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Abstract: Studies of biodiversity and ecosystem function (BEF) have long focused on the role of 
nitrogen (N)-fixing legumes as a functional group that occupies a distinct and important niche 
relative to other plants. Because of their relationship with N-fixing rhizobial bacteria, these legumes 
access a different pool of N than other plants and therefore directly contribute to increases in 
productivity and N-cycling. Despite their recognized importance in the BEF literature, the field has 
not moved far beyond investigating the presence/absence of the legume functional group in species 
mixtures. Here, we synthesize existing information on how the diversity (species richness and 
functional diversity) of both legumes and the rhizobia that they host impact ecosystem functions, 
such as nitrogen fixation and primary productivity. We also discuss the often-overlooked reciprocal 
direction of the BEF relationship, whereby ecosystem function can influence legume and rhizobial 
diversity. We focus on BEF mechanisms of selection, complementarity, facilitation, competitive 
interference, and dilution effects to explain how diversity in the legume–rhizobia mutualism can 
have either positive or negative effects on ecosystem function—mechanisms that can operate at 
scales from rhizobial communities affecting individual legume functions to legume communities 
affecting landscape-scale ecosystem functions. To fully understand the relationship between 
biodiversity and ecosystem function, we must incorporate the full diversity of this mutualism and 
its reciprocal relationship with ecosystem function into our evolving BEF framework. 

Keywords: Fabaceae; functional diversity; nitrogen fixation; productivity; Rhizobiales; species 
richness; symbiosis 

 

1. Introduction 

Since its inception in the 1990′s, the field of biodiversity-ecosystem function (BEF) has focused 
on understanding how the diversity of organisms in an ecosystem influences various functions of 
that ecosystem, such as primary productivity, water and nutrient cycling, decomposition, and 
ecosystem stability, among others [1,2]. As the field has developed, several potential mechanisms 
have been proposed to link the diversity and function of an ecosystem. For example, diversity 
increases ecosystem function via niche complementarity when more diverse communities contain 
taxa with complementary resource-acquisition strategies, thereby using environmental resources 
more efficiently [3–5]. Increasing diversity can also increase the probability of a high-functioning 
species being present in the community (selection effects) or of multiple species serving the same 
ecological function, thus increasing the stability of that function (functional redundancy effects) [6]. 
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Together, BEF theory proposes that these mechanisms, among others, can influence the magnitude 
of an ecosystem function (e.g., total primary productivity) [5,7], and can also impact the spatial 
variability [8,9] and temporal stability of ecosystem functions [10,11], as well as the multi-
functionality of the ecosystem [12,13]. Central to many of these mechanisms is the fact that ecosystem 
function depends on both the diversity of organisms and their functional roles. As a consequence, 
functionally unique or important organisms can disproportionately influence the BEF relationship 
[14,15]. 

The symbiosis between many legumes (plants in the family Fabaceae) and their nitrogen (N)-
fixing microbial partners (bacteria primarily in the order Rhizobiales, among others) allows these 
organisms to convert atmospheric N2 gas into bio-available forms, making it one of the most 
important mutualisms affecting the functioning of terrestrial ecosystems. Endosymbiotic rhizobia, 
housed in specialized root nodules on the legume host, conduct a process known as symbiotic 
nitrogen fixation (SNF), in which they convert N2 gas into plant-available ammonia, a portion of 
which they then transfer to the legume host in exchange for photosynthesized carbohydrates [16–18]. 
This highly efficient N-fixing symbiosis can bring >100 kg N ha−1 yr−1 into some ecosystems [19] and 
represents the largest natural source of N in the terrestrial biosphere [20], in addition to being a critical 
component of agricultural production worldwide [21]. Because of this critical ecosystem function and 
their ability to access a different pool of N than most other plants (i.e., niche differentiation), legumes 
and their symbiotic nitrogen-fixing rhizobial partners have long been a focus of BEF studies [2,22]. 
While it is important to note that the process of N fixation is carried out exclusively by bacteria, we 
collectively refer to the legume–rhizobia mutualism as “N fixers” throughout this review for 
simplicity and to reflect the use of similar terms in the BEF literature. Due to their widespread 
occurrence, ranging from agricultural systems to herbaceous and forested ecosystems (Figure 1), and 
their critical role in the BEF relationship, understanding of the role of diversity within N fixers is 
needed to move the BEF field forward. 

 
Figure 1. Functional diversity in the legume–rhizobia mutualism. Legumes occupy a variety of habitat 
types, such as agricultural, herbaceous, and forest ecosystems. They can also take on a range of growth 
forms (trees, vines, shrubs, and herbs) and substantially differ in their promiscuity with rhizobial 
partners (generalists vs. specialists) and their ability to regulate symbiotic nitrogen fixation (SNF) 
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(obligate vs. facultative). Belowground, rhizobia are also functionally diverse along axes of habitat 
type, promiscuity, and partner efficacy (e.g., nodulators, cheaters, super fixers, etc.). This substantial 
functional diversity can impact the contribution that nitrogen (N) fixers make to ecosystem function 
through a variety of biodiversity-ecosystem function (BEF) mechanisms. 

As a group, N fixers occupy an uncommon resource-acquisition niche [23,24], often exhibit high 
rates of primary productivity and nutrient cycling [22,25], and are resilient to conditions such as 
drought [26–28] and disturbance [29,30]. Because of these attributes, N fixers make important 
contributions to a wide variety of ecosystem functions, such as primary production and ecosystem N 
inputs. N fixers also represent an extremely diverse mutualism [31–33], which creates the potential 
for a range of diversity—even within the N-fixer group—in a community. The notably high diversity 
of N fixers, combined with the important and often unique functions that members of this group 
provide, make the legume–rhizobia N-fixing mutualism an important, yet complex, component of 
the BEF relationship in many terrestrial ecosystems. 

Although adding N-fixers to multispecies diversity treatments produces one of the strongest 
and most consistent effects on ecosystem function in BEF experiments [2,34–36], few studies have 
examined how increasing the diversity within legumes and/or their rhizobial partners affects 
ecosystem function [37]. Even fewer studies have assessed the reciprocal effects of ecosystem function 
on the diversity of legumes and rhizobia. Below, we synthesize the current understanding of how 
changes in the species and functional diversity of legumes and their rhizobial partners influence 
terrestrial ecosystem functioning. Although many Rosid I plant species can form N-fixing symbioses 
[38,39], we limit the scope of this review to the legume–rhizobia symbiosis. We first explore the 
diversity of both partners in the legume–rhizobia mutualism and how different combinations within 
this partnership can create additional diversity in a community. This diversity can impact multiple 
ecosystem functions, which we evaluate at the individual-legume scale, the community scale, and 
across space and time. We also discuss how various ecosystem functions can feed back to influence 
N-fixer diversity at multiple levels. In doing so, we aim to develop current conceptual theory on how 
changes in N-fixer diversity can influence the BEF relationship and identify promising next steps for 
this research field. 

2. Diversity in the Legume–Rhizobia Mutualism 

2.1. Species Diversity 

Understanding the effects of species diversity on ecosystem function in the legume–rhizobia 
mutualism is inherently complicated by the differing definitions, or species concepts, that are 
commonly used for organisms on either end of the partnership (Box 1). While traditional species 
concepts are employed—using either morphological or molecular techniques—to define legume 
species, rhizobia are typically grouped into operational taxonomic units (OTUs) using analyses of 
genetic similarity or into species using a combination of phenotypic and genotypic groupings [40]. 
Therefore, when discussing rhizobial diversity, we use the term “species” to refer to an OTU, species, 
or strain, recognizing that how these terms are defined for rhizobia can differ among studies. 

Fabaceae is the third most diverse plant family, behind only Orchidaceae and Asteraceae [41], and 
is comprised of ca. 19,500 species [42], approximately 5500 of which can nodulate and form N-fixing 
symbioses with rhizobia [33]. N-fixing legume species are unevenly distributed across the three 
traditional legume subfamilies, with ~90% of Mimosoidieae and Papilionoideae genera, but only ~5% of 
Caesalpinioideae genera, having the ability to fix N symbiotically. Interestingly, recent work has 
argued that the trait of N fixation itself could serve as a defining characteristic for substantially 
rearranging legume taxonomy [43]. The persistence of legume diversity in natural communities may 
be partly due to their relationship with rhizobia. Rhizobia obtained from neighboring congener 
legumes can be more beneficial than those obtained from neighboring conspecifics, creating 
diminishing benefits of rhizobia shared by conspecific legumes and increasing diversity by 
promoting rare congeners [44]. Furthermore, legume species often cannot persist in competition with 
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non-legumes in the absence of their rhizobial partners, and the overall plant community evenness is 
enhanced by rhizobial presence [45]. 

Box 1. Discrepancy in species concepts for microbes and plants. 

A complicating factor when considering the diversity of the legume–rhizobia mutualism is 
the fundamental difference in species concepts and delineations that are traditionally used for 
bacteria and plants [40,46]. Plants occupy a relatively well-resolved branch of the phylogenetic 
tree, where the unit of a species is, in general, fairly stable. Although legumes, in particular, are 
the subject of substantial discussions about species groupings within tribes, subfamilies, and 
genera [47], what delineates a legume species remains relatively consistent. What determines a 
bacterial species, however, is substantially complicated by the lack of sexual reproduction, the 
propensity for horizontal gene transfer, and the relatively recent methodological developments 
allowing for microbial species identification. Most rhizobial species are delineated based on shared 
lineages of a “core” genome, allowing for variation in “accessory” genes among individuals within 
a species [48,49]. However, the rhizobial genes responsible for important functions, such as 
nodulation (nod) and N fixation (nif and fix), are accessory genes that are often located on 
horizontally transmitted “symbiotic islands”. This means that, for rhizobia, two individuals of the 
same species can exhibit very different ecological functions, or conversely, two individuals of even 
distantly related species can exhibit very similar ecological functions [50]. Therefore, it is important 
to bear in mind that experiments assessing the effects of rhizobial diversity on legume function are 
inherently focused on the genetic diversity within rhizobia (as that is the basis for bacterial species 
delineation), but that the genetic delineation of rhizobial species may not be a reliable indicator of 
ecological function. 

The diversity of legume hosts represents only one side of the N-fixer symbiosis. Rhizobial 
bacteria currently make up a diverse paraphyletic group of more than 200 species, the majority of 
which are contained in the alpha-proteobacteria order Rhizobiales (comprised of seven families, 
including Bradyrhizobiaceae, Phyllobacteriaceae, and Rhizobiaceae) and the beta-proteobacterial family 
Burkholderiaceae [40,43,51,52], where it is now thought that nodulation first evolved [53]. These 
rhizobia vary enormously in terms of their genome structure and standing population genetic 
variation [54–56]. As with legumes, rhizobial diversity may be maintained in natural systems through 
negative frequency dependence, with legumes selectively partnering with rarer rhizobia [57]. 

While each partner in the legume–rhizobia mutualism exhibits notable taxonomic diversity, the 
varying degrees of partner specialization exhibited by both legumes and rhizobia can produce many 
combinations of N fixers (i.e., legume and rhizobia pairings), far exceeding the diversity of each 
group in isolation (Figure 2). If, for example, a community contains five legume species and five 
rhizobial species, these 10 species could potentially produce 155 different legume–rhizobia 
combinations (31 possible rhizobial combinations for each of the five legume species) if all five 
legume species are compatible partners with all five rhizobial species. Indeed, studies have 
demonstrated that single legume species can partner with at least nine rhizobial species [58–60], that 
single rhizobial species can partner with multiple genera of legumes [52], and that promiscuity in this 
mutualism commonly occurs in nature [61]. Although the realized number of partnerships would 
almost certainly be much lower in nature due to partner specificity, we present this hypothetical 
example to illustrate that the partnership itself creates the potential for substantial diversity within 
the legume–rhizobia mutualism that has gone almost entirely unrecognized in the BEF literature. 
Throughout this review, we use the term “N-fixer diversity” to refer to the full diversity of legume–
rhizobia combinations present in a community (bottom tier in Figure 2). 
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Figure 2. Unseen diversity in the legume–rhizobia mutualism. Studies on BEF relationships have 
traditionally viewed N fixers as a single functional group, simply focusing on the presence or absence 
of N fixers in a community (top tier). However, in many ecosystems, substantial species and 
functional diversity exists within the legumes (second tier) and their rhizobial partners (third tier; 
Figure 1). Because both legumes and rhizobia can be promiscuous in terms of the species with which 
they partner, the number of combinations of legume–rhizobia mutualisms that can exist in an 
ecosystem far exceeds the diversity of either partner group on its own (bottom tier). In nature, the 
effect of promiscuity on legume–rhizobia diversity is likely even greater than depicted here, given 
that individual legume plants can often partner with multiple rhizobial species at the same time. 
Accounting for this substantial diversity within the legume–rhizobia mutualism may be critical to 
fully understanding how N fixers influence BEF relationships. 

2.2. Functional Diversity 

The relationship between functional diversity and ecosystem function has a deep connection 
with N-fixing legumes, largely because researchers have typically defined these N fixers as a single 
functional group; one that tends to have large impacts on several ecosystem functions (as discussed 
above). Most previous BEF work defines the difference between N-fixers and non-fixers as a 
component of functional diversity [22,35,62]. However, categorizing functional diversity in this way 
obscures important diversity within functional groups, such as that observed within each partner of 
the legume–rhizobia mutualism. As we describe below, there is substantial diversity in the function 
of individual species within both legumes and rhizobia, and each group’s functional diversity can 
have unique effects on ecosystem function. 

Legume species differentiate along multiple axes of functional diversity—including growth 
form, habitat, N-fixation strategy, and partner promiscuity (Figure 1)—each of which can have 
important impacts on ecosystem function. Legumes are one of the most widespread plant groups on 
Earth, occupying almost every terrestrial biome, from lowland tropical rainforests to arctic and alpine 
ecosystems [41,43]. As a result, legumes occur across a wide variety of environmental conditions that 
can directly or indirectly affect the functions that legumes provide to the ecosystem. These 
environmental conditions include the availability of soil N [63,64], light [65,66], water [67–69], and 
other soil nutrients such as phosphorus [64,70]. Legumes also comprise many different growth forms, 
including vines, herbs, shrubs, and canopy trees [41,71]. This variation means that BEF models must 
account for the ecosystem functions performed by legumes in the relevant environmental conditions 
and ecological niches. 

Two axes of functional diversity that are unique to N fixers may play particularly important 
roles in the ecosystem functions that N fixers provide. First is variation in the degree to which 
different species of N fixers can actively regulate N fixation rates. Once the symbiosis has formed, 
some N fixers can regulate how much N they fix (a facultative N fixation strategy) through 
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mechanisms such as autoregulation of nodulation [72] or oxygen regulation in the nodule [73], 
whereas others N fixers fix N at constant rates, regardless of environmental conditions (an obligate 
N fixation strategy) [65,74]. Although the prevailing view for several decades has been that obligate 
N fixers are typically non-legume N fixers (actinorhizal plants that associate with Frankia bacteria) 
[75], recent evidence suggests that the full range, from obligate to fully facultative N fixation 
strategies, exists within N-fixing legumes [63]. Furthermore, within the facultative N fixers, legume 
reliance on fixed vs. soil N varies by species and may depend on plant traits outside of the legume–
rhizobia mutualism, such as plant height [76,77]. 

In addition to how they regulate N fixation, N fixers are also functionally diverse in their 
promiscuity, that is, the phylogenetic breadth of compatible rhizobial partners with which they can 
form the N-fixing mutualism. While some legume species exhibit strong rhizobial specificity, other 
legume species partner with multiple rhizobial species, even within a single plant [58,61,78,79]. The 
Jack-of-all-trades hypothesis [80,81] predicts, and empirical evidence supports [82], that generalists 
(i.e., promiscuous legumes) obtain less average benefit from rhizobia than specialists. Therefore, 
species-specific legume–rhizobial interactions can directly influence niche and fitness differences 
among legume species and between legumes and non-legumes, with important consequences for the 
richness-productivity relationship. Legume species also differ in their ability to enforce cooperation 
from rhizobial associates through partner choice and sanctioning [83–87]. These axes of functional 
diversity related to N fixation indicate that even a single legume species can contribute significant 
diversity to ecosystem N cycling. 

Like their legume hosts, rhizobia exhibit substantial functional diversity [88,89] despite prolific 
horizontal gene transfer in functionally important portions of the genome, such as symbiotic 
plasmids or symbiotic “islands,” which can be easily transmitted among closely related core-genome 
lineages and sometimes move among distantly related rhizobial taxa [88,90,91]. Rhizobia can display 
functional diversity across habitat types, in promiscuity, and in N-fixation strategies. Rhizobia 
inhabit the soil of almost every terrestrial biome and often exhibit strong biogeographic patterns [92], 
creating strong potential for legumes to engage in N-fixing symbioses across a wide array of 
ecosystems and environmental conditions. Rhizobia also exhibit a wide range of promiscuity and a 
gradient of symbiotic benefits for their host partners [88,92–94]. A single rhizobial species might 
partner with multiple legumes at a single site [58,82] or across a broad geographic range [95], while 
other rhizobial species exhibit much narrower host ranges [96]. Rhizobia also vary substantially in 
their function as symbiotic partners: some rhizobial species are highly effective N-fixers; other species 
are ineffective “cheaters” of the mutualism; and some species may be effective in some aspects of the 
mutualism (such as promoting nodule formation), but ineffective in other aspects, such as N fixation 
(Figure 1) [97]. 

We have highlighted examples of the ways that, in addition to the notable taxonomic diversity 
within each group in the legume–rhizobia mutualism, both partners also exhibit a wide range of 
functional diversity. Below, we describe how this wide array of N-fixer diversity contributes to 
variation in ecosystem function in unique and important ways. 

3. Diversity’s Influence on Ecosystem Function 

Because substantial diversity exists at multiple levels within the legume–rhizobia mutualism, it 
is important to consider links between diversity and function at each of these levels. Below, we 
discuss how the diversity of rhizobia influences the function of individual legumes (3.1), how the 
diversity of the N-fixer mutualism affects the functions of the ecosystems they inhabit (3.2), and how 
N fixers affect the variability of ecosystem functions across space and time (3.3). 

3.1. Individual Legume Function 

The unique and important N-fixing service that rhizobia provide to their legume hosts strongly 
suggests that changes in the diversity of the local rhizobial community should affect host-plant 
function. For example, inoculating legumes with rhizobia (i.e., rhizobia presence vs. absence) can 
increase host plant productivity and tissue N content [45,98]. Beyond these presence/absence effects, 
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higher rhizobial diversity could increase individual legume function through selection, 
complementarity, and/or facilitation effects. Positive selection effects dictate that a diverse rhizobial 
community is more likely to contain a particularly effective species [7,99]. This selection effect likely 
applies to many soil rhizobial communities, but no direct tests of this hypothesis currently exist for 
N fixers. Rhizobial diversity can also increase legume function through a combination of 
complementarity and facilitation effects. A more diverse community is more likely to contain a pair 
of species whose functional traits complement each other in a way that facilitates the functional trait 
of a third species. For example, the co-occurrence of a highly effective N-fixing rhizobial species with 
a rhizobial species that excels at initiating nodule formation can increase N fixation for the host plant 
[97]. Complementarity/facilitation has been observed in non-legume actinorhizal N-fixing symbioses 
[100] and likely occurs within legume symbioses, but such positive diversity effects have yet to be 
demonstrated empirically. 

Rhizobial diversity can also decrease host plant function via several mechanisms, including 
selection, competitive interference, and dilution effects. Negative selection effects could arise because 
some rhizobia have evolved to “cheat” the symbiosis (Figure 1) by receiving photosynthate without 
providing fixed N [101,102]. Therefore, increasing rhizobial diversity in the rhizosphere could 
increase the probability of a cheater (or defective [103]) species infecting the host plant and reducing 
its productivity. Interference/competition effects might occur if high rhizobial diversity increases 
interference competition among rhizobial species, which could reduce the community-level function 
that the rhizobia provide to their legume hosts [97,104]. Additionally, dilution effects dictate that 
increasing rhizobial diversity could be especially detrimental to a highly specific legume if a diverse 
soil rhizobial community decreases its likelihood of encountering a compatible rhizobial symbiont. 
Because the dilution effect is inherently mediated by species interactions, this is an especially 
important mechanism by which mutualisms could produce a negative BEF relationship. The few 
experiments that have manipulated rhizobial diversity have found negative relationships between 
rhizobial diversity and legume productivity [97], citing competitive interference between rhizobial 
species as the likely mechanism. Although many more studies are needed to gain a broad consensus, 
this work provides the clearest evidence that rhizobial diversity can have important negative effects 
on legume function under certain conditions. 

Given that N fixation is the functional trait that sets N-fixing legumes apart, it is surprising that 
so little work has examined the relationship between rhizobial diversity and legume N fixation rates. 
We know of no studies that have assessed the relationship between rhizobial species diversity and N 
fixation in natural systems. However, Bala and Giller [105] examined tropical agroforestry legume 
hosts that can partner with a variety of rhizobia—both effective and ineffective at N fixation. They 
found that increasing rhizobial diversity can either increase or decrease per-plant N fixation, 
depending on how soil pH controls rhizobial distributions. The direct effect of rhizobial species 
diversity on legume-host function, then, likely depends on environmental factors that can vary across 
multiple scales (Box 2), host specificity, and whether diversity is being assessed outside of the 
mutualism (i.e., diversity of potential rhizobial symbionts in the soil) or inside the mutualism (i.e., 
diversity of rhizobia actually partnering with the legume host). 

3.2. Community-Level Ecosystem Function 

The greater likelihood of including legumes as community diversity increases has long been 
recognized as a dominant effect in BEF experiments—so dominant that early debate questioned if the 
legume “selection” effect was the only factor driving the BEF relationship [22]. Diversity within the 
legumes, however, has received little attention in empirical BEF studies. Several mechanisms have 
been proposed to explain how increasing N-fixer diversity increases productivity. Increasing N-fixer 
diversity could (1) more strongly differentiate the niches of legumes and non-legumes [36,37,62], (2) 
reduce relative fitness differences between legumes and dominant non-legumes (commonly, C4 
grasses in grassland systems) by improving legume competitive ability [45,106,107], and/or (3) more 
strongly facilitate the growth of non-fixing species by enhancing soil N via higher N fixation rates 
[36,108,109]. Despite these general mechanisms that predict how legumes operate as a functional 
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group, legume species vary enormously in how they affect the richness–productivity relationship 
[110], and one of the most notable gaps in our understanding of the connection between legumes and 
BEF is the lack of information on how diversity within the legume functional group affects 
community-scale ecosystem function. 

Box 2. Differing scales of diversity for microbes and plants. 

The three common scales of diversity in ecology—alpha: diversity within a community; beta: 
diversity between communities; and gamma: diversity of the regional pool [111]—provide 
interesting complexity to the relationship between legume–rhizobial diversity and ecosystem 
function. The massive size difference between the two organisms in the legume–rhizobia 
mutualism means that larger scales of rhizobial diversity (i.e., beta and gamma diversity) may be 
nested within smaller scales of legume diversity (i.e., alpha or beta diversity). For example, there 
may be many distinct communities of rhizobia (rhizobial beta diversity) within a single 
community of legumes (legume alpha diversity). At larger scales, the entire regional species pool 
(gamma diversity) of rhizobia may be represented within a single community or a few distinct 
communities of legumes, while a much larger area is likely necessary to encompass regional 
legume gamma diversity. These differences in scale can be important when considering the drivers 
and effects of diversity for each partner in the legume–rhizobia mutualism. Competitive dynamics 
and selective pressures for rhizobial communities in the soil are driven by environmental variation 
on the scale of millimeters to meters, whereas environmental drivers of legume competition and 
selection often vary on scales of meters to kilometers. Therefore, soil properties that are 
heterogenous at small spatial scales may drive high rhizobial diversity but have relatively little 
impact on the diversity of the legume community if the roots of an individual legume span the 
entire range of this heterogeneity. Additionally, the effects of rhizobial alpha and beta diversity 
can have important effects on scales as small as an individual legume plant or even an individual 
root nodule, whereas even the local alpha diversity of legumes typically influences ecosystem 
function on at least the meter scale. 

High N-fixer diversity in a community can increase N fixers’ contributions to ecosystem function 
via either complementarity or selection effects, or both [6]. Because N fixers occupy a wide range of 
growth forms and ecological traits (Figure 1) [37], complementarity effects suggest that high N-fixer 
diversity can increase niche differentiation within the N-fixer community, reducing inter-legume 
competition for environmental resources such as water, phosphorus, and soil bacteria. Strong 
evidence demonstrates that N fixers occupy different niche spaces than non-fixers (strengthening 
community-wide complementarity effects) [26]. However, little work has assessed niche 
differentiation between sympatric legumes and how this affects their contribution to ecosystem 
function, and existing evidence is contradictory. 

High N-fixer diversity could either increase or decrease ecosystem functions, such as net 
primary productivity (NPP) or SNF via selection effects. For selection effects to be strong, the species 
that contributes disproportionately to ecosystem function must become competitively dominant [5]. 
For this reason, selection effects are often positive because the most commonly assessed ecosystem 
function, NPP, is closely related to individual plant biomass production, which is often used to 
measure a species’ competitive ability. Indeed, more diverse N-fixer communities have a higher 
probability of including a particularly productive N-fixing species, which could increase both NPP 
and SNF. However, because an N fixer’s effectiveness at fixing N is not necessarily tied to its 
competitive dominance under all conditions, increasing legume diversity could increase NPP, but 
decrease total ecosystem SNF, if the most competitively dominant N fixers are relatively ineffective 
at SNF. Several studies have shown that the responses of particularly effective N-fixing species to 
environmental change can largely drive the effect that N fixers as a group have on ecosystem function 
[36,112]. This evidence suggests that whether environmental conditions select for productive, super-
fixing N fixers or for unproductive, ineffective N fixers can largely determine the direction in which 
selection effects influence ecosystem function. Although little empirical evidence exists on how N-
fixer diversity influences ecosystem NPP and SNF, one study from tropical dry forests found that 
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sites with more N-fixing species exhibited lower ecosystem-scale SNF than those with a single species 
of N-fixer [113], but confounding factors related to stand age make it difficult to attribute this effect 
to legume diversity. 

An important consideration when assessing BEF effects of mutualisms such as legumes and 
rhizobia is the specificity/promiscuity of each partner in the symbiosis. If a species in the mutualism 
is a generalist (will engage in symbiosis with multiple partner species), then increasing partner 
diversity can increase its contribution to ecosystem functioning. For example, legumes that share 
rhizobial partners have greater niche overlap, which could allow facilitation among legumes and 
explain why legumes sometimes encourage invasion by other legumes [79,114]. In contrast, if the 
species is a specialist (only partners with a narrow range of potential symbionts), then high diversity 
on the opposite side of the mutualism could reduce the relative abundance of compatible partners 
via dilution effects. This may be especially important if the dominant legume species overloads the 
soil bacterial community with its rhizobial partner(s), decreasing the likelihood that sympatric 
specialist legumes encounter their compatible rhizobia. Indeed, some legumes resist invasion by 
other legumes [115] and under-yield in polycultures with other legume species [24], suggesting that 
the cultivation of a favorable community of rhizobial strains by one legume may facilitate its own 
growth at the expense of other specialized legume species. 

Overall, we have surprisingly little empirical evidence about how diversity within the legume–
rhizobia mutualism affects the magnitude of community-scale ecosystem functions. Certainly, 
considerable evidence indicates that adding N fixers to a community increases several ecosystem 
functions [2,22,35]. While substantial mechanistic theory suggests that increasing N-fixer diversity 
can positively influence ecosystem functions such as NPP and SNF, much of the empirical evidence 
actually points to a negative relationship between N-fixer diversity and ecosystem function. Whether 
BEF effects of N-fixer diversity are positive or negative likely depends on environmental conditions, 
the ecosystem function of interest, the functional traits of the N fixers, and the specificity of each 
partner in the mutualism. 

3.3. Variation in Function Across Space and Time 

When assessing the functioning of an ecosystem, it is important to consider how the magnitude 
of a given function varies across space and through time. There is particularly avid debate in the 
literature about the concepts of spatial heterogeneity and temporal stability of ecosystem function 
and the BEF mechanisms that influence them [116]—debate that is largely outside the scope of this 
work. Instead, we discuss these concepts in general terms as they relate to the effect of N-fixer 
diversity, but point readers to helpful reviews on the complexity of the many aspects of spatial and 
temporal stability [116,117]. 

N-fixer diversity may have strong effects on the spatial heterogeneity of ecosystem functions 
through niche complementarity of either or both partners in the legume–rhizobia mutualism. 
Legumes occupy an impressive variety of ecological niches, often even within a single site. Therefore, 
increasing legume diversity might increase the number of niches occupied by legumes, thereby 
making a relevant ecosystem function such as SNF more spatially homogeneous, even across 
disparate microclimates. Because the distributions and function of rhizobia are sensitive to 
environmental conditions [43,105], increasing the rhizobial species diversity may also increase the 
homogeneity of N-fixer function across spatial variation in factors such as soil temperature, nutrients, 
and pH. Despite this potential homogenizing effect, N fixers often cause spatial heterogeneity in some 
ecosystem functions. For example, because N fixers disproportionally contribute to NPP and N 
cycling, adding N fixers to a community can cause these functions to become patchily distributed 
across the landscape as they are aggregated close to individual N fixers [118]. 

N-fixer diversity affects temporal stability through both complementarity and redundancy, but 
its effects differ substantially depending on the timescale and magnitude of the temporal variation 
being considered. One of the hallmark ecological roles of N fixers is as pioneer species that facilitate 
ecosystem recovery following large-scale disturbance [29,119–121]. This role in the recovery of plant 
biomass, NPP, and N cycling following major disturbance suggests that N fixers enhance long-term 
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ecosystem stability. Beyond effects due to the simple presence/absence of N fixers as a functional 
group, diversity within the N-fixer group can also enhance the temporal stability of ecosystem 
functions across successional time. In regenerating forests in Panama, Batterman et al. [29] showed 
that different species of N fixers peaked in N fixation at different points during succession, exhibiting 
temporal complementarity of SNF in response to changing environmental conditions across 
successional time. 

In ecosystems characterized by constant changes in environmental conditions rather than 
frequent large-scale disturbances, N-fixer diversity may have a different influence on temporal 
stability. When such ecosystems contain multiple species within the legume functional group, 
legume redundancy, coupled with niche diversity along different axes, might make SNF more 
resilient to the extirpation of individual legume species as environmental conditions change [122]. 
This argument predicts a positive relationship between N-fixer diversity and temporal stability in 
these systems. Experimentally, however, the presence of N fixers in a community makes ecosystem 
functions less stable in response to environmental change over time. In experimental grasslands in 
Minnesota, USA, productivity was significantly less stable across 10 years of environmental 
variability in plots where N fixers were present [123]. Although the authors did not provide an 
explanation for this effect, one plausible mechanism is that, in this system, N fixers disproportionately 
contribute to ecosystem productivity [22], making total ecosystem productivity especially sensitive 
to the environmental changes that affect N fixers when this group is present. 

Clearly, the presence and diversity of N fixers can have important effects on the spatio-temporal 
stability of ecosystems and their functions. However, whether their presence and diversity increase 
or decrease ecosystem stability depends on the severity/nature of the disturbance, the functional traits 
of the N fixers in the community, and the timescale of interest. 

4. Function’s Influence on Diversity 

While the BEF field has thoroughly demonstrated the important effects of biodiversity on the 
functioning of many ecosystems, documenting the reciprocal nature of this relationship—the effects 
of ecosystem function on biodiversity—is substantially more challenging. Many of the effects that 
ecosystem function has on biodiversity may be indirect, mediated by how that function affects other 
ecosystem attributes, such as variability, which makes these effects difficult to measure. Building 
experimental evidence for these reciprocal relationships is also hampered by the logistical difficulty 
of manipulating particular ecosystem functions without creating substantial confounding effects. 
Although these difficulties apply to assessing function-to-biodiversity relationships in the legume–
rhizobia mutualism, solid mechanistic theory and some empirical evidence suggests that the function 
of ecosystems can influence legume diversity and that the functional traits of individual legumes can 
impact the diversity of their rhizobial partners. 

The relationship between legume-host function and rhizobial functional diversity may provide 
some of the clearest potential mechanisms for reciprocal effects of function on biodiversity. Because 
the reproductive fitness of rhizobial symbionts is inherently linked to their legume hosts [124], 
legume function can play a direct role in the evolutionary selection and diversification of rhizobia. A 
wide range of theoretical studies have been conducted exploring the adaptive diversification of 
rhizobia and the benefits they provide to their host based on the functional needs of the legume. In 
general, these studies have shown that high legume productivity can select for multiple rhizobial 
species with a range of N-fixation benefit strategies—from highly effective N fixers to less effective 
rhizobial cheaters [101]. Because legume host sanctions are a critical assumption in these evolutionary 
models, the extent to which legume function determines the sanctions that the legume places on its 
rhizobial symbionts should determine the strength of the effects that host-plant function has on 
rhizobial diversity. 

Over evolutionary timescales, the ability to perform the function of N fixation has likely been an 
important driver of global N-fixer diversity [43,125]. Over ecological timescales and at individual 
sites, the most likely mechanism through which ecosystem function should affect legume species 
diversity is through the effect of function on variability. Increases in ecosystem functions such as NPP 



Diversity 2020, 12, 50 11 of 19 

 

and SNF increase the potential heterogeneity of vegetation structure and N availability, which could 
drive important heterogeneity in selection within a community and thereby increase legume 
diversity. Empirically, the relationship between ecosystem NPP and N-fixer diversity is mixed. N-
fixer diversity is relatively high in highly productive tropical forests, suggesting a potential positive 
effect of ecosystem function on N-fixer diversity. However, the diversity of all Angiosperms is high 
in these tropical forests, which means that N fixers actually make up a similar fraction of total 
Angiosperm species richness in the tropics, temperate, and boreal latitudes [126]. Therefore, while 
there does seem to be a positive relationship between NPP and N-fixer diversity, this relationship is 
similar for both N fixers and non-fixers. There is a great need for manipulative experiments to 
investigate whether variation in ecosystem function can cause variation in N-fixer diversity. 

5. Next Steps for the Legume–Rhizobia Mutualism in BEF Research 

Our synthesis of the literature provides clear evidence that the complexity of N-fixer effects on 
ecosystem function has gone largely unexplored in the BEF literature. Here, we suggest examples of 
potential avenues for future work exploring these effects to better understand how the full suite of 
legume–rhizobia diversity influences ecosystem function. 

One of the clearest gaps in our understanding of N fixers and BEF relationships is the paucity of 
data on within-N-fixer diversity effects. Using established experimental designs from the BEF 
literature to experimentally manipulate the species and functional diversity of both legumes and 
rhizobia to determine the effects on ecosystem functions such as NPP and SNF, among others, is a 
clear first step in this line of research. Although understanding the diversity effects of the entire suite 
of legume–rhizobia combinations in a community (accounting for promiscuity in the partnership, 
Figure 2) represents an important goal, there are substantial logistic obstacles of actively 
manipulating these combinations in an experimental framework. 

In addition to controlled experimental manipulations, much can be gained from observational 
studies of the relationship between N-fixer diversity and ecosystem function. For example, assessing 
the relationship between the diversity of legumes and/or rhizobia and the speed of regeneration 
across compatible chronosequence studies. While confounding edaphic differences between 
chronosequence studies present challenges for this type of analysis, sufficiently large collaborative 
datasets of chronosequence studies now exist [27,127] to account for many of these effects statistically. 
We can also use observational sampling to assess the relationship between N-fixer diversity and SNF. 
Several studies have already compared local N-fixer abundances to SNF [36,128], which means that 
data already exist in multiple ecosystems to assess the relationship between N-fixer diversity and 
ecosystem SNF. 

Assessing feedbacks between function and diversity is severely hampered by logistical 
challenges of manipulating ecosystem function without creating confounding experimental effects. 
The legume–rhizobia mutualism does, however, provide potential for this type of manipulation to 
assess the feedback of individual legume function on rhizobial diversity. Several studies have placed 
N fixers into air-tight plant chambers and replaced atmospheric N2 with Argon, preventing the N 
fixer from engaging in SNF [73,129,130]. These studies have focused on different scientific questions, 
but this method could be used to manipulate host-plant function (SNF) and assess the resulting 
effects on rhizobial diversity. 

Finally, it is important to consider how the relationship between N-fixer diversity and ecosystem 
function will change as human activity increasingly alters terrestrial ecosystems. Several prominent 
global change drivers likely have important impacts on the role of N-fixer diversity in ecosystem 
function (Box 3), but we know relatively little about these dynamics. Anthropogenic environmental 
change may impact the diversity of N-fixers in communities, while N-fixer diversity may also help 
dictate how ecosystems respond to global change. Given the critical role of N fixers in Earth System 
Model predictions of global change [131–133], understanding how the diversity of N fixers will 
influence these dynamics may provide important insight into these Earth system model predictions. 

 



Diversity 2020, 12, 50 12 of 19 

 

Box 3. Legume–rhizobia diversity and ecosystem function in a changing world. 

Multiple environmental factors can mediate the relationship between N-fixer diversity and 
ecosystem function, including CO2, N deposition, temperature, and precipitation. Here, we 
provide a non-exhaustive list of examples related to the effects of anthropogenic changes in these 
environmental factors on N fixers at scales from the molecular efficiency of SNF to the competitive 
dynamics of legumes across a landscape, and how these effects can mediate N-fixers’ influence on 
ecosystem functioning. 

CO2: Within an individual legume, CO2 drives the availability of C allocated to rhizobial partners 
and helps determine the terms of material exchange across the legume–rhizobia mutualism [134], 
and the diversity of rhizobial partners within an individual plant likely changes how these 
bargaining dynamics play out [97]. Across legumes, experimental evidence suggests that legume 
species differ dramatically in their growth and N-fixation responses to elevated CO2 and that these 
responses can be mediated by other environmental factors, such as soil N, phosphorus, and 
molybdenum availability [77,135]. 

N Pollution: Legume species vary substantially in their ability to regulate N fixation in response 
to soil N [63], which suggests that increases in N deposition could create shifts in N-fixer 
community composition and may drive the competitive exclusion of N fixers from some 
ecosystems. Furthermore, rhizobial evolution has been documented under long-term N 
fertilization regimes, which resulted in the destabilization of the legume–rhizobia mutualism 
[136]. 

Temperature: Increasing temperature (within relevant ambient temperature ranges) increases the 
enzymatic efficiency of N fixation [137], and models suggest that the predicted temperature 
increases for the coming century will make N-fixing legumes more abundant across the United 
States [138] and have important impacts on N-fixers’ contribution to N and C cycling [132]. 

Drought: N fixers are often competitively dominant in arid environments [27,28,67], and models 
suggest that increasing aridity could favor N fixers, but that these effects are smaller than the effect 
of temperature [138]. 

The environmental factors discussed above are only a subset of the possible global change 
drivers that could mediate the relationship between N fixers and BEF. Increases in species 
introductions, habitat fragmentation, and phosphorus pollution, among others, also likely 
influence the effect of N-fixer diversity on ecosystem function. Although BEF theory suggests that 
higher diversities of legumes and rhizobia should make the mutualism more robust to global 
change drivers, little empirical work has assessed these effects directly. Understanding how global 
change mediates the effects of N fixers on ecosystem function will be important for predicting the 
future role of N fixers in terrestrial ecosystems that are increasingly dominated by anthropogenic 
change. 

6. Conclusions 

The most important conclusion that we can draw from the BEF literature on the legume–rhizobia 
mutualism is that we have currently explored only a fraction of the potential ways that this 
mutualism can influence the relationship between biodiversity and ecosystem function. To date, 
work on N fixers in the context of BEF has been largely confined to understanding how adding this 
functional group affects NPP. Yet, the potential diversity effects of both mutualistic partners, the 
multiple scales of diversity for each of these partners, and the additional ecosystem functions that 
these axes of diversity can influence all point to strong and potentially more complex relationships 
between the legume–rhizobia mutualism and ecosystem function than the BEF literature currently 
reflects. Additionally, many N fixers simultaneously form additional symbioses such as mycorrizal 
associations [139–142] and ant-plant mutualisms [143–145]—partnerships that further add to N-fixer 
diversity and that may strongly impact N-fixer effects on ecosystem function [146]. 
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Conceptual and mechanistic theory supports the possibility of both positive and negative effects 
of rhizobial diversity on legume function and legume diversity on ecosystem function, stability, and 
spatial heterogeneity. Although adding N fixers has a positive effect on many ecosystem functions 
[2,22,35], empirical evidence for the effects of diversity within N fixers is mixed. Surprisingly, much 
of the empirical work discussed here shows that diversity within the legume–rhizobia mutualism 
often has negative effects on function at either the host-legume or ecosystem scale. However, 
evidence does suggest that N-fixer diversity increases ecosystem stability and hastens the recovery 
of biomass and N cycling following disturbances [29]. Improving our understanding of the 
mechanisms that drive these relationships will help us predict the conditions and scales at which we 
expect diversity within the legume–rhizobia mutualism to either positively or negatively affect 
ecosystem function. 

Finally, we highlight the important conclusion that causality in the BEF relationship can operate 
in both directions, but that the effect of ecosystem function on N-fixer diversity remains vastly 
understudied. Functions such as NPP and N fixation may have important impacts on multiple scales 
of both legume and rhizobial diversity through a variety of potential mechanisms, but these effects 
remain poorly understood. Studies that experimentally stimulate changes in ecosystem function and 
document the effects on legume–rhizobia diversity can begin to illuminate the “other” side of the BEF 
relationship. 
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