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Abstract

among acid seep springs.
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Background: Few studies have incorporated the evolutionary insights provided by analysis of phylogenetic
structure along with community composition to assess the effects of exotic invasion on freshwater wetlands. Here,
we assess the taxonomic and phylogenetic relationships among acid seep springs to investigate the potential
homogenization or resistance of communities due to invasion of an exotic grass.

Results: Multivariate community analyses indicated differences in community and phylogenetic composition and
dispersion among acid seep springs, associated with gradients in soil moisture, canopy cover, and phylogenetic
diversity. By contrast, univariate analyses showed differences in taxonomic diversity but not phylogenetic diversity

Conclusions: Despite exotic invasion, individual acid seep springs remained taxonomically and phylogenetically
distinct from each other. Taxonomic and phylogenetic diversity metrics revealed different aspects of composition,
reinforcing the importance of including both in analyses of plant communities for understanding community
assembly following exotic invasion and for management purposes. Within acid seep springs, taxonomic and
phylogenetic composition appear to be driven more through environmental filtering by light and moisture than by
the competitive effects following invasion of an exotic grass in support of Elton’s biotic resistance hypothesis.
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Background

Exotic plant invasions are a leading global concern for
ecologists, biologists, and the general public (D'Antonio
and Flory 2017). These species invade native communi-
ties due to natural and (increasingly) anthropogenic
causes (Gonzalez-Moreno et al. 2014). The introduction
of exotic species results in declines in ecosystem func-
tioning and alterations of ecosystem services (Strayer
2012). In addition, risks and consequences associated
with exotic invasion may shift due to co-occurring cli-
matic changes (Walther et al. 2009). While exotic species
can alter ecosystem functioning, shifts in environmental
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filtering and their effect on native species composition
can facilitate or hinder invasion success. Studies have
shown that, in general, exotic species frequently establish
better in previously uninvaded habitats compared to in
their native habitats, often by competitively excluding
native species (Warren et al. 2011).

Along with economic and ecosystem service concerns,
exotic invasion may decrease native taxonomic (ie.,
species) diversity and result in decreased compositional
differences between invaded locations (ie., biotic
homogenization; D'Antonio and Vitousek 1992; Yannelli
et al. 2017). This process of biotic homogenization has
been explored not only based on taxonomic diversity
losses, but also genetic and functional losses (Olden et al.
2004; Olden and Rooney 2006). These studies note how
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homogenization can increase the susceptibility of
communities to further exotic invasion while also
accelerating the loss of rare taxa. In comparison, the
biotic resistance hypothesis (Elton 1958; Levine and
D’Antonio 1999) suggests that high diversity commu-
nities are more resistant than low diversity communi-
ties to exotic species invasions and less susceptible to
biotic homogenization. Ultimately, all of these ecological
processes can result in changes in diversity and commu-
nity assembly patterns across large scales (Rooney et al.
2007). Given these concepts, exotic invasions lead to
both declines in native diversity as well as increased
similarity of sites, which all have been observed to
occur simultaneously in forest understory communities
(Rooney et al. 2004).

The biotic resistance hypothesis, as proposed by Elton
(1958), highlights that exotic species must overcome the
resistance of a particular ecosystem to establish and
incorporate into a local assemblage. Greater biotic resili-
ence to exotic invasive species is typically associated with
communities that exhibit higher diversity compared with
lower diversity communities (Davis 2003). Therefore,
communities with fewer species are often considered
more susceptible to exotic invasion than those commu-
nities with more species (Elton 1958; Fox and Fox 1986;
Pimm and Pimm 1991; Rejmének 1996; Byers and
Noonburg 2003; Parker and Hay 2005; Von Holle 2005).
In addition, once local communities experience exotic
invasion across a large spatial extent, they may experi-
ence a reduction in ecological and evolutionary distinct-
iveness (i.e., beta-diversity loss, biotic homogenization;
Olden et al. 2004). Nonetheless, these two processes
(high local community susceptibility to invasion and the
subsequent lack of between site distinctiveness) may be
interactive in natural systems during exotic invasion
(Ricciardi 2001; Odegard 2017).

The acid seep springs of the Cretaceous Hills region
(Shawnee National Forest, IL, USA) have experienced
both invasion of the exotic Microstegium vimineum
(Trin.) A. Camus (Japanese stilt grass; Nepalese brown-
top) between 1968 and 2008 (Schwegman 1969; Basinger
2009; Barfknecht et al. 2020) and stream down-cutting,
exemplifying both changing biotic and abiotic conditions,
respectively. Acid seep springs are discrete groundwater
discharge wetlands with acidic water and substrates which
support diverse and unique plant communities compared
to the adjacent hardwood forest understory (Voigt and
Mohlenbrock 1964), analogous to the upland, xeric glades,
and barrens in the region (Heikens and Robertson 1995).
While acid seep springs have been observed and surveyed
elsewhere (Homoya et al. 1984; Cranfill 1991), acid seep
springs of the Cretaceous Hills region hold high intrinsic
value within Illinois, based on their unique floristics and
physical geography. Herbicide and fire treatments can help
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control M. vimineum within these acid seep springs, but
such treatments have not been maintained since 2014 and
often prove to be largely ineffective (Southern Illinois
Invasive Plant Strike Team 2019). This lack of manage-
ment may have led to increases in M. vimineum abun-
dance as well as drastic changes in native flora (loss of
species, altered community composition, etc.). Stream
down-cutting results in deep narrow channels, with adja-
cent stream sides drying up due to a locally lowered water
table (Merten et al. 2016). As the streambed lowers, the
water table recedes and can desiccate wetlands and adja-
cent terrestrial habitats, altering plant communities and
leading to the establishment of more mesic and xeric flora
(Springer et al. 2015).

Microstegium vimineum is an annual, C4 allelopathic
exotic invasive grass native to Asia that establishes in
dense patches within edges and the understory of
deciduous forests following disturbance (Horton and
Neufeld 1998; Gibson et al. 2002; Pisula and Meiners
2010). This exotic invasive grass develops both cleistog-
amous (closed for self-fertilization) and chasmogamous
(open for outcrossing) flowers at anthesis and can also
spread clonally via adventitious rooting at nodes (Huebner
2007). These features allow M. vimineum to competitively
exclude native flora by inhibiting species germination and
competing for light, ultimately changing taxonomic com-
position and productivity (Leicht et al. 2005; Flory et al.
2007; Oswalt et al. 2007; Flory and Clay 2010). Once
established, populations of this invasive grass can rapidly
increase in size and competitively exclude native species
within 3-5 years. In support, dense monocultures of this
species within forest understories have been shown to
alter taxonomic and phylogenetic diversity and compos-
ition (Leicht et al. 2005). Mechanical removal, prescribed
fire, and herbicide treatments can be ineffective at control-
ling M. vimineum populations if not at an appropriate
time or frequency (Flory and Lewis 2009; Ward and
Mervosh 2012; Frey and Schmit 2015) and can damage
native plant communities with both rare and sensitive
species (Emery et al. 2013).

We hypothesized that despite exotic invasion of M.
vimineum, the floristically rich acid seep spring commu-
nities would remain taxonomically and phylogenetically
distinct from each other, consistent with Elton’s biotic
resistance hypothesis (Elton 1958) and opposed to the
biotic homogenization hypothesis. In addition, we pre-
dicted that acid seep spring communities would exhibit
compositional differences based on both environmental
variables and taxonomic and phylogenetic indices, again
regardless of the presence of M. vimineum (again,
consistent with Elton’s biotic resistance hypothesis and
opposed to the biotic homogenization hypothesis). A
study, such as this, of taxonomic and phylogenetic diversity,
composition, and environmental variables of acid seep
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springs will aid in understanding how exotic invasions im-
pact plant communities.

Methods

Vegetation surveys

Within each of 10 acid seep springs (Fig. S1), 20 1-m*
plots were established between June and August 2017 in
locations where the substrate supporting vegetation was
inundated with groundwater seepage. Plots were ran-
domly established along transects following the direct
drainage paths of each acid seep spring, alongside of the
central stream, and a random distance (in meters) from
the stream outlet in each seep. The plots were flagged,
and their location recorded using a GPS to allow reloca-
tion. While 1-m*> plots may be small for surveying
woody species, our focus was on the herbaceous layer
vegetation, and this size was chosen to ensure sufficient
within-seep replication for appropriate statistical ana-
lysis. Plots established on bare soil or rock with no vege-
tation or in vegetation unaffected by adjacent seepage
were not surveyed and replaced with another randomly
selected plot. To estimate species abundance, herb-
aceous and woody species rooted in the plots were
assigned cover classes values based on a modified
Daubenmire scale (Daubenmire 1959; Bonham et al.
2004). Seven cover classes were used based on the fol-
lowing size bins: 1 = less than 1%, 2 = 1-5%, 3 = 5-25%,
4 = 25-50%, 5 = 50-75%, 6 = 75-95, and 7 = 95-100%.
Vouchers were collected for vascular plant species en-
countered and are deposited in the herbarium at Southern
Illinois University-Carbondale (SIUC). Species richness
and Shannon-Weiner diversity indices for plot-based and
entire site-based data were calculated using the vegan
(Oksanen et al. 2007) package in R software (version 3.4.2,
R Core Team 2015).

Environmental data collection

Environmental variables were collected between May
and August 2017. Soil moisture was measured in June,
July, and August at each spring using a soil moisture
probe (ECH20EC-5 Model, METER Group, Inc., Pull-
man, WA, USA). Percent overhead canopy cover was re-
corded in several random locations within each spring
using a convex spherical crown densiometer (Model-C,
Forestry Suppliers, Inc., Jackson, MO, USA). Light con-
ditions were monitored during the collection of commu-
nity data as photon flux density of photosynthetically
active radiation (PAR) at 1 m above ground within three
random plots of each spring using a light meter (Model
LI-190a, Li-COR, Inc., Lincoln, NE, USA), and compared
to readings in a nearby open canopy area to calculate
relative PAR. All PAR measurements were taken between
10am and 2 pm on cloud-free days. Slope (%) was mea-
sured for each spring using a clinometer (Suunto, PM5/
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360PC). Three separate soil 10 cm cores were extracted
from three randomly selected plots within each spring.
Soil acidity (pH) and conductivity (mV) of each soil
sample were measured using a conductivity probe (Accu-
met, Model AP62, Fisher Scientific International, Inc.,
Waltham, MA, US). Samples were prepared as 1:1 soil:dis-
tilled water slurries before acidity and conductivity
measurements were taken. Samples from the soil cores
were used to assess soil organic matter (%) as loss-on-
ignition in a furnace (Thermodyne, Fisher-Scientific,
Inc., Waltham, MA, US) at 550 °C for 24 h.

Phylogenetic methods

Nucleotide sequences for rbcL and matK of species ob-
served were accessed from Genbank (https://www.ncbi.
nlm.nih.gov/genbank/) and fasta (.fas) files were com-
piled using Notepad++ (version 7.3). Sequences were
aligned for both genes individually using Muscle align-
ment (Version 3.8.31; Edgar 2004) using Seaview
(version 4.5.4; Gouy et al. 2010). Manual adjustment,
trimming, and concatenation of rbcl and matk sequences
for observed species were also conducted in Mesquite
(version 3.40; Maddison and Maddison 2018). Inference
of a maximum-likelihood tree from the concatenated se-
quences and automatic best-fit model selection was done
in IQ-Tree (version 1.5.5; Kalyaanamoorthy et al. 2017).
The final accepted tree was required to contain no poly-
tomies within closely related taxa or clades. Phylogenetic
diversity within and among springs was assessed using
net relatedness indices (NRI) and nearest taxon indices
(NTI). NRI and NTI null models used to calculate ex-
pected values were based on random shuffling of taxa
based on both community and phylogenetic distance
matrices. Operations for individual tree pruning for indi-
vidual seeps, generation of NRI and NTI values, were
performed in R software with ape (Paradis et al. 2004)
and picante (Webb et al. 2008) packages.

Univariate analyses

One-way analyses of variance (ANOVAs) were used to
compare species richness, Shannon-Weiner diversity (H
"), and phylogenetic diversity (NRI and NTI values)
among acid seeps using plot-based species abundance
data. Tukey’s least squared differences (Tukey’s LSD
test) were also used to investigate pairwise relationships
of these diversity indices among individual springs when
ANOVA results showed significance at @« = 0.05. In
addition, Pearson’s correlations were calculated between
each of these indices. All analyses were performed and
calculated in R software utilizing the car (Fox and Weisberg
2011), ggplot2 (Wickham 2009), Ismean (Lenth 2016), and
multicomp (Hothorn et al. 2008) packages.
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Community analyses

Species (taxonomic) abundance-weighted non-metric
multidimensional scaling (TNMDS) ordinations and
NMDS ordinations based on Weighted UniFrac differ-
ences from phylogenetic data (PNMDS) were generated
to compare differences in community and phylogenetic
composition among the acid seep springs. Abundance-
weighted taxonomic composition was based on mid-
points of Daubenmire cover class values per species in
each plot and then averaged across each acid seep
spring. Stress values and scree plots were used to deter-
mine how many dimensions were needed to display each
ordination with acceptable visualization of realistic
distances among acid seep spring centroids (stress values
under 0.20).

For both taxonomic and phylogenetic distances,
permutational analyses of variance (PERMANOVA),
tests of homogeneity of dispersion (PERMDISP) and
post hoc pairwise tests for multivariate analyses were
used to analyze plot-based data. Significant vectors char-
acterizing the greatest rate of change for environmental
variables and entire site-based diversity indices calcu-
lated from vector analyses were included in each ordin-
ation individually. To test whether TNMDS and PNMD
S ordinations significantly differed from each other, a
symmetric Procrustes analysis was performed, using the
TNMDS as the target matrix and the PNMDS as the ro-
tation matrix. A protest analysis was used to provide a
significance value for the non-randomness between both
ordinations, using 999 permutations. Finally, a Mantel
test was conducted for both taxonomic and phylogenet-
ically based Bray-Curtis dissimilarity with Euclidean
based distances based on GPS coordinates to determine
whether closer sites were more compositionally similar.
All analyses were conducted using the ape, vegan, and
picante (Kembel et al. 2010) packages in R software.

Results

Vegetation surveys

Seventy-one taxa were observed in all plots sampled to
determine species abundance, none of which were listed as
Illinois or federally threatened or endangered (Table S1).
Microstegium vimineum was the most abundant and
frequent species recorded within all acid seep springs. The
only other exotic invasive species observed directly within
these acid seep springs were Lonicera japonica Thunb. and
Rosa multiflora Thunb., both of which less frequently
occurred within plots. The dominant native species were
similar to those reported by Schwegman (1969; Barfknecht
et al. 2020) a half century ago, save Microstegium vimi-
neum. Native species occurring in all acid seep springs
in our survey included Acer rubrum L., Athyrium filix-
femina (L.) Roth, Carex crinita Lam., Corylus americana
Marshall, Cornus florida L., Liriodendron tulipifera L.,
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Onoclea sensibilis L., and Toxicodendron radicans (L.)
Kuntze. There were 23 species appearing in only one acid
seep spring.

Phylogeny

A maximum likelihood tree was created for the 71
observed taxa without any resulting polytomies between
closely-related species or clades (Fig. 1). A transversion
model with empirical base frequencies, which allowed
for a proportion of invariable sites plus discrete Gamma
model (TVM + F + I + G4; Yang 1994; Gu et al. 1995),
was used to the first two partitions of matK. The last
matK partition was obtained with a general time revers-
ible model with unequal rates and unequal base frequen-
cies, with empirical base frequencies, which allowed for
a proportion of invariable sites plus discrete Gamma
model (GTR + F + I + G4; Tavaré 1986). The first parti-
tion of rbcL was obtained with a symmetric model with
unequal rates but equal base frequencies which allowed
for a proportion of invariable sites plus discrete Gamma
model (SYM + I + G4; Zharkikh 1994), while the last
two were obtained using a GTR + F + I + G4 model.
These models were selected via the Akaike information
criterion (AIC).

Univariate analyses

Results from the one-way ANOVA for species richness
showed species richness and Shannon-Weiner diversity
(H’) significantly differed among acid seep springs at the
plot-level (mean species richness = 6.2 + 0.4 species per
m?, Fojo0 = 3.72; p = 0.0002; mean H' = 1.3 + 0.1 per m?>
plot, Fo199 = 2.13; p = 0.03). Tukey’s LSD post hoc tests
showed that South Spring (5.0 + 0.3 species per m?) had
lower species richness compared to Kruger Spring (6.6 +
0.3 species per m” plot; Fig. 2 a). South Spring also had
lower species richness compared to Azotus (6.7 + 0.4
species per m?) and Klondike Springs (6.6 + 0.4). Of the
remaining acid seep springs, Baldy (5.6 + 0.4 species per
m?), New (5.8 + 0.4 species per m?), and Sphagnum
Springs (5.8 + 0.3 species per m?) had significantly lower
species richness compared to Kruger Spring. The only
two acid seep springs which were significantly different
based on Shannon-Weiner Diversity were Kruger (1.4 +
0.1) and Klondike Springs (1.3 + 0.1; Fig. 2 b).
Abundance-weighted phylogenetic diversity indices did
not differ among seep springs (NRI mean = - 0.7 + 0.28,
Fy190 = 0.81; p = 0.61; NTT mean = 0.4 + 0.26, Fy199 =
0.27; p = 0.98; Fig. 2 c¢—d). Taxonomic diversity indices
were highly significantly positively correlated (+* = 0.64;
p < 0.01), while phylogenetic diversity indices were
highly significantly negatively correlated (* = - 0.71; p <
0.01; Table 1). In addition, species richness and N7 were
significantly negatively correlated (* = - 0.21; p < 0.05).
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Fig. 1 Maximum likelihood phylogeny of species observed within 10 acid seep springs. The scale bar represents the substitution rate of
nucleotides (at an individual locus) within concatenated rbcl and matK plastid regions over the specified distance. Species codes are available in
Table S1. Monilophytes are positioned as the root

Community analyses
A two-dimensional TNMDS ordination solution was
retained for interpretation (stress = 0.13; Fig. 3a). The
results from the PERMDISP indicated a marginally sig-
nificant difference in dispersion among acid seep springs
(Fo190 = 2.02, p = 0.05). The PERMANOVA indicated
that acid seep springs exhibited highly significant differ-
ences from each other (pseudo-Fg199 = 0.33, p = 0.01).
Based on pairwise ADONIS analyses, all acid seep
springs were significantly different from each other (p <
0.05 in all pairwise comparisons among acid seep springs).
Environmental variable and diversity vectors varied in
their coefficients of determination and their trajectory
within the NMDS ordination (Table 2, Fig. 3a). Soil
moisture was significantly related to differences in

taxonomic composition in June (24.74 + 2.19%, r*
0.81, p = 0.01), July (24.74 + 2.01%, r* = 0.76, p = 0.01),
and August (32.24 + 2.15%, * = 0.24, p = 0.02) of 2017.
Canopy cover was the only other environmental variable
significant as a vector (60.26 + 6.15%, 7 =058, p = 0.05).
Soil moisture and canopy vectors had near-opposite trajec-
tories within the NMDS ordination. NTI was significantly
fit as a vector to the ordination (0.43 + 0.05, r* = 0.66, p =
0.03), indicating a gradient in phylogenetic beta-diversity
across acid seep springs based on observed and expected
mean nearest neighbor distances. The other diversity indi-
ces were not significantly fit as vectors to the ordination.
Two dimensions were also retained for the PNMDS or-
dination (stress = 0.14; Fig. 3b). The PNMDS ordination
showed differing results from the TNMDS ordination
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Fig. 2 Box and whisker plots of species richness (species per 1-m? plot), Shannon-Weiner diversity (H'), net relatedness index (NR/), and nearest
taxon index (NTJ) averaged from twenty individual 1-m? plots within each of the ten acid seep springs. Boxplots show the median (middle line
within the box), interquartile range (25% quantile is the lower border of the box and 75% quantile is the upper border of the box), and extremes
of the distribution. Acid seep springs sharing the same lowercase letter are not significantly different (a = 005, Tukey's LSD test)

regarding the topology of individual acid seep springs. In
comparison, the PNMDS ordination placed Azotus and
Groundhog Springs (as well as Sphagnum and South
Springs) relatively further apart and Baldy and New
Springs relatively closer together. In addition, where the

TNMDS placed Sphagnum Springs more central in the
ordination, Baldy Springs became more central in the
PNMDS ordination. The PERMDISP indicated a signifi-
cant difference of dispersion between acid seep springs
based on plot data (Fg199 = 8.34, p = 0.01), and results
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Table 1 Correlation matrix between species richness, Shannon-
Weiner, net relatedness, and nearest taxon indices (S, H', NRI,
and NTJ, respectively). A single asterisk (*) indicates significant
correlations (p < 0.05), while double asterisks (**) indicate highly
significant correlations (p < 0.01)

S H' NRI NTI
S 1
H' 0.64** 1
NRI - 0.02 - 0.10 1
NTI -021* - 005 — 0.71%* 1

from PERMANOVA indicated highly significant differ-
ences of acid seep springs from each other.

Both TNMDS and PNMDS ordinations showed simi-
lar relationships in the trajectories for environmental
variables, but not phylogenetic vectors (Table 2; Fig. 3b).
Canopy cover as an environmental variable (60.26 +
6.15%, r* = 0.53, p = 0.03), and June (24.74 + 2.19%, r* =
0.74, p = 0.01), July (24.74 + 2.01%, ©* = 0.63, p = 0.03),
and August soil moisture (32.24 + 2.15%, r* = 0.64, p =
0.04) each were significantly related to differences in
phylogenetic composition, much like with differences in
species composition. Unlike with species abundance,
NRI (24.74 + 2.19, * = 0.74, p = 0.01) instead of NTI
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to differences in phylogenetic composition, indicating a
gradient in phylogenetic beta-diversity across acid seep
springs based on observed and expected mean pairwise
distances.

Based on the Procrustes analysis, the root mean
squared error (RMSE) was 0.31, indicating a low residual
error and a larger convergence between the TNMDS
and PNMDS ordinations than what would be expected
based on chance. This result was supported by the
protest analysis, which indicated no significant differ-
ence between the TNMDS and PNMDS ordinations
(p = 0.12). Finally, both Mantel tests based on both
taxonomic (r = - 0.03; p = 0.59) and phylogenetic (r
= - 0.08; p = 0.42) composition were not significant,
indicating that acid seep springs which were closer to
each other were not significantly more likely to be
compositionally similar than those more distant.

Discussion

Our findings show support of our initial hypothesis
and the biotic resistance hypothesis (Elton 1958;
Levine and D’Antonio 1999), but there is also support
for biotic homogenization hypothesis (Olden et al
2004; Olden and Rooney 2006). Acid seep spring
communities remained distinct from each other based
on diversity (univariately) and community and phylo-

(043 + 0.05, ”* = 0.19, p = 0.49) was significantly related ~ genetic composition (multivariately) regardless of
N
A B
Den New
POLACR
Azotus
ACERUB Den Groundhog
rounthog Long
i%%ﬁ“fE Kruger
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o N
’ : -
% % Klondike
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Sphagnunvopth
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Fig. 3 Two-dimensional a TNMDS and b PNMDS ordinations of ten acid seep springs (names in black text shown at the position of the centroid
among 10 plots per spring) based on species abundance data (species in red text; see Table S1 for codes). Only species discussed in the
“Discussion” section are labeled in the TNMDS, but all recorded species were used to build both ordinations. Significant vectors from vector
analysis (blue text; see Tables 1 and 2) are plotted including Den (overhead canopy cover), June, July, and August soil moisture (JunSM, JulSM,
and AugSM, respectively), net relatedness index (NRI), and nearest taxon index (NT/)
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Table 2 Vector analysis of all environmental variables and diversity indices for TNMDS and PNMDS ordinations (Fig. 3a, b)

TNMDS PNMDS

Variable Mean Standard error r p value Mean Standard error r p value
June soil moisture (%) 2474 2.19 0.81 0.01 2474 2.19 0.74 0.01
July soil moisture (%) 22.64 201 0.76 0.01 22.64 201 0.63 0.03
August soil moisture (%) 3224 2.15 0.7 0.02 3224 2.15 0.64 0.04
Canopy cover (densiometer, %) 60.26 6.15 0.58 0.05 60.26 6.15 053 0.03
Relative photosynthetically active radiation 051 0.03 0.26 0.36 051 0.03 032 0.25
Soil pH 54 0.13 0.48 0.11 54 0.13 0.28 031
Soil conductivity (mS/m) 37.87 8.12 0.15 0.59 37.87 8.12 0.03 09
Slope (°) 2.7 0.56 033 0.28 2.7 0.56 0.19 049
Species richness (S) 58.1 467 0.12 0.66 58.1 467 041 0.15
Shannon-Weiner Index (H') 1.25 0.03 037 02 1.25 0.03 013 06
Nearest Relatedness Index (NR/) -0.65 0.08 022 0.39 -0.65 0.08 0.64 0.04
Nearest Taxon Index (NT) 043 0.05 0.66 0.03 043 0.05 0.19 049

Microstegium viminium being present in every acid
seep spring. However, these acid seep springs have
become more similar to each other over the past 49
years (Barfknecht et al. 2020), supporting biotic
homogenization. Individual acid seep springs exhibited
variations in composition and within-site phylogenetic
beta diversity despite the relatively high abundance of
M. vimineum compared to native and other exotic
species. Differences in within-spring alpha-diversity
may explain the lack of differences in phylogenetic
clustering or overdispersion within individual acid
seep springs based on ANOVA, despite a gradient in
phylogenetic clustering across all acid seep springs
(NTI for TNMDS and NRI based on PNMDS).

Based on this study, consistent with successional spe-
cies compositional changes in these acid seep springs,
the plant communities have become more similar over
time (Schwegman 1969; Basinger 2009; Barfknecht et al.
2020). The homogenization of plant assemblages over
time following exotic plant species invasion can reduce
alpha diversity and lead to increasing abundance of evo-
lutionarily related species (i.e., phylogenetic clustering;
Michelan et al. 2010; Barber et al. 2017). This
homogenization of plant communities was observed
among these acid seep springs over 49 years based on
species presence-absence (Barfknecht et al. 2020). Since
the acid seep springs are not homogenous and maintain
a gradient of diversity despite exotic invasion, environ-
mental filtering mechanisms based on abiotic conditions
may be more influential in shaping community assembly
than biotic effects of the invasive (Kraft et al. 2015).
However, exotic invasions can alter biotic filtering and
lead to an increase in phylogenetic diversity (i.e., de-
creasing NRI and NTI values), resulting in communities

becoming phylogenetically over-dispersed as evolution-
arily unrelated species come to dominate relative to evo-
lutionarily related taxocenes (Qian and Sandel 2017;
Violle et al. 2011). However, the acid seep springs were
not phylogenetically over-dispersed, but were instead
nearly phylogenetically neutral based on NRI, and phylo-
genetically clustered based on NTI. This overall pattern
of phylogenetic clustering is consistent with the concept
that environmental filtering shifts can result from abiotic
changes over time as opposed to biotic changes due to
exotic invasion (Cadotte and Tucker 2017).

The acid seep springs in 2017 had high frequencies of
common, native bottomland species including Acer
rubrum, Carex crinita, Corylus americana, Cornus florida,
and Toxicodendron radicans, despite experiencing compe-
tition with the exotic Microstegium vimineum. This obser-
vation may indicate that restoration of the local flora to a
similar condition prior to M. vimineum invasion may be
possible with reimplemented and frequent management
(herbicide applications, hand pulling, prescribed fire
treatments, etc.). Corylus americana abundance has been
shown to be significantly greater following a lack of pre-
scribed fire, even between immediately consecutive years
after fire treatments (White 1983). Furthermore, this
shrub has increased in abundance in the seeps since previ-
ous surveys (Schwegman 1969; Basinger 2009), suggesting
that the recent lack of prescribed fire management may
hinder restoration efforts to treat for invasive species and
restore the ecohydrology of these acid seep springs (Barf-
knecht et al. 2020). Prescribed fire could result in a de-
crease of native shrubs once common in the acid seep
springs before M. vimineum invasion and stream down-
cutting occurred allowing reestablishment of native
understory herbaceous species.
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While community (taxonomic) and phylogenetic com-
positional differences among the acid seep springs are
evident, the diversity of these communities also varied.
This variability is not only observed to be present
currently, but also across previous surveys based on
species presence-absence (Barfknecht et al. 2020).
Despite invasion by an exotic grass, the acid seep spring
communities exhibit a resilience to invasion as they re-
main distinct from each other in terms of taxonomic
alpha-diversity and phylogenetic beta-diversity. The
species centroid of M. vimineum was central within the
species abundance-based ordination (Fig. 3), consistent
with its presence in all sampled acid seep springs. In
comparison, other systems that have experienced invasion
by M. vimineum have shown less resilience, often
mediated by altered soil nutrient cycling (Ross 2008;
DeMeester and Richter 2010). Despite its high abundance,
M. vimineum invasion did not explain differences in com-
munity composition and phylogenetic beta-diversity,
among the acid seep springs. Other studies have found
that a series of communities can remain compositionally
distinct following invasion (Rijal et al. 2017), also in con-
trast to the biotic homogenization hypothesis (Olden et al.
2004; Olden and Rooney 2006). In addition, the gradient
in beta-diversity among springs confirms that M. vimi-
neum was able to invade all acid seep springs despite
inherent differences in composition and diversity.

Gradients in diversity observed in the multivariate ana-
lyses only showed differences in community and phylo-
genetic composition based on phylogenetic diversity. Of
all the diversity indices quantified, N7I (based on mean
nearest neighbor distances) varied in the TNMDS ordin-
ation and NRI (based on mean pairwise distances) varied
in the PNMDS ordination. These findings highlight the
value of including phylogenetic measures of diversity to
supplement measures of taxonomic diversity for under-
standing community assembly (Qian and Jin 2016;
Barber et al. 2017; Khalil et al. 2017; Jones et al. 2019).

NTI indicates a gradient of phylogenetic beta-diversity
across the acid seep springs with Cove and South
Springs being the most phylogenetically clustered (i.e.,
positive NTT values) based on taxonomic composition
and both observed and expected mean nearest neighbor
distances. Conversely, species present in New Spring
were also phylogenetically clustered based on NTI yet
had less-related (but not over-dispersed) species than
Cove and South Springs. Species within the species
abundance-based NMDS ordination associated with the
highest levels of phylogenetic clustering based on NT17 in
these acid seep springs included the ferns Athyrium
filix-femina, and Osmunda regalis L. The late-season,
fast-growing tendency of phylogenetically conservative
species such as A. filix-femina may contribute to this
phylogenetic clustering. Phylogenetic composition shows
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that phylogenetic clustering based on NRI (observed and
expected mean pairwise distances) was highest in New
and Baldy Springs and lowest at Kruger Spring.

The two taxonomic indices (S and H') were positively
correlated, and the two phylogenetic indices (NRI and
NTI) were negatively correlated. While several studies
across a broad range of taxa report that S and H' are
usually positively correlated (Stirling and Wilsey 2001),
NRI and NTI generally seem to be more independent of
each other. This independence of the phylogenetic indi-
ces may be because NRI and N7I are dependent on
mean pairwise distances and mean nearest taxon dis-
tances, respectively (Webb et al. 2008). Therefore, these
two indices measure fundamentally different aspects of
clustering and overdispersion, N7/ is more sensitive to
tip-level divergences in a phylogeny and NRI is more
sensitive to deeper phylogenetic divergences (Webb
et al. 2002). The lack of similarity between NRI and
other phylogenetic indices has been observed in other
forested systems (Qian et al. 2015; Qian et al. 2016).
This may be because different aspects of phylogenetic
diversity are more susceptible than others to differences
in both climate and environmental gradients.

Based on both NMDS ordinations, overhead canopy
cover and soil moisture in June, July, and August varied
significantly between springs and helps explain variabil-
ity in community composition. Sites with the highest
overhead canopy cover also had the lowest moisture
levels. For example, the species-abundance based NMDS
shows that Azotus Spring had the highest canopy cover
and lowest soil moisture values for all three summer
months and was associated with species such as Boeh-
meria cylindrica (L.) Sw., Arisaema triphyllum (L.)
Schott, Polystichum acrostichoides (Michx.) Schott, and
Platanthera lacera (Michx.) G. Don. Boehmeria cylin-
drica, a wetland plant, occurred in relatively dry sites
consistent with its ability to germinate in a range of wet
to dry habitats (Sdnchez-Garcia et al. 2017). For the per-
ennial arum Arisaema triphyllum, light and plant density
can contribute significantly to variation in the potential
for sexual reproduction (Levine and Feller 2004). In the
acid seep springs, A. triphyllum favored seeps with rela-
tively high canopy cover and low soil moisture levels.

Acid seep springs with the highest soil moisture dur-
ing the summer months also had the lowest overhead
canopy cover. These springs included Cove, South, and
Sphagnum Springs. Species associated with these open
wet springs included the ferns Osmunda cinnamomea
L., O. regalis, and the legume Apios americana Medik.
The genus Osmunda is known for its extreme preference
for wet conditions, and O. cinnamomea is one of the
most wetland obligate species occurring within the acid
seep springs considered in this study (Xu and Deng
2017). Limited research exists on how Apios americana
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occurrence varies based on soil moisture and light hetero-
geneity, but its occurrence has been noted within habitats
with similar dominant species such as Acer rubrum and
Liriodendron tulipifera (Boyd and Monroe 2010).

Environmental filtering, such as stream down-cutting
(the downward cutting of a streambed which can cause
reductions in the water table), was also involved in de-
termining which species coexisted and assembled into
these communities. The resulting differences in competi-
tiveness among the species in response to environmental
filtering can often exclude more distantly related taxa,
even when the traits underlying the relevant species
differences are phylogenetically conserved (Mayfield
and Levine 2010). This process of environmental filtering
and phylogenetic clustering of coexisting species can ul-
timately influence the distribution patterns of species
(Singer et al. 2018). These observations support the idea
that environmental filtering changes the competitive inter-
actions among coexisting native and exotic species, caus-
ing community and phylogenetic compositional shifts in
the acid seep springs. Local-scale community assembly
rules can be modeled by inspecting how regional-level na-
tive species traits interact with community and environ-
mental filters to affect species presence and abundance
(Pearson et al. 2018). In addition, some exotics may follow
similar community assembly rules as natives, while those
exhibiting novel interactions with native species and com-
munity filters perform differently compared to natives.
Exotic species are subject not only to the environmental
filters which partially determine their presence and abun-
dance, but they can cause shifts in these parameters for
native species.

Conclusion

Acid seep springs remained taxonomically and phylogen-
etically unique from each other after the invasion of
Microstegium vimineum. Community and phylogenetic
compositional differences between acid seep springs were
explained by soil moisture and canopy cover as environ-
mental variables as well as phylogenetic clustering
patterns within individual acid seep springs. In addition,
acid seep springs, which had greater canopy cover, also
typically had drier soils, and this abiotic gradient leads to
certain species occupying different acid seep springs.
Continued surveys monitoring species composition within
these acid seep springs will allow for temporal changes to
be documented. It would also be valuable to document
the distinctiveness of these seep springs in comparison to
the surrounding forest matrix. Acid seep spring commu-
nity and phylogenetic composition appears to be driven
more through environmental filtering by altered abiotic
variables than by the altered biotic competitive effects
following Microstegium vimineum invasion. These phe-
nomena support the concepts of Elton’s biotic resistance
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hypothesis while previous research shows support for the
biotic homogenization hypothesis. Both taxonomic and
phylogenetic diversity metrics were of value in helping to
understand how acid seep spring communities are unique,
despite recent exotic invasion. While taxonomic indices
reflect differences in species occurrence among seeps,
phylogenetic diversity indicated that these differences
were related to the occurrence of evolutionarily related
groups of species. These differences show the analytical
value of not only including both taxonomic and phylogen-
etic data when assessing the effects of exotic invasion, but
that both univariate and multivariate statistical analyses
are crucial for ecological, conversational, and potentially
restoration-based approaches.
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