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Summary 

1. Belowground microbial communities are vital to ecosystem nutrient cycling, plant health, 

and resource acquisition, yet belowground plant-soil interactions in savannas remain 

understudied, especially in their responses to environmental stressors like drought and 

nutrient limitation.   

2. Here, we evaluate if native soil microbiomes have positive or negative effects on tree 

growth and if these effects are dependent on the level of resource availability. We grew 6 

tree species from Kruger National Park, South Africa, for 8 weeks under factorial soil 

inoculant, water stress, and nitrogen limitation treatments (i.e., sterile/inoculated soils, 

droughted/non-droughted water supply, and low/high rate of nitrogen supply).  
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3. In all resource treatments, inoculated plants grew significantly more than sterile plants. 

Under low nitrogen, trees increased investment in nitrogen-fixing nodules and 

mycorrhizal associations, leading to increased mass gain. Soil inoculant was most 

beneficial in non-droughted water conditions, indicating that microbial symbiont effects 

decreased under drought.  

4. Synthesis: Belowground microbial symbionts increased savanna tree growth in limited 

resource environments and could be critical for plant growth in the field. However, 

drought substantially affected both tree growth and the effects of native soil microbes on 

tree growth, indicating that extreme droughts could create lasting consequences for both 

aboveground tree growth and belowground beneficial microbial communities.  

 

Key words: soil microbes, nitrogen, drought, nitrogen fixation, mycorrhizae, savannas, 

inoculation   
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Introduction 

Savannas are critically important ecosystems, covering 25% of the earth’s surface 

(Strömberg & Staver 2022) and accounting for 25% of global carbon uptake (Moore et al. 2016). 

Savannas are defined by the coexistence of trees and grasses, with plant community composition 

strongly shaped by resource limitation (Davies et al. 2013, Ludwig et al. 2004, February et al. 

2013b). However, while it has long been known that root symbioses and plant-soil interactions 

can help savanna vegetation overcome nutrient limitation (Högberg 1986), the influence of plant-

soil interactions in savanna ecosystems is relatively unknown, especially in response to 

environmental factors like drought or nutrient limitation. As global change accelerates shifts in 

nitrogen availability (Lamarque et al. 2013, Zhu et al. 2016, Kicklighter et al. 2019), 

hydrological cycles (Dai 2013, Kaisermann et al. 2017), and tree growth (Bond & Midgley 

2000), understanding how plant-soil feedbacks interact with the environment could be critical to 

maintaining diverse, productive savanna ecosystems.  

Plant-microbial interactions can range from positive to negative depending on 

contributions from symbionts vs. pathogens. Beneficial microbial symbionts like nitrogen-fixing 

bacteria can provide access to nitrogen while arbuscular mycorrhizal (AM) fungi can increase 

drought resistance and access to nitrogen and phosphorus (Vitousek et al. 2013, Bowles et al. 

2022), mitigating resource limitation in high-stress growth conditions (Kulmatiski et al. 2008). 

Alternatively, plants can be negatively impacted by microbial communities through pathogens 

(Comita et al. 2014, Rutten et al. 2016) or microbial competition for resources (Kaye and Hart 

1997, Reynolds et al. 2003). Additionally, resource stress may make plants even more 

susceptible to pathogens (Reynolds et al. 2003, Sinha et al. 2019) or may make mutualists more 

parasitic (Bennett and Groten 2022), with more carbon costs than benefits to the plant (Walder 
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and Heijden 2015). Inoculation experiments highlight the variability of microbial effects, ranging 

from positive to neutral to negative (Hoeksema et al. 2010, Wolf et al. 2017, Taylor and Menge 

2021) and demonstrate the variability of microbial effects on plant growth. Although nitrogen 

fixation, mycorrhizal fungi, and plant pathogens influence vegetation dynamics, the importance 

of these belowground interactions in savannas remains understudied.  

The net effects of these symbiotic vs. pathogenic plant-microbe interactions can depend 

on resource availability (Fahey et al. 2020) and environmental context (Fuchslueger et al. 2014).  

On the one hand, nitrogen fixation might be more advantageous under low nitrogen availability 

(Batterman et al. 2013) or drought (Adams et al. 2016, Gei et al. 2018, Batterman 2018), 

sometimes referred to as the “stress-gradient hypothesis” (Minucci et al. 2017, Hernandez et al. 

2021). This hypothesis has been invoked to suggest that the abundance of nitrogen-fixing 

Fabaceae species in African savannas compared to other ecosystems might reflect widespread 

nitrogen-limitation under frequent burning (Pellegrini et al. 2016) or competition from grass 

(Cramer et al. 2007, 2012). Both trees and grasses also associate with mycorrhizal fungi, whose 

degree of colonization can vary with fire frequency and herbivory intensity (Hartnett et al. 2004, 

Petipas and Brody 2014, Gonzalez et al. 2018), again perhaps reflecting some degree of resource 

limitation. Pathogen effects could exacerbate this, since pathogens (especially fungal pathogens) 

have systematically more negative impacts on plants in warm and wet conditions (Reynolds et al. 

2003), resulting in larger net positive effects of microbes in drier, harsher conditions.  

On the other hand, limited microbial activity due to decreased resource availability could 

result in less beneficial plant-microbe interactions under stressful conditions. For example, while 

fungi are generally considered more drought-tolerant than bacteria (Vries et al. 2018), plants 

highly dependent on mycorrhizal fungi during drought may have increased vulnerability because 
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of declining fungal activity that reduces the plant’s ability to obtain water (Kaisermann et al. 

2017, Johnson et al. 2010). Additionally, plants can reduce the transfer of carbon to certain 

symbionts in stressful conditions, resulting in less investment in, e.g., nitrogen acquisition under 

water limitation (Fuchslueger et al. 2014, Dovrat and Sheffer 2019). How these potential effects 

influence and interact with savanna trees and their microbial communities remains unclear.  

Here, we ask how soil microbial communities influence savanna tree responses to 

nitrogen and water stress via a greenhouse experiment with six tree species from Kruger National 

Park, South Africa under factorial nutrient, water, and soil inoculant additions. We specifically 

aim to understand if native soil microbes provide positive or negative effects to trees and if 

effects change with varying levels of resource stress. If microbial communities provide a net 

positive effect, we expect (1a) that trees in inoculated treatments should grow larger than sterile 

treatments with benefits from nitrogen-fixing bacteria and mycorrhizal fungi (Reynolds et al. 

2003, Yang et al. 2009, Bever et al. 2010, Johnson et al. 2010, Ulrich et al. 2019), even in 

resource-limited conditions. By contrast, if native microbiomes provide a net negative effect, we 

expect (1b) that trees in inoculated treatments should grow smaller than in sterile treatments due 

to pathogenic effects in resource-rich environments and microbial competition in resource-

limited environments (Kaye and Hart 1997, Reynolds et al. 2003, Rutten et al. 2016, Wolf et al. 

2017). If microbial effects change depending on different levels of resource limitation, (2a) 

resource scarcity could increase facilitative interactions between plants and microbes because 

plants and microbes rely more heavily on their symbiotic partners in stressful environmental 

conditions (Bertness and Callaway 1994, Thrall et al. 2007, Hernandez et al. 2021). 

Alternatively, (2b) the benefits of microbial symbionts might instead decrease in more resource-

limited contexts, if resource limitation increases antagonistic interactions between plants and 
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microbes competing for the same resources (Kaisermann et al. 2017, Vries et al. 2018).  

Combined, our findings should elucidate important interactions between savanna trees and their 

microbial symbionts in the context of resource limitation. 

 

Materials and Methods [Please included any details of Fieldwork permits used during this 

study, if applicable] 

Experimental Design 

 Seedlings of six tree species native to Kruger National Park, South Africa (see  

Supplementary Table 1), were grown in a fully factorial microbial inoculation (sterile vs. 

inoculated), nitrogen availability (𝑁𝐿𝑜𝑤 vs. 𝑁𝐻𝑖𝑔ℎ), and water availability (𝑊𝐿𝑜𝑤 vs. 𝑊𝐻𝑖𝑔ℎ) 

greenhouse experiment, for a total of eight treatments. Each treatment was replicated five times 

for each species, for a total of 240 pots. The experiment was run in batches by species in a 

specialized quarantine growth suite at Yale University from September-January 2023, with each 

batch receiving treatment for eight weeks before harvest. Plants were grown at 28C and 500 

mol/m2/s of light (full spectrum UV) for 12 hours a day for the duration of the experiment to 

replicate a sub-tropical growing season and continuously monitored for compliance. Sterile and 

inoculated pots were isolated on opposite sides of the chamber to minimize cross-contamination, 

but pots were rotated once a week within a side to minimize light variability. 

All treatments were initiated from sterile conditions. Tree seeds (purchased from 

Silverhill Seed Company, South Africa, in August 2022 and stored until September-October 

2022) were sterilized either with sulfuric acid (98% sulfuric acid) or bleach (3.5% sodium 

hypochlorite) (Jordaan et al. 2006, Oyebanji et al. 2009, Nasr et al. 2013) depending on seed coat 

durability (see Supplementary Table 1). Seeds were then soaked in sterile water for 24 hours to 



 7 

encourage germination and rinsed with a 1% bleach solution followed by sterile water again 

before sowing. All pots and landscaping fabric were soaked in a 50% bleach solution for at least 

30 seconds, then rinsed with a 10% and then a 1% bleach solution. All growth chamber surfaces 

were wiped down with a 50% bleach solution followed by a 70% ethanol solution. Pots and 

equipment were pre-sterilized and air-dried for 2 hours before transplant to ensure optimal 

sterility. All growing media were autoclaved (275°F for a minimum of 30 minutes), including 

potting soil for germination, Turface, and perlite. Seed germination and transplanting was 

staggered to ensure small quantities of seeds were handled to avoid potential contamination. 

After germination, seedlings were transplanted into 4-liter tree pots (Stuewe & Sons, Inc., 0.10 m 

diameter  0.35 m height) filled with Turface (All-Season Turface, SiteOne Landscaping, New 

Haven CT) for treatment. Once transplanted, soil surfaces were covered with an autoclaved 

perlite layer (~ 4 cm thick) to provide a barrier to minimize cross-contamination risk from flies, 

airflow, or water splashback. To maintain a sterile environment and ensure minimal cross-

contamination from inoculated treatments, all surfaces in the growth chamber were sterilized at 

least once a week, first with a 50% bleach solution and then 70% ethanol.  

Soils used as microbial inoculant were collected from Kruger National Park and Wits 

Rural Facility, South Africa, and were kept on ice during travel/shipment and frozen at −20C 

during storage. Soils were collected in triplicate (~30 g in each replicate, ~90-100 g per tree) 

from the base of 10 individuals of 5 tree species (Colophospermum mopane, Senegalia burkei, 

Dichrostachys cinerea, Combretum apiculatum, and Vachellia exuvialis). Before the start of the 

experiment, soil samples were sequenced with Illumina MiSeq for both 16S bacterial genes and 

ITS fungal genes to determine the microbial community compositions of the native soils, 

following the Earth Microbiome Protocol (Thompson et al. 2017). Most of the bacterial and 
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fungal sequences were classified to the genus level. Before inoculant soils were mixed in 

growing media, they were homogenized and sieved with a 1-cm mesh to remove coarse 

fragments and avoid potential nutrient gains from large rocks (Hu et al. 2018, Segnitz et al. 

2020). Our growing media, Turface (calcined, non-swelling illite clay), was mixed with 15 g of 

either sterile potting soil (for ‘sterile’ control treatments) or native South African soils (for 

‘inoculated’ treatments; the pooled homogenized samples), to minimize soil moisture and 

nutrient differences across treatments. 

To calculate water treatments, the average monthly rainfall in Kruger National Park was 

estimated during the wet season months of November to March either (1) from average monthly 

rainfall across six sites in Kruger (Punda Maria, Shingwedzi, Letaba, Satara, Skukuza, 

Pretoriuskop) across a 92-year period (1910-2002) (Zambatis 2003) or (2) from the 1991/1992 

drought across the same six sites (Zambatis and Biggs 1995). The average monthly rainfall 

during the 1991/1992 wet season drought was 40 mm per month from November-March 

(Zambatis and Biggs 1995), while the average monthly rainfall during a non-drought wet-season 

from November to March was 100 mm rainfall per month (Zambatis 2003). Monthly rainfall 

values were scaled to the pot size to obtain weekly water estimates per pot: (1) 250 mL per pot 

per week in 𝑊𝐿𝑜𝑤 treatments and (2) 625 mL per pot per week in 𝑊𝐻𝑖𝑔ℎ treatments. To obtain 

rainfall estimates that were scaled to the pot size, we calculated the volume per pot (0.0243 

m2/pot) and multiplied pot volume by monthly rainfall estimates in mm converted to L/m2. For 

example, for the drought treatment, 40 mm rainfall equals 40 L/m2 which was then multiplied by 

pot volume 0.0243 m2/pot to get 0.972 L of water per pot per month; this value was rounded to 1 

L/pot per month, or 250 mL per pot per week. Watering was spread throughout the week: (1) 𝑊𝐿𝑜𝑤 treatments were watered only twice a week; 100 mL on Tuesdays, and 150 mL (including 



 9 

fertilizer) on Fridays. (2) 𝑊𝐻𝑖𝑔ℎ treatments were watered every day of the week with 125 mL per 

day from Monday-Thursdays and then 150 mL (including fertilizer) on Fridays.  

Nitrogen treatments were designed to mimic the range of lowest and highest nitrogen 

availability in field settings observed by Ludwig et al. (2004) (𝑁𝐿𝑜𝑤: 15 mg N and  𝑁𝐻𝑖𝑔ℎ: 50 mg 

N per pot per week). Each treatment received the same stoichiometrically scaled phosphorus 

concentration of 5 mg P and the same concentrations of N- and P-free Hoagland’s nutrient 

solution, which included potassium, calcium, sulfur, magnesium and all essential plant 

micronutrients: chloride, sodium, manganese, zinc, copper, molybdenum, boron, and iron.  

 

Response Variables 

At the time of transplanting, 10 individuals of each tree species were harvested for initial 

size and biomass estimates. We recorded starting biomass, stem height, basal diameter, diameter 

at 10 cm height, root diameter, root length, wet and dry leaf stem mass, and fine root (0-2 mm) 

and coarse root (> 2 mm) dry mass. We also recorded stem height and basal diameter of all 

transplanted trees. Throughout the experiment, soil moisture was measured at three depths (2 cm, 

5 cm, 10 cm) for all trees every two weeks, both before and after watering, to ensure that soil 

moisture was consistent across the same watering treatments (with probes sterilized with 70% 

ethanol after every pot). Soil moisture remained consistent within 𝑊𝐿𝑜𝑤 or 𝑊𝐻𝑖𝑔ℎ treatments 

with slight variation across the three depths measured over the course of the experiment, 

ensuring there were no substantial water availability differences across species or treatment, with 

the 𝑊𝐿𝑜𝑤 treatment receiving 40% less water than the 𝑊𝐻𝑖𝑔ℎ treatment  (Supp. Fig. 1). Seedlings 

were harvested after 8 weeks, when we recorded stem height, basal diameter, diameter at 10 cm, 

root diameter, root length, and wet and dry leaf, stem, coarse root, fine root, and nodule biomass. 
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To calculate mass gain, we subtracted final total dry weights from the averaged total dry weight 

of the 10 seedlings harvested at the start of the experiment. Allometric equations were not used 

since all seedlings were small and similar in size at transplant, immediately after germination.  

Additionally, fine root samples were collected from each seedling and stored at 4C in 

95% ethanol for mycorrhizal colonization analyses. Ten intersections of mycorrhizal 

colonization were taken per species per treatment (2 roots per individual tree). Roots were 

pooled by species and treatment, soaked in deionized water, and rinsed three times to remove 

ethanol. Roots were cut into 1-cm sections, cooked at 70C in 10% KOH for 2-6 hours, acidified 

with 1% HCl, and stained with a 0.05% trypan blue solution for 15 minutes. Roots were de-

stained in a lactic acid glycerol solution overnight (Wurzburger and Wright 2015). Root sections 

were mounted on microscope slides and the number of mycorrhizal structures (arbuscules, 

vesicles, and hyphae) were quantified with a compound microscope using a random-intercept 

method (McGonigle et al. 1990). Mycorrhizal colonization was calculated as the percentage of 

mycorrhizal density colonized with arbuscules, vesicles, and hyphae by fine-root length 

(Wurzburger and Wright 2015). Neither nodulation nor mycorrhizal colonization was observed 

in ‘sterile’ treatments, whereas both were abundant in ‘inoculation’ treatments, which confirms 

that treatments worked as intended. 

 

Statistical Analyses 

 All statistical analyses were conducted in R (R Core Team 2021) using linear mixed-

effects models (LMMs) to test the effects of soil and resource treatments. Variables of interest 

were tree mass gain, root-to-shoot ratio, mass fraction of stem, leaf, coarse root, fine root, nodule 

biomass, and mycorrhizal colonization in interaction with soil treatment, nitrogen treatment, 



 11 

water treatment, and nodulation status with tree species as random effects. Model selection was 

done via AIC, with the best model selected as the simplest model within AIC < 2 of the overall 

minimum AIC. Linear mixed-effects models were run in lme4 (Bates et al. 2015) and figures in 

ggplot2 (Wickham 2016). All pairwise comparisons were calculated using the emmeans and cld 

functions from emmeans and multcomp packages, respectively (Lenth et al. 2018, Hothorn et al. 

2008).  

Species nodulation status and plant family were not included in the best fit models for 

plant growth and allocation (Supplementary Table 2), either because of confounding factors or 

because of low replication. The response variables included in best fit models for plant growth 

and allocation included inoculation treatment, nitrogen treatment, and water treatment. 

Colophospermum mopane may be a nitrogen fixer although it is not capable of forming nodules 

(Jordaan et al. 2000, Burbano et al. 2015), potentially confounding the significance of nodulation 

status. Alternatively, because 5 out of the 6 species in the experiment were Fabaceae species 

(Fig. 4), our study may not have enough replicates to determine if there were significant 

phylogenetic differences between families. Additionally, although non-Fabaceae savanna tree 

species may not fix nitrogen, they may gain substantial benefits from mycorrhizal fungi. 

 

Results 

Soil inoculation consistently increased mass gain (Fig. 1a, p <0.001, n = 240, df = 227) 

across all species and resource treatments. The effect size of native soil inoculant was larger than 

nitrogen or water addition (Supplementary Table 2), indicating that soil microbes improved 

growth more than increased nitrogen or water availability. Soil inoculation also interacted with 

nitrogen and water treatments, such that trees grew faster when inoculated under high nitrogen 
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and water (Fig. 1a-d, p < 0.001, n = 30, df = 227). In sum, soil microbes were beneficial in all 

resource environments but especially so when resources were abundant.  

While soil inoculation was the strongest predictor of mass gain, mass gain also increased 

in response to added nitrogen (Fig. 1b, 1c, p < 0.001, n = 120, df = 227) and to a lesser extent 

with added water (Fig. 1c, p < 0.001, n = 120, df = 227). Trees increased their root-to-shoot 

ratios, root mass fractions, and fine root mass fractions in drought treatments (Fig. 2a-c, p < 

0.001, n = 120, df = 233). Nitrogen addition and soil inoculation had limited effects on biomass 

allocation except that stem mass fraction increased with increased nitrogen (Supplementary 

Table 2, p < 0.001, n = 120, df = 233) and coarse root mass fraction increased when trees were 

grown without their microbes (Supplementary Table 2, p < 0.001, n = 120, df = 233).  

 Investment in microbial symbionts – measured by nodule biomass and mycorrhizal 

colonization – varied with nitrogen and water treatments (Fig. 3a-b, p < 0.001, n = 120, df = 

112). Nodule biomass increased in 𝑁𝐿𝑜𝑤 treatments (Fig. 3a, p < 0.001, n = 120, df = 122), 

consistent with the hypothesis that nitrogen fixation is most beneficial when nitrogen is limiting, 

although trees still produced nodules even in 𝑁𝐻𝑖𝑔ℎ treatments (Fig. 3a, p < 0.001, n = 60, df = 

112). Nodulation increased with water addition (Fig. 3a, p < 0.001, n = 60, df = 112).  

Mycorrhizal colonization followed similar patterns. Rates of colonization increased in 𝑁𝐿𝑜𝑤 treatments (Fig. 3b, p = 0.01, n = 60, df = 112) and also increased in 𝑊𝐻𝑖𝑔ℎ treatments 

(Fig. 3b, p = 0.001, n = 60, df = 112). Interestingly, both nodulation and mycorrhizal 

colonization rates were lowest in the 𝑁𝐻𝑖𝑔ℎ, 𝑊𝐿𝑜𝑤 treatment (Fig. 3a-b). Mass gain was 

significantly correlated with both nodule biomass and mycorrhizal colonization (Supp. Fig. 2a-b, 

p < 0.001, n = 240, df = 227), suggesting that soil microbes helped buffer against drought and 

nutrient limitation. 
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 Soils contained a diversity of bacteria that may influence plant growth. DNA analysis 

showed that nitrogen-fixing bacteria, arbuscular mycorrhizal fungi, ectomycorrhizal fungi, 

pathogenic fungi, and pathogenic bacteria were all present in the native soils used for inoculum 

(Supplementary Table 5). Interestingly, nitrogen-fixing bacteria from the genus Frankia (which 

forms associations with actinorhizal plants) (Chaia et al. 2010) and Herbaspirillum (which forms 

associations in rice and maize stems, leaves, and roots) (Elbeltagy et al. 2001, Alves et al. 2015) 

were also present in native soils.  

 

Discussion 

We conducted a greenhouse experiment to test if native soil microbial communities 

provided (1a) net positive or (1b) net negative effects on savanna tree growth in response to 

nitrogen and water stress and to determine (2a) if beneficial symbiotic effects increased because 

microbial symbionts are more beneficial in more resource-limited treatments (Bertness and 

Callaway 1994, Hernandez et al. 2021) or (2b) if lower nitrogen and water treatments increased 

antagonistic effects of microbial symbionts because of resource stress and limitation 

(Kaisermann et al. 2017, Vries et al. 2018). Soil microbes increased tree growth and buffered 

resource limitation in all treatments, consistent with hypothesis 1a. Trees invested more in 

nitrogen-fixing and mycorrhizal associations in low nitrogen treatments (hypothesis 2a) but less 

in dry than in wet treatments (hypothesis 2b).  

 Soil microbes increased plant mass gain, even in stressful conditions, highlighting their 

importance in buffering plants against resource limitation. Our results are consistent with a 

variety of studies showing that native microbial mutualists support plants in drought and 

nutrient-limited conditions (Kumar and Verma 2018, Averill et al. 2019, Ulrich et al. 2019, 
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David et al. 2020). Additionally, we saw no indication of negative effects of microbial inoculants 

in our experiment, though other experiments have reported negative plant-soil feedbacks in 

savanna trees (Rutten et al. 2016). Compared to sterile soil, soil with both mutualists and 

potential pathogens could still confer an overall competitive advantage in savanna trees.  

 Surprisingly, given the aridity of many savanna systems, trees increased growth more 

with added nitrogen than with water addition. While water is vital for overall plant function and 

strongly structures savanna plant communities (Case & Staver 2018), our results are consistent 

with other studies that suggest that biomass accumulation is heavily dependent on nitrogen 

availability because of its vital role in the formation of chlorophyll, proteins, nucleic acids, and 

cell walls (Krapp 2015, Lambers and Oliveira 2019). The importance of nitrogen is underscored 

by the fact that all tree species capable of nitrogen fixation in our experiment nodulated when 

grown with their microbial symbionts, irrespective of nitrogen and water treatment. However, 

nodule biomass was higher in low-nitrogen and high-water treatments. This suggests that 

nitrogen acquisition via fixation may be generally important for savanna trees but that the 

amount of nitrogen fixed may depend on environmental context at the seedling-to-sapling stage. 

Nitrogen-fixing Fabaceae species comprise a large percentage of tree species in African savannas 

(Midgley and Bond 2001, Pellegrini et al. 2016), and global studies suggest rates of fixation in 

savannas are high (Cleveland et al. 1999, Houlton et al. 2008). Despite this, nodulation and 

nitrogen fixation rates in savannas remain largely unknown due to a lack of empirical studies, 

especially in African savannas. Therefore, our results suggest fixed nitrogen may be a vital 

component of nutrient acquisition and microbial investment for savanna trees, with downstream 

impacts on plant growth and resource competition between trees and grasses. If young saplings 

invested in nodules readily in our resource-limited conditions without grass competition, it is 
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likely that young trees invest in nitrogen-fixing bacteria nodules to fix nitrogen in the field to 

minimize grass competition for resources (Cramer et al. 2007, 2010), at a life stage where tree-

grass rooting zones overlap substantially and resource competition is more severe for saplings 

(February and Higgins 2010, February et al. 2013a).  

Although nodulation status and plant family did not influence mass gain, it is possible 

Fabaceae trees are abundant in savannas because of their ability to utilize their microbial 

symbionts and minimize resource limitation (Midgley and Bond 2001, Cramer et al. 2007). 

While there were minimal species differences in the effects of inoculation, it was notable that 

Dichrostachys cinerea significantly increased mass gain when grown with inoculants, as D. 

cinerea is a problematic woody encroacher (Utaile et al. 2021, Zhou et al. 2021). D. cinerea’s 

improved growth with microbial inoculants is consistent with the observation that many invasive 

species are nitrogen fixers (Stinca et al. 2015, Raghurama and Sankaran 2022). Lastly, two 

nitrogen-fixing bacteria that are known to form associations with non-Fabaceae species were 

found in sequenced native soils (Frankia and Herbaspirillum). Many of these microbial 

symbionts have not been studied in African savannas but require further study (Burbano et al. 

2015), especially as our results suggest soil microbes are important to savanna tree growth.  

Water limitation strongly influenced tree rooting strategies and symbiotic relationships, 

increasing tree root investment but limiting nodulation and mycorrhizal colonization in 

droughted conditions. Trees varied their allocation responses to water more than to nitrogen 

regardless of inoculation status, suggesting that they may rely less on their microbial symbionts 

to mitigate the effects of drought stress. In field conditions, trees may mitigate water stress by 

allocating roots to deeper soil layers. Therefore, trees can dynamically respond to water 

limitation without their microbial symbionts but are more reliant on microbial symbionts for 
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nutrient acquisition. However, microbial investment was water-limited, likely because trees 

allocated more carbon to their symbionts when water was plentiful (Bardgett et al. 2008, 

Fuchslueger et al. 2014). 

Generally, we found symbiotic microbial investment increased in low-nitrogen treatments 

and as water availability increased, indicating microbes were water-limited. We saw no increase 

in antagonistic or pathogenic interactions as resources became more available, a result generally 

consistent with the Stress Gradient Hypothesis (David et al. 2020). In fact, microbes continued to 

become more beneficial as resources – especially water – became more available, suggesting 

belowground facilitation is common but restricted by limited resources. While microbial 

symbionts were most important for nitrogen acquisition, it is also possible mycorrhizal fungi 

could provide increased drought resistance in field settings through extensive hyphal networks, 

which are challenging to establish in a greenhouse setting (Worchel et al. 2013).  

Although trees consistently benefitted from growing with native microbes, soil inoculants 

were least beneficial in dry, high nitrogen treatments (Fig. 1d, 3a-b), likely because microbial 

investment was less vital due to already available nutrients and because either water limitation 

prevented tree investment in microbes or constrained microbial activity (Schimel 2018). These 

dry, high nitrogen conditions may become more prevalent in the future as both drought and 

nitrogen deposition are predicted to increase (Lamarque et al. 2013), potentially making savanna 

tree microbial symbionts less beneficial. Other studies have shown that climate extremes like 

drought can have substantial impacts on soil microbial communities with consequences for 

ecosystem processes and plant community dynamics (Kaisermann et al. 2017, Vries et al. 2018). 

Drought induces microbial community compositional changes and decreases the abundance and 

activity of beneficial microbes (Cavagnaro et al. 2016). Our findings suggest that water 
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limitation can decrease symbiotic associations, potentially decreasing the abundance of 

beneficial microbes due to increased plant stress and less available carbon to allocate towards 

their beneficial symbionts (Cavagnaro et al. 2016, Vries et al. 2018). Therefore, extreme 

droughts may negatively impact microbial symbionts either directly or through their plant 

symbionts, decreasing their ability to relieve drought stress for trees and resulting in lasting 

consequences of extreme drought events for savanna trees (Fensham et al. 2009, 2015, Case et 

al. 2019). 

 In conclusion, our study shows that plant-soil interactions support savanna tree growth. 

Soil microbes like nitrogen-fixing bacteria and mycorrhizal fungi provided substantial 

belowground facilitation by providing trees increased access to nitrogen and buffering against 

both water and nitrogen limitation. However, savanna trees and microbial symbionts experienced 

water limitation in drought conditions, suggesting trees and their microbial symbionts are 

sensitive to climate extremes, which could alter microbial community composition and create 

lasting impacts on savanna vegetation in the future.  

 

 

Data Availability Statement [Please update with Dryad DOI and citation] 

All data is published and made freely available and is archived on Dryad (upon acceptance of the 

manuscript). 

 

Acknowledgements 

We are grateful for the logistical support provided by Marsh Botanical Gardens at Yale 

University and the USDA, including Chris Bolick and Eric Chamberlain. We thank Dr. Wayne 

Twine at Wits Rural and Elijan Masango for logistical support for soil collection and Silverhill 

Seed Company for seed collection. We thank members of the Staver and Batterman labs for 

helpful feedback.  



 18 

 

Author contributions 

Arielle Biro and A. Carla Staver designed this study in conversation with Sarah A. Batterman. 

Arielle Biro conducted greenhouse set up, germination, fertilization, and plant care over the 

course of the experiment and greenhouse harvesting and data collection. Jane M. Lucas assisted 

Arielle Biro in DNA sequencing and Michelle Y. Wong assisted Arielle Biro with mycorrhizal 

staining. Arielle Biro and A. Carla Staver performed statistical analyses and wrote the 

manuscript with extensive feedback from all authors.  

 

Conflict of Interest Statement 

  



 19 

References 
 

Adams, A.A., Turnbull, T.L., Sprent, J.I., N. Buchmann. Legumes are different: Leaf nitrogen, 
photosynthesis, and water use efficiency. 2016. https://doi.org/10.1073/pnas.1523936113  

Aguilar-Marcelino, L., P. Mendoza-de-Gives, L. K. T. Al-Ani, M. E. López-Arellano, O. 
Gómez-Rodríguez, E. Villar-Luna, and D. E. Reyes-Guerrero. 2020. Molecular Aspects of 
Plant Beneficial Microbes in Agriculture:333–349. 

Alves, G. C., S. S. Videira, S. Urquiaga, and V. M. Reis. 2015. Differential plant growth 
promotion and nitrogen fixation in two genotypes of maize by several Herbaspirillum 
inoculants. Plant and Soil 387:307–321. 

Averill, C., J. M. Bhatnagar, M. C. Dietze, W. D. Pearse, and S. N. Kivlin. 2019. Global imprint 
of mycorrhizal fungi on whole-plant nutrient economics. Proceedings of the National 
Academy of Sciences:201906655. 

Bardgett, R. D., C. Freeman, and N. J. Ostle. 2008. Microbial contributions to climate change 
through carbon cycle feedbacks. The ISME Journal 2:805–814. 

Batterman, S. A., N. Wurzburger, and L. O. Hedin. 2013. Nitrogen and phosphorus interact to 
control tropical symbiotic N2 fixation: a test in Inga punctata. Journal of Ecology 101:1400–
1408. 

Batterman, S.A. Fixing tropical forests. Nat Ecol Evol 2, 1059-1060 (2018). 
https://doi.org/10/1038/s41559-018-0583-6  

Bennett, A. E., and K. Groten. 2022. The Costs and Benefits of Plant–Arbuscular Mycorrhizal 
Fungal Interactions. Annual Review of Plant Biology 73:649–672. 

Bertness, M. D., and R. Callaway. 1994. Positive interactions in communities. Trends in Ecology 
& Evolution 9:191–193. 

Bever, J. D., I. A. Dickie, E. Facelli, J. M. Facelli, J. Klironomos, M. Moora, M. C. Rillig, W. D. 
Stock, M. Tibbett, and M. Zobel. 2010. Rooting theories of plant community ecology in 
microbial interactions. Trends in Ecology & Evolution 25:468–478. 

Bowles, A. M. C., J. Paps, and U. Bechtold. 2022. Water‐related innovations in land plants 
evolved by different patterns of gene cooption and novelty. New Phytologist 235:732–742. 

Burbano, C., J. Grönemeyer, T. Hurek, and B. Reinhold-Hurek. 2015. Microbial community 
structure and functional diversity of nitrogen-fixing bacteria associated with 
Colophospermum mopane. FEMS Microbiology Ecology 91:fiv030. 

Cairney, J. W. G. 2000. Evolution of mycorrhiza systems. Naturwissenschaften 87:467–475. 

https://doi.org/10.1073/pnas.1523936113
https://doi.org/10/1038/s41559-018-0583-6


 20 

Case, M. F., C. Wigley‐Coetsee, N. Nzima, P. F. Scogings, and A. C. Staver. 2019. Severe 
drought limits trees in a semi‐arid savanna. Ecology 100:e02842. 

Castillo, D. M., and T. E. Pawlowska. 2010. Molecular Evolution in Bacterial Endosymbionts of 
Fungi. Molecular Biology and Evolution 27:622–636. 

Cavagnaro, T. R., S. C. Cunningham, and S. Fitzpatrick. 2016. Pastures to woodlands: changes 
in soil microbial communities and carbon following reforestation. Applied Soil Ecology 
107:24–32. 

Chaia, E. E., L. G. Wall, and K. Huss-Danell. 2010. Life in soil by the actinorhizal root nodule 
endophyte Frankia. A review. Symbiosis 51:201–226. 

Clasen, B. E., A. de O. Silveira, D. B. Baldoni, D. F. Montagner, R. J. S. Jacques, and Z. I. 
Antoniolli. 2017. Characterization of Ectomycorrhizal species through molecular biology 
tools and morphotyping. Scientia Agricola 75:246–254. 

Cleveland, C.C., T. A.R., S. D.S., H. Fisher, H. R.W., H. L.O., P. S.S., L. E.F., V. J.C., A. 
Elseroad, and M. F. and Wasson. 1999. Global patterns of terrestrial biological nitrogen 
fixation in natural systems. 

Comita, L. S., S. A. Queenborough, S. J. Murphy, J. L. Eck, K. Xu, M. Krishnadas, N. Beckman, 
and Y. Zhu. 2014. Testing predictions of the Janzen–Connell hypothesis: a meta‐analysis of 
experimental evidence for distance‐ and density‐dependent seed and seedling survival. 
Journal of Ecology 102:845–856. 

Cramer, M. D., A. Cauter, and W. J. Bond. 2010. Growth of N2‐fixing African savanna Acacia 
species is constrained by below‐ground competition with grass. Journal of Ecology 98:156–
167. 

Cramer, M. D., S. B. M. Chimphango, A. van Cauter, M. S. Waldram, and W. J. Bond. 2007. 
Grass competition induces N2 fixation in some species of African Acacia. Journal of Ecology 
95:1123–1133. 

Cramer, M. D., J. L. Wakeling, and W. J. Bond. 2012. Belowground competitive suppression of 
seedling growth by grass in an African savanna. Plant Ecology 213:1655–1666. 

Dai, A. 2013. Increasing drought under global warming in observations and models. Nature 
Climate Change 3:52–58. 

David, A. S., K. B. Thapa‐Magar, E. S. Menges, C. A. Searcy, and M. E. Afkhami. 2020. Do 
plant–microbe interactions support the Stress Gradient Hypothesis? Ecology 101:e03081. 

Davies, T.J., Wolkovich, E.M., Kraft, N.J.B.n Salamin, N., Allen, J.M., Ault, T.R., Betancourt, 
J.L., Blomgren, K., Cleland, E.E., Cook, B.I., Crimmins, T.M., Mazer, S.J., McCabe, G.J., 



 21 

Pau, S., Regetz, K., Schwarts, M.D., and Travers, S.E. 2013. Phylogenetic conservatism in 
plant phenology. J. Ecol, 101: 1520-1530. https://doi.org/10.1111/1365-2745.12154   

Doehlemann, G., B. Ökmen, W. Zhu, and A. Sharon. 2016. Plant Pathogenic Fungi. 
Microbiology Spectrum 5:FUNK-0023-2016. 

Dovrat, G., and E. Sheffer. 2019. Symbiotic dinitrogen fixation is seasonal and strongly 
regulated in water‐limited environments. New Phytologist 221:1866–1877. 

Elbeltagy, A., K. Nishioka, T. Sato, H. Suzuki, B. Ye, T. Hamada, T. Isawa, H. Mitsui, and K. 
Minamisawa. 2001. Endophytic Colonization and In Planta Nitrogen Fixation by a 
Herbaspirillum sp. Isolated from Wild Rice Species. Applied and Environmental 
Microbiology 67:5285–5293. 

Fahey, C., A. Koyama, P. M. Antunes, K. Dunfield, and S. L. Flory. 2020. Plant communities 
mediate the interactive effects of invasion and drought on soil microbial communities. The 
ISME Journal 14:1396–1409. 

February, E. C., G. D. Cook, and A. E. Richards. 2013a. Root dynamics influence tree–grass 
coexistence in an Australian savanna. Austral Ecology 38:66–75. 

February, E. C., and S. I. Higgins. 2010. The distribution of tree and grass roots in savannas in 
relation to soil nitrogen and water. South African Journal of Botany 76:517–523. 

February, E. C., S. I. Higgins, W. J. Bond, and L. Swemmer. 2013b. Influence of competition 
and rainfall manipulation on the growth responses of savanna trees and grasses. Ecology 
94:1155–1164. 

Fensham, R. J., R. J. Fairfax, and D. P. Ward. 2009. Drought‐induced tree death in savanna. 
Global Change Biology 15:380–387. 

Fensham, R. J., J. Fraser, H. J. MacDermott, and J. Firn. 2015. Dominant tree species are at risk 
from exaggerated drought under climate change. Global Change Biology 21:3777–3785. 

Fuchslueger, L., M. Bahn, K. Fritz, R. Hasibeder, and A. Richter. 2014. Experimental drought 
reduces the transfer of recently fixed plant carbon to soil microbes and alters the bacterial 
community composition in a mountain meadow. New Phytologist 201:916–927. 

Gei, M., Rozendaal, D.M.A., Poorter, L. et al. Legume abundance along successional and rainfall 
gradients in Neotropical forests. Nat Ecol Evol 2, 1104-1111 (2018). 
https://doi.org/10.1038/s41559-018-0559-6  

Gonzalez, J. B., R. H. Pepitas, O. Franken, E. T. Kiers, K. E. Veblem, and A. K. Brody. 2018. 
Herbivore removal reduces influence of arbuscular mycorrhizal fungi on plant growth and 
tolerance in an East African savanna. Oecologia 187:123–133. 

https://doi.org/10.1111/1365-2745.12154
https://doi.org/10.1038/s41559-018-0559-6


 22 

Hartnett, D. C., A. F. Potgieter, and G. W. Wilson. 2004. Fire effects on mycorrhizal symbiosis 
and root system architecture in southern African savanna grasses. African Journal of Ecology 
42:328–337. 

Heijden, M. G. A., F. M. Martin, M. Selosse, and I. R. Sanders. 2015. Mycorrhizal ecology and 
evolution: the past, the present, and the future. New Phytologist 205:1406–1423. 

Hernandez, D. J., A. S. David, E. S. Menges, C. A. Searcy, and M. E. Afkhami. 2021. 
Environmental stress destabilizes microbial networks. The ISME Journal 15:1722–1734. 

Hoeksema, J. D., V. B. Chaudhary, C. A. Gehring, N. C. Johnson, J. Karst, R. T. Koide, A. 
Pringle, C. Zabinski, J. D. Bever, J. C. Moore, G. W. T. Wilson, J. N. Klironomos, and J. 
Umbanhowar. 2010. A meta‐analysis of context‐dependency in plant response to inoculation 
with mycorrhizal fungi. Ecology Letters 13:394–407. 

Högberg, P. 1986. Nitrogen-fixation and nutrient relations in savanna woodland trees (Tanzania). 
Journal of Applied Ecology 23:675–688. 

Houlton, B. Z., Y.-P. Wang, P. M. Vitousek, and C. B. Field. 2008. A unifying framework for 
dinitrogen fixation in the terrestrial biosphere. Nature 454:327–330. 

Hu, L., C. A. M. Robert, S. Cadot, X. Zhang, M. Ye, B. Li, D. Manzo, N. Chervet, T. Steinger, 
M. G. A. van der Heijden, K. Schlaeppi, and M. Erb. 2018. Root exudate metabolites drive 
plant-soil feedbacks on growth and defense by shaping the rhizosphere microbiota. Nature 
Communications 9:2738. 

Johnson, N. C., G. W. T. Wilson, M. A. Bowker, J. A. Wilson, and R. M. Miller. 2010. Resource 
limitation is a driver of local adaptation in mycorrhizal symbioses. Proceedings of the 
National Academy of Sciences 107:2093–2098. 

Jordaan, A., H. J. du Plessis, and D. C. J. Wessels. 2000. Roots of Colophospermum mopane. 
Are they infected by rhizobia? South African Journal of Botany 66:128–130. 

Jordaan, A., J. Taylor, and R.-R. of Botany. 2006. Occurrence and possible role of endophytic 
fungi associated with seed pods of Colophospermum mopane (Fabaceae) in Botswana. 

Kaisermann, A., F. T. Vries, R. I. Griffiths, and R. D. Bardgett. 2017. Legacy effects of drought 
on plant–soil feedbacks and plant–plant interactions. New Phytologist 215:1413–1424. 

Kaye, J. P., and S. C. Hart. 1997. Competition for nitrogen between plants and soil 
microorganisms. Trends in Ecology & Evolution 12:139–143. 

Kicklighter, D. W., J. M. Melillo, E. Monier, A. P. Sokolov, and Q. Zhuang. 2019. Future 
nitrogen availability and its effect on carbon sequestration in Northern Eurasia. Nature 
Communications 10:3024. 



 23 

Klironomos, J. N. 2002. Feedback with soil biota contributes to plant rarity and invasiveness in 
communities. Nature 417:67–70. 

Krapp, A. 2015. Plant nitrogen assimilation and its regulation: a complex puzzle with missing 
pieces. Current Opinion in Plant Biology 25:115–122. 

Kulmatiski, A., K. H. Beard, J. R. Stevens, and S. M. Cobbold. 2008. Plant–soil feedbacks: a 
meta‐analytical review. Ecology Letters 11:980–992. 

Kumar, A., and J. P. Verma. 2018. Does plant—Microbe interaction confer stress tolerance in 
plants: A review? Microbiological Research 207:41–52. 

Lamarque, J.-F., F. Dentener, J. McConnell, C.-U. Ro, M. Shaw, R. Vet, D. Bergmann, P. 
Cameron-Smith, S. Dalsoren, R. Doherty, G. Faluvegi, S. J. Ghan, B. Josse, Y. H. Lee, I. A. 
MacKenzie, D. Plummer, D. T. Shindell, R. B. Skeie, D. S. Stevenson, S. Strode, G. Zeng, M. 
Curran, D. Dahl-Jensen, S. Das, D. Fritzsche, and M. Nolan. 2013. Multi-model mean 
nitrogen and sulfur deposition from the Atmospheric Chemistry and Climate Model 
Intercomparison Project (ACCMIP): evaluation of historical and projected future changes. 
Atmospheric Chemistry and Physics 13:7997–8018. 

Lambers, H., and R. S. Oliveira. 2019. Plant water relations. Plant Physiological Ecology:187–
263. 

Ludwig, F., H. de Kroon, F. Berendse, and H. H. T. Prins. 2004. The influence of savanna trees 
on nutrient, water and light availability and the understorey vegetation. Plant Ecology:93–
105. 

McGonigle, T. P., M. H. Miller, D. G. Evans, G. L. Fairchild, and J. A. Swan. 1990. A new 
method which gives an objective measure of colonization of roots by vesicular—arbuscular 
mycorrhizal fungi. New Phytologist 115:495–501. 

Midgley, J. J., and W. J. Bond. 2001. A synthesis of the demography of African acacias. Journal 
of Tropical Ecology 17:871–886. 

Mills, K. E., and J. D. Bever. 1998. Maintenance of diversity within plant communities: soil 
pathogens as agents of negative feedback. Ecology 79:1595–1601. 

Minucci, J. M., C. Miniat, R. O. Teskey, and N. Wurzburger. 2017. Tolerance or avoidance: 
drought frequency determines the response of an N2‐fixing tree. New Phytologist 215:434–
442. 

Moore, C.E., Beringer, J., Evans, B., Hutley, L.B., McHugh, I., and Tapper, N.J.: The 
contribution of trees and grasses to productivity of an Australian tropical savanna. 
Biogeosciences, 13, 2387-2403, https://doi.org/10.5194/bg-13-2387-2016, 2016.  

https://doi.org/10.5194/bg-13-2387-2016


 24 

Nasr, S. M. H., S. K. Savadkoohi, and E. Ahmadi. 2013. Effect of different seed treatments on 
dormancy breaking and germination in three species in arid and semi-arid lands. Forest 
Science and Practice 15:130–136. 

Oyebanji, O. B., O. Nweke, O. Odebunmi, N. B. Galadima, M. S. Idris, U. N. Nnodi, A. S. 
Afolabi, and G. H. Ogbadu. 2009. Simple, effective, and economical explant-surface 
sterilization protocol for cowpea, rice and sorghum seeds. African Journal of Biotechnology 
20:5395–5399. 

Pellegrini, A. F., C. A. Staver, L. O. Hedin, T. Charles‐Dominique, and A. Tourgee. 2016. 
Aridity, not fire, favors nitrogen‐fixing plants across tropical savanna and forest biomes. 
Ecology 97:2177–2183. 

Petipas, R. H., and A. K. Brody. 2014. Termites and ungulates affect arbuscular mycorrhizal 
richness and infectivity in a semiarid savanna. Botany 92:233–240. 

Raghurama, M., and M. Sankaran. 2022. Invasive nitrogen-fixing plants increase nitrogen 
availability and cycling rates in a montane tropical grassland. Plant Ecology 223:13–26. 

Reynolds, H. L., A. Packer, J. D. Bever, and K. Clay. 2003. Grassroots Ecology: Plant-microbe-
soil interactions as drivers of plant community structure and dynamics. Ecology 84:2281–
2291. 

Rutten, G., D. Prati, A. Hemp, and M. Fischer. 2016. Plant–soil feedback in East‐African 
savanna trees. Ecology 97:294–301. 

Schimel, J. P. 2018. Life in Dry Soils: Effects of Drought on Soil Microbial Communities and 
Processes. Annual Review of Ecology, Evolution, and Systematics 49:1–24. 

Segnitz, R. M., S. E. Russo, S. J. Davies, and K. G. Peay. 2020. Ectomycorrhizal fungi drive 
positive phylogenetic plant–soil feedbacks in a regionally dominant tropical plant family. 
Ecology 101:e03083. 

Sepp, S.-K., M. Vasar, J. Davison, J. Oja, S. Anslan, S. Al-Quraishy, M. Bahram, C. G. Bueno, 
J. J. Cantero, E. C. Fabiano, G. Decocq, R. Drenkhan, L. Fraser, R. G. Oriel, I. Hiiesalu, K. 
Koorem, U. Kõljalg, M. Moora, L. Mucina, M. Öpik, S. Põlme, M. Pärtel, C. Phosri, M. 
Semchenko, T. Vahter, A. M. V. Palacios, L. Tedersoo, and M. Zobel. 2023. Global diversity 
and distribution of nitrogen-fixing bacteria in the soil. Frontiers in Plant Science 14:1100235. 

Sinha, R., V. Irulappan, B. Mohan-Raju, A. Suganthi, and M. Senthil-Kumar. 2019. Impact of 
drought stress on simultaneously occurring pathogen infection in field-grown chickpea. 
Scientific Reports 9:5577. 

Sprent, J. I., J. Ardley, and E. K. James. 2017. Biogeography of nodulated legumes and their 
nitrogen‐fixing symbionts. New Phytologist 215:40–56. 



 25 

Stinca, A., G. B. Chirico, G. Incerti, and G. Bonanomi. 2015. Regime Shift by an Exotic 
Nitrogen-Fixing Shrub Mediates Plant Facilitation in Primary Succession. PLoS ONE 
10:e0123128. 

Strömberg C.A.E., Staver, A.C. The history and challenge of grassy biomes. Science. 2022 Aug 
5;377(6606):592-593. Doi: 10.1126/science.add1347.Epub 2022 Aug 4. PMID: 35926015.  

Stürmer, S. L. 2012. A history of the taxonomy and systematics of arbuscular mycorrhizal fungi 
belonging to the phylum Glomeromycota. Mycorrhiza 22:247–258. 

Taylor, B. N., and D. N. L. Menge. 2021. Light, nitrogen supply, and neighboring plants dictate 
costs and benefits of nitrogen fixation for seedlings of a tropical nitrogen‐fixing tree. New 
Phytologist 231:1758–1769. 

Thompson, L. R., J. G. Sanders, D. McDonald, A. Amir, J. Ladau, K. J. Locey, R. J. Prill, A. 
Tripathi, S. M. Gibbons, G. Ackermann, J. A. Navas-Molina, S. Janssen, E. Kopylova, Y. 
Vázquez-Baeza, A. González, J. T. Morton, S. Mirarab, Z. Xu, L. Jiang, M. F. Haroon, J. 
Kanbar, Q. Zhu, S. Song, T. Kosciolek, N. A. Bokulich, J. Lefler, C. J. Brislawn, G. 
Humphrey, S. M. Owens, J. Hampton-Marcell, D. Berg-Lyons, V. McKenzie, N. Fierer, J. A. 
Fuhrman, A. Clauset, R. L. Stevens, A. Shade, K. S. Pollard, K. D. Goodwin, J. K. Jansson, J. 
A. Gilbert, R. Knight, T. Consortium, J. L. Rivera, L. Al-Moosawi, J. Alverdy, K. R. Amato, 
J. Andras, L. T. Angenent, D. A. Antonopoulos, A. Apprill, D. Armitage, K. Ballantine, J. 
Bárta, J. K. Baum, A. Berry, A. Bhatnagar, M. Bhatnagar, J. F. Biddle, L. Bittner, B. Boldgiv, 
E. Bottos, D. M. Boyer, J. Braun, W. Brazelton, F. Q. Brearley, A. H. Campbell, G. J. 
Caporaso, C. Cardona, J. Carroll, C. S. Cary, B. B. Casper, T. C. Charles, H. Chu, D. C. 
Claar, R. G. Clark, J. B. Clayton, J. C. Clemente, A. Cochran, M. L. Coleman, G. Collins, R. 
R. Colwell, M. Contreras, B. B. Crary, S. Creer, D. A. Cristol, B. C. Crump, D. Cui, S. E. 
Daly, L. Davalos, R. D. Dawson, J. Defazio, F. Delsuc, H. M. Dionisi, M. Dominguez-Bello, 
R. Dowell, E. A. Dubinsky, P. O. Dunn, D. Ercolini, R. E. Espinoza, V. Ezenwa, N. Fenner, 
H. S. Findlay, I. D. Fleming, V. Fogliano, A. Forsman, C. Freeman, E. S. Friedman, G. 
Galindo, L. Garcia, M. Garcia-Amado, D. Garshelis, R. B. Gasser, G. Gerdts, M. K. Gibson, 
I. Gifford, R. T. Gill, T. Giray, A. Gittel, P. Golyshin, D. Gong, H.-P. Grossart, K. Guyton, 
S.-J. Haig, V. Hale, R. Hall, S. J. Hallam, K. M. Handley, N. A. Hasan, S. R. Haydon, J. E. 
Hickman, G. Hidalgo, K. S. Hofmockel, J. Hooker, S. Hulth, J. Hultman, E. Hyde, J. Ibáñez-
Álamo, J. D. Jastrow, A. R. Jex, S. L. Johnson, E. R. Johnston, S. Joseph, S. D. Jurburg, D. 
Jurelevicius, A. Karlsson, R. Karlsson, S. Kauppinen, C. T. Kellogg, S. J. Kennedy, L. J. 
Kerkhof, G. M. King, G. W. Kling, A. V. Koehler, M. Krezalek, J. Kueneman, R. 
Lamendella, E. M. Landon, K. Lane-deGraaf, J. LaRoche, P. Larsen, B. Laverock, S. Lax, M. 
Lentino, I. I. Levin, P. Liancourt, W. Liang, A. M. Linz, D. A. Lipson, Y. Liu, M. E. Lladser, 
M. Lozada, C. M. Spirito, W. P. MacCormack, A. MacRae-Crerar, M. Magris, A. M. Martín-
Platero, M. Martín-Vivaldi, M. L. Martínez, M. Martínez-Bueno, E. M. Marzinelli, O. U. 
Mason, G. D. Mayer, J. M. McDevitt-Irwin, J. E. McDonald, K. L. McGuire, K. D. 
McMahon, R. McMinds, M. Medina, J. R. Mendelson, J. L. Metcalf, F. Meyer, F. 
Michelangeli, K. Miller, D. A. Mills, J. Minich, S. Mocali, L. Moitinho-Silva, A. Moore, R. 
M. Morgan-Kiss, P. Munroe, D. Myrold, J. D. Neufeld, Y. Ni, G. W. Nicol, S. Nielsen, J. I. 
Nissimov, K. Niu, M. J. Nolan, K. Noyce, S. L. O’Brien, N. Okamoto, L. Orlando, Y. 



 26 

Castellano, O. Osuolale, W. Oswald, J. Parnell, J. M. Peralta-Sánchez, P. Petraitis, C. Pfister, 
E. Pilon-Smits, P. Piombino, S. B. Pointing, J. F. Pollock, C. Potter, B. Prithiviraj, C. Quince, 
A. Rani, R. Ranjan, S. Rao, A. P. Rees, M. Richardson, U. Riebesell, C. Robinson, K. J. 
Rockne, S. Rodriguezl, F. Rohwer, W. Roundstone, R. J. Safran, N. Sangwan, V. Sanz, M. 
Schrenk, M. D. Schrenzel, N. M. Scott, R. L. Seger, A. Seguin-Orlando, L. Seldin, L. M. 
Seyler, B. Shakhsheer, G. M. Sheets, C. Shen, Y. Shi, H. Shin, B. D. Shogan, D. Shutler, J. 
Siegel, S. Simmons, S. Sjöling, D. P. Smith, J. J. Soler, M. Sperling, P. D. Steinberg, B. 
Stephens, M. A. Stevens, S. Taghavi, V. Tai, K. Tait, C. L. Tan, N. Tas ,̧ L. D. Taylor, T. 
Thomas, I. Timling, B. L. Turner, T. Urich, L. K. Ursell, D. van der Lelie, W. Treuren, L. van 
Zwieten, D. Vargas-Robles, R. Thurber, P. Vitaglione, D. A. Walker, W. A. Walters, S. 
Wang, T. Wang, T. Weaver, N. S. Webster, B. Wehrle, P. Weisenhorn, S. Weiss, J. J. Werner, 
K. West, A. Whitehead, S. R. Whitehead, L. A. Whittingham, E. Willerslev, A. E. Williams, 
S. A. Wood, D. C. Woodhams, Y. Yang, J. Zaneveld, I. Zarraonaindia, Q. Zhang, and H. 
Zhao. 2017. A communal catalogue reveals Earth’s multiscale microbial diversity. Nature 
551:457. 

Thrall, P. H., M. E. Hochberg, J. J. Burdon, and J. D. Bever. 2007. Coevolution of symbiotic 
mutualists and parasites in a community context. Trends in Ecology & Evolution 22:120–126. 

Ulrich, D. E. M., S. Sevanto, M. Ryan, M. B. N. Albright, R. B. Johansen, and J. M. Dunbar. 
2019. Plant-microbe interactions before drought influence plant physiological responses to 
subsequent severe drought. Scientific Reports 9:249. 

Utaile, Y. U., M. V. Geel, B. Muys, S. S. Cheche, K. Helsen, and O. Honnay. 2021. Woody 
encroachment of an East‐African savannah ecosystem alters its arbuscular mycorrhizal fungal 
communities. Plant and Soil 464:303–320. 

Vitousek, P., K. Cassman, and C. Cleveland. 2002. Towards an ecological understanding of 
biological nitrogen fixation. Biogeochemistry:1–45. 

Vitousek, P. M. 1982. Nutrient cycling and nutrient use efficiency. The American Naturalist 
119:553–572. 

Vitousek, P. M., D. N. Menge, S. C. Reed, and C. C. Cleveland. 2013. Biological nitrogen 
fixation: rates, patterns and ecological controls in terrestrial ecosystems. Philosophical 
transactions of the Royal Society of London. Series B, Biological sciences 368:20130119. 

Vries, F. T. de, R. I. Griffiths, M. Bailey, H. Craig, M. Girlanda, H. S. Gweon, S. Hallin, A. 
Kaisermann, A. M. Keith, M. Kretzschmar, P. Lemanceau, E. Lumini, K. E. Mason, A. 
Oliver, N. Ostle, J. I. Prosser, C. Thion, B. Thomson, and R. D. Bardgett. 2018. Soil bacterial 
networks are less stable under drought than fungal networks. Nature Communications 9:3033. 

Walder, F., and M. G. A. van der Heijden. 2015. Regulation of resource exchange in the 
arbuscular mycorrhizal symbiosis. Nature Plants 1:15159. 



 27 

Wolf, A. A., J. L. Funk, and D. N. L. Menge. 2017. The symbionts made me do it: legumes are 
not hardwired for high nitrogen concentrations but incorporate more nitrogen when 
inoculated. New Phytologist 213:690–699. 

Worchel, E. R., H. E. Giauque, and S. N. Kivlin. 2013. Fungal Symbionts Alter Plant Drought 
Response. Microbial Ecology 65:671–678. 

Wurzburger, N., and S. J. Wright. 2015. Fine‐root responses to fertilization reveal multiple 
nutrient limitation in a lowland tropical forest. Ecology 96:2137–2146. 

Yang, J., J. W. Kloepper, and C.-M. Ryu. 2009. Rhizosphere bacteria help plants tolerate abiotic 
stress. Trends in Plant Science 14:1–4. 

Zambatis, N. 2003. Determinants of grass production and composition in the Kruger National 
Park. University of KwaZulu-Natal. 

Zambatis, N., and H. C. Biggs. 1995. Rainfall and temperatures during the 1991/1992 drought in 
the Kruger National Park. Koedoe 38. 

Zhou, Y., M. W. Tingley, M. F. Case, C. Coetsee, G. A. Kiker, R. Scholtz, F. J. Venter, and A. 
C. Staver. 2021. Woody encroachment happens via intensification, not extensification, of 
species ranges in an African savanna. Ecological Applications:e02437. 

Zhu, Z., S. Piao, R. B. Myneni, M. Huang, Z. Zeng, J. G. Canadell, P. Ciais, S. Sitch, P. 
Friedlingstein, A. Arneth, C. Cao, L. Cheng, E. Kato, C. Koven, Y. Li, X. Lian, Y. Liu, R. 
Liu, J. Mao, Y. Pan, S. Peng, J. Peñuelas, B. Poulter, T. A. M. Pugh, B. D. Stocker, N. Viovy, 
X. Wang, Y. Wang, Z. Xiao, H. Yang, S. Zaehle, and N. Zeng. 2016. Greening of the Earth 
and its drivers. Nature Climate Change 6:791–795. 

  
  



 28 

Figures [Please provide your figures as individual, high-quality image files] 
 

 



 29 

Figure 1. Tree sapling mass gain by inoculation treatment (A), by nitrogen fertilization treatment 

(B), by watering treatment (C), and by resource treatment and inoculation treatment (D). 

Values were rescaled to control for plotting by subtracting the species random effect values from 

mass gain (g). Boxplots show standard errors and means, and whiskers represent standard 

deviations (n = 30 trees per treatment group in panel A, n = 120 trees per treatment group in 

panels B-C). Letters or asterisks denote significant differences in pairwise comparisons among 

treatments, where bars that share letters are not significantly different at p = 0.05.  
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Figure 2.  Tree sapling root-to-shoot ratio (A), root mass fraction (B), and fine root mass 

fraction (C), by watering treatment. Root-to-shoot ratios were calculated by dividing total dry 

belowground tree biomass by total dry aboveground tree biomass. Root mass fraction was 

calculated by dividing root dry biomass by total dry biomass. Fine root mass fraction was 

calculated by dividing fine root dry biomass by total dry biomass. Values were rescaled to 

control for platting by subtracting the species random effect values from the variables of interest. 

Boxplots show standard errors and means, and whiskers represent standard deviations (n = 120 

trees per treatment group). Asterisks denote significant differences in pairwise comparisons 

among treatments. 
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Figure 3. Tree sapling nodule biomass (%) (A), and mycorrhizal colonization (%) (B), by 

resource treatment. Nodule biomass (%) was calculated by dividing the nodule biomass by total 

biomass and multiplying by 100. Mycorrhizal colonization was calculated as the percentage of 

mycorrhizal density colonized with arbuscules, vesicles, and hyphae by fine-root length 

(Wurzburger and Wright 2015). Boxplots show 25%, median, and 75% of values and whiskers 

represent lowest and highest values ((A) n = 20 trees per treatment group, (B) n = 30 trees per 

treatment group). Letters denote significant differences in pairwise comparisons among 

treatments, where bars that share letters are not significantly different at p = 0.05. 
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Figure 4. Tree sapling mass gain by inoculation treatment. Nodulating nitrogen fixers and 

Fabaceae species are denoted with brackets. Boxplots show 25%, median, and 75% of values and 

whiskers represent lowest and highest values (n = 5 trees per treatment group). Asterisks denote 

significant differences in pairwise comparisons among treatments. 


