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Abstract
Functional traits influence plant distributions along broad environmental gradients leading species to occupy communi-
ties where their traits enable them to successfully establish and compete for resources. Trait differences are also expected 
to influence plant distributions and diversity at finer spatial scales within communities. However, relatively few empirical 
studies have examined the extent to which interspecific trait variation predicts local species-environment distributions. We 
surveyed herbaceous plants within a heterogeneous acid bedrock glade in south-central Wisconsin to elucidate how traits 
influence local plant distributions and diversity. Using quadrat-scale environmental covariates (soil depth, canopy openness, 
and neighborhood tree phenology) and species functional trait means (SLA, vegetative height, and seed mass), we modeled 
variation in local species distributions as well as plant diversity across 361 quadrats distributed evenly in a 1 ha study plot. 
Functional traits predictably mediated individualistic species distributions along local gradients in soil depth and canopy 
openness as well as differential plant responses to variation in canopy leaf phenology. Small-seeded herbs occurred in shal-
low soil microsites while the prevalence of large-statured plants increased with canopy openness. Local species richness and 
functional trait dispersion were greatest in microsites near canopy gaps where sun-adapted and shade-adapted plant species 
co-occur and in microsites surrounded by later-leafing trees. Interspecific trait differences influence local species distributions 
and shape spatial patterns of diversity within heterogeneous plant communities like bedrock glades. The parallels between 
local plant distributions within this heterogeneous community and regional plant distributions across the landscape suggest 
trait-mediated ecological sorting influences plant distributions along environmental gradients similarly across spatial scales.

Keywords  Bedrock glade · Canopy openness · Community assembly · Environmental filtering · Soil depth · Tree 
phenology · Wisconsin

Introduction

Environmental variation plays a fundamental role in deter-
mining plant distributions and diversity (Shmida and Wil-
son 1985; Stein et al. 2014). At landscape and continental 
scales, species distributions often track variation in climate, 

topography, and edaphic conditions. Classic studies of plant 
distributions at broad spatial scales reveal how species sort 
individualistically along environmental gradients to form 
local communities (Whittaker 1956; Curtis 1959). These 
differential species distributions often reflect interspecific 
trait variation (Weiher and Keddy 1999; HilleRisLambers 
et al. 2012; Kraft et al. 2015). Plant traits thus link clas-
sical debates and concepts in plant ecology with modern 
approaches to the study of plant distributions and community 
patterns (Clements 1916; Gleason 1926; Curtis 1959; Beck 
et al. 2022). Morphological and physiological characteristics 
determine which species can successfully establish and com-
pete for resources within a given environment. By examin-
ing trait-environment associations, ecologists can infer the 
importance of ecological sorting in community assembly 
and determine which traits structure plant communities 
(McGill et al. 2006; Violle et al. 2007; HilleRisLambers 
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et al. 2012; Kraft et al. 2015). Predictable trait-environment 
associations across a variety of systems point to the general 
importance of trait-mediated ecological sorting in shaping 
broad-scale plant distributions (Ordoñez et al. 2009; Pol-
lock et al. 2012; Jamil et al. 2013; Amatangelo et al. 2014; 
Bañares-de-Dios et al. 2020; Beck et al. 2022).

Plant distributions also respond to environmental varia-
tion at finer spatial scales (Struik and Curtis 1962; Leach and 
Givnish 1999; Burton et al. 2011; Beatty 2014). In temperate 
forests and savannas, local species distributions often track 
variation in light availability (Leach and Givnish 1999), 
soil depth (Bratton 1976; Beck and Givnish 2021), mois-
ture availability (Beatty 1984), and soil fertility (Crozier and 
Boerner 1984; Vellend et al. 2000). Most studies examining 
the potential role of trait differences in mediating these local 
species-environment distributions focus on a small group of 
representative species (Bratton 1976; Pruka 1994; Leach and 
Givnish 1999; Burton et al. 2011; Beck and Givnish 2021). 
However, community-wide analyses of local trait-environ-
ment associations within heterogeneous plant communities 
remain scarce (Bergholz et al. 2017; Blonder et al. 2018). 
More comprehensive trait-based analyses of local species-
environment distributions and diversity are needed to dis-
cern the strength of local trait-environment associations as 
well as the spatial scales at which trait-mediated ecological 
sorting shapes local plant distributions and spatial patterns 
of plant diversity (Silvertown et al. 2006; Kraft and Ackerly 
2010; Chase and Myers 2011; HilleRisLambers et al. 2012; 
Chase 2014; Kraft et al. 2015; Blonder et al. 2018; Beck 
et al. 2022).

Environmentally heterogeneous plant communities pre-
sent excellent systems for evaluating the potential impor-
tance of trait-mediated ecological sorting at finer spatial 
scales. In such communities, we expect species to occupy 
environmental microsites where their traits confer a com-
petitive advantage leading to predictable trait-environment 
associations within the community. However, high rates of 
dispersal between adjacent but environmentally divergent 
microsites could weaken trait-environment associations at 
local scales if competitive differences are small relative to 
the rate of dispersal among microsites (Leach and Givnish 
1999; Beck and Givnish 2021). Previous empirical studies 
in heterogeneous North American oak savannas reveal how 
trait differences can influence plant distributions along local 
variation in canopy cover and understory light availability 
(Pruka 1994; Leach and Givnish 1999). Like these oak 
savannas, bedrocks glades are spatially heterogeneous and 
biologically diverse plant communities that exhibit patchy 
tree cover (Will-Wolf and Stearns 2010).

Bedrock glades are characterized by non-vertical bedrock 
exposures and thin, discontinuous soils that limit tree growth 
and result in highly heterogeneous environmental conditions 
(Armstrong 1994; Lange 1998; Ware 2002; Will-Wolf and 

Stearns 2010). Soil depth can vary considerably from pock-
ets of deep soil in rock crevices to exposed bedrock within 
the span of a meter. The sparse and spatially variable tree 
cover creates highly heterogeneous understory light condi-
tions that can vary from full sun to full shade in the span 
of several meters. Moreover, the leaf phenology of differ-
ent tree species can result in temporally heterogenous light 
regimes. Characteristic plants include taxa variously asso-
ciated with tallgrass prairie, oak savanna, dry to dry-mesic 
forests, and rock outcrops. This eclectic assemblage of spe-
cies represents numerous functional strategies and presum-
ably reflects the mosaic of spatially heterogenous microsites 
varying in soil depth, canopy openness, and canopy tree phe-
nology (Lange 1998; Epstein 2017). However, the assembly 
processes structuring local plant distributions remain poorly 
understood (Ware 2002; Epstein 2017). Trait-based analyses 
of local plant distributions in relation to fine-scale environ-
mental heterogeneity will provide valuable insights into the 
ecological processes structuring local plant distributions and 
diversity in bedrock glades.

Here we examined local plant distributions and spatial 
patterns of plant diversity within a heterogeneous quartz-
ite glade in south-central Wisconsin (USA). We sought to 
address the following questions: (1) How do functional traits 
influence local species-environment distributions? And, (2) 
are spatial patterns of taxonomic and functional diversity 
associated with soil depth and/or spatial and temporal vari-
ation in understory light availability? We predicted that local 
species-environment associations would reflect trait-medi-
ated ecological sorting. Specifically, we expected shallow 
soil microsites would favor small-seeded and short-statured 
plant species. Shallow soils constrain the size and density of 
plants which should allow small-seeded seedlings to estab-
lish and access light despite having limited energy reserves 
for growth at the time of germination (Gross 1984; Westoby 
1998). Similarly, shorter-statured plants are expected to 
occur in environments where the density of competitors is 
low and the structural costs incurred by taller species are not 
balanced by relatively higher rates of carbon assimilation 
(Givnish 1982). We expected large-statured plants to domi-
nate in sunlit microsites where the density of herbaceous 
competitors is high. As herbaceous plant density increases, 
greater height allows taller plants to overtop neighbors, 
providing greater energetic returns on the structural costs 
associated with growing taller (Givnish 1982; Keddy and 
Shipley 1989; Keddy et al. 2002; Falster and Westoby 2003; 
Cahill et al. 2008). We predicted microsites with greater can-
opy cover and earlier-leafing trees would favor species with 
high specific leaf area (SLA) reflecting the photosynthetic 
advantages experienced by species with broad, thin leaves in 
shaded environments (Givnish 1988; Westoby 1998). Con-
versely, later canopy closure could support the persistence 
of early-emerging but shorter-statured plant species that 
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actively photosynthesize prior to canopy closure or leaf out 
among taller herbaceous plants (Taylor and Pearcy 1976; 
Givnish 1987; Kudo et al. 2008). Finally, we expected spe-
cies richness and functional diversity to peak in microsites 
where sun- and shade-adapted herbs co-occur.

Methods

Study site

Our study focused on an acid bedrock glade located in the 
Baraboo Hills (Wisconsin, USA). The Baraboo Hills encom-
pass a 580 km2 region in south-central Wisconsin deline-
ated by remnants of an ancient mountain range composed 
of uplifted Precambrian quartzite that rises approximately 
200 m above the surrounding landscape. The Baraboo Hills 
and surrounding landscape comprise a regional biodiversity 
hotspot, supporting more than 1200 plant species. While 
acid bedrock glades represent just 0.13% of this landscape’s 
total area, they support a disproportionate number of rare 
and threatened plant species (Lange 1998). Historically, 
these glades were maintained by a combination of shallow 
soils and periodic ground fires that restricted the estab-
lishment and growth of woody vegetation (Epstein 2017). 
Reduced fire frequency has contributed to the spread of trees 
and woody shrubs, but rates of canopy closure remain rela-
tively slow. As a result, bedrock glades serve as refugia for 
light-adapted herbaceous plants that were historically more 
widespread across the open oak woodlands and savannas 
of the Baraboo Hills (Lange 1990, 1998; Armstrong 1994).

We conducted our study at a preserve owned and man-
aged by the Nature Conservancy that encompasses the larg-
est complex of acid bedrock glades in the Baraboo Hills. 
Our study focused on a relatively large (> 1 ha) quartzite 
glade situated atop a southeast-facing quartzite outcrop. The 
study plot spanned a conspicuous gradient from the semi-
open glade dominated by shagbark hickory (Carya ovata), 
spreading vegetatively over bedrock via stolons, to a closed 
canopy forest dominated by sugar maple (Acer saccharum) 
and northern red oak (Quercus rubra). The glade is charac-
terized by terraced quartzite bedrock exposures; a patchy, 
savanna-like canopy creating a mosaic of shaded and sunlit 
microsites; and dense cover of Pennsylvania sedge (Carex 
pensylvanica). Soils are classified as moderately well-
drained and moderately fertile Baraboo stony silt loam.

Field methods

We established a 100 × 100 m plot (1 ha) spanning the tran-
sition from bedrock glade with patchy tree cover to closed 
canopy forest (Fig. S1). This transition followed a gener-
ally northwest to southeast direction perpendicular to the 

somewhat gentle (10–15 percent) southeast slope gradient. 
In June–August of 2019, we identified, mapped, and meas-
ured diameter at breast height (DBH) of every tree stem 
greater than 1 cm DBH (Fig. S1; Table S1). In 2020, we 
established 361 1 × 1 m quadrats spaced evenly at 5 m inter-
vals across the plot. We conducted two rounds of vegetation 
surveys to capture early- and later-leafing species, in May 
19–25, 2020, and July 10–23, 2020, respectively, record-
ing the presence or absence of all vascular plant species 
within each quadrat. During both survey periods, we also 
performed systematic walk-through surveys to obtain a com-
plete list of plant species within the 1 ha plot. In total, we 
observed 139 vascular plant species during walk-through 
surveys within the 1 ha study plot. Of these, 108 occurred in 
at least 1 quadrat (Fig. 1f). Many tree and herbaceous plant 
distributions generally follow a northwest to southeast gra-
dient which parallels the underlying bedrock terraces (Figs. 
S1 and S2).

Environmental variables

To characterize local environmental conditions, we meas-
ured soil depth and canopy openness in each quadrat and 
calculated the leafing phenology of neighboring trees adja-
cent to the quadrat. We measured soil depth at four locations 
(recorded to the nearest cm up to a maximum of 50 cm) 
within each quadrat by probing the soil with a metal wire 
2.6 mm in diameter. The four measurements were averaged 
to obtain the mean soil depth for each quadrat (Fig. 1a). 
Average depth to bedrock was 17.6 cm, with 10.5% of our 
sampling locations having a soil depth of ≤ 1 cm. To quan-
tify canopy openness, a measure of light availability in the 
understory, we took hemispherical photographs using a cam-
era mounted with a leveled 180° fisheye lens at a height of 
1 m positioned in the center of each quadrat. Photos were 
taken under overcast conditions between July 30 and August 
3, 2020. We processed the photos using the Hemispheri-
cal 2.0 plug-in (Beckschäfer 2015) in ImageJ (Rueden et al. 
2017) to obtain a measures of gap fraction for each quad-
rat (Fig. 1b). The timing of tree leaf out can also influence 
the amount of light available to plants over the course of a 
growing season and may be especially important to species 
that complete the majority of their photosynthesis before 
canopy closure (Givnish 1987). To quantify leaf phenol-
ogy of overstory trees, we obtained leaf out dates for tree 
species measured at the Arnold Arboretum (Boston, MA, 
USA) in 2011 and 2012 (Panchen et al. 2014). We averaged 
the Julian date for each species between years to derive a 
mean leaf out date. Although these dates will not exactly 
correspond to the slightly colder climate at our study site, 
the relative timing of leaf out among species is consistent 
with our observations at the study site in 2019 and 2020. 
Data were available for all tree species in our plot from both 
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years except Juglans cinerea, which only had a date listed 
for 2012. We assigned a mean date for that species based on 
the mean dates for Carya cordiformis and C. ovata, both of 
which leafed out on the same day as J. cinerea in 2012. We 
then derived a community-weighted leaf out date for each 
quadrat by weighting the mean leaf out date of neighboring 
trees by their DBH (Fig. 1c). We included all small trees 
(> 5 cm DBH) within 1.5 m of the quadrat center point, all 
medium trees (5–20 cm DBH) within 3.5 m, and all large 
trees (> 20 cm DBH) within 8 m to capture the tree canopy 
influencing each quadrat.

Functional traits

We quantified interspecific differences in specific leaf area 
(SLA), leaf dry matter content (LDMC), leaf thickness, seed 
(propagule) mass, and vegetative height using published trait 
values for Wisconsin plant species (Waller et al., 2021). To 
supplement this data set, we queried the TRY Plant Traits 
Database (Kattge et  al., 2019) to obtain SLA, LDMC, 

vegetative height (E. Weiher, unpublished data), and seed 
mass (Moles et al. 2004; Royal Botanic Gardens Kew 2020) 
for Ranunculus fascicularis as well as spore mass for Dry-
opteris spp. (J. Cornelissen, unpublished data). Seed mass 
for six additional species came from the Seed Information 
Database (Royal Botanic Gardens Kew 2020) and for 11 
species from Prairie Moon Nursery (Winona, Minnesota, 
USA). Categorical traits for functional group, bloom sea-
son, longevity, and woodiness were assigned based on spe-
cies descriptions (Voss and Reznicek 2012). We calculated 
functional diversity for each quadrat using the R package 
‘FD’ (Laliberte and Legendre 2010; Laliberté et al. 2014). 
These diversity calculations included all continuous and cat-
egorical traits for each species. Our analysis of local plant 
distributions included three quantitative traits (SLA, veg-
etative height, and propagule mass) expected to influence 
plant distributions (see a priori predictions in Introduction). 
There was no correlation between vegetative height and seed 
mass (r = 0.01, N = 60, P = 0.916) or vegetative height and 
SLA (r = 0.03, N = 60, P = 0.791). SLA and seed mass were 

Fig. 1   Maps illustrating spatial variation in a mean soil depth, b can-
opy openness (gap fraction), c neighborhood tree phenology (aver-
age tree leaf out date), d species richness, and e functional disper-

sion as well as f rank-abundance curve for understory plant species 
within the 1 ha study plot. Squares depict the location of 361 quadrats 
spaced evenly at 5 m intervals across the 100 × 100 m study plot
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weakly correlated (r = 0.32, N = 60, P = 0.014). LDMC and 
leaf thickness were excluded in these models because these 
traits were strongly correlated with SLA.

Data analysis: local species‑environment 
distributions

Our analysis of understory plant distributions focused on 
60 herbaceous plant species present in at least 5 quadrats. 
These represented 92.8% of the quadrat occurrences among 
herbaceous species. We modeled local plant distributions 
using a Bayesian multilevel model (Jackson et al. 2012). 
This statistical approach is analogous to fitting a logistic 
regression for each species to characterize their environmen-
tal distributions but multilevel models allow us to simulta-
neously model the environmental distribution of all species 
(Jackson et al. 2012), assess the extent to which these local 
species-environment relationships depend on functional 
traits (Pollock et al. 2012; Jamil et al. 2013; Miller et al. 
2019), and account for spatial non-independence in local 
plant distributions (Li and Ives 2017; Li et al. 2020; Ives 
2022). We modeled the probability of quadrat-scale plant 
occurrences as a function of environmental conditions (soil 
depth, canopy openness, & neighborhood tree phenology), 
functional traits (SLA, seed mass, & vegetative height), and 
trait-environment interactions while accounting for residual 
spatial dependence in the distribution of individual species. 
Our multilevel model followed the general form:

where a specifies a random intercept allowing the probabil-
ity of occurrence to vary among species and deviate from the 
global mean (β0), b specifies a random slope allowing mono-
tonic species’ distributions to vary with local environmen-
tal conditions (average response to environmental variation 
given by β2), and c is a random slope that allows for variation 
in unimodal species’ responses to environmental predictors 
via a quadratic term (β3 provides average unimodal response 
across species). The fixed effect β1 quantifies the effect of a 
functional trait on species incidence (overall probability of 
occurrence) while the term β4 quantifies a trait-environment 
interaction that allows us to quantify whether interspecific 
trait differences influence how species respond to local envi-
ronmental distributions. Graphical exploration and examina-
tion of residuals suggested trait-environment associations 
were monotonic so we did not include a quadratic interaction 
term between environmental variables and traits. In the fit-
ted model, we included separate terms for each trait (SLA, 

P
(

Yi = 1
)

= logit−1
(

�i
)

�i = �0 + aspp[i] + �1 ∗ traitspp[i]
+
(

�2 + bspp[i]
)

∗ environmentquad[i] +
(

�3 + cspp[i]
)

∗ environment2quad[i] + �4 ∗ traitspp[i] ∗ environmentquad[i] + �,

vegetative height, seed mass) and environmental predictor 
(soil depth, canopy openness, neighborhood tree phenol-
ogy) as well as interaction terms for each trait-environment 
combination.

To account for potential spatial autocorrelation in local 
species’ distributions, we included an nm × nm spatial 
covariance matrix (where n is the number of species and 
m is the number of quadrats), τ. We parameterized spatial 
dependency using an exponential model of spatial corre-
lation: – exp(d/φ), where d denotes the pairwise distance 
between quadrats (in meters) and φ denotes the spatial 
range (scale of spatial dependence in meters). To obtain the 
spatial covariance matrix used in the multilevel model, we 
converted the exponential correlation matrix into an m × m 
covariance matrix and scaled the covariance matrix such 
that its determinant was equal to 1. This scaling improves 
computational efficiency. We then calculated the Kronecker 
product of the scaled spatial covariance matrix and an n × n 
diagonal species matrix to obtain the nm × nm spatial covari-
ance matrix (τ). This large covariance matrix accounts for 
spatial autocorrelation in the distribution of each species 
(see Ives and Helmus 2011). This approach for modeling 
spatial covariance applies methods utilized in phylogenetic 
generalized linear mixed-effects models to model phyloge-
netic covariance among species (Ives and Zhu 2006; Ives 
and Helmus 2011; Ives 2022). To define a suitable range 
(φ), we fit a non-spatial version of the model and exam-
ined empirical semivariograms describing residual spatial 
dependence for each species. After fitting multilevel models 
specifying ranges of φ = 5, 7.5, 10, 12.5, and 15 m respec-
tively, we compared WAIC scores to identify the best-fitting 
model (φ = 10 m range offered the best performance and was 
used in all subsequent analyses).

We evaluated the importance of both fixed effects (e.g., 
trait and environment predictors) and random effects (e.g., 
residual species-environment relationships) using 95% credi-
ble intervals. Spatial covariance matrices were created using 
the ‘geoR’ package (Ribeiro et al. 2020). These Bayesian 
multilevel models were fit using INLA (Rue et al. 2009) via 
the communityPGLMM function in the ‘phyr’ package (Li 
et al. 2020).

Data analysis: local variation in taxonomic 
and functional diversity

In addition to our analyses of local plant distributions, we 
also examined how environmental conditions influence local 
taxonomic and functional diversity. We analyzed patterns 
of species richness using a regression model. We modeled 
quadrat-scale species richness as a function of soil depth, 
canopy openness, and neighborhood tree leaf phenology. 
This model also included a term to account for spatial non-
independence (using the same approach described above but 
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the spatial covariance matrix was not blocked by species). In 
addition to analyses of local species richness, we also mod-
eled quadrat-scale functional trait diversity using the same 
regression model structure and predictors. We quantified the 
variation in functional characteristics of non-woody plant 
species in each quadrat using functional dispersion (Fdis, 
sensu Laliberte and Legendre 2010). This metric averages 
the multivariate distance in trait space between each species 
and the centroid for all species present within the quadrat. 
Graphical exploration and examination of residuals suggests 
all environment-diversity associations were linear. All analy-
ses were conducted using R 4.0.2 (R Core Team 2021) and 
figures were generated using ‘ggplot2’ (Wickham 2016).

Results

Local plant distributions within our 1 ha study plot were 
highly heterogeneous (Fig. S2) and often varied individu-
alistically in response to environmental predictors (Fig. 2; 
Figs. S3–S5). For most species, occurrence probabilities 
declined as soil depth increased, but there was considerable 
variation among species in soil depth associations (Table 1; 
residual standard deviation in differential species’ responses 
to soil depth [95% credible interval]: σ = 0.14 [0.08, 0.29]). 
Several species were strongly associated with shallow soils, 
including Antennaria plantaginifolia, Taraxacum officinale, 

Danthonia spicata, Dodecatheon meadia, and Symphyotri-
chum lateriflorum (Fig. S3). Most plant species were uni-
modally distributed relative to gap fraction, reaching their 
modal abundance in microsites with greater-than-average 
light availability (Fig. S4). However, the distribution of 
plants relative to gap fraction varied considerably among 
species (residual standard deviation in differential species’ 
responses to gap fraction: σ = 0.28 [0.19, 0.45]). Helian-
thus strumosus, Monarda fistulosa, Vicia caroliniana, Fra-
garia virginiana, and Elymus hystrix were the species most 
strongly associated with greater canopy openness (Fig. S4). 
Plant species also varied in their distribution relative to the 
phenology of neighboring trees (residual standard deviation 
in differential species’ responses to gap fraction: σ = 0.44 
[0.30, 0.67]). Most species exhibited unimodal distributions 
skewed towards greater abundance in microsites surrounded 
by later-leafing trees. The species most strongly associated 
with microsites surrounded by late-leafing trees included 
Fragaria virginiana, Monarda fistulosa, Helianthus strum-
osus, Ranunculus fascicularis, and Heuchera richardsonii 
(Fig. S5).

Our model revealed that functional traits mediated these 
differential plant responses to soil depth and canopy open-
ness (Fig. 2a). Large-seeded plant species were more likely 
to occur in microsites with deeper soils while small-seeded 
plants reached peak abundance in shallow soil microsites 
(Fig. 2e; estimated coefficient for seed mass × soil depth 

Fig. 2   Traits mediate local species-environment relationships. In (a), 
points and 95% credible intervals depict estimated coefficients from 
our multilevel model quantifying how trait values, environmental 
covariates, and trait-environment interactions influence the prob-
ably of plant species occurrence. Solid points represent estimates 
for which 95 percent confidence intervals do not overlap with zero. 
In (b–d), graphical depictions of modeled species-environment asso-
ciations for 20 representative species illustrate how species respond 

to local environmental variation. Note the individualistic species’ dis-
tributions along gradients in soil depth (b) and canopy openness (c). 
In panels (e–g), marginal predictions from the multilevel model illus-
trate how functional traits influence local species-environment distri-
butions. For each important trait-environment association, we depict 
the predicted environmental distribution of understory plant species 
with low, intermediate, and high trait values (corresponding with the 
5th, 50th, and 95th percentile of observed species trait values)
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interaction [95% credible interval]: 0.099 [0.002, 0.196]). 
Meanwhile, short-statured plant species reached modal 
occurrence in microsites with lower gap fractions while 
taller species were most likely to occur in microsites with 
greater canopy openness (Fig. 2f; estimate for vegetative 
height × gap fraction: 0.140 [0.022, 0.256]). Finally, there 
was some evidence that shorter-statured plants occurred 
more frequently under tress with later leaf out dates, but 
credible intervals overlapped slightly with zero (Fig. 2g; 

estimate for vegetative height × mean tree leaf out date: 
− 0.133 [− 0.297, 0.028]). Notably, functional trait differ-
ences partially explain the observed individualistic species-
environment associations (compare modeled species-envi-
ronment relationships in Fig. 3b, c to predicted relationships 
based on functional traits in Fig. 2e, f). Comparing spatial 
and non-spatial models confirmed that accounting for spa-
tial autocorrelation in species’ distributions improved model 
performance (σ = 1.17, ΔWAIC = 2089.71; Table 1).

Table 1   Random effect summary from multilevel models characterizing understory plant responses to local environmental variation

We included random effects allowing the probability of occurrence (abundance) to vary among the 60 focal understory species as well as random 
effects terms allowing species to respond differently to soil depth, canopy openness (gap fraction), and neighbor tree phenology. These species-
environment random effects included terms accounting for variation in unimodal species’ distributions. We also included a covariance matrix 
specifying spatial autocorrelation in the distribution of each species. For each random effects term, we report the standard deviation and credible 
interval. See Figs. S3–S5 for graphical depiction of the variation in estimated species-environment relationships. The italicized line of text sum-
marizes model components characterizing residual spatial variation

Random effects term Biological interpretation σ (CrI)

Species abundance Plant species vary in abundance 1.74 (1.43, 2.13)
Species ×  Mean soil depth Plant species vary in their responses to soil depth 0.14 (0.08, 0.29)
Species ×  (Mean soil depth)2 Plant species vary in unimodal responses to soil depth 0.14 (0.08, 0.30)
Species ×  Gap fraction Plant species vary in their responses to canopy openness 0.28 (0.19, 0.45)
Species ×  (Gap fraction)2 Plant species vary in unimodal responses to canopy openness 0.03 (0.01, 0.18)
Species ×  Tree leaf phenology Plant species vary in their responses to tree phenology 0.44 (0.30, 0.67)
Species ×  (Tree leaf phenology)2 Plant species vary in unimodal responses to tree phenology 0.18 (0.10, 0.35)
Spatial autocorrelation in species’ distributions Plant species exhibit residual spatial aggregation 1.17 (1.09, 1.27)

Fig. 3   Associations of soil depth, canopy openness (gap fraction), 
and neighborhood tree phenology (tree leaf out date) with herbaceous 
plant species richness (a–c) and functional dispersion (d–f). Lines 

illustrate marginal predictions from spatial regression models when 
relationships are statistically significant (see Methods and Table 2 for 
statistical summary of spatial regression models)
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Spatial patterns of taxonomic and functional diver-
sity reflected local environmental heterogeneity (Table 2; 
Fig.  1d, e). Herbaceous species richness declined with 
quadrat mean soil depth (Z = -− 2.106, P = 0.035; Fig. 3a) 
and increased with the canopy openness of microsites 
(Z = 5.214, P < 0.001; Fig. 3b). Understory species richness 
also increased in microsites where neighboring trees leaf out 
later in the spring (Z = 3.246, P = 0.001; Fig. 3c). The func-
tional dispersion of understory plant species within micro-
sites was positively associated with greater canopy openness 
(Z = 4.406, P < 0.001; Fig. 3e) but unrelated to the soil depth 
of microsites (Z = -− 1.066, P = 0.286; Fig. 3d). Functional 
dispersion also tended to increase in microsites where neigh-
boring trees leaf out later (Z = 1.933, P = 0.053; Fig. 3f). 
Accounting for residual spatial covariance improved model 
performance for both models of local taxonomic diversity 
(ΔAIC = 80.59) and functional dispersion (ΔAIC = 11.32).

Discussion

Herbaceous plant distributions varied along local gradients 
in soil depth, canopy openness, and tree leafing phenology 
within this heterogeneous bedrock glade. These local spe-
cies-environment distributions were mediated by functional 
traits and mirror trait-environment associations observed at 
broader spatial scales, providing strong evidence that eco-
logical sorting shapes local plant distributions. Trait-medi-
ated ecological sorting within this highly heterogeneous 
habitat also influenced spatial patterns of plant diversity. 
Both species richness and functional dispersion increased in 
microsites near canopy gaps where herb species with diver-
gent environmental distributions co-occur. Taken together, 
these findings provide new insights into the ecological pro-
cesses shaping local plant distributions and diversity within 
bedrock glades and certainly have relevance for other spa-
tially heterogeneous plant communities.

Functional traits mediated differential species distribu-
tions along local environmental gradients. This finding 
provides strong evidence that trait-mediated ecological 

sorting shapes local herb distributions. Small-seeded plants 
occurred most frequently in shallow soil microsites while 
larger-seeded plants were more prevalent in microsites with 
deeper soils (Fig. 3e). Theory predicts small-seeded plants 
should be favored in environments with little competition 
for light (Gross 1984; Westoby 1998), as is the case in shal-
low soil microsites in bedrock glades where the density of 
competing plants is low. We also found large-statured spe-
cies occurred most frequently in microsites with greater 
canopy openness (Fig. 3f). Greater vegetative height is 
expected to provide a competitive advantage in environ-
ments with greater herb coverage and competition for light 
(Givnish 1982). Observationally, microsites near canopy 
gaps were characterized by dense coverage of herbaceous 
plants whereas microsites with dense tree canopies were 
sparsely vegetated. Although we expected herbs with high 
SLA to occur in shady microsites, reflecting advantages 
of broad, thin leaves for capturing light in shady environ-
ments, interspecific variation in SLA did not mediate herb 
responses to canopy openness. It is possible our analysis of 
trait means averaged over relevant intraspecific variation in 
SLA. Future studies investigating intraspecific variation in 
SLA, leaf inclination, and other traits associated with light 
availability among savanna and woodland herbs would be 
informative (Givnish 1987; Pruka 1994; Leach and Givnish 
1999). Additionally, SLA can influence plant responses to 
variation in other environmental conditions that we did not 
measure, namely variation in soil nutrient availability. It 
may be difficult to detect SLA patterns if this trait influences 
plant distributions along multiple, interacting environmental 
gradients.

This work adds to a growing collection of studies docu-
menting the importance of trait-mediated ecological sorting 
across spatial scales (Ordoñez et al. 2009; Kraft and Ackerly 
2010; Pollock et al. 2012; Jamil et al. 2013; Amatangelo 
et al. 2014; Scherrer et al. 2019; Beck et al. 2022). Moreover, 
it provides further insights into the role of trait-mediated 
ecological sorting in driving individualistic plant responses 
to environmental variation. The individualistic plant distri-
butions we observed along local gradients in soil depth and 

Table 2   Summary of 
regression models examining 
the relationship between 
environmental variables and 
quadrat-scale taxonomic and 
functional diversity

We report estimated slope and P-value for environmental predictors as well as the residual variation (σ) 
attributed to environmental variation. We compared the difference in AIC values (ΔAIC) from spatial and 
non-spatial regression models to assess the importance of quantifying residual spatial autocorrelation. The 
italicized line of text summarizes model components characterizing residual spatial variation

Model term Species richness Functional dispersion

Estimate P-value Estimate P-value

Soil depth − 0.307 0.035 − 0.002 0.286
Canopy openness (gap fraction) 0.917  < 0.001 0.012  < 0.001
Neighborhood tree phenology 0.745 0.001 0.007 0.053
Residual spatial autocorrelation σ = 1.28 ΔAIC = 80.59 σ = 0.02 ΔAIC = 11.32
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canopy openness echo historical debates about whether plant 
communities represent tightly integrated entities composed 
of species responding in concert to environmental variation 
(Clements 1916) or loose affiliations of species formed as 
they respond individualistically to environmental variation 
(Gleason 1926). Curtis’s (1959) and Whittaker’s (1956) clas-
sic studies provided unequivocal support for the Gleasonian 
model of plant communities at broad scales by showing how 
regional species’ distributions varied individualistically 
along environmental gradients. Our work suggests similar 
individualistic species-environment distributions can occur 
at local spatial scales within environmentally heterogenous 
plant communities.

In many ways, bedrock glades epitomize Gleason’s (1926) 
original notion of plant communities as loose associations 
of species responding individualistically to continuous 
environmental variation. These glades support an eclectic 
assemblage of plant species variously affiliated with wood-
lands, savannas, prairies, and rock outcrops. Moreover, we 
show here how plant distributions vary individualistically 
in response to local variation in soil depth and understory 
light availability. This study, in combination with previous 
landscape-scale studies of plant distributions (Whit taker 
1956; Curtis 1959) and paleoecological research illustrating 
the individualistic post-glacial migration of North American 
tree species (Davis 1976, 1981), provides compelling evi-
dence that Gleason’s original insight has relevance across 
spatial and temporal scales. Our study also demonstrates 
how trait differences influence individualistic plant distri-
butions along local environmental gradients within a het-
erogeneous community. Directly paralleling our findings at 
local scales, a recent study of herbaceous plant distributions 
across Wisconsin forests revealed how the additive effects of 
trait-environment associations contribute to individualistic 
herb distributions at broad spatial scales (Beck et al. 2022). 
These studies provide an important link between founda-
tional work in plant community ecology (Gleason 1926; 
Whittaker 1956; Curtis 1959), plant physiological ecology 
(Givnish 1982, 1988), and modern trait-based approaches 
to community ecology (Westoby and Wright 2006; McGill 
et al. 2006; Funk et al. 2017).

Spatial patterns of local plant diversity provide further 
insights into how fine-scale environmental variation and 
functional trait differences influence locally heterogene-
ous plant communities. Herbaceous plant species richness 
increased in microsites surrounded by later-leafing tree 
species. This association may reflect temporal resource 
partitioning. The added window for early-leafing herbs to 
photosynthesize in the spring beneath late-leafing trees may 
facilitate co-occurrence of herbaceous species with divergent 
leaf phenology and elevate diversity (Givnish 1987; Kudo 
et al. 2008). However, inferences about tree leaf phenology 
at this site warrant caution. Spatial variation in the timing 

of tree leaf out likely parallels other environmental gradi-
ents as well as the directional spread of woody vegetation. 
Both species richness and functional dispersion increased 
with canopy openness (Fig. 3a, d). In our study plot, micro-
sites with high gap fraction (20–30%) are those with patchy 
canopy cover where shade-tolerant understory plants and 
shade-intolerant species co-occur. In previous studies of 
structurally similar midwestern oak savannas, Leach and 
Givnish (1999) noted the close proximity of environmen-
tally divergent microsites could elevate local plant diversity 
if high rates of dispersal between adjacent microsites pre-
vent species from being competitively excluded in microsites 
where they experience a competitive disadvantage. These 
‘mass effects’ driven by source-sink dynamics have often 
been studied in the context of broader-scale metacommuni-
ties (Cottenie 2005; Chase and Myers 2011; Logue et al. 
2011), though the concepts are clearly applicable at finer 
spatial scales (Shmida and Wilson 1985; Leach and Givnish 
1999; Leibold et al. 2004; Holyoak et al. 2005). The residual 
spatial autocorrelation in species distributions and spatial 
patterns of diversity we observed in this study are consistent 
with mass effects. Nevertheless, future analyses of commu-
nity dynamics–especially spatial patterns of microsite-scale 
colonization and extinction–over time would be instrumental 
for elucidating the potential role of mass effects in bedrock 
glades and other heterogeneous plant communities.

Finally, this study provides new insights into the ecologi-
cal processes structuring bedrock glade plant communities. 
Fine-scale heterogeneity and ecological sorting have been 
presumed to structure local plant distributions in bedrock 
glades and contribute to their high species diversity, but 
few quantitative analyses exist (Ware 2002). Bedrock glades 
have been most extensively studied in the Ozark region of 
central North America (limestone and dolomite glades) with 
some additional work in the cedar glades of the southeastern 
United States, granitic glades in the Piedmont region, and a 
handful of other regions in North America (Anderson et al. 
1999). These previous studies largely focus on characterizing 
plant composition and diversity (Kucera and Martin 1957; 
Anderson et al. 1999), comparing bedrock glades to related 
plant communities (Baskin and Baskin 2000; Ware 2002), 
and describing the functional characteristics of resident spe-
cies (Van Zandt 2007; Miller et al. 2018). Our results largely 
parallel findings from other locally heterogeneous communi-
ties, linking assembly processes in bedrock glades to savan-
nas and other better-studied plant communities.

Early work in Midwestern oak savannas revealed the 
important role of understory light availability in structuring 
local plant distributions (Bray 1958). Subsequent work by 
Leach and Givnish (1999) found plant distributions along 
gradients in understory light availability and soil texture 
reflected interspecific differences in leaf morphology and 
stature. Most similar to our own work, Pruka’s (1994) study 
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in a dry oak savanna documented individualistic species’ 
distributions along local gradients in soil depth and light 
availability. Interspecific and intraspecific variation in traits 
such as leaf inclination, plant stature, and modes of seed 
dispersal were associated with these local plant distributions. 
The similarities between our study and previous work in 
midwestern oak savannas are unsurprising given that bed-
rock glades are structurally and compositionally similar to 
dry savannas (Will-Wolf and Stearns 2010). The most con-
spicuous compositional difference between our study site 
and oak savannas is the absence of warm season grasses. 
These grasses often dominate sunlit microsites in oak savan-
nas and occur in some bedrock glades, including numerous 
acid bedrock glades in the study region. Given the similar 
inferences provided by this study and previous work, we 
expect our findings have relevance to other locally heterog-
enous plant communities regardless of species composition.

Conclusion

Our study of local plant distributions and diversity provides 
new inferences about fine-scale community assembly in 
locally heterogeneous plant communities and advances our 
understanding of bedrock glades. Although trait-environ-
ment frameworks are most often applied at broader spatial 
scales, we found that functional traits predictably shape 
local plant distributions and contribute to the diverse plant 
assemblage found in bedrock glades. This study also extends 
the individualistic concept of plant distributions and plant 
communities to finer spatial scales and reveals how trait dif-
ferences drive individualistic species responses to environ-
mental variation. These insights will contribute to our under-
standing of plant community assembly across spatial scales.
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