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Abstract

Questions: The extent to which metacommunities contain species exhibiting metap-
opulation dynamics is poorly understood. We investigate this issue within sandstone
outcrop plant communities scattered across an upland hardwood forest. We investi-
gate the life forms of metapopulation species and relationships between taxonomic,
phylogenetic, and functional diversity, composition, and environmental factors.
Location: Twenty-three sandstone outcrop communities in southern lllinois, USA.
Methods: Following vegetation surveys, species exhibiting metapopulation dynamics
were identified and compared to all species based on origin, growth form, and lifecy-
cle. Cohesion, turnover, and boundary clumping were utilized to determine metacom-
munity structure. Correlations evaluated associations between site-based variables,
and regressions evaluated associations between diversity indices. Multivariate anal-
yses compared sites to determine which variables contributed to compositional
differences.

Results: Twenty of 130 species exhibited metapopulation dynamics and were usu-
ally annual or biennial exotics. Metacommunity elements indicated a metacommu-
nity structure where groups of species tended to replace one another across sites,
in which species exhibiting metapopulation dynamics were subordinate as opposed
to dominant or transient. The largest sites were the most regularly shaped, but not
the most diverse. Species richness and species exhibiting metapopulation dynamics
determined phylogenetic and functional diversity, but largely non-standardized meas-
ures of diversity, indicating independence between types of diversity. Multivariate
analyses showed that diversity metrics explained community composition differ-
ences, where more species-rich sites with more metapopulation species were also
more phylogenetically and functionally diverse.

Conclusions: Sandstone outcrop communities exhibited diverse plant communities,
where phylogenetic and functional diversity were driven by both the number of all
species and the subset of metapopulation species independently. SM dynamics were
usually short-lived and exotic species with their low number likely constrained via
dispersal limitations. The communities exhibited a metacommunity structure indi-
cating predictable community assemblages which tend to be replaced with others

as opposed to just individual species being replaced individually, consistent with the
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1 | INTRODUCTION

As natural and anthropogenic activities continue to influence pop-
ulations and communities, it remains crucial to understand the
connectivity of fragmented ecosystems. Habitat fragmentation
can affect ecosystem-level dynamics of spatially disjunct popula-
tions (i.e., metapopulations) and alter how spatially disjunct com-
munities within an inhospitable matrix (i.e., metacommunities) are
structured (Hanski, 1991, Hanski et al., 1996a; Hanski, 1997; Leibold
et al., 2004). Regardless of whether patches are naturally or artifi-
cially created, metapopulation and metacommunity patterns arise,
and can be observed in several taxonomically defined communities
including plants (Alexander et al., 2012), insects (Datry et al., 2017),
amphibians (Brodman, 2009), reptiles (Altermatt, 2013), fish (Falke
& Fausch, 2010; Erés et al., 2017), birds (Morera Pujol, 2020), and
mammals (Brown, 2018).

Plant metapopulation persistence in patchy landscapes is largely
determined via efficiency of dispersal vectors of pollen, seeds,
and clonal fragments, and these factors are particularly import-
ant for facultative and obligately outcrossing species (Stewart-Cox
et al.,, 2005; Frankel & Galun, 2012; Baguette et al., 2013). However,
persistence depends on suitable and distinct patches, facilitated
by high diversity and connectance (Gravel et al., 2011). In addition,
patch heterogeneity (i.e., the availability of several microhabitats
which may be crucial for the colonization of certain species) can pro-
mote metapopulation and metacommunity persistence, where the
largest patches are able to exhibit higher habitat heterogeneity and
provide a greater diversity of potential niches for species to estab-
lish (Burnett et al., 1998).

Scaling upward from metapopulations to metacommunities,
the interconnectivity of species assemblages can help ecologists
and land managers understand the diversity driven by spatial
scales (Holyoak et al., 2005). What distinguishes metacommu-
nities from metapopulations is the ability to assess community
structure via multispecies distributions, and these patterns scale
from local ecosystems to biogeographical realms. Metacommunity
patterns can be categorized as checkerboard, nested, Clementsian,
Gleasonian, evenly spaced, and even random distributions
(Leibold & Mikkelson, 2002). These patterns are based on three
elements of metacommunity structure: coherence, species turn-
over, and boundary clumping, reflecting the extent to which spe-
cies distributions, sites and community-level interactions occur.
Metacommunities exhibiting significant structure, as opposed
to random distributions based on random colonization, contain

concept of an integrated community. Functional traits indicated that these communi-

ties include species adapted to xeric, substrate-poor conditions.

correlation, functional, metacommunities, metapopulations, ordination, patch dynamics,
phylogenetic, sandstone outcrops, species richness, vector analysis

individual metapopulation species. Linking metapopulation and
metacommunity concepts remains central in ecological research
(Economo, 2011).

Furthermore, incorporating evolutionary and functional rela-
tionships between species in patchy landscapes may determine
how communities are important for regional-to-local environ-
mental filtering (Cavender-Bares et al., 2009). High phyloge-
netic or functional diversity compared to taxonomic diversity
indicates overdispersion, indicating potential competition be-
tween separate clades, niche partitioning, limiting similarity be-
tween taxa, and character displacement, where phylogenetically
and functionally diverse communities may limit closely related
species’ coexistence in abiotically suitable patches (Mayfield
& Levine, 2010; Presley et al., 2010; Kluge & Kessler, 2011).
Phylogenetically poor communities have been documented to
experience invasion by species distantly related to existing na-
tives, reflecting mechanisms related to trait assembly in commu-
nities (Gerhold et al., 2011). Phylogenetic relationships in rock
outcrop communities have been shown to be determined by
patch area, where phylogenetic diversity and turnover was posi-
tively correlated with patch size (Villa et al., 2018). Furthermore,
taxa with certain survivorship and dispersal-related traits have
higher local frequency than predicted based on regional fre-
qguency (Udd et al., 2015).

Patch characteristics (i.e., area, perimeter, area-to-perimeter
ratio) exhibit different relationships with diversity. Species-area
relationships predict large patches (often with greater perime-
ters) support more species than smaller patches (Arrhenius, 1921;
Gleason, 1922; Adler et al., 2005). However, evolutionary rela-
tionships show variable responses. Patch area has been observed
to show infrequent, weak effects on phylogenetic diversity and
community structure (Arroyo-Rodriguez et al., 2012). While phy-
logenetic diversity and taxonomic diversity are usually correlated,
patch size and phylogenetic diversity can have a varying associa-
tion depending on environmental heterogeneity and niche avail-
ability (Arellano-Rivas et al., 2017; Matos et al., 2017). Functional
diversity also has varying associations with patch characteristics.
Forsyth and Gilbert (2021) observed parallel positive responses
between taxonomic and functional diversity with patch area,
whereas Arellano-Rivas et al. (2018) observed negative associa-
tions between functional diversity and patch shape irregularity.
Understanding how different types of diversity relate to patch
characteristics remains of importance for understanding metacom-

munity assembly.
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Incorporating metapopulation, metacommunity, community
composition, diversity, and patch-characteristic concepts may
foster understanding underlying ecological processes driving
community assembly. In addition, inferring process from diversity
patterns observed in artificial or theoretical inferences can be
difficult to apply to natural ecosystems, and therefore studying
these relationships directly in natural ecosystems remains crucial
despite rapid innovations in theoretical work (Hooper et al., 2005;
Fahrig, 2019). For example, positive increases in taxonomic, phy-
logenetic, and functional diversity may indicate communities are
unsaturated and the a priori assumption of phylogenetic inertia
is maintained (more closely related species are more functionally
similar; Safi et al., 2011). However, other independent and non-
correlated responses may reflect patterns involving phylogenetic
and functional clustering and overdispersion (Cavender-Bares
et al., 2009). Metacommunities exhibiting non-random structure
with shared species promote metapopulation taxa, often rapidly
dispersing exotics, presuming local communities are not saturated
(Marvier et al., 2004; Case, 1991).

Sandstone outcrops provide an ideal study system to investi-
gate metapopulation and metacommunity relationships, represent-
ing discrete patches occurring within a (supposedly) inhospitable
forest matrix. Since European colonization and expansion in the
Midwestern United States, farming and fire suppression have fa-
cilitated degradation, fragmentation, and woody encroachment
in many forest openings (Nuzzo, 1986). These naturally occurring
openings surrounded by forest in southern lllinois form the basis
for this study. A subset of these openings are sandstone out-
crop communities, lacking closed tree canopies while dominated
or characterized by species including Schizachyrium scoparium
(Michx.) Nash., Juniperus virginiana L., Quercus marilandica Miinch.,
Quercus stellata Wangenh., Cheilanthes lanosa (Michx.) D.C.Eaton,
Croton monanthogynus Michx., and Danthonia spicata (L.) Roem &
Schult. These sandstone outcrops remain distinct from the adja-
cent upland hardwood forest matrix, based on abiotic extremes
and existing biotic communities (Heikens & Robertson, 1995).

The focus of this research was to investigate metapopulation
and metacommunity structure of these sandstone outcrops in
southern lllinois, incorporating relationships between taxonomic,
phylogenetic, and functional diversity. We proposed that sand-
stone outcrop communities are characterized by phylogenetically
and functionally related metapopulation species characterizing an
empirical metacommunity system. We hypothesized (1) a subset
of species within sandstone outcrops exhibit metapopulation dy-
namics, with more exotic species than expected by chance, (2) that
these outcrop communities will exhibit a non-random metacom-
munity structure, where (3) significant correlations and regressions
exist between total species richness, species exhibiting meta-
population dynamics, phylogenetic diversity, functional diversity,
individual functional traits, and patch characteristics reflecting a
lack of community saturation, and (4) that metapopulation species
presence will explain correlations in taxonomic, phylogenetic and

functional composition in this structured metacommunity.
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2 | METHODS
2.1 | Studysite

Sites (i.e., patches) included 23 distinct sandstone outcrops (Figure 1)
in the northeastern extent of Jackson Hollow Ecological Area in
Pope County, IL, varying in size and shape (Table 1). For all patches,
drone imagery was used for mapping, and polygons were traced
around patches to determine both area and perimeter using ArcGIS
software (Version 10.6; ESRI, 2011). These sandstone outcrops lack
a canopy from tall woody vegetation, unlike the adjacent hardwood
forest matrix. Each opening was surveyed during June, July, August,
and September 2020 to record the occurrence of non-vascular (spe-
cifically mosses) and vascular plant taxa. Nomenclature followed
the United States PLANTS Database (USDA-NRCS, 2012) for non-
vascular taxa and Mohlenbrock (2014) for vascular taxa. All species
were included in metacommunity and multivariate analyses using
occurrence data. Ubiquitous and singleton species were omitted
from metapopulation analyses considering statistical significance,

but included in interaction matrixes and further analyses.

2.2 | Metapopulation analyses

Using occurrence data, an Incidence Function Model (Hanski
et al., 1996b) was employed for each non-excluded species. This
model is based on a first-order linear Markov chain and calculates
the probability of patch occurrence (incidence J)), dependent on col-
onization (C)) and extinction (E,):

G 1

J = =
G+E-CGE 1. (Sfe&)

where e’ represents the extinction probability of a patch with
unitary size, S is derived from patch isolation, A relates to patch
area, and x is the decline in probability of extinction with patch
size. High values of x indicate rapid decreases in extinction prob-
ability with increasing patch size (A). Hanski's Incidence Function
Model is a widely used metapopulation model incorporated in em-
pirical ecology. This function models whether species occurrence
within spatially distinct habitat patches functions as a discrete-
time Markov chain, where transition probabilities are dependent
on patch characteristics (Hanski et al., 1996b). The model can be
parameterized with single-season occurrence data from a defined
patch network. The Incidence Function Models were conducted
in the vegan package in R Software (Oksanen, 2004; Oksanen
et al., 2017; Ver. 4.1.1., R Core Team, 2017). A chi-squared test
of independence was employed to determine if exotic species
(compared to native species), species with different growth forms
(ferns, graminoids, forbs, vines, shrubs, and woody species), and
species with different lifecycle durations (annual, biennial, and
perennial) were more likely to exhibit metapopulations dynamics
than expected by chance.
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Sandstone Outcrop Communities at FIGURE 1 Twenty-three sandstone

outcrop patches surveyed in Jackson
Hollow Ecological Area in southern lllinois.

Jackson Hollow Ecological Area
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2.3 | Metacommunity analyses species replacements along within the species-site interaction ma-
trix, and is recognized as a metric of beta diversity. This value is
To assess metacommunity structure, three values were calculated expressed as absolute species turnover, forming a traditional range-
based on survey data: coherence, turnover, and boundary clumping. based perspective. Negative turnover indicates nested species sub-
These three values represent elements of metacommunity structure sets, insignificant turnover indicates a potential quasi-structure, and
(EMS) (Leibold & Mikkelson, 2002; Dallas, 2014). Coherence quanti- positive turnover indicates regular species replacements. Boundary
fies the degree to which species patterns are reducible to a single di- clumping assesses how species boundary edges condense across
mension, and corresponds to the negative (checkerboard patterned), this single dimension. Boundary clumping is expressed as Morista's
insignificant (random occurrences), or positive (with some form of Index, a widely used measure of the dispersion (Morista, 1959,
gradient in species occurrences across sites) association between 1962). This interaction matrix was generated where both sites and
other species (Leibold & Mikkelson, 2002). This value is the total species were placed via reciprocal averaging. These analyses were
embedded absences in a community matrix and significance is deter- conducted in the metacom (Dallas, 2014) package in R Software
mined by comparing to simulated null matrixes. Turnover quantifies using 999 simulations of null models for significance testing.
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TABLE 1 Measurements of total species richness (S), number of exotic species (ES), number of species present exhibiting metapopulation
dynamics (SM), Faith's phylogenetic diversity (PD), distance-based functional diversity (FD), average leaf nitrogen content (%), specific leaf
area (g/m2), and plant height (m; avgLNC, avgSLA, and avgPH, respectively), area, perimeter, area to perimeter ratio (A:P), distance to road
(DR), and mean x values for each site (avgx) for 23 sandstone outcrop communities.

Site S ES SM PD FD avgLNC avgSLA
A 60 8 14 569 942 2086 114.76
B 59 8 11 612 808 1936 119.33
C 23 3 5 355 659 269 153.2
D 32 3 6 391 103  23.36 142.98
E 60 6 10 499 131 204 107.88
F 22 3 4 34 597 2745 132.22
G 23 17 337 779 23.69 96.22
H 14 2 4 248 228  21.09 98
[ 12 2 2 233 212 2601 127
J 28 4 5 398 84 24.09 117.25
K 32 3 6 434 106 2195 108.99
L 34 4 9 426 626  24.84 151.62
M 33 4 8 423 128 2356 129.11
N 26 2 7 378 12 229 122.33
o) 22 3 5 307 691 2316 103.79
P 30 4 7 359 761 279 150.54
Q 48 4 8 481 137  21.08 120.61
R 20 0o 5 287 813 2116 96.78
s 22 2 5 343 795 2206 94.95
T 45 5 12 5 137  21.05 114.67
U 41 4 6 469 129 231 128.25
% 45 2 8 483 13 21.81 110.64
w23 4 5 348 716 1876 116.37
2.4 | Phylogenetic and functional trait analyses

A maximum likelihood phylogeny was constructed for all species across
each surveyed sandstone outcrop opening. Both rbcL and matK nu-
cleotide sequences were downloaded from Genbank for each species
(https://www.ncbi.nlm.nih.gov/genbank/; Benson et al., 2012). In addi-
tion, the top 25 most frequent species across sites were used to gener-
ate an unweighted pair group method with arithmetic mean (UPGMA)
dendrogram based on leaf nitrogen content (LNC), vegetative plant
height, and specific leaf area (SLA) functional traits averaged from the
TRY Database (https://www.try-db.org/TryWeb/Home.php/, Kattge
et al., 2020). Each of these functional traits reflects how individual spe-
cies compete for and acquire resources in their environment, specifically
photosynthetically available light to create complex sugars. Taller plants
are often better vertical competitors for sunlight compared to shorter
plants (Caldwell, 1987) where high SLA values relate to high photo-
synthetic capacity per unit leaf area in a horizontal plane (Dijkstra &
Lambers, 1989). Leaf nitrogen content relates to the relative photosyn-
thetic capacity of leaves, as proteins of the Calvin cycle and thylakoids
represent the majority of leaf nitrogen (Evans, 1989). Furthermore, the
relative efficiency of plants using different metabolic photosynthetic

Perimeter  A:P

avgPH Area(m?) (m) (m%m) DR (m) Avgx
3.928 271.24 144.26 1.88 146.45 12.01
3.59 466.36 170.13 2.74 115.87 8.15
5.92 82.04 47.29 1.73 117.48 3.27
8.88 8.12 16.34 0.5 177.03 3.41
5.5 595.59 191.06 3.12 146.45 1.32
5.13 82.94 39.89 2.08 265.54 0.51
6.23 44.71 25.76 1.74 263.93 1.03
5.59 81.69 37.84 2.16 263.93 0.89
6.96 24.94 18.31 1.36 233.35 2.46
5.7 46.17 30.32 1.52 2929 0.3

7.32 19.28 19.15 1.01 233.35 1.04
5.21 1236.17 297.3 4.16 526.25 15.84
5.28 532.57 201.16 2.65 936.64 5.46
5.58 102.99 47.05 2.19 1083.1 2.71
4.17 776.02 151.88 5.11 11121 4.18
4.52 178.77 71.86 2.49 1199 3.6

5.51 114.72 80.91 1.42 1405 2.76
712 180.91 69.69 2.6 1638.3 2.67
3.63 1197.76 224 .45 5.34 1813.7 4.81
5.49 1337.24 236.69 5.65 2311 6.06
4.62 58.73 39.26 1.5 2517 3.4

6.06 138.13 59.77 2.31 2632.9 4.9

4.53 339.17 75.62 4.49 2663.5 4.97

pathways to create complex sugars is highly dependent on atmospheric
composition as well as climatic drivers (Ward et al., 1999; Mayeux
et al.,, 2021). While including only a subset of present taxa only allows
for interpretations based on just those specific taxa, other studies have
removed non-dominant taxa and often singletons from functional
analyses, observing little effect on statistical bias and while retaining
the ability to detect differences in functional diversity and composition
between individual sites (Swenson et al., 2012; Chun & Lee, 2017; Pairo
et al., 2021). The resulting phylogeny and dendrograms were used to
calculate Faith's phylogenetic diversity (the phylogenetic diversity of a
species set as equal to the sum of all branch lengths in the phylogeny
that span the members of the set; PD), and distance-based functional
diversity based on Gower's dissimilarity (FD). These analyses were con-
ducted in the ape (Paradis & Schliep, 2019), picante (Kembel et al., 2010),
and FD (Laliberté et al., 2014) packages in R.

2.5 | Correlation and regression analyses

Spearman's correlations were used to determine whether diver-

sity, functional traits, and patch variables were correlated. These
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analyses were conducted using the base functions in R. In addition,
non-linear regressions between total species richness (S), and spe-
cies exhibiting metapopulation dynamics (SM) as predictor variables,
PD, FD as well as standardized values of phylogenetic and functional
mean pairwise and trait distance (MPD and MTD, respectively) as
response variables were conducted (similar to Presley et al. 2018) in
SigmaPlot (Version 10.0; Systat Software, Inc.Palo Alto, CA, USA).

2.6 | Multivariate analyses

Species occurrence was compiled and the resulting Bray-Curtis
dissimilarity matrixes were used for constructing a taxonomic
non-metric multidimensional scaling ordination (TNMDS). Vector
analyses were employed to investigate community compositional
differences based on total species richness per site (S), number of
exotic species (ES), and SM based on Hanski's Incidence Function
Model, PD, FD, averaged values for LNC, specific leaf area, and
plant height per site based on the 25 most frequent species across
all sites (avgLNC, avgSLA, and avgPH, respectively), patch area, pe-
rimeter, area-to-perimeter ratio (A:P), distance to nearest road (i.e.,
Trigg Tower Road; DR), and the mean of x values of SM taxa for
each site (avgx). High avgx values at a site indicate high extinction
probability for species exhibiting metapopulation dynamics as patch
area decreases. Vector direction within each ordination denotes the
greatest rate of change of the factor across the ordination, while the

length of the vector relates to the strength of the relationship.

3 | RESULTS
3.1 | Study sites

Across all 23 sandstone outcrops surveyed, 130 non-vascular and
vascular plant species were observed (Appendix S1). The most fre-
quently observed species were Juniperus virginiana, Ulmus rubra
Muhl., and Thuidium Bruch & Schimp. sp. (present at 23, 21, and 21
sites, respectively). The most-species-rich sites (A and E) occurred
directly next to a road. Averaged trait values among the top 25 most
frequent species were 22.89%+0.51 LNC, 119.89 mmz/mgi3.67
SLA, and 5.49m+0.26 PH (Appendix S2).

3.2 | Metapopulation analyses

Twenty (15%) of 130 observed species exhibited metapopulation
dynamics based on the Incidence Function Model (Table 2). These
non-woody species included a fern, five graminoid (one Cyperaceae
and four Poaceae species), four composite (Asteraceae), six forb, two
vine, and two shrub species. Five exotic species exhibited significant
metapopulation dynamics. Exotic species exhibiting metapopulation
dynamics occurred more often relative to native species than ex-

pected by chance (xf = 5.00; p = 0.03), as did annuals and biennials

compared with perennial species (xg = 7.90; p = 0.02), but not dif-
ferent growth forms (xg = 6.45; p = 0.26). Sites with high numbers
of SM taxa were often directly east of Trigg Tower Road (i.e., site A;
14 species) and the largest sites based on area (i.e., site T; 12 spe-
cies). Overall, there were no significant differences in avgx values
based on growth forms (F4,19 = 0.39; p = 0.81). and between an-
nuals, biennials, and perennials (F2y19 = 1.54; p = 0.24). In addition,
values of x for SM dynamics (mean avgx = 4.16 +0.76) did not differ
significantly between native and exotic species (t,; = 0.42; p = 0.68),
growth form (F2,1s =0.50; p = 0.62), or between annuals, perennials,
and biennials (Fz,w = 1.54; p = 0.24). Most SM were neither ubiqui-
tous nor singletons across all sites (6.95+0.88 sites present out of
23 sites per individual SM taxon). The most frequent SM taxa were
Sedum pulchellum Michx., Parthenocissus quinquefolia (L.) Planch.,
Bidens bipinnata L., and Ambrosia artemisiifolia L. (present in 16, 14,

12, and 11 of 23 sites, respectively).

3.3 | Metacommunity analyses

Coherence, species turnover, and boundary clumping all were posi-
tive and significant, indicating a non-random metacommunity pat-
tern. Coherence indicated that the metacommunity structure of
these sandstone outcrops was neither checkerboard nor random
(z=1.73 p<0.01). Turnover, specifically absolute species turnover,
further classified the metacommunity structure not consisting of
several nested metacommunities (z = 2.11; p = 0.04). Significantly
positive boundary clumping based on Morista's Index (z = 15.44;
p<0.01), excluded potential even-spaced gradient and Gleasonian
structures. The species-site interaction matrix showed that several
species were frequent across many sandstone outcrops, and several
groups of species co-occurred with regular replacement (Figure 2).
These observations reveal a metacommunity pattern where species
assemblages tend to be replaced across sites as opposed to individ-
ual species simply being individually replaced.

3.4 | Correlation and regression analyses

Area, perimeter, area-to-perimeter ratio (A:P), distance to near-
est road (DR), and avgx were all significantly positively correlated
(Table 3). However, all of these variables were significantly nega-
tively correlated with average specific leaf area (avgSLA) and plant
height (avgPH). Similar to landscape variables, diversity variables
excluding ES and FD were significantly positively correlated, while
avgLNC was negatively correlated with average leaf nitrogen con-
tent (avgLNC). Non-linear regression analyses showed that PD and
FD were dependent on total species richness (S) and SM (Figure 3).
Regarding standardized values, only mean pairwise distances were
significantly dependent on S (total species richness; MPD: r? = 0.28,
p = 0.04; MTD: r? = 0.04, p = 0.84). Neither mean pairwise nor
trait differences were significantly dependent on SM (S: r? = 0.15,
p=0.19; SM: r* = 0.02, p = 0.78).
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3.5 | Multivariate analyses

The two-dimensional TNMDS ordination was based upon all ob-
served taxa, but only the SM were displayed graphically along with
sites (Figure 4). Many exotic SM taxa occurred along the periphery
of the TNMDS ordination, while the native and frequent taxa Sedum
pulchellum and Pathenocissus quiquefolia were centrally located.
Geographically closer sites were often closer in the ordination (e.g.,
sites A and B and sites U, V, and W) indicating compositional similar-
ity, while geographically distant sites (e.g., C and D) were positioned
further apart from each other with higher community dissimilarity
compared with closer sites. Significant vectors included total spe-
cies richness (S), exotic species richness (ES), SM, PD, FD, avgSLA,
and avgx (Appendix S3). Vectors PD and S explained the greatest
proportions of variance within the ordination. Metapopulation spe-
cies Impatiens capensis Meerb., Pilea pumila (L.) Gray, and Microstegium
vimineum (Trin.) A.Camus were associated with high levels of diversity,
and sites with Chasmanthium latifolium (Michx.) H.O.Yates, Danthonia
spicata, and Smilax bona-nox L. were associated with low levels of di-
versity. Vector avgx had a slightly differing trajectory compared to
other significant vectors, with sites D and L and Impatiens capensis and
Pilea pumila associated with high values and sites G, |, and R as well as

Chasmanthium latifolium associated with low values.

4 | DISCUSSION
4.1 | Surveys and outcrop characteristics
Despite harsh conditions such as low moisture and shallow soil

with exposed substrate, these sandstone outcrops support a di-

verse array of plant taxa, supporting a broad assemblage of plants

A I“I i

in a phylogenetic (non-vascular, monocotyledon, and eudicoty-

FIGURE 2 Interaction matrix for the
species occurring at sandstone outcrop
openings surveyed. Black areas indicate
where species are present and species are
ordered based on the central distribution
of each species' occurrence. Sites and
species are placed in order based on
reciprocal averaging. Red columns
correspond to species that exhibit
significant metapopulation dynamics
(based on Hanski et al., 1996a, 1996b
incidence function model; see Table 2).

ledon representatives) and functional group context (moss, fern,
graminoid, ford, vine, shrub, and woody species). The largest out-
crops did not necessarily exhibit the highest levels of diversity, re-
flecting the opportunity for colonization from the regional species
pool. However, diversity variables were all positively associated,
indicating a high conservation value of these sandstone outcrops,
but the value of individual species was largely dependent upon
their naturalistic or otherwise intrinsic value to ecologists, land
managers, and others who visit these outcrops (Lean & Maclaurin,
2016). Furthermore, PD and FD of these communities were largely
driven by the total number of species present as well as the num-
ber of SM dynamics, and these variables were all positively related.
These relationships between species richness and MPD and MNTD
indicate that neither phylogenetic or functional clustering nor
overdispersion occurs across this network of communities (Kluge &
Kessler, 2011). In addition, a positive relationship between phylo-
genetic and functional diversity indicates phylogenetic inertia and
conservatism, and as expected, that closely related species were
also often more functionally similar compared to distantly related
species (Tilman et al., 1997; Lawton et al., 1998). The relationships
between SM dynamics and PD and FD indexes identify the num-
ber of these species as drivers of both phylogenetic and functional
metacommunity structure.

Concerning leaf functional traits, several correlations illumi-
nate complex interactions between diversity and patch charac-
teristics. Negative LNC and diversity relationships may indicate
that the most diverse communities select for species, including
metapopulation species, which can tolerate nutrient-poor envi-
ronments (Yulin et al., 2005). This selection may result from lack
of available substrate (i.e., extensive areas of shallow to no soil),

leading to increased competition for both space and nutrients.
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-r% The physiological link between LNC and photosynthetic capabil-
,5 E % ity is well studied, and given a finite supply of biologically avail-
§ g" ‘,§ 'S able nitrogen, individual species must exist within a continuous
§ S spectrum of capturing more light with larger leaf areas with low
% %D photosynthetic ability or less light with smaller leaf areas with
DED P . x high photosynthetic ability (Hikosaka, 2004). The trade-offs be-
% é ﬁ § g tween the extremes of this spectrum are based on photosynthetic
; ﬁo nitrogen use efficiency, where species with higher efficiency ex-
; % “ = hibit higher growth rates and tend to occur in more disturbed or
?ﬁ LE. § % X high-productivity habitats compared to species with lower ef-
E'g § ‘% & % Z*; ficiency. This spectrum of how plants utilize limiting resources
'% 2 2 & e ° (light, water, moisture and both nitrogen- and phosphorus-rich
g'ué ‘ug, nutrients) in the environment and its overall relationship to life-
ué %D -c% history strategy trade-offs has been observed at a global scale,
é .% § o Y and has supplied a useful framework to examine species strate-
:Ci 3 :é 5 g g @ g gies as shaped by evolutionary history (i.e., the plant economics
:‘ﬁ E ’;50 spectrum, sensu Reich, 2014). Without a significant relationship
E g L>“— T Y between SLA and LNC, it appears that the most frequent species
§_ $ % %'>n $ $ % $ $ in sandstone outcrop communities sit at several locations along
o=8 ° this spectrum.
g é g Positive SLA and plant height relationships suggest that tall spe-
“E E ‘_>“ ; . :% '*e\o % *;: ;‘9 . cies with large leaves are frequent across these sites. Given that
2 g(;o ;D %D S99 999 3 these two functional traits are negatively related to patch character-
% *E g 2 istics, tall, large-leaved species are associated with the small, irreg-
Q “g _‘E T ‘é’ ularly shaped sites. This association indicates a potential for woody
ﬁ ED % é oo a4 NI % encroachment, a phenomenon common in global drylands and often
g g g = g g P g associated with changes in land-use or disturbance regimes which
E E =3 § give woody plants a competitive advantage over herbaceous vege-
'§ @ T"ij 5 tation (Maestre et al., 2021). Larger and more regularly shaped sites
t_% g g ’é«\; o N e g o :ED further away from the road tended to support plants with low SLA
2 § § a SRR i S B 2 and plant height as well having a higher probability of metapopula-
E E § é tion species going locally extinct with decreases in area compared
1:\_? g 'g §- to small sites close to the road. Patch quality (in this case, based on
<|\|‘ § E 5~ qu total area and regularity) may have a significant effect on local ex-
s2 % o % 8 8 2 INERN ﬁ S 3 ::i tinctions and future colonization events (Franzén & Nilsson, 2010).
X205 & o 17 1T T © o o o o 4 . . . X L .
ﬁ o O % Specific leaf area explained multivariate relationships in taxonomic
E -d: % g and phylogenetic composition, and specific leaf area and functional
'% Es § . g traits explained variation in phylogenetic (avgLNC and avgSLA) and
E % qg)' & % = fg & ®INY T ‘g functional composition (avgPH, see Appendixes S2, S3). Overall,
E § 5 E s 777ccc0o 0 'ﬁ distance-based functional diversity calculated from all three func-
§ E f TE tional traits was an important and variable driver of biodiversity
< 5 i j;' among the sandstone outcrops.
g % § Y m Qo dh % o &f & § A majority of species in the regional species pool that occur in
Eé_ % 3 i g g g ? g ? g S g ? 3 &E the adjacent forest matrix do not establish within these sandstone
% gCJD g § outcrops. This restriction may be due to the physiological barrier of
ag ;i § P PR % low water availability, selecting for drought-tolerant taxa. For ex-
£ 28 RIS SS © ample, Juniperus virginiana and Ulmus rubra were frequent in these
% rf_v ;f @ eeecertteeooe g sandstone outcrops and are common in other xeric forest openings
3 ,": = © in the region (Heikens & Robertson, 1995; Delong & Gibson, 2012).
= % g - é Nevertheless, few xeric-tolerant tree species occur within these
8 S 9% % < o ‘é § communities. Moreover, these tree species are often smaller and
a E %o w S ao E>'o @; %o T a « é:o o shorter in stature compared to those which occur in the adjacent
22z o U pa L s s R <Lae <0 RS forest matrix.
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FIGURE 3 Non-linear regressions between total species
richness (S) and the number of species exhibiting metapopulation
dynamics (SM) with phylogenetic and functional diversity (PD
and FD; regressions fitted with a logarithmic term) as well as
mean pairwise distance and mean trait distances (MPD and MTD;
regressions fitted with a second-order polynomial term).

4.2 | Species exhibiting metapopulation dynamics

A small portion (15%) of metapopulation species was observed, and
this small number is likely due to the sessile nature and limited dis-
persal ability of most plants (Tilman, 1994; Eriksson, 1996; Hanski
et al., 1996b; Brederveld et al., 2011). These sandstone outcrops are
scattered across an upland forest matrix, which provides a barrier
to dispersal (Sayago et al., 2018). The relatively taller forest vegeta-
tion surrounding the sandstone outcrops can block pollen and seed
transfer between outcrops without efficient pollinators and dispers-
ers. In addition, sites which had the most metapopulation species
were more diverse (based on correlations and multivariate analyses)
but were not larger, more regularly shaped, or closer to the road than
less diverse outcrops. Species richness not exhibiting a relationship

with patch area contradicts the long-standing species-area hypoth-
esis (Arrhenius, 1921; Gleason, 1922). In addition, previous studies
have found differing effects of roads on both species' dispersal as
well as gene flow (Taylor et al., 2012; Suarez-Esteban et al., 2013,
2014; Lemke et al., 2019). We found that the area-dependent meta-
population extinction probability (avgx values) was highest in large,
regularly shaped sites, highlighting how area availability in patches
may be crucial for metapopulation persistence.

Metapopulation species tended to occur within a limited
number of plant families (Asteraceae and Poaceae) and were
often exotic species, indicating that certain evolutionary clades
were more likely to exhibit metapopulation dynamics and exotic
species may disperse more between patches compared to na-
tive species. Several other studies have used Hanski's Incidence
Function Model and observed composite species (Asteraceae)
as metapopulations. Dornier et al. (2011) observed metapopula-
tion dynamics of an annual composite species finding that closely
placed metapopulations exhibited low extinction probabilities and
beneficial rescue effects compared to more isolated populations.
Some composites and grasses identified as metapopulations in
this study were wind-pollinated, with reproduction independent
of living pollinator density and efficiency. This observation shows
that despite the adjacent forest matrix acting as a barrier to other
species within these sandstone outcrops, wind pollination and dis-
persal may aid metapopulation species dispersal across all sites.
Furthermore, species unable to colonize individual patches are
likely limited more by the harsh abiotic conditions and dispersal
barriers rather than competition (Theoharides & Dukes, 2007;
Robledo-Arnuncio, 2011). In addition, over half of the SM dynam-
ics were primarily bee-pollinated. Campbell and Husband (2007)
observed that when pollinators and potential mates are scarce
or isolated, small populations of certain composites experi-
ence increased floral visitation rates while experiencing genetic
drift and allozyme polymorphism. Regardless, in this study sys-
tem, a lack of insect pollinators does not appear as a threat to
metapopulation persistence. Regarding exotic species, a review
by Vila and Ibafez (2011) observed that as exotic invasives con-
tinue to increase in abundance across the global landscape, they
accumulate at patch edges compared to the interior of suitable
patches. Furthermore, studies such as Quintana-Ascencio and
Menges (1996) observed shrubs to have higher x values compared
to perennial herbs, whereas this study did not observe any differ-
ences in any growth types and between annuals, biennials, and
perennials.

Highly species-rich communities also having the most SM dy-
namics indicates that co-occurring species in diverse patches are
not competitively excluding immigrating species establishment.
However, low-diversity patches rarely experience immigration of
species due to dispersal limitation or local competition. In addition,
positively related PD and FD across sites indicates an overall lack
of both phylogenetic and functional overdispersion or clustering
across individual sites. A positive non-linear regression between

PD and FD diversity with species richness supports this idea and
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FIGURE 4 Taxonomic non-metric multidimensional scaling
ordination (TNMDS) (stress = 0.18) displaying sites (A-W) and
species exhibiting metapopulation dynamics (Hanski et al., 1996a,
1996b incidence unction model). Significant vectors are plotted
(see Appendix S3). Species codes available in Table 2.

indicates a random selection of species based on evolutionary
and functional relationships. However, these relationships may
indicate that species experience low competition based on evolu-
tionary and functional relationships as species diversity increases,
indicating the new taxa (potentially incoming exotic invasives) may
still be able to colonize these patches based on the presence of
empty niches and discrete colonization opportunities. (Mayfield
& Levine, 2010; Kluge & Kessler, 2011; Enders et al., 2019). These
trends in diversity are supported in both correlations and regres-
sion (as diversity indices exhibited a positive correlation) and in
multivariate analyses (where diversity indices shared similar ordi-
nation trajectories). However, relationships between standardized
measures of PD and FD were not observed, indicating that while
communities are unsaturated, the a priori assumption of phyloge-
netic inertia may not pertain to this study system (Safi et al., 2011).
However, regular and frequent disturbances contribute to the
open canopy of communities and make unused resources avail-
able (Heino et al., 2003; Tilman, 2004). The unsaturated nature
of these sandstone outcrops seems to be based on dispersal lim-
itations and chronic harsh abiotic conditions (low availability of
water and substrates rather than acute disturbance events) as op-
posed to intense interspecific competition based on evolutionary
or functional relationships.

Although metapopulation theory typically attempts to assess
dynamics at a regional scale, it is frequently employed to investigate
patch dynamics with localized populations within distinct patches
(Freckleton & Watkinson, 2002). However, some species observed
in this study which exhibited metapopulation dynamics were occa-
sionally observed (often at lower abundances) in the adjacent forest
matrix. This phenomenon highlights the assumption that suitable

§ Journal of Vegetation Science Jﬂ
patches exist among an uninhabitable matrix is not necessarily true
in nature and that truly discrete suitable matrixes are challenging
or impossible to define a priori in certain systems (Freckleton &
Watkinson, 2002). Given that several species (both those with or
without metapopulation dynamics) within this system can be found
in both the outcrops and adjacent forest matrix, these species would
be considered either spatially extended populations, or extended
local populations (Freckleton & Watkinson, 2002, 2003). However,
non-metapopulation species exclusive to these sandstone outcrops
can be considered remnant populations, which experience infre-
quent colonization and migration (due to taller forest vegetation)
and rare extinction due to high stress tolerance and low competition

for physical space.

4.3 | Metacommunity structure

The metacommunity structure that we observed in these sand-
stone outcrops is characterized by species groups with similar
responses to environmental filters and reciprocal ecological rela-
tionships, resulting in coordinated range limits and compositional
similarity across the landscape (Heino et al., 2015). This type of
empirical metacommunity structure, along with other non-random
metacommunity structures, assumes that species distributions are
driven by biotic interactions or abiotic responses to the environ-
ment. These metacommunity patterns are characterized by spe-
cies occurrences appearing as discrete communities which replace
one another as a group (Leibold & Mikkelson, 2002). The sandstone
outcrop communities in this study therefore are characterized by
predictable species and composition which shared distinct occur-
rences across suitable patches. Lewinsohn et al. (2006) describe
this type of metacommunity structure as a result of compartmen-
talized assemblages with “recognizable subsets” of interacting
species which are more linked within than across subsets. These
assemblages can occur due to interdependent species interactions
along an environmental gradient (Callaway, 1997), consistent with
the integrated community concept (Lortie et al., 2004), or because
the presence of species pair-wise combinations is not independent
(Gilpin & Diamond, 1982). Aggregated community assemblages of
this type can arise from positive interactions among co-occurring
species, especially in stressful habitats or shared microhabitat
preferences (Bertness & Callaway 1994, Callaway, 1997, Duarte
et al., 2021). This concept, known as the stress gradient hypoth-
esis, has been tested and supported in other research, particularly
in arid plant communities (Armas et al., 2011). In addition, Duarte
et al. (2021) also observed that distantly related taxa which coexist
are more likely to exhibit high levels of nursing species as well as
facilitation, highlighting the importance of including ecophyloge-
netic analyses when monitoring stressful environments. Moreover,
these metacommunities are resilient to diversity losses and inva-
sions and occur across broad taxonomic and geographical distinc-
tions (Keith et al., 2010; Presley & Willig, 2010; Bried et al., 2015;
Jiménez et al., 2020).
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In conclusion, metapopulations were observed in these sand-
stone outcrop communities, which were proportionately more likely
to be short-lived (annual or biennial) exotic species, while the most
frequent (non-metapopulation) species were trees. Sandstone out-
crop communities exhibited a metacommunity structure, charac-
terized by predictable species assemblages which are interchanged
as a unitary occurrence across the landscape, which promote the
existence of metapopulations. Taxonomic, phylogenetic, and func-
tional diversity (but not individual functional traits) were intercor-
related across patches, where phylogenetically similar species were
also functionally similar. Phylogenetic and functional diversity were
driven individually by both the total number of species as well as the
number of metapopulation species. In addition, while larger, more
regularly shaped patches did not necessarily maintain higher levels
of diversity, they did support metapopulations prone to extinction
due to patch area loss. Finally, the number of metapopulation spe-
cies present explained significant differences in the composition of
sandstone outcrop metacommunities, where sites with higher levels
of taxonomic, phylogenetic, and functional diversity also had more

metapopulation species.

AUTHOR CONTRIBUTIONS

David Francis Barfknecht collected field data and conducted analy-
ses. David Francis Barfknecht and David John Gibson collaborated
on the writing of the manuscript. Both authors contributed critically

to the drafts and gave final approval for publication.

ACKNOWLEDGMENTS

We thank Tad Dallas, Bryan Foster, Samuel Ramirez, Kevin Rohling,
Nick Seaton, and Saroj Thapa, for their efforts with data collection,
assistance with drone imagery, and advice regarding both analyses

and graphical considerations.

DATA AVAILABILITY STATEMENT
All datasets and supplemental ate available on Dryad: https://datad
ryad.org/stash/dataset/doi:10.5061/dryad.g79cnp5r5.

ORCID

David Francis Barfknecht
org/0000-0001-9361-2193
David John Gibson "= https://orcid.org/0000-0002-0308-7506

https://orcid.

REFERENCES

Adler, P.B., White, E.P., Lauenroth, W.K., Kaufman, D.M., Rassweiler,
A. & Rusak, J.A. (2005) Evidence for a general species-time-area
relationship. Ecology, 86, 2032-2039. Available from: https://doi.
org/10.1890/05-0067

Alexander, H.M., Foster, B.L., Ballantyne, F., IV, Collins, C.D., Antonovics,
J. & Holt, R.D. (2012) Metapopulations and metacommuni-
ties: combining spatial and temporal perspectives in plant ecol-
ogy. Journal of Ecology, 100, 88-103. Available from: https://doi.
org/10.1111/j.1365-2745.2011.01917.x

Altermatt, F. (2013) Diversity in riverine metacommunities: a network
perspective. Aquatic Ecology, 47, 365-377. Available from: https://
doi.org/10.1007/s10452-013-9450-3

Arellano-Rivas, A., De-Nova, J.A. & Munguia-Rosas, M.A. (2018) Patch
isolation and shape predict plant functional diversity in a naturally
fragmented forest. Journal of Plant Ecology, 11, 136-146. Available
from: https://doi.org/10.1093/jpe/rtw119

Arellano-Rivas, A., Munguia-Rosas, M.A., De-Nova, J.A. & Montiel,
S. (2017) Effects of spatial patch characteristics and landscape
context on plant phylogenetic diversity in a naturally fragmented
forest. Tropical Conservation Science, 10, 1940082917717050.
Available from: https://doi.org/10.1177/194008291771705

Armas, C., Rodriguez-Echeverria, S. & Pugnaire, F.I. (2011) A field test
of the stress-gradient hypothesis along an aridity gradient. Journal
of Vegetation Science, 22, 818-827. Available from: https://doi.
org/10.1111/j.1654-1103.2011.01301.x

Arrhenius, O. (1921) Species and area. Journal of Ecology, 9, 95-99.

Arroyo-Rodriguez, V., Cavender-Bares, J., Escobar, F., Melo, F.P., Tabarelli,
M. & Santos, B.A.(2012) Maintenance of tree phylogenetic diversity
in a highly fragmented rain forest. Journal of Ecology, 100, 702-711.
Available from: https://doi.org/10.1111/j.1365-2745.2011.01952.x

Baguette, M., Blanchet, S., Legrand, D., Stevens, V.M. & Turlure, C. (2013)
Individual dispersal, landscape connectivity and ecological net-
works. Biological Reviews, 88, 310-326. Available from: https://doi.
org/10.1111/brv.12000

Benson, D.A., Cavanaugh, M., Clark, K., Karsch-Mizrachi, I., Lipman, D.J.,
Ostell, J. et al. (2012) GenBank. Nucleic Acids Research, 41, D36-
D42. Available from: https://doi.org/10.1093/nar/gks1195s1195

Bertness, M.D. & Callaway, R. (1994) Positive interactions in commu-
nities. Trends in Ecology and Evolution, 9, 191-193. Available from:
https://doi.org/10.1016/0169-5347(94)90088-4

Brederveld, R.J., Jdhnig, S.C., Lorenz, A.W., Brunzel, S. & Soons, M.B.
(2011) Dispersal as a limiting factor in the colonization of restored
mountain streams by plants and macroinvertebrates. Journal
of Applied Ecology, 48, 1241-1250. Available from: https://doi.
org/10.1111/j.1365-2664.2011.02026.x

Bried, J.T., McIntyre, N.E., Dzialowski, A.R. & Davis, C.A. (2015)
Resident-immigrant dichotomy matters for classifying wetland site
groups and metacommunities. Freshwater Biology, 60, 2248-2260.
Available from: https://doi.org/10.1111/fwb.12651

Brodman, R. (2009) A 14-year study of amphibian populations and meta-
communities. Herpetological Conservation and Biology, 4, 106-119.

Brown, N.A. (2018) Evaluating and improving current Metapopulation the-
ory for community and species-level models, Doctoral dissertation.
Cinncinnati, OH: University of Cincinnati.

Burnett, M.R., August, PV., Brown, J.H. & Killingbeck, K.T. (1998) The
influence of geomorphological heterogeneity on biodiversity I.
A patch-scale perspective. Conservation Biology, 12, 363-370.
Available from: https://doi.org/10.1111/j.1523-1739.1998.96238.x

Caldwell, M.M. (1987) Plant architecture and resource competition. In:
Potentials and limitations of ecosystem analysis. Berlin, Heidelberg:
Springer, pp. 164-179.

Callaway, R. (1997) Positive interactions in plant communities and
the individualistic-continuum concept. Oecologia, 112, 143-149.
Available from: https://doi.org/10.1007/s004420050293

Campbell, L.G. & Husband, B.C. (2007) Small populations are mate-poor
but pollinator-rich in a rare, self-incompatible plant, Hymenoxys her-
bacea (Asteraceae). New Phytologist, 174, 915-925. Available from:
https://doi.org/10.1111/j.1469-8137.2007.02045.x

Case, T.J. (1991) Invasion resistance, species build-up and community
collapse in metapopulation models with interspecies competi-
tion. Biological journal of the Linnean Society, 42, 239-266. Availible
from: https://doi.org/10.1111/j.1095-8312.1991.tb00562.x

Cavender-Bares, J., Kozak, K.H., Fine, PV. & Kembel, SW. (2009)
The merging of community ecology and phylogenetic biol-
ogy. Ecology Letters, 12, 693-715. Available from: https://doi.
0rg/10.1111/j.1461-0248.2009.01314.x

Chun, J.H. & Lee, C.B. (2017) Disentangling the local-scale drivers of
taxonomic, phylogenetic and functional diversity in woody plant

oq ‘1 “€T0T ‘€011+S91

:sdny woiy papeoy

ASUQDIT suoOWWo)) dAnear) a[qearjdde ayy £q pauroAoS a1 sa[dNIE YO ASN JO SINI J0J ATRIqIT QUITUQ) AS[IAY UO (SUOTIIPUOD-PUB-SWLIS)/W0d K[ IM  ATRIqI[out|uo,/:sdny) SUONIPUO)) pue sud ], 3y} 998 [£707/L0/0T] U0 Areiqr autjuQ A3 ‘(ouf BANqeT) 2qnopey Aq L9T €[ SAl/T[11°01/10p/wod Aa[im A


https://datadryad.org/stash/dataset/doi:10.5061/dryad.g79cnp5r5
https://datadryad.org/stash/dataset/doi:10.5061/dryad.g79cnp5r5
https://orcid.org/0000-0001-9361-2193
https://orcid.org/0000-0001-9361-2193
https://orcid.org/0000-0001-9361-2193
https://orcid.org/0000-0002-0308-7506
https://orcid.org/0000-0002-0308-7506
https://doi.org/10.1890/05-0067
https://doi.org/10.1890/05-0067
https://doi.org/10.1111/j.1365-2745.2011.01917.x
https://doi.org/10.1111/j.1365-2745.2011.01917.x
https://doi.org/10.1007/s10452-013-9450-3
https://doi.org/10.1007/s10452-013-9450-3
https://doi.org/10.1093/jpe/rtw119
https://doi.org/10.1177/194008291771705
https://doi.org/10.1111/j.1654-1103.2011.01301.x
https://doi.org/10.1111/j.1654-1103.2011.01301.x
https://doi.org/10.1111/j.1365-2745.2011.01952.x
https://doi.org/10.1111/brv.12000
https://doi.org/10.1111/brv.12000
https://doi.org/10.1093/nar/gks1195s1195
https://doi.org/10.1016/0169-5347(94)90088-4
https://doi.org/10.1111/j.1365-2664.2011.02026.x
https://doi.org/10.1111/j.1365-2664.2011.02026.x
https://doi.org/10.1111/fwb.12651
https://doi.org/10.1111/j.1523-1739.1998.96238.x
https://doi.org/10.1007/s004420050293
https://doi.org/10.1111/j.1469-8137.2007.02045.x
https://doi.org/10.1111/j.1095-8312.1991.tb00562.x
https://doi.org/10.1111/j.1461-0248.2009.01314.x
https://doi.org/10.1111/j.1461-0248.2009.01314.x

BARFKNECHT anp GIBSON

assemblages along elevational gradients in South Korea. PLoS
One, 12, e0185763. Available from: https://doi.org/10.1371/journ
al.pone.0185763

Dallas, T. (2014) Metacom: an R package for the analysis of metacommu-
nity structure. Ecography, 37, 402-405. Available from: https://doi.
org/10.1111/j.1600-0587.2013.00695.x

Datry, T., Corti, R., Heino, J., Hugueny, B., Rolls, R.J., Ruhi, A. et al. (2017)
Habitat fragmentation and metapopulation, metacommunity, and
metaecosystem dynamics in intermittent rivers and ephemeral
streams. In: Intermittent rivers and ephemeral streams. Cambridge,
MA: Academic Press, pp. 377-403. Available from: https://doi.
org/10.1016/B978-0-12-803835-2.00014-0

Delong, M.K. & Gibson, D.J. (2012) What determines “suitable habitat”
for metapopulation studies? An analysis of environmental gradients
and species assemblages in xeric forest openings. American Journal
of Botany, 99, 46-54. Available from: https://doi.org/10.3732/
ajb.1000236

Dijkstra, P. & Lambers, H. (1989) Analysis of specific leaf area and photo-
synthesis of two inbred lines of Plantago major differing in relative
growth rate. New Phytologist, 113, 283-290.

Dornier, A., Pons, V. & Cheptou, P.O. (2011) Colonization and extinc-
tion dynamics of an annual plant metapopulation in an urban en-
vironment. Oikos, 120, 1240-1246. Available from: https://doi.
org/10.1111/j.1600-0706.2010.18959.x

Duarte, M., Verdu, M., Cavieres, L.A. & Bustamante, R.O. (2021) Plant-
plant facilitation increases with reduced phylogenetic relatedness
along an elevation gradient. Oikos, 130, 248-259. Available from:
https://doi.org/10.1111/0ik.07680

Economo, E.P. (2011) Biodiversity conservation in metacommunity net-
works: linking pattern and persistence. The American Naturalist,
177,E167-E180.

Enders, M., Havemann, F. & Jeschke, J.M. (2019) A citation-based map of
concepts in invasion biology. NeoBiota, 47, 23-42. Available from:
https://doi.org/10.17169/refubium-2752

Eriksson, O. (1996) Regional dynamics of plants: a review of evidence
for remnant, source-sink and metapopulations. Oikos, 77, 248-258.
Available from: https://doi.org/10.2307/3546063

Erés, T., Takacs, P., Specziar, A., Schmera, D. & Saly, P. (2017) Effect of
landscape context on fish metacommunity structuring in stream
networks. Freshwater Biology, 62, 215-228. Available from: https://
doi.org/10.1111/fwb.12857

ESRI. (2011) ArcGIS Desktop: Release 10. Redlands, CA: Environmental
Systems Research Institute.

Evans, J.R. (1989) Photosynthesis and nitrogen relationships in leaves of
C3 plants. Oecologia, 78, 9-19.

Fahrig, L. (2019) Habitat fragmentation: a long and tangled tale. Global
Ecology and Biogeography, 28, 33-41. Available from: https://doi.
org/10.1111/geb.12839

Falke, J.A. & Fausch, K.D. (2010) From metapopulations to metacom-
munities: linking theory with empirical observations of the spatial
population dynamics of stream fishes. American Fisheries Society
Symposium, 73, 207-233.

Forsyth, L.Z. & Gilbert, B. (2021) Parallel responses of species diversity
and functional diversity to changes in patch size are driven by dis-
tinct processes. Journal of Ecology, 109, 793-805. Available from:
https://doi.org/10.1111/1365-2745.13506

Frankel, R. & Galun, E. (2012) Pollination mechanisms, reproduction and
plant breeding, Vol. 2. Berlin: Springer Science & Business Media.

Franzén, M. & Nilsson, S.G. (2010) Both population size and patch quality
affect local extinctions and colonizations. Proceedings of the Royal
Society B: Biological Sciences, 277, 79-85. Available from: https://
doi.org/10.1098/rspb.2009.1584

Freckleton, R.P. & Watkinson, A.R. (2002) Large-scale spatial dynamics
of plants: metapopulations, regional ensembles and patchy popula-
tions. Journal of Ecology, 90, 419-434. Available from: https://doi.
org/10.1046/j.1365-2745.2002.00692.x

L\§ Journal of Vegetation Science Jﬂ

Freckleton, R.P. & Watkinson, A.R. (2003) Are all plant populations meta-
populations? Journal of Ecology, 91, 321-324.

Gerhold, P., Partel, M., Tackenberg, O., Hennekens, S.M., Bartish, I.,
Schaminée, J.H., & Prinzing, A. (2011) Phylogenetically poor plant
communities receive more alien species, which more easily coexist
with natives. The American Naturalist, 177, 668-680. Availible from:
https://doi.org/10.1086/659059

Gilpin, M.E. & Diamond, J.M. (1982) Factors contributing to non-
randomness in species co-occurrences on islands. Oecologia, 52,
75-84. Available from: https://doi.org/10.1007/BF00349014

Gleason, H.A. (1922) On the relation between species and area. Ecology,
3, 158-162. Available from: https://doi.org/10.2307/1929150

Gravel, D., Canard, E., Guichard, F. & Mouquet, N. (2011) Persistence
increases with diversity and connectance in trophic metacommuni-
ties. PLoS One, 6, €e19374. Available from: https://doi.org/10.1371/
journal.pone.0019374

Hanski, 1. (1991) Single-species metapopulation dynamics: concepts,
models and observations. Biological Journal of the Linnean Society, 42,
17-38. Available from: https://doi.org/10.1111/j.1095-8312.1991.
tb00549.x

Hanski, I. (1997) Metapopulation dynamics: from concepts and observa-
tions to predictive models. In: Metapopulation biology. Cambridge,
MA: Academic Press, pp. 69-91. Available from: https://doi.
org/10.1016/B978-012323445-2/50007-9

Hanski, I., Moilanen, A. & Gyllenberg, M. (1996a) Minimum viable meta-
population size. The American Naturalist, 147, 527-541.

Hanski, I., Moilanen, A., Pakkala, T. & Kuussaari, M. (1996b) The quantita-
tive incidence function model and persistence of an endangered but-
terfly metapopulation. Conservation Biology, 10, 578-590. Available
from: https://doi.org/10.1046/j.1523-1739.1996.10020578.x

Heikens, A.L. & Robertson, P.A. (1995) Classification of barrens and
other natural xeric forest openings in southern lllinois. Bulletin of
the Torrey Botanical Club, 122, 203-214. Available from: https://doi.
org/10.2307/2996085

Heino, J., Muotka, T. & Paavola, R. (2003) Determinants of macroinverte-
brate diversity in headwater streams: regional and local influences.
Journal of Animal Ecology, 72, 425-434. Available from: https://doi.
org/10.1046/j.1365-2656.2003.00711.x

Heino, J., Soininen, J., Alahuhta, J., Lappalainen, J. & Virtanen, R. (2015)
A comparative analysis of metacommunity types in the freshwa-
ter realm. Ecology and Evolution, 5(7), 1525-1537. Available from:
https://doi.org/10.1002/ece3.1460

Hikosaka, K. (2004) Interspecific difference in the photosynthesis-
nitrogen relationship: patterns, physiological causes, and ecological
importance. Journal of Plant Research, 117, 481-494. Available from:
https://doi.org/10.1007/s10265-004-0174-2

Holyoak, M., Leibold, M.A. & Holt, R.D. (2005) Metacommunities: Spatial
dynamics and ecological communities. Chicago, IL: University of
Chicago Press.

Hooper, D.U., Chapin lii, F.S., Ewel, J.J., Hector, A., Inchausti, P., Lavorel,
S. et al. (2005) Effects of biodiversity on ecosystem functioning: a
consensus of current knowledge. Ecological Monographs, 75, 3-35.
Available from: https://doi.org/10.1890/04-0922

Jiménez, M., Zavala-Hurtado, J.A., Martorell, C., Vega, E., Sandoval-
Palacios, E., Hernandez-Cardenas, G. et al. (2020) Despite dramatic
local changes, the metacommunity structure of a semiarid scrub
remains unaffected after 23 years. Botanical Sciences, 98, 264-277.
Available from: https://doi.org/10.17129/botsci.2437

Kattge, J., Bonisch, G., Diaz, S., Lavorel, S., Prentice, I.C., Leadley, P. et al.
(2020) TRY plant trait database-enhanced coverage and open ac-
cess. Global Change Biology, 26, 119-188. Available from: https://
doi.org/10.1111/gcb.14904

Keith, S.A., Newton, A.C., Morecroft, M.D., Golicher, D.J. & Bullock,
J.M. (2010) Plant metacommunity structure remains unchanged
during biodiversity loss in English woodlands. Oikos, 120, 302-310.
Availablefrom: https://doi.org/10.1111/j.1600-0706.2010.18775.x

oq ‘1 “€T0T ‘€011+S91

:sdny woiy papeoy

ASUQDIT suoOWWo)) dAnear) a[qearjdde ayy £q pauroAoS a1 sa[dNIE YO ASN JO SINI J0J ATRIqIT QUITUQ) AS[IAY UO (SUOTIIPUOD-PUB-SWLIS)/W0d K[ IM  ATRIqI[out|uo,/:sdny) SUONIPUO)) pue sud ], 3y} 998 [£707/L0/0T] U0 Areiqr autjuQ A3 ‘(ouf BANqeT) 2qnopey Aq L9T €[ SAl/T[11°01/10p/wod Aa[im A


https://doi.org/10.1371/journal.pone.0185763
https://doi.org/10.1371/journal.pone.0185763
https://doi.org/10.1111/j.1600-0587.2013.00695.x
https://doi.org/10.1111/j.1600-0587.2013.00695.x
https://doi.org/10.1016/B978-0-12-803835-2.00014-0
https://doi.org/10.1016/B978-0-12-803835-2.00014-0
https://doi.org/10.3732/ajb.1000236
https://doi.org/10.3732/ajb.1000236
https://doi.org/10.1111/j.1600-0706.2010.18959.x
https://doi.org/10.1111/j.1600-0706.2010.18959.x
https://doi.org/10.1111/oik.07680
https://doi.org/10.17169/refubium-2752
https://doi.org/10.2307/3546063
https://doi.org/10.1111/fwb.12857
https://doi.org/10.1111/fwb.12857
https://doi.org/10.1111/geb.12839
https://doi.org/10.1111/geb.12839
https://doi.org/10.1111/1365-2745.13506
https://doi.org/10.1098/rspb.2009.1584
https://doi.org/10.1098/rspb.2009.1584
https://doi.org/10.1046/j.1365-2745.2002.00692.x
https://doi.org/10.1046/j.1365-2745.2002.00692.x
https://doi.org/10.1086/659059
https://doi.org/10.1007/BF00349014
https://doi.org/10.2307/1929150
https://doi.org/10.1371/journal.pone.0019374
https://doi.org/10.1371/journal.pone.0019374
https://doi.org/10.1111/j.1095-8312.1991.tb00549.x
https://doi.org/10.1111/j.1095-8312.1991.tb00549.x
https://doi.org/10.1016/B978-012323445-2/50007-9
https://doi.org/10.1016/B978-012323445-2/50007-9
https://doi.org/10.1046/j.1523-1739.1996.10020578.x
https://doi.org/10.2307/2996085
https://doi.org/10.2307/2996085
https://doi.org/10.1046/j.1365-2656.2003.00711.x
https://doi.org/10.1046/j.1365-2656.2003.00711.x
https://doi.org/10.1002/ece3.1460
https://doi.org/10.1007/s10265-004-0174-2
https://doi.org/10.1890/04-0922
https://doi.org/10.17129/botsci.2437
https://doi.org/10.1111/gcb.14904
https://doi.org/10.1111/gcb.14904
https://doi.org/10.1111/j.1600-0706.2010.18775.x

(4

BARFKNECHT anp GIBSON

14 0f 15 o =
Journal of Vegetation Science \\}y

Kembel, S.W., Cowan, P.D., Helmus, M.R., Cornwell, W.K., Morlon, H.,
Ackerly, D.D. et al. (2010) Picante: R tools for integrating phylog-
enies and ecology. Bioinformatics, 26, 1463-1464. Available from:
https://doi.org/10.1093/bioinformatics/btql166

Kluge, J. & Kessler, M. (2011) Phylogenetic diversity, trait diversity and
niches: species assembly of ferns along a tropical elevational gradi-
ent. Journal of Biogeography, 38, 394-405. Available from: https://
doi.org/10.1111/j.1365-2699.2010.02433.x

Laliberté, E., Legendre, P., Shipley, B. & Laliberté, M.E. (2014) Package
‘FD’. Measuring functional diversity from multiple traits, and other
tools for functional ecology.

Lawton, J.H., Naeem, S., Thompson, L.J., Hector, A. & Crawley, M.J.
(1998) Biodiversity and ecosystem function: getting the Ecotron
experiment in its correct context. Functional Ecology, 12, 848-852.

Lean, C. & Maclaurin, J. (2016) The value of phylogenetic diversity.
Biodiversity conservation and phylogenetic systematics. Cham:
Springer, pp. 19-37.

Leibold, M.A. Holyoak, M., Mouquet, N., Amarasekare, P,
Chase, J.M., Hoopes, M.F. et al. (2004) The metacommu-
nity concept: a framework for multi-scale community ecol-
ogy. Ecology Letters, 7, 601-613. Available from: https://doi.
org/10.1111/j.1461-0248.2004.00608.x

Leibold, M.A. & Mikkelson, G.M. (2002) Coherence, species turn-
over, and boundary clumping: elements of meta-community
structure. Oikos, 97, 237-250. Available from: https://doi.
org/10.1034/j.1600-0706.2002.970210.x

Lemke, A., Kowarik, I. & von der Lippe, M. (2019) How traffic facilitates
population expansion of invasive species along roads: the case of
common ragweed in Germany. Journal of Applied Ecology, 56, 413-
422. Available from: https://doi.org/10.1111/1365-2664.13287

Lewinsohn, T.M., Inacio Prado, P., Jordano, P., Bascompte, J. &
Olesen, M.J. (2006) Structure in plant-animal interaction as-
semblages. Oikos, 113, 174-184. Available from: https://doi.
org/10.1111/j.0030-1299.2006.14583.x

Lortie, C.J., Brooker, RW., Choler, P., Kikvidze, Z., Michalet, R,
Pugnaire, F.I. et al. (2004) Rethinking plant community the-
ory. Oikos, 107, 433-438. Available from: https://doi.
org/10.1111/j.0030-1299.2004.13250.x

Maestre, F.T., Benito, B.M., Berdugo, M., Concostrina-Zubiri, L., Delgado-
Baquerizo, M., Eldridge, D.J. et al. (2021) Biogeography of global
drylands. New Phytologist, 231, 540-558. Available from: https://
doi.org/10.1111/nph.17395

Marvier, M., Kareiva, P. & Neubert, M.G. (2004) Habitat destruction,
fragmentation, and disturbance promote invasion by habitat
generalists in a multispecies metapopulation. Risk Analysis: An
International Journal, 24, 869-878. Available from: https://doi.
org/10.1111/j.0272-4332.2004.00485.x

Matos, F.A.R., Magnago, L.F.S., Gastauer, M., Carreiras, J.M., Simonelli,
M., Meira-Neto, J.A.A. et al. (2017) Effects of landscape config-
uration and composition on phylogenetic diversity of trees in a
highly fragmented tropical forest. Journal of Ecology, 105, 265-276.
Available from: https://doi.org/10.1111/1365-2745.12661

Mayeux, H.S., Johnson, H.B. & Polley, HW. (2021) Global change and
vegetation dynamics. In: Noxious range weeds. Boca Raton, FL: CRC
Press, pp. 62-74.

Mayfield, M.M. & Levine, J.M. (2010) Opposing effects of compet-
itive exclusion on the phylogenetic structure of communities.
Ecology Letters, 13, 1085-1093. Available from: https://doi.
org/10.1111/j.1461-0248.2010.01509.x

Mohlenbrock, R.H. (2014) Vascular Flora of Illinois: a field guide, 4th edi-
tion. Carbondale, IL: SIU Press.

Morera Pujol, V. (2020) Multi-colony approaches to study migratory and for-
aging strategies in pelagic seabirds. Doctoral Dissertation. Barcelona,
Spain: Universitat de Barcelona.

Morista, M. (1959) Measuring of interspecific association and similarity
between communities. Memoirs of the Faculty of Science, 3, 65-80.

Morista, M. (1962) | c-index, a measure of dispersion of individuals.
Researches on Population Ecology, 4, 1-7. Available from: https://doi.
org/10.1007/BF02533903

Nuzzo, V.A. (1986) Extent and status of Midwest oak savanna: presettle-
ment and 1985. Natural Areas Journal, 6, 6-36.

Oksanen, J. (2004) Incidence function model in R. Availabile from: http://
cc.oulu.fi/~jarioksa/opetus/openmeta/metafit.pdf/

Oksanen, J.F., Blanchet, G., Friendly, M., Kindt, R., Legendre, P., McGlinn,
D. et al. (2017) Vegan: community ecology package. R package
version 2.4-3. Availabile from: https://CRAN.R-project.org/packa
ge=vegan/

Pairo, P.E., Rodriguez, E.E., Bellocq, M.l. & Acefolaza, P.G. (2021)
Changes in taxonomic and functional diversity of plants in a chro-
nosequence of Eucalyptus grandis plantations. Scientific Reports,
11, 1-12. Available from: https://doi.org/10.1038/s41598-021-
89988-6

Paradis, E. & Schliep, K. (2019) Ape 5.0: an environment for modern
phylogenetics and evolutionary analyses in R. Bioinformatics, 35,
526-528. Available from: https://doi.org/10.1093/bioinformatics/
bty633

Presley, S.J., Cisneros, L.M., Higgins, C.L., Klingbeil, B.T., Scheiner, S.M.
& Willig, M.R. (2018) Phylogenetic and functional underdispersion
in Neotropical phyllostomid bat communities. Biotropica, 50, 135-
145. Available from: https://doi.org/10.1111/btp.12501

Presley, S.J., Higgins, C.L. & Willig, M.R. (2010) A comprehen-
sive framework for the evaluation of metacommunity struc-
ture. Oikos, 119, 908-917. Available from: https://doi.
org/10.1111/j.1600-0706.2010.18544.x

Presley, S.J. & Willig, M.R. (2010) Bat metacommunity structure
on Caribbean islands and the role of endemics. Global Ecology
and Biogeography, 19, 185-199. Available from: https://doi.
org/10.1111/j.1466-8238.2009.00505.x

Quintana-Ascencio, P.F. & Menges, E.S. (1996) Inferring metapopula-
tion dynamics from patch-level incidence of Florida scrub plants.
Conservation Biology, 10, 1210-1219. Available from: https://doi.
org/10.1046/j.1523-1739.1996.10041210.x

R Core Team. (2017) R: a language and environment for statistical comput-
ing. Vienna, Austria: R Foundation for Statistical Computing.

Reich, P.B. (2014) The world-wide ‘fast-slow’ plant economics spectrum:
a traits manifesto. Journal of Ecology, 102, 275-301. Available from:
https://doi.org/10.1111/1365-2745.12211

Robledo-Arnuncio, J.J.(2011) Wind pollination over mesoscale distances:
an investigation with scots pine. New Phytologist, 190, 222-233.
Available from: https://doi.org/10.1111/j.1469-8137.2010.03588.x

Safi, K., Cianciaruso, M.V,, Loyola, R.D., Brito, D., Armour-Marshall, K. &
Diniz-Filho, J.A.F. (2011) Understanding global patterns of mamma-
lian functional and phylogenetic diversity. Philosophical Transactions
of the Royal Society B: Biological Sciences, 366,2536-2544. Available
from: https://doi.org/10.1098/rstb.2011.0024

Sayago, R., Quesada, M., Aguilar, R., Ashworth, L., Lopezaraiza-Mikel, M.
& Martén-Rodriguez, S. (2018) Consequences of habitat fragmen-
tation on the reproductive success of two tillandsia species with
contrasting life history strategies. AoB Plants, 10, ply038. Available
from: https://doi.org/10.1093/aobpla/ply038

Stewart-Cox, J.A., Brittona, N.F. & Mogie, M. (2005) Pollen limita-
tion or mate search need not induce an Allee effect. Bulletin of
Mathematical Biology, 67, 1049-1079. Available from: https://doi.
org/10.1016/j.bulm.2004.12.001

Sudrez-Esteban, A., Delibes, M. & Fedriani, J.M. (2013) Barriers or cor-
ridors? The overlooked role of unpaved roads in endozoochorous
seed dispersal. Journal of Applied Ecology, 50, 767-774. Available
from: https://doi.org/10.1111/1365-2664.12080

Suarez-Esteban, A., Delibes, M. & Fedriani, J.M. (2014) Unpaved roads
disrupt the effect of herbivores and pollinators on the reproduc-
tion of a dominant shrub. Basic and Applied Ecology, 15, 524-533.
Available from: https://doi.org/10.1016/j.baae.2014.08.001

oq ‘1 “€T0T ‘€011+S91

:sdny woiy papeoy

ASUQDIT suoOWWo)) dAnear) a[qearjdde ayy £q pauroAoS a1 sa[dNIE YO ASN JO SINI J0J ATRIqIT QUITUQ) AS[IAY UO (SUOTIIPUOD-PUB-SWLIS)/W0d K[ IM  ATRIqI[out|uo,/:sdny) SUONIPUO)) pue sud ], 3y} 998 [£707/L0/0T] U0 Areiqr autjuQ A3 ‘(ouf BANqeT) 2qnopey Aq L9T €[ SAl/T[11°01/10p/wod Aa[im A


https://doi.org/10.1093/bioinformatics/btq166
https://doi.org/10.1111/j.1365-2699.2010.02433.x
https://doi.org/10.1111/j.1365-2699.2010.02433.x
https://doi.org/10.1111/j.1461-0248.2004.00608.x
https://doi.org/10.1111/j.1461-0248.2004.00608.x
https://doi.org/10.1034/j.1600-0706.2002.970210.x
https://doi.org/10.1034/j.1600-0706.2002.970210.x
https://doi.org/10.1111/1365-2664.13287
https://doi.org/10.1111/j.0030-1299.2006.14583.x
https://doi.org/10.1111/j.0030-1299.2006.14583.x
https://doi.org/10.1111/j.0030-1299.2004.13250.x
https://doi.org/10.1111/j.0030-1299.2004.13250.x
https://doi.org/10.1111/nph.17395
https://doi.org/10.1111/nph.17395
https://doi.org/10.1111/j.0272-4332.2004.00485.x
https://doi.org/10.1111/j.0272-4332.2004.00485.x
https://doi.org/10.1111/1365-2745.12661
https://doi.org/10.1111/j.1461-0248.2010.01509.x
https://doi.org/10.1111/j.1461-0248.2010.01509.x
https://doi.org/10.1007/BF02533903
https://doi.org/10.1007/BF02533903
http://cc.oulu.fi/%7ejarioksa/opetus/openmeta/metafit.pdf/
http://cc.oulu.fi/%7ejarioksa/opetus/openmeta/metafit.pdf/
https://cran.r-project.org/package=vegan/
https://cran.r-project.org/package=vegan/
https://doi.org/10.1038/s41598-021-89988-6
https://doi.org/10.1038/s41598-021-89988-6
https://doi.org/10.1093/bioinformatics/bty633
https://doi.org/10.1093/bioinformatics/bty633
https://doi.org/10.1111/btp.12501
https://doi.org/10.1111/j.1600-0706.2010.18544.x
https://doi.org/10.1111/j.1600-0706.2010.18544.x
https://doi.org/10.1111/j.1466-8238.2009.00505.x
https://doi.org/10.1111/j.1466-8238.2009.00505.x
https://doi.org/10.1046/j.1523-1739.1996.10041210.x
https://doi.org/10.1046/j.1523-1739.1996.10041210.x
https://doi.org/10.1111/1365-2745.12211
https://doi.org/10.1111/j.1469-8137.2010.03588.x
https://doi.org/10.1098/rstb.2011.0024
https://doi.org/10.1093/aobpla/ply038
https://doi.org/10.1016/j.bulm.2004.12.001
https://doi.org/10.1016/j.bulm.2004.12.001
https://doi.org/10.1111/1365-2664.12080
https://doi.org/10.1016/j.baae.2014.08.001

BARFKNECHT anp GIBSON

Swenson, N.G., Enquist, B.J., Pither, J., Kerkhoff, A.J., Boyle, B., Weiser,
M.D. et al. (2012) The biogeography and filtering of woody plant
functional diversity in north and South America. Global Ecology
and Biogeography, 21, 798-808. Available from: https://doi.
org/10.1111/j.1466-8238.2011.00727.x

Taylor, K., Brummer, T., Taper, M.L., Wing, A. & Rew, L.J. (2012) Human-
mediated long-distance dispersal: an empirical evaluation of seed
dispersal by vehicles. Diversity and Distributions, 18, 942-951.
Availablefrom:https://doi.org/10.1111/j.1472-4642.2012.00926.x

Theoharides, K.A. & Dukes, J.S. (2007) Plant invasion across space and
time: factors affecting nonindigenous species success during four
stages of invasion. New Phytologist, 176, 256-273.

Tilman, D. (1994) Competition and biodiversity in spatially struc-
tured habitats. Ecology, 75, 2-16. Available from: https://doi.
org/10.2307/1939377

Tilman, D. (2004) Niche tradeoffs, neutrality, and community structure:
a stochastic theory of resource competition, invasion, and com-
munity assembly. Proceedings of the National Academy of Sciences,
101, 10854-10861. Available from: https://doi.org/10.1073/
pnas.0403458101

Tilman, D., Knops, J., Wedin, D., Reich, P., Ritchie, M. & Siemann, E.
(1997) The influence of functional diversity and composition on
ecosystem processes. Science, 277, 1300-1302. Available from:
https://doi.org/10.1126/science.277.5330.1300

Udd, D., Malson, K., Sundberg, S. & Rydin, H. (2015) Explaining species
distributions by traits of bryophytes and vascular plants in a patchy
landscape. Folia Geobotanica, 50, 161-174. Available from: https://
doi.org/10.1007/s12224-015-9219-7

USDA-NRCS. (2012) Plants Database, United States Department of
Agriculture Natural Resource Conservation Service. Availabile
from: https://plants.sc.egov.usda.gov/java/

Vila, M. & Ibafiez, |. (2011) Plant invasions in the landscape. Landscape
Ecology, 26, 461-472. Available from: https://doi.org/10.1007/
s10980-011-9585-3

Villa, P.M., Gastauer, M., Martins, S.V., Carrion, J.F., Campos, PV.,
Rodrigues, A.C. et al. (2018) Phylogenetic structure is determined
by patch size in rock outcrop vegetation on an inselberg in the
northern Amazon region. Acta Amazonica, 48, 248-256. Available
from: https://doi.org/10.1590/1809-4392201704561

S 150f 15
\\§ Journal of Vegetation Science J—

Ward, J.K,, Tissue, D.T., Thomas, R.B. & Strain, B.R. (1999) Comparative
responses of model C3 and C4 plants to drought in low and elevated
CO,. Global Change Biology, 5, 857-867. Available from: https://doi.
org/10.1046/j.1365-2486.1999.00270.x

Yulin, L.I., Johnson, D.A., Yongzhong, S.U., Jianyuan, C.U.l. & Zhang, T.
(2005) Specific leaf area and leaf dry matter content of plants grow-
ing in sand dunes. Botanical Bulletin of Academia Sinica, Nankang,
Taiwan.46, 127-134.

SUPPORTING INFORMATION
Additional supporting information can be found online in the
Supporting Information section at the end of this article.

Appendix S1 Incidence (x for presence) of plant species in 23
sandstone outcrop communities in Jackson Hollow Ecological Area,
southern lllinois, USA.

Appendix S2 Functional traits of the 25 most frequent species
observed within 23 sandstone outcrop communities including leaf
nitrogen content (%; LNC), specific leaf area (g/m?; SLA), plant height
(m; PH), and growth form (GF).

Appendix S3 Non-metric multidimensional scaling (NMDS) axis
scores and vector analysis (r* and p value) corresponding to

taxonomic NMDS (TNMDS) (Fig. 4).

How to cite this article: Barfknecht, D.F. & Gibson, D.J.
(2023) Are metapopulation species drivers of
metacommunity structure in sandstone outcrop
communities? Journal of Vegetation Science, 34, €13167.
Available from: https://doi.org/10.1111/jvs.13167

oq ‘1 “€T0T ‘€011+S91

:sdny woiy papeoy

ASUQDIT suoOWWo)) dAnear) a[qearjdde ayy £q pauroAoS a1 sa[dNIE YO ASN JO SINI J0J ATRIqIT QUITUQ) AS[IAY UO (SUOTIIPUOD-PUB-SWLIS)/W0d K[ IM  ATRIqI[out|uo,/:sdny) SUONIPUO)) pue sud ], 3y} 998 [£707/L0/0T] U0 Areiqr autjuQ A3 ‘(ouf BANqeT) 2qnopey Aq L9T €[ SAl/T[11°01/10p/wod Aa[im A


https://doi.org/10.1111/j.1466-8238.2011.00727.x
https://doi.org/10.1111/j.1466-8238.2011.00727.x
https://doi.org/10.1111/j.1472-4642.2012.00926.x
https://doi.org/10.2307/1939377
https://doi.org/10.2307/1939377
https://doi.org/10.1073/pnas.0403458101
https://doi.org/10.1073/pnas.0403458101
https://doi.org/10.1126/science.277.5330.1300
https://doi.org/10.1007/s12224-015-9219-7
https://doi.org/10.1007/s12224-015-9219-7
https://plants.sc.egov.usda.gov/java/
https://doi.org/10.1007/s10980-011-9585-3
https://doi.org/10.1007/s10980-011-9585-3
https://doi.org/10.1590/1809-4392201704561
https://doi.org/10.1046/j.1365-2486.1999.00270.x
https://doi.org/10.1046/j.1365-2486.1999.00270.x
https://doi.org/10.1111/jvs.13167

	Are metapopulation species drivers of metacommunity structure in sandstone outcrop communities?
	Abstract
	1|INTRODUCTION
	2|METHODS
	2.1|Study site
	2.2|Metapopulation analyses
	2.3|Metacommunity analyses
	2.4|Phylogenetic and functional trait analyses
	2.5|Correlation and regression analyses
	2.6|Multivariate analyses

	3|RESULTS
	3.1|Study sites
	3.2|Metapopulation analyses
	3.3|Metacommunity analyses
	3.4|Correlation and regression analyses
	3.5|Multivariate analyses

	4|DISCUSSION
	4.1|Surveys and outcrop characteristics
	4.2|Species exhibiting metapopulation dynamics
	4.3|Metacommunity structure

	AUTHOR CONTRIBUTIONS
	ACKNOWLEDGMENTS
	DATA AVAILABILITY STATEMENT

	REFERENCES


