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ABSTRACT 27 

 Theory suggests that genetic diversity may influence species coexistence and that species 28 

diversity may influence genotype coexistence by altering competitive outcomes among species and 29 

genotypes, respectively. However, other coexistence mechanisms such as microbe-mediated plant-soil 30 

feedbacks (PSF), may also contribute. Interspecific PSF promotes species coexistence when plants grow 31 

better with heterospecific soil microbes than with conspecific microbes, and similarly, intraspecific PSF 32 

promotes genotype coexistence when plants grow better with heterogenotypic than with congenotypic 33 

microbes. Here, we tested whether genetic diversity influences the strength or direction of interspecific 34 

PSF and whether species diversity influences the strength or direction of intraspecific PSF. We found that 35 

genetic diversity reduced the capacity for interspecific PSF to promote species coexistence, and, for one 36 

study species, species diversity reduced the capacity for intraspecific PSF to promote genotype 37 

coexistence. These results suggest that genetic diversity and species diversity may weaken the ability of 38 

PSF to promote coexistence. 39 
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 52 

INTRODUCTION 53 

Species coexistence is fundamental to ecology because it in part determines the maintenance of 54 

species diversity, and similarly the coexistence of competing genotypes is fundamental to evolution 55 

because it determines the maintenance of genetic diversity. However, a growing body of theoretical work 56 

has proposed how genetic diversity could influence species coexistence, and how species diversity could 57 

influence genotype coexistence, potentially linking these two fundamental levels of biodiversity (Vellend 58 

& Geber 2005; Vellend 2006, 2008; Eck et al. 2019). For example, competition could cause genetic 59 

diversity to positively influence species coexistence, and species diversity to positively influence 60 

genotype coexistence, if different species have a competitive advantage against different genotypes of a 61 

common focal species and if different genotypes have a competitive advantage against different species 62 

(Vellend & Geber 2005; Vellend 2006, 2008). Alternatively, competition could cause genetic diversity to 63 

negatively influence species coexistence, and species diversity to negatively influence genotype 64 

coexistence, if high genetic diversity reduces available niche space for heterospecifics, and if high species 65 

diversity reduces available niche space for genotypes within species (Vellend & Geber 2005).  66 

 While the effects of diversity on the strength of coexistence have so far been considered primarily 67 

through the mechanism of competition, other types of species interactions, like the interaction between 68 

plants and their soil microbiota, also may contribute. Microbe-mediated plant-soil feedback (PSF 69 

hereafter, although we note that PSF can also be mediated by abiotic factors [Ehrenfeld et al. 2005]) is a 70 

ubiquitous mechanism for promoting plant species coexistence whose effects on plant growth are similar 71 

in magnitude to those of competition (Lekberg et al. 2018). PSF occurs when different plant species 72 

attract and encourage the growth of different soil microbial communities, and these microbial 73 

communities then feed back to differentially affect the fitness of plant species through species-specific 74 

pathogens or mutualists. Negative PSF occurs when plant species have lower fitness in their own soil 75 

microbial community relative to other members of the plant community, leading to negative density-76 



dependence and the promotion of species coexistence (Bever et al. 1997). Positive PSF, on the other 77 

hand, occurs when species have higher fitness when grown with their own soil microbial community 78 

relative to other members of the plant community, reducing the likelihood of coexistence and potentially 79 

leading to species diversity declines (Bever et al. 1997). 80 

While most work has focused on microbe-mediated interspecific PSF as a mechanism for 81 

promoting species coexistence, some studies have found significant intraspecific PSF that can affect the 82 

coexistence of genotypes within species (Bever et al. 1997; Felker-Quinn et al. 2011; Bukowski & 83 

Petermann 2014; Liu et al. 2015; Bukowski et al. 2018). For example, when pathogens differentially 84 

affect genotypes of a species, as has been found in both agricultural (Neupane et al. 2015; Croll & 85 

McDonald 2017; Walters et al. 2018) and natural (Laine 2004; Laine et al. 2011; Eck et al. 2019) 86 

populations, then the pathogens most harmful to a common genotype will accumulate and reduce the 87 

fitness of that genotype in the next generation. As with interspecific PSF, these dynamics lead to negative 88 

density-dependence and the promotion of genotype coexistence through negative intraspecific PSF. On 89 

the other hand, if mutualists differentially affect genotypes of a species, then mutualists most beneficial to 90 

a common genotype may accumulate and increase the fitness of that genotype in the next generation. 91 

Such positive intraspecific PSF, which reduces the likelihood of genotype coexistence and potentially 92 

leads to the erosion of genetic diversity, has also been demonstrated (Bever et al. 1996; Bukowski & 93 

Petermann 2014; Bukowski et al. 2018). 94 

Analogous to theory regarding competition as a mediator of diversity effects on coexistence, we 95 

may expect PSF to cause genetic diversity to positively influence species coexistence, and species 96 

diversity to positively influence genotype coexistence, if: (1) some species perform better with the 97 

microbial communities associated with one genotype of a focal species, while other species perform 98 

better with the microbial communities associated with different genotypes, and (2) some genotypes of a 99 

focal species perform better with the microbial communities associated with one species, while other 100 

genotypes perform better with the microbial communities associated with different species. These 101 

dynamics could occur, for example, if a legume species that is highly dependent on rhizobia (nitrogen-102 



fixing bacteria) benefits from co-occurring with a heterospecific legume genotype that strongly promotes 103 

rhizobia growth, while another plant species may benefit instead from the microbes associated with a 104 

different genotype of the legume, perhaps through associational resistance to an enemy.  105 

On the other hand, PSF may cause genetic diversity to negatively influence species coexistence 106 

and species diversity to negatively influence genotype coexistence if: (1) high genetic diversity in a focal 107 

species dilutes conspecific pathogens that would otherwise promote negative interspecific PSF, and (2) 108 

high species diversity dilutes the pathogens specialized on a common genotype that would otherwise 109 

promote negative intraspecific PSF. Recent theoretical work found support for the dilution of conspecific 110 

pathogens, showing that when pathogens were genotype-specific, simulated communities with low 111 

genetic diversity resulted in more negative interspecific PSF relative to simulated communities with high 112 

genetic diversity (Eck et al. 2019). The reciprocal effects of species diversity on genotype coexistence 113 

may also occur, although this was not tested in the Eck and coauthors (2019) model.  114 

Here, we tested empirically whether genetic and species diversity can influence PSF-mediated 115 

coexistence of species and genotypes, respectively. We manipulated both genetic diversity and species 116 

diversity using two populations of each of two prairie plant species, and measured the resulting impact on 117 

the strength and direction of interspecific and intraspecific PSF. Specifically, we asked: 118 

1) Does genetic diversity alter the strength of interspecific PSF?  119 

2) Does species diversity alter the strength of intraspecific PSF?  120 

If genetic diversity causes interspecific PSF to become more negative (or less positive) and species 121 

diversity causes intraspecific PSF to become more negative (or less positive), then genetic diversity will 122 

promote species coexistence, and species diversity will promote genotype coexistence, potentially 123 

promoting positive linkages between species and genetic diversity. On the other hand, if genetic diversity 124 

causes interspecific PSF to become more positive (or less negative) and species diversity causes 125 

intraspecific PSF to become more positive (or less negative), then genetic diversity will inhibit species 126 

coexistence and species diversity will inhibit coexistence among genotypes, potentially promoting 127 

negative linkages between species and genetic diversity. 128 



METHODS 129 

Experimental Design Overview 130 

 To test how genetic diversity influences interspecific PSF and how species diversity influences 131 

intraspecific PSF, we conducted a two-generation PSF experiment (Bever 1994) in the greenhouse in the 132 

fall of 2017. In this method, a plant or group of plants conditions the soil microbial community in the first 133 

generation (“Phase I”), and the effects of those microbial communities on plant growth are then assessed 134 

in a second generation (“Phase II”). We calculated PSF as the net-pairwise feedback, Is, a measure that 135 

allows us to make predictions about whether PSF will promote or inhibit the coexistence of species or 136 

genotypes (Bever et al. 1997). Additionally, we estimated the ln-response ratio for each species and each 137 

population, which is a direct measure of that species’ or population’s relative growth in its own soil 138 

microbial community vs. heterospecific or -population soil.  139 

We manipulated genetic diversity and species diversity in Phase I to test their influence on the 140 

strength and direction of inter- and intraspecific PSF, respectively. We manipulated species diversity by 141 

planting pairs of plants in each pot that were either two individuals of the same species or one individual 142 

of each of two species, and we manipulated genetic diversity within each species in a similar way, except 143 

we planted two individuals from the same population or one individual from each of two populations 144 

(note that each population includes numerous genotypes; Fig. 1). While we acknowledge that a pot 145 

containing two species or two genotypes would not typically be considered high diversity, for simplicity 146 

we refer to our two-species and two-population treatments as “high species diversity” and “high genetic 147 

diversity” respectively, and our single-species and single-population treatments as “low species diversity” 148 

and “low genetic diversity”. We used these two levels of diversity within each pot because including 149 

more levels would have made the experiment unfeasibly large, and the largest effects of increasing 150 

species or genotype richness are often observed at relatively low richness (e.g., Tilman et al. 1997).  151 

 152 

 153 



Feedback Experiment 154 

 Phase I: conditioning soil — We used two commonly co-occurring perennial prairie plant species 155 

- Echinacea purpurea (Asteraceae; “Echinacea” hereafter) and Coreopsis lanceolata (Asteraceae; 156 

“Coreopsis” hereafter). For each of these species we used two populations - one from the southern 157 

Midwestern United States (“South”; Coreopsis, Missouri Wildflower Nursery, originally collected from 158 

Joplin Co., MO, USA; Echinacea, Hamilton Native Outpost, cultivated in Putnam Co., MO, USA but 159 

likely originating from populations in Iowa) and one from the upper Midwestern United States (“North”; 160 

Coreopsis, Agrecol, originally collected from Kenosha, WI, USA; Echinacea, Agrecol, originally 161 

collected from Madison, IA, USA). These populations differ in several traits, including relative growth 162 

rate (Lau et al. 2019; Zirbel & Brudvig 2020a, b; Table S1).  163 

We inoculated all pots with a common field soil inoculum at the time of planting. The inoculum 164 

was comprised of soils collected from beneath Echinacea and Coreopsis plants in August 2017, at each of 165 

four restored prairie sites at the W.K. Kellogg Biological Station (Hickory Corners, MI, USA). These 166 

sites were sown with twelve common prairie species in Fall, 2015, and two sites were planted with South 167 

populations of Echinacea and Coreopsis while two were planted with North populations. Specifically, we 168 

used a 1.9 cm diameter core to collect soil to a depth of 15 cm from beneath the Echinacea and Coreopsis 169 

individual located closest to every five-meter mark along two 30-meter transects, except for one site 170 

where we used the first twelve plants we could find because our species were rare at this site. We sieved 171 

the soil (2 mm mesh) to remove rocks and roots, then homogenized it to create a single inoculum that we 172 

stored at 4°C until Phase I was planted (max. 20 days).  173 

 We sterilized and filled 656 mL Deepots™ (Stuewe and Sons, Tangent, OR, USA) with a sterile 174 

base soil composed of a 9:1 mixture of untreated sand (Quickrete All Purpose Sand, Atlanta, GA, USA - 175 

included for drainage) and sifted, sterilized (autoclaved at 121°C for two periods of 45 min with a 48-176 

hour rest between) field soil that we collected from a restored prairie that received a similar seed mix and 177 

management as the experimental prairies described above. We then inoculated each pot with a 40 ml layer 178 

of the common inoculum and topped with a thin layer of sterile base soil to reduce contamination between 179 



pots. We planted four seeds into each pot, later thinning to two seedlings, in the combinations described 180 

above (Fig. 1). We planted 30 replicates of each treatment, but due to poor germination of the Echinacea 181 

South population we ended up with 15 replicates of the Echinacea low genetic diversity treatments and 28 182 

replicates of the Echinacea high genetic diversity treatment (Phase I N = 178).  183 

 We harvested all plants after 18 weeks and dried and weighed aboveground biomass to account 184 

for Phase I productivity in our analyses (see below). Roots of the plant pairs could not be separated, and 185 

so were discarded. We stored conditioned soil at 4°C until we planted Phase II (approximately one week). 186 

 187 

 Phase II: quantifying plant growth effects of conditioned soil — To test for the effect of each soil 188 

microbial community from Phase I on plant growth, we inoculated single individuals of each population 189 

of each species with soils from each Phase I treatment in a full factorial design (Fig. 1; N = 384, 5-15 190 

replicates of each Phase I inoculum × 10 Phase I inocula × 2 species × 2 populations per species). In the 191 

low genetic diversity treatments where we were testing the growth of a species in heterospecific soil, we 192 

only planted five replicates of each population because the two populations were combined to represent 193 

the species. For example, to represent the growth of Coreopsis in soil conditioned by Echinacea, we 194 

planted five replicates each of Coreopsis South in soil conditioned by Echinacea South, Coreopsis South 195 

in soil conditioned by Echinacea North, Coreopsis North in soil conditioned by Echinacea South, and 196 

Coreopsis North in soil conditioned by Echinacea North, for a total of 20 plants (see Tables S2, S3 for 197 

additional replication details).  198 

We filled pots with a sterile base soil as described for Phase I above (except we sterilized the sand 199 

for Phase II) and inoculated them with a 40 ml layer of conditioned soil originating from a single Phase I 200 

pot (soil from each Phase I pot was inoculated onto 2-4 Phase II pots). Maintaining independence of 201 

replicates in this way is essential because mixing soils from multiple pots produces falsely precise 202 

estimates of PSF (Reinhart & Rinella 2016). We then sprinkled a thin layer of twice-autoclaved Turface 203 

(calcined clay, Profile Products, IL) on top of the inoculum layer to improve drainage and reduce 204 

contamination between pots. To improve germination, we cold-stratified Echinacea seeds in wet quartz 205 



sand in a plastic bag for four weeks. We surface sterilized all seeds for two minutes in 5% bleach, 206 

followed by three rinses in DI water, and then planted three seeds into each pot, which were later thinned 207 

to one seedling. We planted Coreopsis as seeds but transplanted Echinacea as seedlings at the two-leaf 208 

stage because of germination concerns. After 14 weeks above- and belowground biomass were harvested, 209 

dried at 65°C for at least seven days, and weighed. 210 

 211 

Statistical Analyses 212 

Does genetic diversity alter the strength of interspecific PSF?  213 

 To determine whether genetic diversity (two populations vs. one) affects the strength or direction 214 

of interspecific PSF, we fit linear mixed models using the lme4 package (Bates et al. 2015) in R, version 215 

3.5.2 (R Core Team 2018). Phase II biomass (the sum of aboveground and belowground biomass) was the 216 

response variable; and Phase II species (Echinacea or Coreopsis), Phase I species (Echinacea or 217 

Coreopsis), Phase I genetic diversity (high or low), and all interactions were included as fixed effects. 218 

Phase I pot and Phase II greenhouse bench were included as random effects. To control for potential 219 

confounding effects of microbial density or nutrient drawdown being greater in soil conditioned by larger 220 

plants, Phase I pot biomass (the sum of aboveground biomass for both individuals) was included as a 221 

covariate. Interspecific PSF is calculated as the coefficient Is of a significant interaction between Phase II 222 

species and Phase I species (Is = G(A)𝛼 - G(A)𝛽 - G(B)𝛼 + G(B)𝛽, where 𝛼 is soil conditioned by species 223 

A and 𝛽 is soil conditioned by species B, and G represents growth; Bever et al. 1997); therefore, a 224 

significant Phase II species × Phase I species × Phase I genetic diversity interaction would indicate that 225 

interspecific PSF differs between high and low genetic diversity treatments. We assessed statistical 226 

significance using Type III ANOVA with Satterthwaite’s approximation of denominator degrees of 227 

freedom using the package lmerTest (Kuznetsova et al. 2015).  228 

We then estimated interspecific PSF at each genetic diversity level as the coefficient for the Phase 229 

II species × Phase I species interaction (Bever et al. 1997) in two separate models: one for high genetic 230 



diversity and one for low genetic diversity. Phase I pot and Phase II greenhouse bench were again 231 

included as random effects, and Phase I pot biomass was again included as a covariate. For the low 232 

genetic diversity treatment, our estimation of a species’ growth in conspecific soil only included 233 

treatments where each population was grown in soil conditioned by its own population (e.g., growth of 234 

Echinacea North in soil conditioned by Echinacea North, but not by Echinacea South).  235 

To quantify plant growth responses to con- vs. heterospecific soil, we estimated the ln-response 236 

ratio for each species within each level of genetic diversity using identical models to those described 237 

above, but on ln-transformed total biomass (Bates et al. 2019). We then calculated the ln-response ratio 238 

for each species by subtracting the model estimate in heterospecific soil from the estimate in conspecific 239 

soil. Because we included the interaction between main effects in our model, we needed to do an 240 

additional adjustment to propagate the standard error estimates, which we did according to Hedges et al. 241 

(1999).  242 

 243 

Does species diversity alter the strength of intraspecific PSF?  244 

 To test for the effect of species diversity (two species vs. one) on intraspecific PSF, we fit linear 245 

mixed models separately for each species. We built both models as described above, except the fixed 246 

effects were Phase II population (North or South), Phase I population (North or South), and Phase I 247 

species diversity (high or low). Here, a significant Phase II population × Phase I population × Phase I 248 

species diversity interaction would indicate that intraspecific PSF differs between high and low species 249 

diversity treatments.  250 

Using methods similar to those above, we estimated intraspecific PSF separately for each level of 251 

species diversity as the coefficient Is for the Phase II population × Phase I population interaction (Bever et 252 

al. 1997) for each species. For the low species diversity treatment, we only included low genetic diversity 253 

treatments to avoid confounding species diversity with genetic diversity (i.e., because all high species 254 

diversity treatments included only one population within a species, we only included low species diversity 255 

treatments that also included only one population).  256 



To quantify plant growth responses to con- vs. heteropopulation soil, we estimated the ln-257 

response ratio for each population of each species within each level of species diversity using the model 258 

fitting method as described above (Bates et al. 2019).  259 

 260 

RESULTS 261 

Does genetic diversity alter the strength of interspecific PSF?  262 

 Interspecific PSF was significantly more positive (or less negative) in the high genetic diversity 263 

treatment (conditioned by two populations) than in the low genetic diversity treatment (conditioned by 264 

one population), indicating that genetic diversity may weaken the ability of interspecific PSF to promote 265 

species coexistence (Phase II species × Phase I species × Phase I genetic diversity: F1,143 = 5.73, P = 0.02; 266 

Fig. 2). Interspecific PSF was negative in the low genetic diversity treatment (Phase II species × Phase I 267 

species: F1,90 = 5.40, P = 0.02) but did not significantly differ from zero in the high genetic diversity 268 

treatment (Phase II species × Phase I species: F1,84 = 1.00 P = 0.33; Fig. 2A), suggesting that PSF would 269 

contribute to the coexistence of these two species only at low levels of genetic diversity. The negative 270 

interspecific PSF in low genetic diversity treatments was driven by Coreopsis producing substantially 271 

more biomass when grown in soil conditioned by Echinacea than in soil conditioned by conspecifics (Fig. 272 

2B, D). Coreopsis was also more responsive to the genetic diversity treatments, which drove the 273 

difference in interspecific PSF between low and high genetic diversity (comparing Coreopsis ln-response 274 

ratios in Fig. 2B, C). Note that the greater absolute growth of Coreopsis relative to Echinacea may have 275 

contributed to the negative PSF observed in the low genetic diversity treatment (Fig. 2A, D), but it should 276 

not influence the effects of genetic diversity on interspecific PSF. There was no relationship between 277 

Phase I pot biomass and Phase II biomass (Phase I Pot biomass: F1 = 2.1, P = 0.15; Fig. S1), suggesting 278 

that these effects cannot be explained by differences in plant biomass (which could affect things like 279 

nutrient drawdown) among Phase I treatments.   280 

 281 



Does species diversity alter the strength of intraspecific PSF?  282 

 For Coreopsis, intraspecific PSF tended to be more positive (or less negative) in the high species 283 

diversity treatment (conditioned by both Coreopsis and Echinacea) than in the low species diversity 284 

treatment (conditioned by Coreopsis alone), indicating that species diversity may weaken the ability of 285 

intraspecific PSF to promote genotype coexistence (Phase II population × Phase I population × Phase I 286 

species diversity: F1,54 = 3.91, P = 0.052; Fig. 3A-E). This effect was primarily driven by the North 287 

population, which tended to produce more biomass in heteropopulation (South) soil when species 288 

diversity was low but switched to producing more biomass in conpopulation (North) soil when species 289 

diversity was high (Fig. 3D, E). For Echinacea, species diversity did not influence intraspecific PSF 290 

(Phase II population × Phase I population × Phase I species diversity: F1,54 = 0.43, P = 0.52; Fig. 3F-J).  291 

In our model for Coreopsis, we detected a four-way interaction with the Phase I pot biomass 292 

covariate (Phase II population × Phase I population × Phase I species diversity × Phase I pot biomass: 293 

F1,51 = 5.29, P = 0.03). Including the interaction with the covariate in our models caused three terms to 294 

shift from non-significant to significant (Fig. S2). Here we present results from the more conservative 295 

model that excludes interactions with the covariate, but we provide results and an interpretation of the 296 

model with covariate interactions in the supplement (Fig. S2, S3, Table S4). 297 

Estimated intraspecific PSFs did not differ significantly from zero in any treatment for either 298 

species, despite being similar in magnitude to those of interspecific PSF. However, intraspecific PSF for 299 

Coreopsis was significantly negative when the 4-way interaction with the covariate was included (as 300 

described above), suggesting that intraspecific PSF might act to promote the coexistence of these two 301 

populations (Fig. S2A). 302 

 303 

DISCUSSION 304 

 Theory suggests that genetic diversity may influence species coexistence and that species 305 

diversity may influence genotype coexistence (Vellend & Geber 2005; Vellend 2006, 2008; Eck et al. 306 

2019). Here, we empirically tested whether microbe-mediated plant-soil feedback (PSF) can mediate the 307 



effects of diversity on coexistence. We found that genetic diversity (two populations vs. one) reduced the 308 

capacity for interspecific PSF to promote species coexistence, and that species diversity (two species vs. 309 

one) reduced the capacity for intraspecific PSF to promote the coexistence of competing Coreopsis 310 

genotypes. Together, these results suggest that genetic diversity and species diversity may weaken the 311 

ability of PSF to promote coexistence. 312 

 313 

Potential Mechanism of genetic diversity and species diversity weakening PSF-mediated coexistence 314 

 Recent theoretical work has shown that when pathogens are genotype specific, PSF more strongly 315 

promotes species coexistence when plant genetic diversity is low (Eck et al. 2019). Using a simulation 316 

model that included four species and three levels of genetic diversity, Eck and coauthors (2019) found 317 

that plant genetic diversity weakened negative interspecific PSF through a pathogen dilution effect. When 318 

plant genetic diversity was low, seeds of a focal species were more likely to land in soil previously 319 

occupied by their same genotype, resulting in strong negative interspecific PSF that strengthened species 320 

coexistence and promoted species diversity. On the other hand, when genetic diversity was high, seeds 321 

more often landed in heterogenotypic soil, resulting in less negative interspecific PSF and the dominance 322 

of a single plant species. By contrast, if mutualists were mediating these patterns, then low genetic 323 

diversity would cause seeds to frequently land in soil containing their genotype-specific mutualists, 324 

leading to more positive interspecific PSF that would weaken species coexistence and erode species 325 

diversity. Thus, while we did not test whether genetic diversity-mediated shifts in interspecific PSF were 326 

caused by pathogens vs. mutualists, our results are consistent with a pathogen dilution effect.  327 

The Eck et al. (2019) simulation model did not test the effect of species diversity on intraspecific 328 

PSF, but we would expect by analogy that the dilution of species-specific pathogens by the presence of 329 

other species would have a similar effect as the dilution of genotype-specific pathogens had on 330 

interspecific PSF, leading to less negative intraspecific PSF (provided that genotype-specific pathogens 331 

are generating intraspecific PSF). Our results were consistent with such a pathogen dilution effect in 332 

Coreopsis, but not in Echinacea.  333 



 334 

Relative Strengths of Intra- and Interspecific PSF 335 

Although we did not detect any significant intraspecific PSF, the parameter estimates of 336 

intraspecific PSF rivaled those of interspecific PSF (the strongest estimate for both was Is = -0.13 while 337 

weaker estimates were likewise similar, ranging from Is = 0.005 to 0.06; Figs. 3A, 4A, 4F), indicating that 338 

the effects of intraspecific PSF on genotype coexistence may be similar in magnitude to the effects of 339 

interspecific PSF on species coexistence. In contrast, a prior study that measured both inter- and 340 

intraspecific PSF in four plant species (but that did not investigate how genetic diversity influenced 341 

interspecific PSF or how species diversity influenced intraspecific PSF) found that interspecific PSF was 342 

five times stronger than the strongest estimate of intraspecific PSF (Bever et al. 1996). While the 343 

difference in outcome between studies could be due to species-specific differences in interspecific PSF, it 344 

may also reflect differences in the degree of trait divergence among studied genotypes (Crawford et al. 345 

2019). Bever et al. (1996) compared genotypes co-occurring within a small field, so these genotypes were 346 

likely closely related and therefore also likely similar in their traits. By contrast, our results suggest that 347 

divergence in relevant PSF traits between our geographically distant populations rival the divergence of 348 

those traits between our two species, leading to intra- and interspecific PSF’s similar in strength. 349 

Our interspecific PSF results were driven primarily by one of our two species, Coreopsis. There 350 

are several possible reasons for this asymmetric soil response. First, Echinacea-specific pathogens may 351 

have been less abundant than Coreopsis-specific pathogens in these recently established prairie 352 

restorations, resulting in low host-specificity between plants and soil pathogens which often weakens 353 

negative interspecific PSF (Cortois et al. 2016). Second, transplanting Echinacea into conditioned soil as 354 

seedlings, rather than as seeds, could have protected Echinacea from the negative effects of pathogens 355 

given that plants are generally more susceptible to pathogens earlier in development (Develey-Rivière & 356 

Galiana 2007). Lastly, species differences could be related to successional dynamics as later successional 357 

species like Echinacea generally experience weaker negative PSF than early successional species (Kardol 358 



et al. 2006; Bauer et al. 2015) due to being more defended against pathogens and more responsive to 359 

mutualists (Reynolds et al. 2003; Van der Putten 2003; Koziol & Bever 2015).  360 

Similarly, Coreopsis’ reduction in intraspecific PSF from high species diversity to low species 361 

diversity was driven primarily by one population, although neither population exhibited significant 362 

growth responses to con- vs. heteropopulation soil (Fig. 3B, C). Intraspecific PSF strength has been 363 

shown to differ among populations (Felker-Quinn et al. 2011), families (Eck et al. 2019), and genotypes 364 

(Bever et al. 1996; Bukowski & Petermann 2014; Bukowski et al. 2018), so it is not surprising that our 365 

populations responded differently to soil microbes. While we do not know what caused these differences, 366 

intraspecific variation is common in plant traits that are likely to contribute to PSF, including plant 367 

defenses (Moore et al. 2014) and root exudation (Binns et al. 2002; Micallef et al. 2009). 368 

 369 

Caveats  370 

 We have shown that genetic diversity can reduce the capacity for PSF to promote species 371 

coexistence, and that species diversity can reduce the capacity for PSF to promote genotype coexistence, 372 

but we do not know how these patterns generalize to different plant species or populations, especially 373 

given that the effects were primarily driven by one species, Coreopsis, and one population. Was 374 

Coreopsis’ strong response the exception or the norm? And were our intraspecific PSF results driven by 375 

species diversity and the dilution of genotype-specific pathogens, or were they a function of unique 376 

properties of Coreopsis and Echinacea? In this preliminary work we set out to test whether genetic 377 

diversity and species diversity could influence PSF-mediated coexistence in principle, and we showed 378 

that it is possible, at least with these species. While it is heartening that the Eck and coauthors (2019) 379 

model found similar results with four species and three levels of genetic diversity, we hope that future 380 

empirical work will further explore the generality of these findings. 381 

 382 

Implications  383 



If our findings apply to more diverse communities and to a variety of species, then our result that 384 

genetic diversity can influence the strength of interspecific PSF may explain variation in the strength and 385 

direction of PSF observed across species (Klironomos 2002; Bezemer et al. 2006; Kardol et al. 2006; 386 

Crawford et al. 2019). While there are certainly true differences among species in their PSF, estimates of 387 

interspecific PSF may be artificially increased (i.e., measured as more positive) for species that are 388 

experimentally represented by a genetically diverse population, while estimates may be artificially 389 

decreased (i.e., measured as more negative) for species represented by a less genetically diverse 390 

population.     391 

If stronger stabilizing coexistence leads to greater diversity, then our findings that genetic 392 

diversity weakened species coexistence and that species diversity weakened genotype coexistence suggest 393 

that genetic and species diversity may be negatively linked through PSF. In the scenario we documented, 394 

PSF would cause diversity at one level of biological organization to reduce diversity at the other level 395 

(Fig. 4A). Theory has predicted negative linkages between genetic and species diversity, as well as 396 

positive linkages such that diversity begets diversity (Fig. 4B), again with a primary focus on competition 397 

as the mediator (Vellend & Geber 2005; Vellend 2006). While this body of theory often assumes that 398 

stronger species or genotype coexistence result in greater species or genetic diversity, respectively, this 399 

assumption may not always be met because diversity is determined by additional mechanisms beyond just 400 

coexistence. However, in cases where coexistence does result in greater diversity, and where PSF is a 401 

major driver of coexistence, the dynamics we observed point to two contrasting outcomes: a plant 402 

community with few species but high genetic diversity within those species, or a community with many 403 

species but low genetic diversity within species. While community diversity is certain to depend on other 404 

ecological and evolutionary processes, our results suggest that PSF may dampen the negative effects of 405 

diversity loss by promoting diversity at other levels of biological organization.  406 

 407 
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Figure 1.  Experimental design. Small colored circles represent the soil microbial communities conditioned by 532 

different plant pairs in Phase I, which were inoculated onto a second generation of plants in Phase II. We planted 30 533 

replicates of each of seven treatments (top row, left to right): A-D = low species diversity & low genetic diversity 534 

(Echinacea South, Echinacea North, Coreopsis South, Coreopsis North); E-F = low species diversity & high 535 

genetic diversity (Echinacea South + North, Coreopsis South + North); and G = high species diversity (all possible 536 

pairwise combinations of Echinacea and Coreopsis populations). The number next to each pot represents the final 537 

number of replicates for each soil inoculum, which were reduced in the low species diversity Echinacea treatments 538 

because of low germination.  539 
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Figure 2.  Interspecific microbe-mediated plant-soil feedback (PSF) between Echinacea and Coreopsis grown in 549 

soil conditioned by pairs of plants representing low (left column) or high (right column) genetic diversity. The top 550 

panel shows the net pairwise interspecific PSF (Is) between Echinacea and Coreopsis (A). The middle row shows 551 

the ln-response ratio of biomass produced in conspecific soil compared to biomass produced in heterospecific soil 552 

[(B), (C)], and the bottom row shows the biomass produced by each species when grown in soil conditioned by each 553 

species [(D), (E)]. The interaction coefficient of the biomass plots in (D) and (E) are depicted as the interspecific 554 

PSF for each level of genetic diversity in (A) (Is, Bever et al. 1997). Error bars are fitted SE. Asterisk above bar in 555 

(A) indicates significant difference between groups; asterisk above treatment indicates that (A) PSF or (B) ln-556 

response ratio differs significantly from zero;  * P < 0 .05, *** P < 0.001.  557 
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Figure 3.  Intraspecific microbe-mediated plant-soil feedback (PSF) between South and North populations of 559 

Coreopsis (left) and Echinacea (right) grown in soil conditioned by pairs of plants representing low (left column 560 

under each species) or high (right column under each species) species diversity. The top row shows the net pairwise 561 

intraspecific PSF (Is) between South and North populations [(A), (F]). The middle row shows the ln-response ratio of 562 

biomass produced in conpopulation soil compared to biomass produced in heteropopulation soil [(B), (C), (G), (H)], 563 

and the bottom row shows the biomass produced by each population when grown in soil conditioned by each 564 

population [(D), (E), (I), (J)]. The interaction coefficient of the biomass plots in (D) and (E) are depicted as the 565 

intraspecific PSF for each level of genetic diversity in (A) and (F) (Is, Bever et al. 1997). Error bars are fitted SE.  566 
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Figure 4.  Conceptual diagram showing how the effects of genetic and species diversity on coexistence have the 568 

potential to lead to (A) negative and (B) positive linkages between genetic diversity and species diversity that are 569 

mediated by plant-soil feedback (PSF). (A) If genetic diversity causes interspecific PSF to become more positive (or 570 

less negative) (A1), and species diversity causes intraspecific PSF to become more positive (or less negative) (A4), 571 

then genetic diversity and species diversity will reduce the potential for PSF-mediated coexistence of competing 572 

species and genotypes, respectively. If weaker coexistence leads to a loss of diversity, this could then cause genetic 573 

and species diversity to negatively influence each other such that diversity at one level of biological organization 574 

reduces diversity at the other level. (B) Reciprocally, if genetic diversity causes interspecific PSF to become more 575 

negative (or less positive) (B1), and species diversity causes intraspecific PSF to become more negative (or less 576 

positive) (B4), then genetic diversity and species diversity may positively influence each other such that diversity 577 

begets diversity. The resulting effect of each level of diversity on the other is summarized by the vertical dotted 578 

lines. Note that here we assume that more positive inter- and intraspecific PSF always inhibit species coexistence 579 

and genotype coexistence, respectively (A2, A5, B2, B5), and coexistence always promotes the maintenance of 580 

species and genetic diversity, respectively (A3, A6, B3, B6). 581 
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