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Abstract. Temporal fluctuations in plant species coexistence are key to understanding
ecosystem state transitions and long-term maintenance of species diversity. Although plant
microbiomes can alter plant competition in short-term experiments, their relevance to natural
temporal patterns in plant communities is unresolved. In a semiarid grassland, the frequency
and magnitude of change in plant species composition through time varied from relatively sta-
tic to highly dynamic among patches across the landscape. We field tested whether these alter-
native successional trajectories correlated with alternative plant–soil interactions. In
temporally stable patches, we found negative plant–soil feedbacks, where plants grew worse
with conspecific than heterospecific soil biota—a mechanism that maintains stability in mathe-
matical models. In contrast, feedbacks in temporally dynamic patches were neutral to positive.
Importantly, the magnitude of feedbacks depended on plant frequency, enabling plant species
to increase in cover when rare, which theory predicts will promote long-term, stable coexis-
tence. Although our study does not determine the direction of causality, our results reveal a
novel link between plant—microbe interactions and temporal stability of plant species coexis-
tence and help to explain 20+ yr of plant abundance dynamics at the patch-to-landscape scales.
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INTRODUCTION

Ecologists have puzzled over the drivers of species
coexistence for decades because it is key to understand-
ing the maintenance of species diversity, and to predict-
ing future community trajectories under global
environmental change (e.g., Tilman and Downing 1994,
Knapp and Smith 2001, Hallett et al. 2014). Past expla-
nations have focused primarily on fluctuating abiotic
conditions, such as climate or resource availability (e.g.,
Beisner et al. 2003, Smith et al. 2009, Letten et al.
2018), modified by interspecific competition as the dom-
inant biotic driver (e.g., Tilman 1994, Kilpatrick and
Ives 2003). However, in plants, fitness, abiotic tolerances,
and competitive ability all can be altered by plant-asso-
ciated soil biota, which could be as important as other
studied mechanisms in mediating species coexistence
(Reynolds et al. 2003, Kivlin et al. 2013, Lekberg et al.
2018). Although the possibility that soil biota influence
species coexistence is increasingly recognized, experi-
mental tests have been few (e.g., Bever et al. 1997,

Pendergast et al. 2013, Chung and Rudgers 2016). Fur-
thermore, experiments are typically conducted in artifi-
cial environments, which are disconnected from the
dynamics of species in natural landscapes (but see Burns
and Brandt 2014, Pellkofer et al. 2016).
Evidence supports the potential for plant microbiomes

to alter coexistence outcomes among plant competitors,
and thus to shape the temporal trajectory of plant com-
munity composition. For example, as a plant species
increases in abundance, it can accumulate a unique
microbial community in roots and nearby soil that is
more detrimental to itself than to co-occurring plant
species, causing a negative plant–soil feedback (Bever
et al. 1997). Such feedbacks could increase the magni-
tude of negative intraspecific interactions relative to
interspecific interactions, potentially stabilizing species
coexistence and slowing successional change (Burns and
Brandt 2014, Chung and Rudgers 2016). Alternatively,
plant–soil feedbacks could promote directional change
in plant community composition, if feedbacks favor the
establishment of later-successional species (Kardol et al.
2013). Finally, mathematical models predict that nega-
tive plant–soil feedbacks can promote stable coexistence
in situations where one plant would otherwise competi-
tively exclude another by regulating the amplitude of
oscillations in the relative abundances of two species
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(Bonanomi et al. 2005, Revilla et al. 2013). However, a
link between the strength of plant–soil feedbacks and
the long-term, stable coexistence of competing plant spe-
cies has not, to our knowledge, been documented for
any plant community in the field.
Determining the importance of plant–soil feedbacks

to the temporal trajectories of natural ecosystems
requires long-term data on community dynamics and
the ability to test feedbacks at field-relevant temporal
and spatial scales that capture the legacy of historical
plant community dynamics. We conducted a field experi-
ment to link the strength of plant–soil feedbacks to
long-term plant community dynamics in a semiarid
grassland. We first quantified 26 yr of abundance
dynamics for the dominant grass species (blue grama,
Bouteloua gracilis, and black grama, Bouteloua eriopoda)
to identify landscape patches that differed in the rates of
temporal change in vegetation composition (Methods;
Collins and Xia 2015). Dynamic patches had frequent
changes in species relative abundances, whereas static
patches had more stable plant species composition
through time. Like historical abiotic conditions (e.g.,
Hawkes et al. 2017), these alternative histories of plant
dynamics may leave legacies in the composition of soil
biota. Next, we examined the soil abiotic environment
and found that abiotic variables could not explain the
spatial variation in temporal stability of plant dynamics
(see Methods and Appendix S1: Supplemental results).
We then conducted a plant–soil feedback field experi-
ment to measure the fitness of each plant species in its
own (conspecific) and the other’s (heterospecific) soils in
both static and dynamic patches (Fig. 1). Finally, we
evaluated whether plant–soil feedbacks in static or
dynamic patches would stabilize plant coexistence (nega-
tive feedback) or destabilize coexistence (positive feed-
back; Bever et al. 1997, Bever 2003).
We asked: (1) Do the strength and direction of plant–

soil feedbacks differ between temporally dynamic vs.
static patches? Theory predicts mechanisms that increase
negative intraspecific interactions will slow down compet-
itive exclusion and stabilize coexistence (Volterra 1926,
Lotka 1978, Chesson 2000). Therefore, we predicted that
negative feedbacks would occur in static patches of high
community stability, whereas dynamic patches would
have weak or neutral feedbacks. (2) In static patches, does
plant–soil feedback strength reflect the frequency of the
plant species in the community? The ecological impacts
of host-specific microbes should scale with the relative
frequency of its host species in a patch (Bever et al. 1997).
Therefore, in static patches with stable coexistence, the rel-
ative benefit of growing in heterospecific soil compared to
conspecific soil should be largest when a species is rare
because of the high frequency of heterospecific soil biota
in that patch. This leads to more negative feedbacks that
promote the establishment of a plant species most
strongly when it is rare (invasion criterion for coexis-
tence), thus promoting its ability to stably persist
(Chesson 2000, Yenni et al. 2012).

METHODS

Study site and species

This study was conducted in a northern Chihuahuan
Desert grassland co-dominated by black grama (B. eri-
opoda) and blue grama (B. gracilis) at the Sevilleta
National Wildlife Refuge, New Mexico, USA. Both are
long-lived perennial C4 grasses but differ in growth
form. Blue grama is a caespitose grass that forms rings
(Ravi et al. 2008), whereas black grama expands via sto-
lons and occasional seed reproduction (Peters and Yao
2012). Field observational and manipulative experiments
at Sevilleta have shown that blue grama is a superior
competitor to black grama (Peters and Yao 2012, Tho-
mey et al. 2015), has higher seed viability (Peters 2002),
and is more resistant to fire and herbivory (Gosz and
Gosz 1996). We used high-spatial-resolution (1 cm),
long-term species abundance data from a permanent
line-intercept transect (Deep Well, 34�210320 0 N,
106�410160 0 W; Collins 2016), which stretches 400 m and
has been continuously monitored in the spring and fall
since 1989 by the Sevilleta Long Term Ecological
Research (LTER) program (http://sev.lternet.edu/data/se
v-4). Past work revealed spatial variation in the temporal
dynamics of the dominant grasses on this transect
(Collins and Xia 2015). Dynamic patches showed fre-
quent changes in species relative abundances, whereas
static patches showed more stable species composition
through time (Appendix S1: Figs. S1 and S2). Past
greenhouse work revealed that negative plant-soil feed-
backs increased negative frequency dependence of blue
grama and facilitated coexistence between blue and
black grama (Chung and Rudgers 2016), motivating the
current study.

Magnitude and frequency of temporal dynamics

Plant cover data from spring censuses 1989–2012 were
binned into 4-m patches by year. Patch size was chosen
to target neighborhood-scale plant–plant and plant–soil
interactions (individual plants can reach ~1 m in diame-
ter) and to average over small interannual variation due
to observation error. Within each 4-m patch and for
each year, we calculated total plant cover and the abso-
lute and relative cover of blue and black grama.
Throughout the record, blue and black grama combined
made up 78% (�0.5% SE) of total patch vegetation
cover on average. Only patches with mean total plant
cover >35% across years, and for which both species
(combined) represented >50% of total plant cover were
considered for the experiment. These cutoffs maximized
sample size, controlled for spatial heterogeneity, and
allowed us to include 77 of the 100 total patches.
To quantify the magnitude of change in relative per-

centage cover of blue grama and black grama for each
patch, we summed the Euclidean distances in the two-
dimensional species-space defined by blue grama cover
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and black grama cover for each pair of years in the time
series (large summed Euclidean distances = large change
in relative abundance of a species). For example, a
change from (10%, 60%) to (60%, 10%) in (%blue
grama, %black grama) space calculated as the Euclidean
distance between those points would be larger than a
change from (40%, 50%) to (50%, 40%). To quantify the
frequency of change, we counted the number of times
that dominance (defined as >5% higher cover than the
competitor) switched between the grass species. In the
context of this study, dominance indicates greater cover
of one species over another. We chose 5% difference to
ensure that the cover difference fell outside the 95%

confidence interval around mean percentage of change
(1.4 � 2.4%) for dominance switches in the historical
data. The metrics quantifying frequency and magnitude
of change were positively correlated (t = 7.5, df = 75,
P < 0.0001, R = 0.66). Therefore, we combined them
into a single index (“dynamic score”) by transforming
both metrics to a standard normal distribution and add-
ing them together. Conservatively, patches with scores
of <0 were considered static candidates, and those >1
were dynamic (Appendix S1: Fig. S2). From these candi-
dates, we then chose 10 spatially paired dynamic and sta-
tic patches (20 patches total; pairs were 4–12 m apart) to
account for abiotic gradients along the transect. Paired

FIG. 1. Field plant–soil feedback experimental design. Resident black grama and blue grama plants were identified in each plot,
and experimental transplants planted around the resident plants in cylinders that either allowed soil biota colonization to test feed-
backs (colored cylinders) or excluded organisms >0.45 lm with a mesh barrier containing sterilized soil (white cylinders, “Control
plants”). Feedback plants experienced the soil environment of the resident plant, indicated by the color (blue or black) of each cylin-
der. Conspecific feedback plants grew in their own soil with host-specific soil biota (e.g., blue grama next to blue grama resident
plant). Heterospecific feedback plants grew in soil conditioned by the competitor plant species (e.g., blue grama next to black grama
resident plant). Other natural vegetation in the plot is omitted for clarity. Art by Daisy Chung.
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patches represented a single block. Care was taken that
chosen patches classified as “dynamic” were not due to
switches in dominance following a fire in 2009 by indi-
vidually plotting and examining the temporal dynamics
of each patch (Collins 2016, Appendix S1: Figs. S3 and
S4). Each patch included the presence of both focal spe-
cies, with the static patches including five patches that
were dominated by black grama and five dominated by
blue grama in the long-term data. In the field, we estab-
lished one 1 9 2 m experimental plot within each patch
and <2 m from the transect (N = 20 plots). Two natu-
rally established “resident” plants, one of each grama
species, were identified in each plot to act as “soil biota
donors” in the field experiment described below (Fig. 1).

Abiotic covariates

To evaluate potential abiotic drivers, we measured soil
texture, chemistry, temperature, and moisture at each
resident plant in each experimental plot. Soil moisture
and temperature were measured using an Aquaterr T-
350 probe (Aquaterr Instruments & Automation, Costa
Mesa, California) at 10–15-cm depth in June 2014, and
following precipitation in July 2014. Soil texture was
determined using a hydrometer (Bouyoucos 1962). Soil
chemistry and nutrients (soil N, Ca, Mg, K, P, Fe, Mn,
S, Al) during June–July 2014 (total duration = 40 d)
were measured using plant-root simulators with ion resin
exchange membranes (PRS� probes, Western Ag Inno-
vations, Saskatoon, Canada; Drohan et al. 2005). We
investigated effects of spatial block, plant species, com-
munity stability type (dynamic vs. static), and their inter-
actions on all measured abiotic covariates together in a
multivariate analysis of variance (MANOVA). We then
further evaluated each covariate in a separate ANOVA
to clarify which drove MANOVA results. There was a
significant spatial gradient in soil chemistry and mois-
ture along the transect, which we accounted for by
blocking our field experiment. However, there were no
significant differences in soil abiotic properties between
blue and black grama in static or dynamic patches
(Appendix S1: Supplemental results).

Field plant–soil feedback transplant experiment

To determine if the direction or strength of plant–soil
feedback differed between static and dynamic patches,
we transplanted seedlings into each patch in late July
2014 (Fig. 1). Two-month-old seedlings of each species
(see Appendix S1: Supplemental methods) were planted
next to a resident conspecific or heterospecific plant to
experience the belowground biotic environment of the
resident plant (Fig. 1 “feedback plants”; four per plot,
two each species, 80 plants total). In this ecosystem, bare
interspaces between naturally occurring resident plants
are common (Pockman and Small 2010). By installing
experimental seedlings close to resident plants (5 cm
from base), we ensured that transplants experienced soil

conditions predominantly influenced by the chosen resi-
dent plant and not by other neighbors.
Transplants were enclosed in 30-lm Nitex� mesh

cylinders (7.6 cm diam., 30 cm tall; modified from Reed
and Martiny 2007). This mesh size allowed ambient col-
onization of bacteria, fungi, and microfauna from the
rhizosphere of the resident plant, but excluded direct
root competition. In the field, a 10 cm diam. 9 30 cm
deep soil core was taken from each planting location
and passed through a 2 mm sieve to remove rocks. The
mesh cylinder was inserted into the ground and filled
with the sieved field soil. Seedlings were germinated and
grown in the greenhouse in sterile soil for 2 months
(Appendix S1: Supplemental methods). Seedlings were
transplanted directly into installed cylinders and imme-
diately watered (35 mL). To protect against mortality
under drought, transplants were watered 30 mL each
(equivalent to a 6.6-mm rain event) during the growing
season (May–October) when rain had not occurred
for more than two consecutive weeks. The frequency,
magnitude, and total amount of additional watering
each year did not substantially increase above-average
historical monsoon season (June–September) precipita-
tion (Appendix S1: Supplemental methods).
Our original design included an “exclusion” control

treatment (Fig. 1 “control plants”; two per plot, one
each species, 40 plants total). In each plot, a seedling
was planted next to its conspecific resident in a cylinder
filled with sterilized (autoclaved 3 h gravity at 121°C)
soil in cylinders made of 0.45-lm nylon mesh (Ultra-
cruz� transfer membrane, Santa Cruz Biotech, Dallas,
Texas, USA), pores of which allowed free solute flow but
excluded all but the smallest bacteria. Previous work in
this ecosystem showed that autoclaving did not signifi-
cantly alter the chemistry of the soils at this site, which
are nutrient-poor and low in organic matter (Chung and
Rudgers 2016). The small mesh size was implemented to
identify whether the net effect of resident soil biota was
mutualistic (e.g., plant performance: conspecific soil >
exclusion) or pathogenic (conspecific soil < exclusion).
The control successfully reduced fungal colonization.
Even after three growing seasons, root fungal coloniza-
tion (percentage of views colonized) was 32% lower in
controls (61.3% � 8.0 SE) than in live soils (88.3% � 5.3
SE; F1,32 = 15.68, P < 0.001). However, the amount of
colonization in control plants was sufficiently high to
make it difficult to partition differences due exclusively
to soil biota. Thus, we focused on the main feedback
between conspecific and heterospecific soil environments
(see Appendix S1: Figs. S5–S8 for results including the
“exclusion” plants).

Field plant–soil feedback response variables

Nondestructive.—During 2014–2016, we censused trans-
plants every 2 weeks, June–October. We recorded sur-
vival, number of tillers, basal area diameter (2015–2016
only), and height of the tallest tiller. Only one individual
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reproduced. In June 2016, we added 10 conspecific seeds
to each field experimental cylinder to investigate effects
on recruitment. Seedling emergence was recorded once a
month. We conducted an additional seedling emergence
experiment in soils collected from under resident plants
in the growth chamber to insure against low field germi-
nation (Appendix S1: Supplemental methods). As sur-
vival and seedling emergence did not differ among
treatments, we focus on the growth/biomass results from
the field experiment in the main text and provide those
results in the Supplement (Appendix S1: Supplemental
results, Figs. S6–S8).

Harvest.—On 13–15 July 2016, all live/recently dead
plants were harvested for above and belowground bio-
mass (38 plants remaining of 120). Aboveground and
belowground biomass was dried at 60°C for 1 week and
weighed. As final survival was low, we used final harvest
biomass and plant size variables to fit allometric equa-
tions to estimate plant biomass throughout the experi-
ment to make use of the full experimental design
(Appendix S1: Supplemental methods). Additional anal-
yses showed similar results using tiller number or plant
height as response variables (Appendix S1: Table S1),
thus we report allometric biomass here as the most com-
prehensive measure of plant fitness. No plants were
root-bound at harvest.

Plant–soil feedback.—We used estimated allometric bio-
mass to calculate single-species plant–soil feedbacks as
ln(mass in conspecific soil/mass in heterospecific soil)
for live plant pairs in each experimental plot (Brinkman
et al. 2010). This metric directly reflects whether each
focal plant species does worse in its own soil environ-
ment (negative feedback) or better in a heterospecific
environment (positive feedback). We calculated the
interaction strength metric (Is) as the sum of single spe-
cies plant–soil feedbacks for blue and black grama in
each plot following Bever et al. (1997). This metric is
calculated using responses from both plant species and
is a quality of a species pair. It considers the effects of
plant–soil feedback for both plant species to determine
whether net pairwise feedbacks will result in stable coex-
istence between the species pair (negative Is).

Data analysis

To determine if the strength and/or direction of
plant–soil feedback differed between dynamic and sta-
tic patches, we used repeated-measures analyses. For
the single species ln-ratio response, plant species were
analyzed separately, whereas net pairwise feedbacks
(or interaction strength Is) included the responses of
both species. The general repeated-measures model
included community stability (dynamic vs. static) and
census date as fixed effects, and experimental plot and
spatial block as random effects to account for spatial
gradients and temporal nonindependence (lmer

function in package lme4 [Bates et al. 2016]). Addi-
tionally, to determine whether each feedback response
significantly differed from zero, we used means param-
eterization in a model with community stability as a
fixed effect, and experimental plot and spatial block as
random effects (lme function in package nlme [Pin-
heiro et al. 2018]).
To compare plant growth in heterospecific and con-

specific soil environments directly, we examined ln-trans-
formed estimated allometric biomass for each species
separately throughout the experiment in repeated-mea-
sures analysis. We used a mixed model with the fixed
effects of feedback environment (heterospecific or con-
specific), community stability, their interaction, and cen-
sus number, as well as plant ID and block as random
effects (lmer function in package lme4 [Bates et al.
2016]). Within each community stability type, we tested
pairwise differences between feedback environments
using package lsmeans, with Tukey adjustment (Lenth
2016). Seedling emergence and transplant survival were
similarly assessed using generalized linear mixed models.
As these responses did not show strong feedbacks, we do
not report the results in the main text (Appendix S1:
Figs. S6–S8).
Next, we tested whether feedback effects scaled with

plant frequency. For each plant species, ln-ratio feedback
was modeled with conspecific frequency (rare vs. com-
mon) as a fixed effect, and plant identity and block as
random effects. Contrasts against zero were conducted
as above. Allometric transplant biomass was modeled
with feedback environment, conspecific frequency (rare
vs. common), and their interaction as fixed effects, and
plant identity and block as random effects. Pairwise
comparisons were conducted as above. Conspecific fre-
quency category (rare/common) for each static patch
was identified prior to the experiment based on abun-
dance dynamics in the long-term data (see Magnitude
and frequency of temporal dynamics). We also
attempted post hoc analyses using continuous measures
of conspecific cover (absolute and ratio of total; contem-
porary and historical mean) to predict soil effects. These
analyses yielded qualitatively similar trends as the
planned categorical analyses, but with heteroscedasticity
issues that could not be remedied with transformations.
Thus we do not report those results here.

RESULTS

Do the strength and direction of plant–soil feedbacks
differ between temporally dynamic vs. static patches?

Negative feedbacks occurred in static patches, consis-
tent with stable coexistence, but did not occur in
dynamic patches (Fig. 2). Feedbacks were primarily dri-
ven by blue grama grass, which, in static patches, grew
less in conspecific than in heterospecific soils. We mea-
sured plant–soil feedback between blue grama and black
grama using two metrics (see Methods: Plant–soil
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feedback): (1) single species comparisons (using ln-ratio)
of growth in conspecific vs. heterospecific soils, where
negative feedback values indicate potential for coexis-
tence, and (2) interaction strength (Is; Bever et al. 1997),
which sums the single species comparison for species in
a community, with negative feedbacks indicating stable
coexistence. We present the results in a top-down
approach, starting with Is, then decomposing each met-
ric into its component parts.
Overall, net pairwise plant–soil feedbacks were neu-

tral in dynamic patches (Is; t = 1.64, df = 9, P = 0.14;
Fig. 2A) and negative in static patches (t = �2.70,
df = 9, P = 0.02; Fig. 2B). In dynamic patches, blue
grama and black grama both had neutral plant–soil
feedback (P = 0.32 and 0.57, respectively; Fig. 2C).

This occurred because in dynamic patches, each plant
species performed similarly in conspecific and heterospeci-
fic soils over the duration of the field experiment
(P = 0.23 and 0.76, respectively; Fig. 2E). In static
patches, blue grama had negative plant–soil feedback
(t = �2.30, df = 17, P = 0.03; Fig. 2D), and plants
grew 135% larger in heterospecific soils than in con-
specific soils (pairwise comparison t = 2.67, df = 26.4,
P = 0.01; Fig. 2F). In static patches, black grama plants
also grew ~19% larger in heterospecific soils than in con-
specific soils (pairwise comparison t = 2.16, df = 21.1,
P = 0.04; Fig. 2F); however, this growth difference was
not large enough to generate significant negative feed-
back for black grama in static patches (t = �1.56,
df = 9, P = 0.15, Fig. 2D).

FIG. 2. Plant–soil feedback between blue and black grama in dynamic (left column) and static (right column) patches. The top
row shows net pairwise feedback, or interaction strength (Is), between blue and black grama (A), (B). The middle row depicts feed-
back for each plant species [ln-ratio; (C), (D)], and the bottom row shows the soil environment effects on biomass of individual
plants (E), (F). Error bars are fitted SE, and asterisks indicate feedbacks that are significantly different from zero
(A)–(D), or significantly different pairwise comparisons in repeated-measures analyses (E), (F).
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In static patches, does plant–soil feedback strength reflect
the frequency of the plant species in the community?

In static patches, single-species plant–soil feedbacks
were 3–4 times stronger for both grama species when the
species was rare than when it was common (Fig. 3A, B),
demonstrating that feedbacks fulfill both the qualitative
and quantitative requirements for stabilizing coexistence.
In static patches where blue grama was rare, it gained
145% more biomass in heterospecific soils than in its
own soils (pairwise comparison t = 2.79, df = 8.4,
P = 0.02; Fig. 3C)—a strong negative feedback. When
blue grama was common, the advantage of heterospecific
soil was ~40% weaker than when it was rare, with no sig-
nificant difference in growth between heterospecific and
conspecific soils (pairwise comparison t = 0.56, df = 7.4,
P = 0.59; Fig. 3D). In static patches when black grama
was rare, its growth was larger in heterospecific soils than
conspecific soils (63% increase; t = 3.64, df = 8.9,
P = 0.006; Fig. 3C), showing moderately negative feed-
back compared to blue grama. When black grama was
common, like blue grama, it did not respond significantly
to soil treatments (P = 0.91; Fig. 3D).

DISCUSSION

Negative plant–soil feedbacks dominated patches of stable
species coexistence

Theory predicts that stable coexistence occurs when a
species limits itself more than it does its competitor (Vol-
terra 1926, Lotka 1978). Results from our multiyear
field experiment point to plant–soil feedbacks as key dri-
vers of stable coexistence in a semiarid grassland. Stabi-
lizing, negative feedbacks occurred in static patches,
where blue and black grama grew worse in conspecific
soils than in heterospecific soils—evidence of self-limita-
tion. In contrast, feedbacks were neutral trending posi-
tive in dynamic patches, suggesting that abundance
fluctuations in these patches could be partially driven
by directional feedbacks in combination with other
mechanisms.
What were the causes of feedback and their hetero-

geneity in this ecosystem? Plant–soil feedbacks can be
driven by biotic factors, such as soil microbes, and/or by
abiotic factors, such as soil physical or chemical proper-
ties that develop in association with a plant species

FIG. 3. Plant–soil feedback between blue and black grama in static patches when each species was rare (left column) or common
(right column). The top row shows the feedback for each plant [ln-ratio; (A), (B)]. The bottom row depicts soil environment effects
on aboveground biomass of individual plants (C), (D). Errors are fitted SE, and asterisks indicate feedbacks that were significantly
different from zero (A), (B), or significant pairwise differences in repeated-measures analyses (E), (F).
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(Ehrenfeld et al. 2005, Bezemer et al. 2006, Hendriks
et al. 2015). Variation in community temporal dynamics
at patch scales, as seen in this grassland (Collins and Xia
2015), has been documented in other long-term studies
and is commonly attributed to spatial variation in abi-
otic conditions (Spotswood et al. 2015, Ratajczak et al.
2017). For example, in an oak savannah, large shifts in
species composition of understory plants were associ-
ated with variation in soil clay content (Spotswood et al.
2015). In this study, we found no evidence that soils
associated with blue grama or black grama differed
between dynamic and static patches in their abiotic vari-
ables, including soil moisture, chemistry, temperature, or
texture (Appendix S1: Supplemental results).
Resource competition is another source of self-limita-

tion that could potentially create the feedbacks observed
in this study. Our design minimized this factor by pre-
venting direct root competition for belowground nutri-
ents between seedlings and resident plants. In addition,
light is unlikely a limiting resource in this open, dryland
ecosystem where ~40% of surface area is unvegetated.
Resource competition is also unlikely to explain differ-
ences in feedback between static and dynamic patches.
We found no evidence that plant-available nutrients or
moisture differed in the soils around blue and black
grama (which would have indicated resource partition-
ing) or between patch types, which would have suggested
that resource competition underlies differences in feed-
backs. In addition, if resource competition were the key
driver, we would expect seedlings to perform worst under
conditions where they experience the strongest
intraspecific competition. For example, we would expect
blue grama seedlings to perform the worst in static
patches where blue grama was common and paired with
a conspecific adult plant, which was not the case
(Fig. 3C, D).
Instead, several lines of evidence suggested that plant–

soil feedbacks were driven by biotic factors, possibly
root-associated fungi. First, the negative feedbacks in
this field study paralleled results from a previous green-
house experiment using the same plant species to exam-
ine the effects of plant–soil feedbacks on competition
(Chung and Rudgers 2016). Inoculation with live, con-
specific soil increased the negative intraspecific effects
for blue grama beyond the background competition for
abiotic resources, supporting a key role for living soil
biota in causing feedbacks in this ecosystem. Second, we
directly sequenced root fungi of resident and seedling
plants of this study and found significantly different fun-
gal communities for blue grama vs. black grama soils, as
well as in dynamic vs. static patches (Chung et al. 2018).
Specifically, the composition of Glomeromycota taxa
significantly differed between dynamic and static
patches. On the individual fungal taxon level, the abun-
dance of two Glomeromycota taxa significantly corre-
lated with the magnitude of positive feedback, and the
abundance of one known plant pathogen, Fusarium
redolens, significantly correlated with the strength of

negative feedback. Using molecular tools and inocula-
tion experiments to open the black box of microbial
interactions is at the forefront of plant–soil feedback
research. Although we have so far focused on soil fungi,
it is possible that other members of the soil biota, such
as nematodes or bacteria, could drive the observed
dynamics. Our work frames the context for future stud-
ies that could isolate specific belowground players in
plant–soil feedbacks using direct inoculations. Future
work may also incorporate reciprocal transplants of
whole soil cores, combine resource additions with feed-
back treatments, or consider plant nutrient acquisition
strategies (Teste et al. 2017) to help distinguish resource-
mediated vs. microbially mediated soil effects on plant–
plant interactions.
Although we have documented a novel relationship

between plant–soil feedbacks and temporal patch
dynamics, long-term experiments are needed to deter-
mine the direction of causality: Plant–soil feedbacks
could cause temporal stability, or stability could cause
the accumulation of feedbacks. In our study, a combina-
tion of abiotic covariates and stochasticity likely struc-
ture the soil environment, defining the range of possible
plant–soil feedbacks and patterns of plant community
stability. For example, work in other ecosystems uncov-
ered variable root fungal communities in a single host
plant at spatial scales <10 m (Ettema and Wardle 2002,
Gr€unig et al. 2002, Pickles et al. 2010, Rasmussen et al.
2018); this variation could create spatially variable feed-
backs that drive aboveground dynamics. Our comple-
mentary sequencing work found that plants in dynamic
patches hosted more diverse root mycobiomes than
plants in static patches (Chung et al. 2018). This could
reflect different soil legacies in static vs. dynamic patches
because of the stability and persistence of host plant
presence (Hawkes et al. 2013). Alternatively, diverse
microbial communities could drive plant community
turnover. More than likely, the patterns observed reflect
a combination of these mechanisms, supporting our
hypothesis that interactions between plants and soil
biota are key to understanding temporal variation in
plant communities.

Feedback effects were frequency-dependent

One key component of evaluating stable coexistence is
the mutual invasibility criterion, where competitors are
each more advantaged (and thus have positive popula-
tion growth) when rare (Chesson and Ellner 1989). For
both grama species, increased growth in heterospecific
soils was stronger when the focal species was rare and its
heterospecific competitor was common. The observed
pattern is expected if host-associated soil biota increase
monotonically with greater host plant abundance, as
assumed in plant–soil feedback theory (Bever et al.
1997, Bever 2003). Heterospecific soil should be most
beneficial compared to conspecific soil when conspecific
plant frequency is low; the benefits get progressively
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diluted by conspecific soil biota as the frequency of the
focal plant species increases. Future work to link individ-
ual plant growth to population growth rates would pro-
vide further evidence for the invasibility criterion.
Our results also support a growing literature demon-

strating that strong intraspecific interactions, rather than
interspecific interactions, serve as a major structuring
force in plant communities (Wills et al. 1997, Comita
et al. 2010, Chu and Adler 2015, Adler et al. 2018). For
example, across forests worldwide, the magnitude of
intraspecific density dependence correlated positively
with tree species diversity, consistent with the observed
latitudinal gradient in diversity (LaManna et al. 2017).
Studies that investigated the strength and direction of
plant–soil feedbacks have correlated more negative
plant–soil feedbacks with greater plant rarity, measured
at a single time point in the successional trajectory (Klir-
onomos 2002, Mangan et al. 2010, but see Maron et al.
2016). This pattern suggests that strong host-specific
pathogens could drive plants to rarity in a community,
and negative feedbacks keep these rare species in stable
coexistence at low abundances by favoring establishment
and reducing extinction probability (Yenni et al. 2012,
2017). Our findings support this pattern at the patch-
level within a landscape, demonstrating stronger feed-
backs for the rarer species in static patches.

Temporal trajectories of grassland community dynamics

Although our study focused on contrasting patch-
scale dynamics, it also sheds light on perplexing tran-
sect-wide spatial dynamics. For example, experimental
work demonstrated that blue grama was a stronger com-
petitor and was more resilient to disturbance than black
grama (Gosz and Gosz 1996, Peters and Yao 2012,
Chung and Rudgers 2016). Yet despite its weaker com-
petitive abilities, black grama cover has increased more
than blue grama over a 20-yr period at the landscape
scale (Collins and Xia 2015). Differential growth forms
could be a factor, as stoloniferous grasses, like black
grama, can respond faster to resource pulses than cae-
spitose growth forms, such as blue grama (Humphrey
and Pyke 1998). However, our work suggests that stron-
ger negative plant–soil feedbacks for blue grama may
underlie its slower spread relative to black grama. The
predominantly vegetative proliferation strategy of these
two grasses means that new growth is likely to encounter
conspecific soils close to the parent plant. Negative
plant–soil feedbacks could act as a stabilizing coexis-
tence mechanism to overcome the large fitness difference
between the two competitors (Lekberg et al. 2018). Simi-
larly, recent work revealed that rhizobia-generated
plant–soil feedbacks can predict the puzzling long-term
coexistence of remarkably similar clover species in the
field (Siefert et al. 2019). Plant–soil feedbacks provide
an additional dimension along which plant species can
partition niche space, and its explicit consideration can
illuminate previously unexplained patterns in nature.

Our work showed that the long-term temporal
dynamics of plant communities are inextricably linked to
plant interactions with belowground communities. Thus,
as we move toward forecasting the effects of global
change on plant communities, the role of belowground
soil biota cannot be overlooked. For example, future cli-
mate predictions in this ecosystem indicate increased
aridity along with amplified variability in interannual
precipitation (Gutzler and Robbins 2011, Cook et al.
2015), conditions that long-term observations predict
will affect blue grama more negatively than black grama
(Rudgers et al. 2018). Whether plant–soil feedbacks
amplify or dampen the effects of increased environmen-
tal stochasticity and aridity on the dynamics of plant
populations will be key to predicting the fate of these
communities in the future (van der Putten et al. 2016).

CONCLUSION

Solving current environmental issues requires a better
understanding of the drivers of long-term ecological
change. Our results point to a key role for plant–soil
feedbacks in controlling the temporal dynamics of plant
communities: more negative plant–soil feedbacks
corresponded to plant communities with more stable
coexistence. Additionally, the magnitude of feedback
depended on plant species frequency in precisely the
direction predicted by theory to promote long-term spe-
cies coexistence. Our work revealed that plant–soil feed-
backs cannot be overlooked as drivers of temporal
dynamics in vegetation at the patch to landscape scales.
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