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Abstract

While dominant species are known to be important in ecosystem functioning
and community assembly, biodiversity responses to the presence of dominant
species can be highly variable. Dominant species can increase the importance
of deterministic community assembly by competitively excluding species in a
consistent way across local communities, resulting in low site-to-site variation
in community composition (beta-diversity) and nonrandom community struc-
ture. In contrast, dominant species could increase the importance of stochastic
community assembly by reducing the total number of individuals in local com-
munities (community size), resulting in high beta-diversity and more random
community structure. We tested these hypotheses in a large, temperate
oak-hickory forest plot containing a locally dominant tree species, pawpaw
(Asimina triloba; Annonaceae), an understory tree species that occurs in
dense, clonal patches in forests throughout the east-central United States. We
determined how the presence of pawpaw influences local species diversity,
community size, and beta-diversity by measuring the abundance of all vascular
plant species in 1 X 1-m plots both inside and outside pawpaw patches. To test
whether the presence of pawpaw influences local assembly processes, we
compared observed patterns of beta-diversity inside and outside patches to a
null model in which communities were assembled at random with respect to
species identity. We found lower local species diversity, lower community size,
and higher observed beta-diversity inside pawpaw patches than outside
pawpaw patches. Moreover, standardized effect sizes of beta-diversity from the
null model were lower inside pawpaw patches than outside pawpaw patches,
indicating more random species composition inside pawpaw patches. Together
these results suggest that pawpaw increases the importance of stochastic
relative to deterministic community assembly at local scales, likely by decreas-
ing overall numbers of individuals and increasing random local extinctions
inside patches. Our findings provide insights into the ecological processes
by which locally dominant tree species shape the assembly and diversity of
understory plant communities at different spatial scales.
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INTRODUCTION

Highly abundant species within communities can have
strong effects on biodiversity and ecosystem functioning
(Avolio et al., 2019; Gaston, 2011; Grime, 1998). Species
that have high abundance relative to other species in a
community and proportionate effects on environmental
conditions, community diversity, and/or ecosystem func-
tioning are considered “dominant species” (Avolio et al.,
2019). Dominant species can determine nutrient cycling
and primary productivity (Ellison, 2019; Grime, 1998),
increase resistance or resilience of ecosystems to envi-
ronmental change (Avolio et al., 2019), add physical
structure to a habitat (Altieri & Witman, 2014,
Dayton, 1972), and modify the abiotic environment in
ways that create more harsh conditions or conversely
ameliorate abiotic stress for other species (Gavilin &
Callaway, 2017; Hughes, 2010; Lustenhouwer et al., 2012).
Although the loss of dominant species can have cascading
effects on communities and ecosystems, their effects on
patterns of species diversity can be highly variable (Avolio
et al., 2019; Ellison et al., 2019; Elsberry & Bracken, 2021;
Gavilan & Callaway, 2017; Hughes, 2010; Myers & Harms,
2009). This variation potentially reflects multiple ecologi-
cal processes through which dominant species affect com-
munity assembly, but the relative roles of these processes
remain understudied.

Dominant species can affect community assembly
through deterministic or stochastic processes. Deterministic
processes include abiotic filtering and biotic interactions
such as competition and facilitation that reflect niche differ-
ences among species in a community (Chase & Myers,
2011; Leibold & Chase, 2017; Vellend, 2010). Dominant
species can increase the importance of interspecific
competition when they limit space or resources for other
species (e.g., Lustenhouwer et al., 2012), resulting in com-
petitive exclusion (Ellison et al., 2015; Konno, 2002; Segre
et al., 2014). Alternatively, dominant species can facilitate
the survival of certain species by lowering abiotic stress
(e.g., Gavilan & Callaway, 2017). Dominant species can
also increase the importance of stochastic community
assembly by decreasing the total number of individuals
in a local community (local community size) (Powell
et al., 2013). As local community size decreases, more
species in the community may become rare, thereby
increasing demographic stochasticity and random

changes in species’ relative abundances (ecological drift;
Hubbell, 2001; MacArthur & Wilson, 1967; Orrock &
Watling, 2010). At the community level, these demo-
graphic processes can create patterns of community
composition that are random with respect to species
identity (Vellend, 2016; Vellend et al., 2014). In addition,
amelioration of stressful conditions by dominant species can
lead to more random assembly of nondominant species
(Arnillas & Cadotte, 2019). The effects of dominant species
on deterministic and stochastic processes are expected
to increase when dominant species are also of large
stature, that is, when size asymmetries among competing
species or guilds are large (Keddy & Shipley, 1989;
Myers & Harms, 2009).

Despite widespread interest in the role of dominant spe-
cies in communities and ecosystems (Avolio et al., 2019;
Ellison et al., 2005; Gilbert et al., 2009), their relative effects
on deterministic and stochastic community assembly
remain unresolved. First, previous studies have largely
focused on how dominant species influence species
diversity at local spatial scales (e.g., alpha diversity), but
similar patterns of local species diversity could reflect
different assembly processes. For example, low species
richness can result from either competitive exclusion by
dominant species (Ellison et al., 2015; Konno, 2002;
Segre et al., 2014) or random local extinctions in small
communities with few individuals (Powell et al., 2013).
Most dominant-species removal experiments in plant
communities have focused on changes in local species
richness or diversity, finding a mix of positive (Avolio
et al., 2019; Ellison et al., 2015; Konno, 2002; Segre
et al, 2014), negative (Altieri & Witman, 2014;
Gavilan & Callaway, 2017; Hughes, 2010), or no clear
response (Gilbert et al., 2009; Myers & Harms, 2009) to
the removal of dominant plant species. Second, rela-
tively few studies have examined how dominant species
influence site-to-site variation in community composi-
tion (beta-diversity). Patterns of beta-diversity can help
elucidate the relative importance of deterministic and
stochastic processes (Anderson et al., 2011; Chase &
Myers, 2011). For example, deterministic exclusion of
inferior competitors by dominant species should cause
local communities to converge in composition (i.e., low
beta-diversity), whereas random local extinctions in small
communities should cause local communities to diverge in
composition (i.e., high beta-diversity). Finally, observed
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FIGURE 1 Examples of understory plant communities (a) inside a pawpaw (Asimina triloba) patch (“inside plot”) and (b) outside a
pawpaw patch at least 10 m away from the patch edge (“outside plot”). White squares show 1 X 1-m plots. Photo credit: Anna C. Wassel.

changes in beta-diversity can be compared to a null model
of random community assembly to further assess the rela-
tive roles of deterministic and stochastic processes (Catano
et al., 2017; Chase, 2007). Therefore, patterns of diversity
at different scales can provide key insights into the ecologi-
cal roles of dominant species in community assembly and
ecosystem functioning.

In this study, we examined the effect of a locally domi-
nant tree species, pawpaw (Asimina triloba; Annonaceae),
on the diversity and assembly of understory plant commu-
nities in a temperate forest-dynamics plot (Figure 1). Our
focal species, pawpaw, is a widely distributed understory
tree species that occurs in dense, clonal patches in forests
throughout the east-central United States. Pawpaw has
been shown to be a dominant species in temperate forests
with high local abundance (Appendix S1: Figure S1)
and strong effects on the diversity of other tree species
(Baumer & Runkle, 2010). While the assembly of forest tree
communities is fairly well studied (e.g., Condit et al., 2000,
2002; Ellison et al., 2019), the assembly of forest herb com-
munities has received less attention, despite a large and
growing body of literature on herbaceous plant commu-
nity ecology in temperate forests (Bray & Curtis, 1957;
Gilliam, 2014; Whittaker, 1956) and the disproportionate
contribution of herbaceous plant species to temperate for-
est diversity (Gilliam, 2007; Spicer et al., 2020). We there-
fore examined the effect of pawpaw on both the total

understory community (woody and herbaceous species
combined) and herbaceous species only.

We tested two nonmutually exclusive hypotheses.
First, we tested the hypothesis that pawpaw increases
the relative role of deterministic assembly through inter-
specific competition (hereafter the deterministic assem-
bly hypothesis). Second, we tested the hypothesis that
pawpaw increases the relative role of stochastic assem-
bly by decreasing local community size (hereafter the
stochastic assembly hypothesis). The deterministic assem-
bly hypothesis predicts that the presence of dominant spe-
cies (1) decreases local species diversity due to competitive
exclusion, (2) decreases beta-diversity among local com-
munities by selecting for a limited subset of species that
can co-occur with dominant species, and (3) results in
lower beta-diversity than expected from sampling of the
species pool at random with respect to species identity.
In contrast, the stochastic assembly hypothesis predicts
that the presence of dominant species (1) decreases local
species diversity, but (2) increases beta-diversity among
local communities, due to random local extinctions, and
(3) results in beta-diversity that is more similar to random
sampling of the species pool. We tested these predictions
by comparing observed patterns of local species diversity,
local community size, and beta-diversity among paired
groups of understory plant communities located inside
and outside pawpaw patches. We then compared observed
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patterns of beta-diversity to a null model that simulated
the assembly of local communities from the species pool
at random with respect to species identity.

METHODS
Study site and focal species

We conducted this study at Washington University in
St. Louis’ environmental field station, Tyson Research
Center, located approximately 40 kilometers from St.
Louis, Missouri. The 800-ha site is located on the edge
of the Ozark highlands, dominated by late-successional,
deciduous oak-hickory forest, and contains a topographi-
cally heterogeneous landscape characterized by silty loam
and silty clay soils that develop from shale and cherty

limestone (Zimmerman & Wagner, 1979). In the
oak-hickory forests at our study site, local plant commu-
nities are strongly delineated by three general habitat
types: (1) valleys with wet-to-mesic soils and high soil
pH and nutrient availability, (2) east- and north-facing
slopes with mesic soils and intermediate soil pH and
nutrient availability, and (3) west- and south-facing
slopes with drier soils and low soil pH and nutrient
availability (Figure 2a,c; Myers et al., 2013; Reu
et al., 2022; Spasojevic et al., 2014; Zimmerman &
Wagner, 1979). Our study was conducted in one of
these habitat types (valleys) in the Tyson Research
Center Forest Dynamics Plot, a large (20.16 ha;
480 X 420 m), stem-mapped forest plot that is part of
the Forest Global Earth Observatory (ForestGEO) net-
work (Anderson-Teixeira et al., 2015). The 20-ha plot
includes more than 1600 stems of pawpaw at least 1 cm
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FIGURE 2 Sampling design within the Tyson Research Center Forest Global Earth Observatory (ForestGEO) Plot, Missouri. (a) Abiotic

conditions (soil resources and topography) represented by the first axis of a principal components analysis (PCA) including

17 environmental variables at the 10 X 10-m scale (Appendix S1: Figure S2), mapped locations of all pawpaw stems >1 cm in dbh, and
selected sampling blocks. Blue values represent areas of lower elevation, higher soil nutrient availability, and higher soil pH, whereas red
values represent higher elevation, lower nutrient availability, and more acidic soils. (b) For each block, the pawpaw patch edge was defined
and five 1 X 1-m plots were placed inside or outside the patch. Gray arrows represent how beta-diversity was calculated within each of the
two patch types (inside and outside plots). (c) Each block is shown enlarged to illustrate the environmental conditions and relative location

for both the inside patches and outside patches.
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in dbh, most of which occur in 18 patches ranging in
area from 5 to 1028 m>.

Our focal dominant species for this study is the
pawpaw tree, A. triloba (Annonaceae) (hereafter pawpaw).
Pawpaw is distributed widely throughout the east-central
United States and parts of southern Canada (Sullivan, 1993),
making it the northernmost member of the otherwise
tropical family Annonaceae. It primarily occurs in moist
valleys and mesic hillsides (Immel & Anderson, 2001).
Pawpaw can reproduce both sexually and asexually,
forming dense, discrete clonal patches (Hosaka et al., 2005).
While not the most abundant species in temperate forests
at larger spatial scales due to its patchy distribution, at
our study site, it is frequently the most abundant species
at the 10 X 10-m scale when it is present (Appendix S1:
Figure S1), making it a locally dominant species. The
local dominance and discrete patch structure of this spe-
cies make it an ideal study system for investigating how
the presence or absence of a dominant species affects
community assembly processes.

Sampling design

We selected five blocks located in the same general
habitat type (valleys) to contain a pawpaw patch and an
adjacent area without pawpaws, referred to as “inside”
and “outside” patches, respectively (Figures 1 and 2). The
five inside (pawpaw) patches ranged from 58 to 435 m” in
size (mean = 189 m?). The paired outside patches were
selected to have abiotic (soil and topographic) conditions
similar to those inside the pawpaw patch and were 10-20 m
from the edge of the pawpaw patch (Figure 2a,c). We
determined the similarity of soil and topographic condi-
tions between the inside and outside patches through a
principal components analysis (PCA) on 17 soil and topo-
graphic variables (Appendix S1: Figure S2). The values
were estimated for each 10 X 10-m subplot in the 20-ha
ForestGEO plot based on measurements taken in 2013
(detailed in LaManna et al., 2016; Spasojevic et al., 2016).
The outside patches were chosen to have a similar PC1
score as the pawpaw patches. Thus, our sampling design
minimized differences in abiotic conditions (soils and
topography) among blocks and among plots located
inside and outside pawpaw patches (Figure 2a,c; eleva-
tion: 195.6 m + 11.1 m [mean + 1 SD]; PC1 score of soil
and topographic variables: —3.1 + 0.6).

For each patch type in each of the five blocks, five
1 X 1-m plots were sampled for plant community compo-
sition (n = 25 inside plots, n = 25 outside plots, n = 50
plots total; Figure 2b). Within each pawpaw patch, we
placed the first plot in the center of the patch. We then
placed the other four plots at least 1 m away from the

center plot with the additional constraints that they could
not be within 2 m of the edge of the pawpaw patch and
could not contain larger woody stems over 1 m tall. Given
the high density of pawpaw stems, this greatly limited the
availability of potential locations for plot placement.
Therefore, plot locations were stratified within the cen-
tral area of each pawpaw patch to minimize edge effects,
maintain similar inter-plot distances within and among
blocks, and avoid locations physically dominated by large
trees to standardize the amount of available ground area
available for understory plants.

We recorded the identity and estimated the abundance
of all understory vascular plant species, that is, herbaceous
plants including ferns, and woody plants and vines. In
each 1 X 1-m plot, we estimated abundance (number of
stems per species) as the number of 10 X 10-cm cells that
contained rooted stems of the given species. For most
clonal species, it is not possible to determine whether a
rooted stem is a ramet or genet in the field. While this
metric may overestimate abundances of clonal species and
local community size, it is less likely to confound abun-
dance with individual plant size compared to other metrics
such as percent cover. In addition, for species that
had more than one rooted stem (ramet or genet) in a given
10 X 10-cm cell, this method conservatively assigns an
abundance value of one for that cell. In cases when indi-
viduals could not be identified to species in the field, they
were identified to genus or assigned a morphospecies and
photos were uploaded to iNaturalist for future assistance
with identification; 8% of stems were considered
morphospecies for analyses. We estimated local commu-
nity size by summing the abundances of all species in each
plot. Sampling was conducted during the peak growing
season from July to September of 2021. Due to the differ-
ent life stages and biology of young woody seedlings com-
pared to the adult herbaceous plants, we conducted two
separate analyses for (1) herbaceous and woody plant spe-
cies combined (hereafter total understory community) and
(2) herbaceous species only.

Analyses

We analyzed local species diversity, community size,
and beta-diversity using linear mixed-effects models in
R (package “nlme”; Pinheiro et al., 2023). All models
included patch type (inside or outside) as a fixed
effect and block as a random effect. When necessary,
we log-transformed response variables to meet the
assumptions of homogeneous variances between patch
types and normality of model residuals. When transfor-
mation did not improve homogeneity of variances,
we used a heterogeneous variance model (“varldent”
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function). We describe the analyses for each response
variable below.

To test our first prediction, we calculated local spe-
cies diversity using the inverse Simpson’s index (Oksanen
et al., 2024; Simpson, 1949), a scale-independent diversity
measure of the effective number of species that is insen-
sitive to differences in numbers of individuals (Chase
et al., 2018). For the model testing local diversity of
the total understory community, we log-transformed
the inverse-Simpson’s values to meet the assumption of
homogeneous variances. For the model testing local
diversity of herbaceous species only, we used a heteroge-
neous variance model and excluded the two plots with
no species.

To test our second prediction, we calculated observed
beta-diversity as the compositional dissimilarity among plots
using the Bray-Curtis index. We analyzed beta-diversity
based on distance-to-centroid values (Anderson, 2006; Kraft
et al., 2011) using the “betadisper” function in the R vegan
package (Oksanen et al., 2024), where each value represents
the distance (compositional dissimilarity) from an individual
plot to the centroid of the group of all 25 plots within each
patch type (Figure 2b). When analyzing beta-diversity of her-
baceous species only, we excluded two inside plots from
Block 5 that contained no herbaceous plants.

To test our third prediction, we used a null model to
simulate the compositional dissimilarity expected when
local communities are assembled at random with respect
to species identity (Kraft et al., 2011; LaManna et al., 2021;
Myers et al., 2013). First, we defined the species pool as all
species recorded during the study across all inside and out-
side plots combined. We estimated the total abundance of
each species (number of stems) in the species pool by sum-
ming its frequencies (number of 10 X 10-cm cells in which
a rooted stem was recorded) across all plots. By including
all species recorded in all plots within the same general
habitat type (valleys) and abiotic conditions (soils and
topography; Figure 2), this definition includes only species
that can potentially disperse to and persist in the environ-
mental conditions of the focal habitat type, also known as
a “filtered pool,” a commonly used approach to define spe-
cies pools in ecological studies (Cornell & Harrison, 2014).
An important advantage of this definition is that it allows
for potential differences in the strength of biotic filtering
among pawpaw patches at the landscape scale to influence
local community composition. In turn, deviations of the
empirical data from the null model (standardized effect
sizes; described below) reflect the degree to which varia-
tion in species composition inside and outside pawpaw
patches is higher or lower than expected from sampling at
random with respect to species identity from an abiotically
filtered species pool. Second, in each of 2000 iterations
of the null model, we simulated community assembly

in each plot by sampling stems from the species pool at
random with respect to species identity, while keeping
constant the empirically observed total number of stems in
each plot (local community size) and total abundance of
each species in the species pool. Third, we calculated the
mean simulated beta-diversity for each plot by averaging
the Bray-Curtis distance-to-centroid values from the 2000
null-model iterations. Fourth, we calculated the standard-
ized effect size as the difference between the observed
beta-diversity (distance-to-centroid) and mean simulated
values for each plot, divided by the SD of simulated values
for each plot. A standardized effect size of zero indicates
that observed beta-diversity does not differ from sampling
of the species pool at random with respect to species iden-
tity, a positive value indicates higher beta-diversity than
expected from random sampling (i.e., high spatial aggrega-
tion of species across local communities), and a negative
value indicates lower beta-diversity than expected from
random sampling (i.e., low spatial aggregation of species
across local communities). We tested median standardized
effect sizes of each patch type against the null expectation
of zero with one-sample two-sided Wilcoxon tests.

To explore whether overall species composition differed
among blocks and patch types, we performed a permuta-
tional ANOVA (PERMANOVA) of the total understory
community (herbaceous and woody plant species) using
the “adonis2” function in the R vegan package (Oksanen
et al., 2024). This model included Bray—Curtis dissimilar-
ity calculated using fourth-root transformed abundances
as the response variable (Anderson, 2001; Borcard
et al., 2018), and block and patch type nested within
block as categorical predictor variables. We used nonmetric
multidimensional scaling (NMDS; “metaMDS” function
in R) to generate a two-dimensional ordination showing
differences in species composition among blocks and patch
types. In addition, we tested whether blocks differed with
respect to variation in species composition (dispersion)
using a permutational multivariate analysis of dispersion
(Anderson, 2006) with Bray-Curtis distance-to-centroids
calculated using fourth-root transformed abundances
as the response variable, and block as a categorical
predictor variable. All analyses were conducted in
R (R Core Team, 2022).

RESULTS

Overall, we observed a total of 79 plant species and
morphospecies (hereafter species) in this study, including
52 herbaceous plant species and 27 woody plant species
(Appendix S1: Tables S1-S3). Only six species were unique
to inside patches, while there were 29 species unique to
outside patches. Of the 52 herbaceous plant species,
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24 occurred inside pawpaw patches and 47 occurred in
outside patches. Of the 27 woody plant species, 12 occurred
inside pawpaw patches and 26 occurred in outside patches.
Of the 37 herbaceous and woody species (excluding paw-
paw) that occurred in both patch types (inside and outside),
most had a lower total abundance inside pawpaw patches
(Appendix S1: Figure S3; Tables S1-S3). Among the
27 shared species with >3 stems inside or outside a paw-
paw patch, the median local abundance per 1 X 1-m plot
was 66% lower inside pawpaw patches (Appendix S1:
Tables S1-S3). Among taxa identified to the species level
(nonmorphospecies, Appendix S1: Tables S1 and S2),
herbaceous species were more abundant than woody
species outside pawpaw patches (68.4% of the total esti-
mated number of stems), but less abundant than woody
species inside pawpaw patches (39.9% of the total esti-
mated number of stems).

Local species diversity and community size

Local species diversity and community size were signifi-
cantly lower inside than outside pawpaw patches
(Figure 3; Appendix S1: Table S4). For herbaceous species
only, median local diversity was 49% lower inside than
outside pawpaw patches (Figure 3a). Median community
size (total estimated number of rooted stems of all species
in a plot) for herbaceous species was 76% lower inside
than outside pawpaw patches (Figure 3b). Similar pat-
terns were observed for the total understory community
(herbaceous and woody species combined). For the total
understory community, median local diversity was 29%
lower inside than outside pawpaw patches (Figure 3a),
and median community size was 67% lower inside than
outside pawpaw patches (Figure 3b).

Observed, simulated, and standardized
effect sizes of beta-diversity

Observed, simulated, and standardized effect sizes of
beta-diversity differed significantly inside and outside
pawpaw patches for herbaceous species only (Figure 4a—c;
Appendix S1: Table S4). Observed beta-diversity was 25%
higher inside than outside pawpaw patches (Figure 4a;
absolute difference in median distance-to-centroids: 0.12).
Simulated beta-diversity was 30% higher inside than out-
side pawpaw patches (Figure 4b; absolute difference in
median distance-to-centroids: 0.12). In contrast, standard-
ized effect sizes of beta-diversity were 61% lower inside
than outside pawpaw patches (Figure 4c; absolute differ-
ence in median standardized effect sizes: 1.15). Median
standardized effect sizes inside and outside pawpaw
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FIGURE 3 Local plant species diversity and community size
are lower inside than outside pawpaw patches. (a) Local species
diversity (inverse Simpson’s index) outside and inside plots for the
total understory community (herbaceous and woody plant species)
(N = 25 for inside and outside plots) and herbaceous species only
(N = 23 for inside plots, N = 25 for outside plots). (b) Local
community size for the total understory community and
herbaceous species only (N = 25 for inside and outside plots).
Community size was estimated as the total number of rooted stems
of all species in each plot. Boxes represent the median and
25th/75th percentile, whiskers extend to the largest value up to 1.5
times the interquartile range, and dots represent outlier data points
(***p < 0.001).

patches were both positive and differed significantly from
zero, although the difference was less significant inside
pawpaw patches (Figure 4c; Appendix S1: Table S5;
p = 0.044 inside patches; p = 0.001 outside patches).
Similar patterns were observed for the total understory
community, with the exception of observed beta-diversity,
which showed no significant difference between patch
types. Standardized effect sizes differed more between
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FIGURE 4 Variation in species composition (beta-diversity) differs inside and outside pawpaw patches. (a) Observed beta-diversity of

herbaceous plant species in plots outside (N = 25) and inside (N = 23) pawpaw patches. (b) Simulated beta-diversity expected from a null

model of random assembly. (c) Standardized effect size of beta-diversity. Panels (d), (), and (f) show the same results including herbaceous

and woody species. The dashed line at zero represents the null expectation. Boxes represent the median and 25th/75th percentile, whiskers

extend to the largest value up to 1.5 times the interquartile range, and dots represent outlier data points (*p < 0.05, **p < 0.01, ***p < 0.001).

n.s., not significant.

patch types for the total understory community (Figure 4f)
compared to herbaceous species only (Figure 4c), due to
larger standardized effect sizes for the total understory
community outside pawpaw patches. For the total under-
story community, standardized effect sizes were 73% lower
inside than outside pawpaw patches (Figure 4f; absolute dif-
ference in median standardized effect sizes: 2.30). Median
standardized effect sizes of the total understory community
inside and outside pawpaw patches both differed signifi-
cantly from zero (Appendix S1: Table S4; p = 0.013 inside
patches; p < 0.001 outside patches).

Overall species composition

Species composition of the total understory community
differed significantly among blocks and between patch
types within blocks (Figure 5; Appendix S1: Table S6).
Block and patch type each explained less than 25% of the
variation in species composition, and patch type explained
slightly more variation in species composition than block

(PERMANOVA: R” = 0.23 for patch type, R*> = 0.20 for
block; Appendix S1: Table S6). Blocks exhibited high over-
lap in species composition based on their centroids
(Figure 5a), but differed in terms of their overall varia-
tion in community composition based on their disper-
sion (Figure 5b; permutational multivariate analysis of
dispersion on average distance-to-centroids: df =4
F =5.84, p = 0.0015).

DISCUSSION

Overall, our results support the stochastic assembly
hypothesis. The lower local species diversity, lower com-
munity size, and more random variation in species
composition found within pawpaw patches all support
predictions of this hypothesis. Beta-diversity was higher
than expected from sampling at random with respect to
species identity inside and outside pawpaw patches, but
patterns of beta-diversity inside pawpaw patches more
closely resembled the null expectation of random
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FIGURE 5 Overall differences in species composition among
blocks and patch types (inside or outside pawpaw patches).

(a) Ordination of species composition of the total understory
community (Bray-Curtis dissimilarity calculated using fourth-root
transformed abundances) derived from nonmetric
multidimensional scaling (NMDS; stress = 0.16). Points close
together in ordination space indicate plots with similar species
composition. Ellipses represent the total variation in species
composition within each block, and centroids for each block are
shown by colored circles with a black outline. For ease of
visualization, one outlier plot in Block 4 is not shown; see
Appendix S1: Figure S4 for a figure including this plot. (b) Boxplots
of distance-to-centroid values (Bray—Curtis dissimilarity using
fourth-root transformed abundances) showing dispersion of species
composition within each block (N = 10 plots per block). Boxes
represent the median and 25th/75th percentile, whiskers extend to
the largest value up to 1.5 times the interquartile range, and dots
represent outlier data points.

sampling. These findings suggest that both deterministic
and stochastic assembly processes are important in
shaping the understory plant community, but that local
communities in different patch types are not assembled
the same way, with stochastic processes being relatively
more important than deterministic processes in patches
dominated by pawpaw.

Observed beta-diversity of herbaceous species was
higher inside than outside pawpaw patches, supporting
the second prediction of the stochastic assembly hypothe-
sis (Figure 4a). Higher beta-diversity among plots inside
pawpaw patches is in line with the findings of other stud-
ies that observed the presence of dominant woody species
increases beta-diversity (Ellison et al., 2015, 2019) or
decreases local relative to regional diversity (Powell
et al., 2013). However, previous studies have often focused
on how dominant tree species affect other tree species, with-
out explicit consideration of their effects on herbaceous spe-
cies. In our study, the difference in observed beta-diversity
of herbaceous species inside and outside pawpaw patches
(Figure 4a) became weaker and nonsignificant when consid-
ering the total understory community of herbaceous and
woody species together (Figure 4d). This indicates that
abundances of woody species are consistent enough across
the patch types to reduce overall differences in community
composition. This could be due to several factors. First,
woody species are generally less dispersal-limited than
herbaceous species (Turnbull et al., 2000). In our study,
for example, the most-common species of woody seed-
lings present inside pawpaw patches was northern spicebush
(Lindera benzoin) (Appendix S1: Table S1), a bird-dispersed
shrub with high adult abundance at our site. With increased
dispersal, we expect decreased beta-diversity (Germain
et al., 2017; Leibold & Chase, 2017; Ron et al., 2018;
Thompson et al., 2020). Second, the woody seedlings are
at a life stage that experiences higher mortality and is
generally less diverse than the adult tree community
(Green et al.,, 2014; Ramachandran et al., 2023). Seedling
communities have been shown to have lower beta-diversity
than adult tree communities (Ramachandran et al., 2023),
presumably due to these ontogenetic differences in
the importance of different assembly mechanisms
(Cavender-Bares & Bazzaz, 2000; Comita et al., 2007;
Green et al., 2014; Spasojevic et al., 2014). Meanwhile,
the herbaceous community largely contains diverse adult
assemblages that survived past the seedling stage. Lastly,
most of the plant species diversity in temperate forests
comprised herbaceous species, many of which are rare in
the understory (Gilliam, 2007; Spicer et al., 2020), such
that including more common woody species will inher-
ently shift the composition towards being more similar.
These results illustrate the need to further investigate how
herbaceous communities assemble in forests, as differ-
ences in functional diversity and life-stages between herba-
ceous and woody species can elucidate different assembly
processes in the understory (Spicer et al., 2022).

Patterns of beta-diversity inside pawpaw patches more
closely resembled the null model (Figure 4c,f), supporting
the third prediction of the stochastic assembly hypothesis.
The smaller effect sizes inside pawpaw patches could reflect

ASURDIT suowWWo)) aanear) qeorjdde ayy £q pauraA0T are sa[oNIR Y $asn JO SINI 10§ AIeIqr auluQ KJ[IA UO (SUOHIPUOD-PUB-SULIS}/ WO KA[1m" KIeiqijaur[uo//:sdny) suonipuo)) pue SuLd ], 3yl S *[Sz0T/10/60] U0 A1eiqry auruQ A3[1p ‘ST 10L TSO/Z001 01/10p/wod K3[im° Areiqrjaurjuosfeuinolesa//:sdyy woiy papeoumo( ‘1 ‘§70z ‘ST680S17



10 of 14 |

WASSEL and MYERS

several ecological processes. First, theory (Hubbell, 2001;
Orrock & Watling, 2010; Vellend, 2016) and empirical
studies (e.g., Fodelianakis et al., 2021; Gilbert & Levine,
2017; Siqueira et al., 2020) show that decreases in commu-
nity size cause random changes in species relative abun-
dances (ecological drift), thereby increasing compositional
variation among local communities. In our study, commu-
nity size was 67%-76% lower inside than outside pawpaw
patches (Figure 3b), and of the species present in both
patch types, most had much lower abundance inside paw-
paw patches (Appendix S1: Figure S3), likely making local
populations within pawpaw patches more prone to demo-
graphic stochasticity. Second, simulation models exploring
the interplay between selection and ecological drift show
that high beta-diversity can emerge when niche-based pro-
cesses exacerbate the effects of neutral processes (Latombe
et al., 2015). For example, Gilbert and Levine (2017) dem-
onstrated that the presence of a dominant competitor can
deterministically lower other species’ relative abundances
to a point where stochasticity has an even greater effect,
causing higher variation in species composition among
experimental plots with the smallest community sizes. In
addition to smaller community size, more homoge-
neous light conditions under pawpaw patches could
reduce fitness differences among co-occurring species
and increase the relative importance of ecological drift
(Beck et al., 2022; Hubbell, 2006). Third, while our
study focused on patterns of species composition, the
trait and phylogenetic composition of communities
may exhibit more nonrandom responses to abiotic and
biotic drivers of community assembly, particularly
when communities are dominated by species with
functionally redundant traits that are phylogenetically
clustered or overdispersed (Cavender-Bares et al., 2009;
Webb et al., 2002). Lastly, larger null-model deviations
outside pawpaw patches can reflect more deterministic
processes such as fine-scale environmental heterogene-
ity, local plant-soil and plant-plant interactions, and
species-specific differences in dispersal ability (Bauer
et al., 2017; Condit et al., 2002; Germain et al., 2017;
Thompson et al., 2020). Collectively, these processes likely
contribute to the nonrandom patterns of beta-diversity
observed inside and outside pawpaw patches, as well as
the relatively stronger nonrandom patterns observed out-
side pawpaw patches.

We also found that local species diversity was con-
sistently lower inside than outside pawpaw patches
(Figure 3a). Previous studies have found that dominant
plant species can decrease local diversity (e.g., Eckberg
et al., 2023; Ellison et al., 2015; Hejda et al., 2019;
Hernandez et al., 2022; McCain et al., 2010; Myers &
Harms, 2009), but the underlying ecological processes
remain unresolved. Although our study cannot discern

the degree to which low species diversity inside
patches reflects dispersal limitation, nonrandom com-
petitive exclusion, or ecological drift, lower commu-
nity size may increase the role of ecological drift inside
pawpaw patches. The effects of community size and
dispersal limitation may be further exacerbated in
larger pawpaw patches, where dispersal from source
populations located outside patches may be less likely
to balance local extinctions of dispersal-limited herbs
inside pawpaw patches. Additionally, our findings are
in contrast to studies that found that some dominant
species facilitated species diversity by mitigating harsh con-
ditions, often at the edge of subordinate species’ range
(Dayton, 1972; Elsberry & Bracken, 2021; Gavilan &
Callaway, 2017; Pellissier et al., 2010).

Several abiotic and biotic factors may explain the
lower community size, lower local species diversity, and
more random patterns of beta-diversity within pawpaw
patches. First, above and below ground abiotic conditions
may be altered by pawpaw trees. Pawpaws have been
shown to be strong competitors for light which could
decrease the abundances of otherwise shade-tolerant
understory plants (Cole & Weltzin, 2005). High pawpaw
stem densities and clonal growth may also increase
belowground competition for soil nutrients and water
(Baumer & Runkle, 2010). While interference competi-
tion through allelopathy has been suggested for paw-
paw, the current evidence for allelopathy in pawpaw is
weak (McEwan et al., 2010; Pavliuchenko et al., 2018) to
negative (Cole & Weltzin, 2005). Second, to the extent
that clonal plant species are less common inside paw-
paw patches than nonclonal plant species, lower com-
munity size (estimated as the summed frequencies of
rooted stems) and higher simulated beta-diversity could
also reflect lower overall densities of ramets, but not
necessarily individuals (genets), inside pawpaw patches.
Third, pawpaw’s interaction with a dominant herbivore,
white-tailed deer (Odocoileus virginianus), may explain
patterns of diversity. Pawpaw is unpalatable to deer,
leading deer to selectively browse other species (Jenkins
et al., 2015; Shelton et al., 2014; Slater & Anderson, 2014).
If deer are selectively browsing the herbaceous layer in
pawpaw communities to avoid the unpalatable pawpaw
leaves, this could decrease community size, decrease local
species diversity, and increase beta-diversity within paw-
paw patches. Alternatively, if deer avoid pawpaw patches
altogether due to their inedibility, this could potentially
decrease seed dispersal by deer via endozoochory and
epizoochory of new propagules into pawpaw patches
(e.g., Blyth et al., 2013; Guiden, 2017; Myers et al., 2004).
Finally, a combination of suboptimal niche conditions and
medium to high dispersal rates may make local communi-
ties within pawpaw patches subject to source-sink
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dynamics, with pawpaw patches harboring “sink”
populations (Pulliam, 1988).

At the landscape scale, we also found that overall spe-
cies composition differed among blocks, as well as between
patch types within blocks (Figure 5a). Moreover, the differ-
ence in species composition among blocks appeared to be
mostly driven by differences with respect to variation in
species composition (dispersion), rather than their average
composition (centroids). This result suggests a role for eco-
logical processes in shaping variation in community compo-
sition at larger spatial scales across this forest landscape.
For example, higher variation in species composition (dis-
persion) in a locality (e.g., block) could reflect higher seed
dispersal limitation or higher species sorting in more het-
erogeneous environments (Burton et al., 2011; Gilbert &
Lechowicz, 2004). While our sampling design minimized
differences in abiotic conditions (soils and topography)
among blocks and among plots located inside and out-
side pawpaw patches (Figure 2), other environmental
factors such as variation in understory disturbance and
microtopography, light availability, and microclimate
may contribute to spatial variation in species sorting
(Anderson et al., 1969; Beatty, 1984; Struik & Curtis, 1962).
Higher variation in species composition in a locality could
also result from differences in the relative strength of
deterministic and stochastic processes among patches, if,
for example, ecological drift is especially strong within a
pawpaw patch and deterministic assembly is especially
strong outside a pawpaw patch. Regardless of the underly-
ing mechanisms, our results underscore the importance of
understanding how the relative importance of determinis-
tic and stochastic processes vary and interact across spatial
scales within the same landscape (Beck et al., 2022;
Chase, 2014; Chase & Myers, 2011; Spasojevic et al., 2016).

Our study highlights several avenues for future research
on the mechanisms by which pawpaw shapes forest com-
munity assembly. Future studies can use seed-addition
experiments to test the degree to which low species
diversity (Myers & Harms, 2009) and high beta-diversity
(Germain et al., 2017) of herbaceous species are caused
by dispersal limitation within pawpaw patches. Pawpaw-
removal experiments can be used to disentangle the effects
of pawpaw from potentially confounding or associated
biotic and abiotic factors, including herbivory, light avail-
ability, microclimate and microtopography, and soil condi-
tions. Future studies can also explore how pawpaw patch
characteristics such as patch size, age, and demography
affect the strength of deterministic and stochastic assembly
processes and biodiversity patterns. While our study inves-
tigated these processes using observational data from one
field census, long-term studies of plant demography
(recruitment, growth, survival) and changes in community
composition over time can be used to test complementary

demographic and temporal predictions of various assem-
bly processes (Vellend, 2016; Vellend et al., 2014) inside
and outside pawpaw patches, and elucidate how pawpaws
may affect forest regeneration (Baumer & Runkle, 2010;
Hochwender et al., 2016) or invasive species spread
(Cole & Weltzin, 2005). Further understanding the biology
and ecology of this and other locally dominant tree species
will provide key insights into how species interactions
drive the assembly, diversity, and dynamics of understory
plant communities at varying spatial scales.
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