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findings expand our understanding of plant communities 
by incorporating the effects of positive symbiotic inter-
actions on plant diversity and composition. In particular, 
rhizobia that specialize on dominant plants may serve 
as keystone mutualists in terrestrial plant communities, 
reducing diversity by more than 40 %.
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Introduction

While mutualisms have long been recognized as important 
drivers of population dynamics and evolutionary processes 
(e.g., Wolin 1985; Bronstein et  al. 2003; Stanton 2003; 
Thompson 2005; Frederickson and Gordon 2009; Kay and 
Sargent 2009), there is now growing support for the impor-
tance of mutualisms to community patterns. Mutualisms 
can increase (e.g., Bshary 2003; Bastolla et al. 2009; Stein 
et al. 2009; Wurst et al. 2011; Rodriguez-Cabal et al. 2013) 
or decrease diversity and evenness (e.g., Clay and Holah 
1999; Hartnett and Wilson 2002; Izzo and Vasconcelos 
2005; Grover et al. 2008; Rudgers et al. 2010). For exam-
ple, a cleaning symbiosis between cleaner wrasse and their 
client fish increases fish diversity in coral reefs (Bshary 
2003), while invasive tall fescue grass and its endophytic 
fungus mutualist reduce plant and arthropod diversity (Clay 
and Holah 1999; Rudgers and Clay 2008). Identifying the 
factors underlying these contrasting diversity effects may 
yield a more predictive framework for the role of mutual-
isms in community ecology.

Resource mutualisms may be especially likely to influ-
ence communities because they alter the availability 
of limiting resources such as nitrogen and phosphorus 

Abstract  Mutualistic interactions can be just as impor-
tant to community dynamics as antagonistic species inter-
actions like competition and predation. Because of their 
large effects on both abiotic and biotic environmental vari-
ables, resource mutualisms, in particular, have the poten-
tial to influence plant communities. Moreover, the effects 
of resource mutualists such as nitrogen-fixing rhizobia on 
diversity and community composition may be more pro-
nounced in nutrient-limited environments. I experimen-
tally manipulated the presence of rhizobia across a nitro-
gen gradient in early assembling mesocosm communities 
with identical starting species composition to test how the 
classic mutualism between nitrogen-fixing rhizobia and 
their legume host influence diversity and community com-
position. After harvest, I assessed changes in α-diversity, 
community composition, β-diversity, and ecosystem prop-
erties such as inorganic nitrogen availability and produc-
tivity as a result of rhizobia and nitrogen availability. The 
presence of rhizobia decreased plant community diversity, 
increased community convergence (reduced β-diversity), 
altered plant community composition, and increased total 
community productivity. These community-level effects 
resulted from rhizobia increasing the competitive domi-
nance of their legume host Chamaecrista fasciculata. 
Moreover, different non-leguminous species responded 
both negatively and positively to the presence of rhizo-
bia, indicating that rhizobia are driving both inhibitory 
and potentially facilitative effects in communities. These 
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(Afkhami et  al. 2014). Mycorrhizal fungi and rhizobium 
bacteria are two common resource mutualists with which 
plants exchange carbohydrates for phosphorous and nitro-
gen, respectively. Mycorrhizal fungi have been shown to 
increase phosphorous uptake into a community by 44  % 
(van der Heijden et al. 2006a), thus alleviating phosphorous 
limitation to plants. Similarly, rhizobia can significantly 
increase soil nitrogen to the system through the fixation of 
atmospheric nitrogen (Vitousek and Walker 1989). Since 
resources are among the most important drivers of species 
coexistence and competitive outcomes, these large effects 
on resource dynamics may lead to large effects on commu-
nities (Maron and Connors 1996).

In particular, rhizobia not only directly influence the 
legume but they also have the potential to either inhibit 
or facilitate other species in the community by altering 
the abiotic and biotic environment (as outlined by van 
der Heijden et al. 2006b). The legume–rhizobium mutual-
ism may provide the legume with a competitive advantage 
over non-leguminous species through access to an addi-
tional nitrogen pool (Morris and Wood 1989; van der Hei-
jden et al. 2006b), or could decrease nitrogen limitation to 
other plants and promote coexistence both within a season 
or over longer time scales (Vandermeer 1989; Maron and 
Connors 1996; van der Heijden et al. 2006b; Fustec et al. 
2010). Overall shifts in community composition, patterns 
of diversity, and changes in ecosystem function may occur 
due to these changes in competitive and nutrient dynam-
ics, especially in low-nitrogen environments. For example, 
increased competition from the legume may reduce diver-
sity while reduced nitrogen limitation to multiple species 
in the community may increase diversity. Yet, since these 
changes in competition and nutrient availability are not 
mutually exclusive, the overall effects of rhizobia on com-
munities may be a result of the relative strengths of these 
potentially opposing forces.

Given the potential for strong effects of the legume–
rhizobium mutualism on plant communities, it is impor-
tant to study how rhizobia may influence species interac-
tions and community patterns, especially when legumes 
are highly abundant in the community. In an elegant study 
that manipulated generalist rhizobia associating with mul-
tiple species of legume in experimental communities, van 
der Heijden et al. (2006b) found that rhizobia increased the 
evenness of communities by promoting coexistence of leg-
umes. Surprisingly, the presence of rhizobia did not affect 
non-leguminous species, possibly because in this system 
legumes were subdominant species in communities domi-
nated by grasses. Many other studies that focused on highly 
abundant species or mutualisms that interact with many 
species observed effects of mutualisms on entire communi-
ties (e.g., Clay and Holah 1999; Bshary 2003; Stein et al. 
2009; Wurst et al. 2011; Bauer et al. 2012), suggesting that 

mutualisms may be especially likely to affect other com-
munity members when they involve dominant species or 
generalist mutualists.

Importantly, however, suitable mutualist partners may 
not always be available to hosts; for example, the distribu-
tion of compatible rhizobia to a particular legume species 
can vary across habitats (Odee et al. 1995; Larson and Sie-
mann 1998; Tlusty et al. 2004; Thrall et al. 2007; Stanton-
Geddes and Anderson 2011). In agricultural systems and 
for invasive species, this spatial heterogeneity in the soil 
biotic community can limit legume establishment (Lowther 
et  al. 1987; Parker et  al. 2006). Yet, rhizobia availability 
can also limit native species establishment or growth (Odee 
et al. 1995; Thrall et al. 2007; Stanton-Geddes and Ander-
son 2011). A study of 18 legume species across 12 sites in 
Kenya identified substantial spatial variation in the avail-
ability of suitable rhizobia across sites (Odee et al. 1995). 
Similarly, another study detected significant geographic 
variation in rhizobia presence, abundance, and effective-
ness for two Australian Acacia species, with some sites 
completely devoid of compatible rhizobia (Thrall et  al. 
2007). This spatial variation in rhizobium availability may 
be especially important for species with a patchy distribu-
tion or those colonizing newly disturbed habitats. Given the 
variable distribution of compatible rhizobia and the large 
effects resource mutualisms can have on communities, the 
characteristic soil microbial community at a site could lead 
to differences in the assembly, diversity, and composition 
of a community in natural field environments.

The effects of rhizobia availability may be context-
dependent on abiotic environmental variation (Bronstein 
2009). For example, resource mutualisms can be espe-
cially beneficial to plants when nutrients are limiting, but 
in higher nutrient conditions this mutualism can shift to 
parasitism (Neuhauser and Fargione 2004). Rhizobia pro-
vide leguminous plants with a greater benefit from the 
association when nitrogen is limiting in the environment 
(Heath and Tiffin 2007; Lau et  al. 2012). These varying 
legume responses to rhizobia availability across abiotic 
conditions may result in differing competitive dynamics 
between legumes and non-leguminous species. In nitrogen-
rich environments, legumes produce fewer nodules and the 
competitive advantage is lost (Lauenroth and Dodd 1979; 
Vargas et al. 2000), while other species that compete more 
strongly for soil nitrogen may be at an advantage over 
legumes (Lawrence 1979). Since the effects of mutualists 
may not be consistent across environments, identifying the 
abiotic constraints of mutualist-driven community effects 
could lead to a more predictive understanding of the role 
of these positive interactions in ecosystems. While some 
studies have shown rhizobia to influence various commu-
nity properties (e.g., van der Heijden et  al. 2006b; Bauer 
et al. 2012), it remains necessary to identify environmental 
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contexts when rhizobia have the greatest influence on plant 
communities.

I used a mesocosm experiment in which I manipulated 
the presence of rhizobia that associates with a focal domi-
nant legume in simulated early assembling plant communi-
ties across a nitrogen gradient to ask: (1) how do rhizobia 
influence the dominance of a legume host, (2) do rhizobia 
affect α- and β-diversity, community composition, and pro-
ductivity, and (3) are rhizobia effects on communities more 
pronounced when nitrogen is limiting?

Materials and methods

Study system

Chamaecrista fasciculata is an annual legume native to the 
Midwestern and Eastern United States. It is a pioneer species 
that establishes and can dominate grasslands and old-fields 
following disturbance (Holah and Alexander 1999; Galloway 
and Fenster 2000; Keller, personal observations). This leg-
ume is found in both highly disturbed sites and high-quality 
prairies at densities ranging from nearly 0 to 55 plants per 
m2 (Fenster 1991), with some populations containing more 
than 100 plants per m2 (Keller, personal observation). C. 
fasciculata forms a facultative mutualistic interaction with 
rhizobia, such  as Bradyrhizobium elkanii, which provide the 
plant with fixed nitrogen in exchange for carbohydrates. C. 
fasciculata has a patchy distribution and compatible rhizobia 
are not found consistently across potential colonization sites. 
Limited rhizobia availability can affect C. fasciculata estab-
lishment and growth at some locations (Stanton-Geddes and 
Anderson 2011; Keller, unpublished).

Experimental design

I created mesocosms simulating early successional prai-
rie communities and manipulated the presence of rhizobia 
at three different nitrogen levels in a 2  ×  3 full-factorial 
design replicated three times (n  =  18 mesocosms). Each 
mesocosm consisted of a 14.4-L pot filled with potting 
mix: 68.5  % soil (Metro Mix 360; SunGro Horticulture, 
Agawam, MA, USA), 24.5 % sand (Quikrete All Purpose 
Sand; Quikrete, Atlanta, GA, USA), and 7 % clay (Turface 
MVP; Profile Products, Buffalo Grove, IL, USA) simulat-
ing sandy soils characteristic of C. fasciculata habitat in the 
upper Midwestern United States. I planted each mesocosm 
with simulated native early successional prairie communi-
ties consisting of Chamaecrista fasciculata (12 individu-
als to create a density consistent with higher-density field 
observations of this early establishing legume) and four 
individuals each of Bromus kalmii (short-lived perennial 
C3 bunch grass), Danthonia spicata (short-lived perennial 

C3 bunch grass), Monarda punctata (short-lived perennial 
forb), Oenothera biennis (biennial forb), Potentilla arguta 
(perennial forb), and Vulpia octaflora (annual C3 grass). I 
sterilized all seeds with 95 % ethanol and germinated them 
in seedling flats filled with Metro Mix 360. Two  weeks 
later, I transplanted seedlings into mesocosms placed in the 
Kellogg Biological Station (Hickory Corners, MI, USA) 
greenhouse. Individuals were placed at approximately 3 cm 
apart in the same arrangement across mesocosms. Seeds 
of C. fasciculata were greenhouse-reared progeny of field-
collected seeds from 6 populations across the Midwestern 
United States in Illinois, Indiana, Michigan, and Ohio. 
Seeds from all other species were obtained from Native 
Connections (Three Rivers, MI, USA).

I manipulated the presence of rhizobia, B. elkanii (strain 
6437, isolated at the University of Minnesota; Tlusty et al. 
2004) by culturing rhizobia in TY liquid media for 5 days 
at 28  °C and then applying 1  mL of rhizobia inoculant 
diluted to ~2.5 × 106 cells/mL based on OD600 to the base 
of each C. fasciculata seedling. B. elkanii strain 6437 was 
isolated from a Minnesota population of C. fasciculata not 
included in the seed collection for this experiment; how-
ever, this strain successfully nodulated all C. fasciculata 
populations used in this experiment. Non-inoculated meso-
cosms received 1 mL of TY media without rhizobia to each 
C. fasciculata seedling.

I manipulated nitrogen availability at three levels: 0 g, 
10 g, and 20 g N per m2 with the highest value represent-
ing high fertility sites in southwest Michigan (Foster and 
Gross 1998). Nitrogen was applied as ammonium nitrate 
granules on the soil surface, with half the total amount 
applied 1 week after mesocosm installation and the other 
half applied 3  months later. No-nitrogen treatments did 
not receive any nitrogen fertilization. To prevent phos-
phorous and potassium limitation across all three nitro-
gen treatments, all mesocosms received 10  g per m2 of 
P and K applied as superphosphate and potash  respec-
tively, with half applied at the same time as each nitrogen 
fertilization.

Data collection and analysis

After 6 months (to mimic a single growing season and pro-
vide sufficient time for interactions between individuals), 
I harvested the aboveground biomass in each mesocosm. 
Individuals of each species were sorted and counted, and 
biomass was dried at 65 °C for >2 days and weighed. I cal-
culated α-diversity as Shannon diversity (H′), Simpson’s 
reciprocal index of diversity (1/D), and Pielou’s evenness 
(J) for each mesocosm, each of which incorporate rich-
ness and abundance (biomass) data into a single meas-
ure. I took three 10-cm soil cores from each mesocosm, 
performed a KCl extraction, and estimated inorganic soil 
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nitrogen availability with an Alpkem/OI Analytic Flow 
Solution IV analyzer (Model 3550) (see Eilts et al. 2011). 
I also examined some C. fasciculata roots from each mes-
ocosm to confirm inoculation treatments, but was unable 
to completely measure belowground root productivity and 
the number of nodules produced due to the tight intermix-
ing of plant roots between species. At the time of harvest, 
inoculated mesocosms exhibited successful nodulation 
and non-inoculated mesocosms were not contaminated by 
rhizobia.

To test how rhizobia and nitrogen influence diversity, 
aboveground productivity, individual species aboveground 
biomasses, relative abundances, and inorganic nitrogen 
availability, I performed ANOVA with rhizobia presence, 
nitrogen treatment, and the rhizobia × nitrogen interaction 
included as fixed factors. I used Pearson’s correlation coef-
ficients to examine the pairwise relationships between C. 
fasciculata biomass and the biomass of competing species 
and between C. fasciculata biomass and diversity.

To test how rhizobia and nitrogen affect plant commu-
nity composition, I performed PERMANOVA (‘adonis’ 
function of vegan using the Bray–Curtis distance meas-
ure with 9999 permutations) on species biomass, includ-
ing rhizobia and nitrogen treatments and the interaction as 
fixed factors. Since mesocosms started with identical spe-
cies composition and there were minimal extinctions result-
ing in similar richness values across mesocosms, I used 
abundance estimated from biomass with joint absences 
excluded to examine β-diversity as variation in community 
composition (sensu Anderson et  al. 2011). Specifically, I 
analyzed among-mesocosm dissimilarity in composition by 
treatment by first creating a matrix of pairwise dissimilari-
ties using the Bray–Curtis distance measure then using a 
multivariate test of Levene’s homogeneity of variances to 
calculate within-treatment dispersion (‘betadisper’ function 
of vegan). I then tested for differences between treatments 
using a permutation test (‘permutest’ function of vegan 
with 9999 permutations) (Anderson et al. 2006). Commu-
nity composition was visualized using non-metric multi-
dimensional scaling (NMDS) using the Bray–Curtis dis-
tance measure (‘metaMDS’ function of vegan) to explore 
changes in both location and dispersion effects between 

treatments. All analyses were performed in R with the car 
and vegan packages (3.0.2, R core development team; Fox 
and Weisberg 2011; Oksanen et al. 2013).

Results

Rhizobia reduced Shannon diversity and evenness by 43.3 
and 46.2 %, respectively (Shannon diversity: F1,12 = 25.98, 
P  =  0.0003; Table  1; Fig.  1b; evenness: F1,12  =  30.38, 
P  =  0.0001; Table  1). Rhizobia reduced diversity pri-
marily because of reductions in evenness since all meso-
cosms were started with the same number of species and 
few extinctions were observed during the experiment 
(there were no significant effects of rhizobia on richness, 
P > 0.05). Simpson’s diversity also declined by 37.7 % in 
mesocosms inoculated with rhizobia, further indicating 
an increase in dominance by few species (F1,12  =  17.80, 
P = 0.001; Table 1). 

Rhizobia altered plant community composition 
(F1,12 = 14.75, P = 0.0003; Fig. 2; Table 1) because rhizo-
bia increased the abundance of some species and caused 
reductions in other species. Rhizobia also significantly 
reduced β-diversity; variability among mesocosms in com-
munity composition was lower for rhizobia treatments than 
no rhizobia treatments (F1,16 =  7.46, P =  0.014; Fig.  2), 
suggesting that rhizobia caused communities to converge. 
The observed effects of rhizobia on diversity and composi-
tion likely result because rhizobia increased C. fasciculata 
competitive dominance, increasing its relative abundance 
from 60 to 84 % of the community (F1,12 = 15.43, P < 0.01; 
Fig.  3). Rhizobia inoculation also tended to decrease the 
relative abundance of all species in the mesocosms (Fig. 3), 
with O. biennis (F1,12 = 10.75, P < 0.01) and M. punctata 
(F1,12 = 4.68, P = 0.05) experiencing significant reductions 
in relative biomass. 

Overall, rhizobia significantly increased total com-
munity productivity (mean  ±  SE: no rhizobia: 
26.4 ± 3.9 g/mesocosm; rhizobia: 62.9 ± 3.4 g/mesocosm) 
(F1,12 = 41.71, P < 0.001), but this was due to increased C. 
fasciculata biomass in inoculated mesocosms since rhizo-
bia did not affect subdominant community productivity 

Table 1   Effects of rhizobia and nitrogen treatments and the interaction on measures of α-diversity and composition

Shannon diversity (H′), Simpson’s reciprocal index of diversity (1/D), and Pielou’s evenness (J) were analyzed with ANOVA. Community com-
position was analyzed with PERMANOVA. Significant results are shown in bold

df Shannon diversity Simpson’s diversity Pielou’s evenness PERMANOVA

F P value F P value F P value F P value

Rhizobia 1,12 25.98 0.0003  17.80 0.001 30.38 0.0001 14.75 0.0003

Nitrogen 2,12 0.72 0.51 0.66 0.54 1.00 0.40 0.28 0.95

Rhizobia  × nitrogen 2,12 0.05 0.95 0.19 0.83 0.17 0.85 0.03 0.79
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(P  >  0.05). Rhizobia increased C. fasciculata biomass 
(F1,12 = 43.43, P < 0.001; Fig. 1a), and increased C. fas-
ciculata biomass was associated with decreased  Shan-
non  diversity (r  =  −0.92, P  <  0.001). Rhizobia inocula-
tion reduced O. biennis biomass (F1,12 =  10.5, P  < 0.01) 
but tended to marginally increase B. kalmii biomass 
(F1,12 =  3.79, P =  0.075). Moreover, O. biennis biomass 
was negatively correlated with C. fasciculata biomass 
(r  =  −0.53, P  =  0.02), suggesting that rhizobia reduced 
O. biennis biomass by increasing competition from C. 
fasciculata. All other species (D. spicata, M. punctata, P. 
arguta and V. octaflora) were not directly influenced by the 
treatments applied (P > 0.1), but the change in biomass of 
some species were correlated with changes in other species. 

As B. kalmii increased, M. punctata biomass marginally 
decreased (r = −0.44, P =  0.06). Increased M. punctata 
biomass was correlated with decreased P. arguta biomass 
(r = −0.48, P = 0.04). Biomass of the short-lived grasses 
D. spictata and V. octaflora were positively correlated 
(r = −0.81, P < 0.001).

Rhizobia effects on plant communities were consist-
ent across nitrogen treatments (non-significant rhizo-
bia × nitrogen interaction, P > 0.1; Table 1). Nitrogen main 
effects did not significantly affect productivity, diversity, or 
composition (all P > 0.1; Table 1). Total available nitrogen 
did not vary across rhizobia or nitrogen treatments or their 
interactions (all P > 0.1).

Discussion

Resource mutualism affects diversity

I show that, similar to predators and ecosystem engineers, 
mutualists have the potential to be keystone species. In this 
system, rhizobia act as a keystone mutualist by decreasing 
plant diversity and evenness, altering community compo-
sition, and driving convergence in community structure. 
Like the classic keystone species Pisaster starfish, which 
alters diversity by influencing the abundance of a dominant 

(a)

(b)

Fig. 1   Mean effects of rhizobia on a C. fasciculata biomass and b 
Shannon Diversity (H′) in experimental mesocosms (Error bars 
±SE). White bar non-inoculated mesocosms (rhizobia absent), gray 
bar inoculated mesocosms (rhizobia present)

Fig. 2   Effects of rhizobia on community composition in experimen-
tal mesocosms indicating differences in both community composition 
and dispersion (β-diversity) between treatments, visualized with non-
metric multidimensional scaling (NMDS) based on biomass of each 
species per mesocosm. Each point represents either a non-inoculated 
mesocosm (rhizobia absent, white circles) or inoculated mesocosm 
(rhizobia present, gray triangles)
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intertidal competitor (Paine 1966, 1969), rhizobia influ-
ence diversity by changing the abundance of the dominant 
plant competitor C. fasciculata. However, while Pisaster 
decreased the abundance of the dominant competitor, relax-
ing competition and promoting diversity, rhizobia increased 
the competitive dominance of C. fasciculata, thus inhibit-
ing diversity.

This short-term (6  months) study shows effects of 
mutualism on early community structure; however, tran-
sient dynamics can be important to the long-term succes-
sional trajectory of a community through priority effects 
(Fukami and Nakajima 2013). Here, the reduction in diver-
sity observed in my study may be a transient response to 
the immediate success of the early successional dominant 

legume. Over longer time scales, increasing nitrogen lev-
els during succession may help promote the establishment 
of other species and decrease the dominance of the leg-
ume (e.g., Tilman 1987; Chapin et al. 1994; del Moral and 
Rozzell 2005). How the effects of rhizobia on diversity and 
convergence in community structure observed here influ-
ence longer-term community assembly processes requires 
further study.

Rhizobia reduced both α-diversity and β-diversity. 
Shannon diversity decreased, and there was also more con-
vergence in community composition between inoculated 
mesocosms. Rhizobia likely drove greater community 
similarity by dramatically increasing C. fasciculata domi-
nance from 60 to 84 % of the community. Conversely, in 
the absence of rhizobia, there was greater divergence in 
community composition between mesocosms as subdomi-
nants experienced less competition from C. fasciculata 
and there was greater variation in subdominant species 
growth. This is consistent with research showing reduced 
β-diversity with increased competitive dominance (Hille-
brand et al. 2008). For example, invasion by the dominant 
ant Anoplolepis gracilipes reduces β-diversity of ant–plant 
mutualists and local arthropods (Savage and Whitney 
2011).

While a mutualism reduces diversity in this and several 
other systems, numerous other studies have found the oppo-
site pattern—that mutualists increase diversity. These con-
trasting effects of mutualists on diversity may be explained 
by the degree of specificity of the mutualistic interaction 
(Rudgers and Clay 2008). While my study does not per-
mit the exploration of the effects of generalist mutualists, 
mutualists that associate with many species in a commu-
nity frequently increase overall species diversity by increas-
ing fitness of many species and promoting coexistence by 
minimizing average fitness differences across species (sensu 
Chesson 2000). For example, arbuscular mycorrhizal fungi 
increase diversity by benefiting numerous subdominant spe-
cies in phosphorous-limited tallgrass prairies, especially 
when the competitively dominant species does not greatly 
benefit from AMF (Collins and Foster 2009). Similarly, gen-
eralist ant seed dispersal mutualists promote diversity (Gove 
et al. 2007), and declines in the abundance of similar ant gen-
eralist mutualists reduced diversity and altered community 
composition in the South African fynbos (Christian 2001). 
In contrast, specialist mutualists that associate with a single 
host species may make their partner species more competi-
tive and decrease diversity, especially when their partner is 
a dominant species such as in the system studied here. For 
example, a specialized aphid–ant mutualism where ants tend 
honeydew-producing aphids on Populus trees increased ant 
abundance causing reduced arthropod diversity (Wimp and 
Whitham 2001). Also, endophytic fungi reduce diversity by 
making their host, the dominant plant tall fescue, even more 

(a)

(b)

Fig. 3   Average relative community composition of a rhizobia non-
inoculated and b inoculated mesocosms for all seven species (in 
order): C. fasciculata (dark gray), M. punctata (light gray), B. kalmii 
(vertical barring), O. biennis (horizontal barring), P. arguta (dotted), 
V. octaflora (black), and D. spicata (white)
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competitive (Clay and Holah 1999) by altering small mam-
mal herbivory (Rudgers et al. 2007).

C. fasciculata can be a dominant species in disturbed 
habitats, and rhizobia appear to increase that dominance. 
Moreover, the rhizobia mutualism is not generalist across 
many species in my experimental communities (C. fas-
ciculata was the only legume in  these mesocosms); thus, 
this specialized interaction confers a unique competitive 
advantage to C. fasciculata over the other species. In a simi-
lar study, Bauer et  al. (2012) tested how mycorrhizae and 
rhizobia influence simulated prairie communities, finding 
that mycorrhizae increased diversity while rhizobia altered 
community composition. Bauer’s results are consistent with 
some results presented here: rhizobia induce shifts in com-
munity composition mediated through the legume; however, 
Bauer did not detect any effects of rhizobia on diversity. In 
Bauer’s experiment, however, legumes were not dominant, 
and rhizobia were generalists interacting with multiple legu-
minous species. Similarly, another study that manipulated 
generalist rhizobia associating with multiple species of 
subdominant legumes in experimental communities domi-
nated by grasses found that rhizobia increased community 
evenness by promoting coexistence of legumes (van der 
Heijden et al. 2006b). The degree of rhizobium specificity 
and partner dominance may explain the contrasting patterns 
between these studies and the findings presented here.

Mechanisms of resource mutualism effects on community 
patterns

When associating with a dominant legume, rhizobia can 
positively affect other community members by relaxing 
nitrogen limitation on the entire community or can nega-
tively affect competing plants by conferring competitive 
advantages solely to legume species. Both of these mecha-
nisms may alter community composition and diversity. In 
this study, rhizobia tended to have both positive and nega-
tive effects on competitors, suggesting that both mecha-
nisms may act simultaneously. The decline in some species, 
such as O. biennis, with increasing C. fasciculata biomass 
indicates that increased competition due to rhizobia may 
negatively impact other species, possibly through reduced 
nutrient, water, or light availability. In contrast, facilitation 
from rhizobia increasing nitrogen availability to competi-
tors (directly via increased inputs or indirectly by reducing 
legume competition for soil nitrogen) may cause biomass 
increases in other species like B. kalmii. These differences 
in subdominant species responses could be due to varying 
degrees of niche overlap with C. fasciculata.

Numerous studies have shown that rhizobia are less 
beneficial in fertilized soils (e.g., Naisbitt and Sprent 
1993; Heath and Tiffin 2007). Therefore, I expected rhizo-
bia effects to be more pronounced in nitrogen-limited 

mesocosms compared to nitrogen-fertilized mesocosms. 
However, rhizobia effects on diversity, composition, 
and biomass were consistent across nitrogen treatments. 
Also, surprisingly, rhizobia and nitrogen fertilization did 
not change soil nitrogen availability despite successful 
nodulation, and experimental nitrogen treatments did not 
affect diversity or community composition. One possi-
bility is that plants were using nitrogen quickly and allo-
cating resources belowground, which was not measur-
able in this experiment due to the dense root matrix that 
was formed by the end of the experiment. Alternatively, 
small sample sizes may have limited statistical power 
for detecting nitrogen effects. Consistent with this lat-
ter hypothesis, while not significant, aboveground bio-
mass tended to be highest in the high nitrogen treatment 
(mean  ±  SE: high-nitrogen: 47.8  ±  9.8  g/mesocosm; 
mid-nitrogen: 42.7  ±  10.1  g/mesocosm; no-nitrogen: 
43.4 ±  8.0  g/mesocosm), and similar nitrogen treatments 
did significantly influence aboveground productivity in a 
separate experiment (Keller, in preparation).

Conclusions

In sum, rhizobia can be a keystone mutualist in commu-
nities, reducing both α- and β-diversity and altering com-
munity composition. As communities assemble, an early 
colonizing legume may become dominant and substan-
tially drive subsequent species interactions depending on 
the biotic soil conditions of the site. Further incorporat-
ing the effects of positive symbiotic interactions on plant 
communities will help increase our understanding of com-
munity dynamics by looking beyond only negative inter-
actions such as predation and competition. In particular, 
more research is needed to explore how plant diversity 
and community composition may change over time and 
whether facilitative effects follow these initial reductions 
in diversity as soil nitrogen concentrations increase fol-
lowing legume senescence. Additionally, it is important to 
consider how generalist versus specialist mutualists may 
differentially influence community diversity, composition, 
and even stability. If this system is any indication, specialist 
mutualists that affect a dominant competitor may be espe-
cially likely to be keystone mutualists.
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