x. 546 

Yang Y, Luo Y, Lu M, Schädel C, Han W (2011) Terrestrial C:N stoichiometry in response 547 

to elevated CO2 and N addition: a synthesis of two meta-analyses. Plant and Soil 548 

343:393–400. doi: 10.1007/s11104-011-0736-8. 549 

 550 

 551 

 552 

 553 

 554 

 555 

 556 

 557 

 558 

 559 

 560 

 561 

 562 

 563 

 564 



24 

 

Figure legends 565 

 566 

Fig. 1 (a) Average foliar %N (b) %P and (c) N:P ratio responses to nutrient addition in N-567 

fixers and non-N-fixers. Bars are species averages and error bars represent 1SE, predicted 568 

from their respective mixed effects models. Asterisks indicate mixed effects model output of 569 

statistically significant within functional group differences from the control (** P < 0.01, *** 570 

P < 0.001). Sample sizes for non-N-fixers = 36, 33, 36 and 32, and for N-fixers = 27, 30, 27 571 

and 24, for the Control, N, P and N+P treatments, respectively, in each of the above graphs.  572 

 573 

Fig. 2 (a) Total foliar N and (b) total foliar P responses to nutrient addition in N-fixers and 574 

non-N-fixers. Bars are species averages and error bars represent 1SE, predicted from their 575 

respective mixed effects models. Asterisks indicate mixed effects model output of statistically 576 

significant within functional group differences from the control (*** P < 0.001). Sample 577 

sizes for non-N-fixers = 31, 31, 31 and 27, and for N-fixers = 26, 27, 26 and 23, for the 578 

Control, N, P and N+P treatments, respectively, in each of the above graphs.  579 

 580 

Fig. 3 AMF colonization responses to nutrient addition in N-fixers and non-N-fixers. Bars are 581 

species averages and error bars represent 1SE, predicted from their respective mixed effects 582 

models. Asterisks indicate mixed effects model output of statistically significant within 583 

functional group differences from the control (** P < 0.01, *** P < 0.001). Sample sizes for 584 

non-N-fixers = 97, 83, 98 and 87, and for N-fixers = 62, 51, 61 and 61, for the Control, N, P 585 

and N+P treatments, respectively. 586 

 587 

 588 

 589 
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Table 1 Marginal and conditional R2 values for all the response variables analyzed using 

mixed effects models. These values give an indication of the variation explained by the fixed 

effects only, and the fixed and random effects together, respectively. AMF – Arbuscular 

mycorrhizal fungi. 

Response variable R2
marginal  R2

conditional 

Foilar N (%) 0.31 0.65 

Foliar P (%) 0.23 0.51 

Foliar N:P 0.27 0.38 

Total foliar N (g) 0.12 0.27 

Total foliar P (g) 0.10 0.16 

AMF colonization 0.005 0.08 
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Table 2 Summary of mixed effects model results of leaf chemistry and arbuscular 

mycorrhizal fungal (AMF) colonization responses to factorial N and P addition.  

Response Effect Wald chi-square df P 

Foilar N (%) Treatment 14.2992 3 0.0025 

 Functional group 10.2346 1 0.0014 

 Interaction 8.3413 3 0.039 

Foliar P (%) Treatment 57.2565 3 < 0.001 

 Functional group 2.0061 1 0.16 

 Interaction 27.2621 3 < 0.001 

Foliar N:P Treatment 30.758 3 < 0.001 

 Functional group 13.953 1 < 0.001 

 Interaction 13.179 3 0.0043 

Total foliar N (g) Treatment 27.4464 3 < 0.001 

 Functional group 0.2807 1 0.60 

 Interaction 8.4222 3 0.038 

Total foliar P (g) Treatment 1.3985 3 0.70 

 Functional group 9.6718 1 0.0019 

 Interaction 1.4220 3 0.70 

AMF colonization Treatment 2.9627 3 0.40 

 Functional group 0.1426 1 0.70 

 Interaction 35.8166 3 < 0.001 
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