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Abstract

Aim: Severity and heterogeneity of stress are major constraints of beta diversity, but
their relative influence is poorly understood. Here, we addressed this question by
examining the patterns of beta diversity in stress-sensitive versus stress-tolerant
stream diatoms and their response to local versus regional factors along gradients of
stress severity and heterogeneity.

Location: The Adirondack region of New York.

Methods: Beta diversity was measured as multivariate dispersion of communities
across high stress, low stress, and high + low stress (heterogeneous) environments,
encompassing 200 stream samples. Null models were implemented to assess com-
munity similarity relative to randomly assembled communities and the importance of
local assembly processes versus the regional species pool.

Results: The overall beta diversity was influenced by a combination of severity and
heterogeneity of stress, while beta diversity of sensitive species increased with het-
erogeneity. Beta diversity of tolerant species did not vary with either severity or
heterogeneity of stress. Heterogeneity decreased community similarity relative to
the null expectation in all groups of species. Stress reduced the importance of local
assembly mechanisms for the overall beta diversity and sensitive species beta diver-
sity. In contrast, the importance of local assembly mechanisms increased with stress
regarding beta diversity of tolerant species.

Main conclusions: Beta diversity responded to both severity and heterogeneity of
stress, but turnover along these gradients was mostly driven by sensitive species.
The overall beta diversity and beta diversity of sensitive species became more con-
strained by the depauperate regional species pool, as opposed to local assembly
mechanisms. While heterogeneous stress contributed to beta diversity, severe stress
suppressed beta diversity through elimination of sensitive species. Therefore, an in-
crease in beta diversity in an environmentally-stressed region may serve as a fore-

warning for future loss of sensitive species, should the stress continue to intensify.
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1 | INTRODUCTION

With the continued migration of both ecological research and ap-
plied biodiversity conservation towards a more integrative, meta-
community framework (Leibold et al., 2004), there has been an
overwhelming increase of interest in the measurement (Anderson
et al., 2011; Tuomisto, 2010a, 2010b ), underpinning mechanisms
(Baselga, 2010; Chase & Myers, 2011), and benefits of beta diversity
(Lamy, Legendre, Chancerelle, Siu, & Claudet, 2015; van der Plas et
al., 2016), or the variation in species composition among localities.
Beta diversity provides a broader picture of diversity because it
shows the connection between alpha (or local) diversity and gamma
(or regional) diversity (Socolar, Gilroy, Kunin, & Edwards, 2016).

Due to the inherent dependence of beta diversity on alpha and
gamma diversity, it can be difficult to unravel how local assembly
processes influence the metric (Chase & Myers, 2011). Broadly
speaking, local communities are consequences of both determin-
istic (i.e., niche selection) and stochastic (i.e., dispersal, ecological
drift) processes, but the relative importance of these processes can
vary across systems. When deterministic factors prevail, localities
with similar environmental conditions are expected to have similar
communities, and consequently, low beta diversity. In contrast, com-
pletely stochastic communities should not be related to environmen-
tal variables and may display variable beta diversity depending on
the level of dispersal (Mouquet & Loreau, 2003; Qian, 2009). One
complication in inferring the significance of these processes from
direct measures of beta diversity is that a reduction in alpha diver-
sity will cause communities to become more dissimilar due to mere
probability (Chase & Myers, 2011). Similarly, high gamma diversity
can result in communities being more dissimilar due to random sam-
pling effects, that is, smaller subsets of a larger regional species pool
residing in different localities are less likely to be similar (Chase &
Myers, 2011; Kraft et al., 2011). Advances in null model approaches
have made it possible to examine the prominence of deterministic
versus stochastic processes operating on communities of very dif-
ferent alpha and gamma diversity (Chase, Kraft, Smith, Vellend, &
Inouye, 2011; Kraft et al., 2011).

Environmental heterogeneity and stress are two specific factors
shown to influence beta diversity patterns. Heterogeneity is widely
shown to increase beta diversity by providing a greater variety of
niches (Alahuhta et al., 2017; Astorga et al., 2014). Stress, on the
other hand, is often expected to decrease beta diversity by filtering
less tolerant species from the regional pool (Chase, 2007; Vellend et
al., 2007). In some cases, stress or human disturbance may operate
indirectly on beta diversity by reducing habitat heterogeneity and
associated niche opportunities (Passy & Blanchet, 2007; Siqueira,
Lacerda, & Saito, 2015). Despite the expectation of reduced beta
diversity in stressed systems, this negative trend is not always the
case. At least a few studies have demonstrated an increase in beta
diversity with stress or disturbance (Fugére, Kasangaki, & Chapman,
2016; Hawkins, Mykra, Oksanen, & Vander Laan, 2015; Libério &
Tanaka, 2016; Mykra, Tolkkinen, & Heino, 2017). Reduced alpha
diversity, loss of taxa, and decreased occupancy of once common
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species are often cited as explanations for this increase in beta di-
versity. Given the impact of stress on alpha diversity, null models are
clearly necessary to distinguish whether local assembly processes
differ between disturbed and undisturbed systems (Myers, Chase,
Crandall, & Jiménez, 2015).

In this study, we use acidification as a model for testing how se-
verity and heterogeneity of stress influence beta diversity and local
assembly processes. While acidification is widely known to negatively
affect alpha diversity (Nierzwicki-Bauer et al., 2010; Stockdale et al.,
2014), its consequences for beta diversity are not as clear. On the
one hand, variability in pH can contribute to environmental hetero-
geneity, resulting in higher beta diversity (Gutiérrez-Canovas, Millan,
Velasco, Vaughan, & Ormerod, 2013; Hawkins et al., 2015). On the
other hand, acidification may homogenize communities if it narrows
the pH range among habitats (Van Dam, Suurmond, & ter Braak,
1981). Furthermore, acidification is expected to impose a strong en-
vironmental filter on species composition, but it is unknown whether
the relative importance of deterministic versus stochastic processes
varies in reality between acid-impacted and non-impacted streams.

The goals of our study were threefold. Our first goal was to dis-
entangle the effects of acidification stress and heterogeneity on
measures of beta diversity, emphasizing variation in species abun-
dance (Bray-Curtis) and species occurrence (Jaccard). Our second
goal was to determine the influence of acidification stress and
heterogeneity on the relative importance of deterministic versus
stochastic processes and local assembly mechanisms versus the re-
gional species pool by using null models to control for differences in
alpha and gamma diversity, respectively. Our third goal was to test
whether the response of beta diversity and the importance of local
assembly processes differ between acid-sensitive and acid-tolerant
species under conditions varying in acidification stress and hetero-
geneity. We examined diatom communities in the acid-sensitive
Adirondack region of New York, where streams undergo episodic
acidification following spring snowmelt and are least acidified during
summer base flow. Differences in watershed contribution of organic
matter and acid neutralizing capacity cause streams to differ in sus-
ceptibility to acidification (Lawrence et al., 2007), resulting in spatial
heterogeneity in pH during both high and base flow conditions. As
discussed above, acidification stress is expected to decrease beta di-
versity, yet heterogeneity in pH may cause higher species turnover.

To test the separate effects of severity and heterogeneity of stress
(hereon also referred to as high versus low stress and high versus low
heterogeneity) on beta diversity and local assembly processes, we ex-
amined these factors across (a) high acidity streams sampled during
the period of spring acidification (representative of high stress but
low heterogeneity), (b) low acidity streams sampled during the period
of base flow (representative of low stress but low heterogeneity), and
(c) a combination of low and high acidity streams from each sampling
period (representative of high heterogeneity). In relation to our first
goal, we had four different hypotheses (i.e., competitive predictions)
regarding the response of beta diversity to stress versus heteroge-
neity. We predicted that if beta diversity were most controlled by
heterogeneity, we would observe the highest beta diversity across a
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heterogeneous pH gradient which included both high and low acid-
ity streams (hypothesis 1). We predicted that if the effects of stress
overrode heterogeneity, we would observe the lowest beta diversity
across high acidity streams and the highest beta diversity across low
acidity streams (hypothesis 2). If stress and heterogeneity interact to
affect beta diversity, we predicted observations where hypotheses 1
and 2 were each partially supported, that is, both pH heterogeneity
and decreased acidity would increase beta diversity (hypothesis 3). If
beta diversity does not vary with acidification stress or heterogene-
ity, we would conclude that neither impacts beta diversity (hypothe-
sis 4). Regarding our second goal, we predicted that the importance of
deterministic assembly would increase with both acidification stress
and heterogeneity, being least notable across low-stress streams.
Additionally, we expected that the role of the regional species pool
would become more prominent under acid stress due to elimination
of acid-sensitive species. With respect to our third goal, we predicted
that beta diversity of acid-sensitive species would be most affected
by variation in acidification stress and heterogeneity, with determin-
istic processes and regional species pool effects also being more im-

portant to sensitive relative to tolerant species.

2 | METHODS

2.1 | Study region, sampling, and laboratory
protocols

The study region is located in the Black and Oswegatchie River basins
that lie within the western portion of the Adirondack Park in upstate

75°0'W

74°30'W

New York (Figure 1), one of the most impacted regions by inorganic
acid deposition in the United States (Sullivan, 2015). Our preliminary
analysis included 156 streams sampled between 29 and 31 March
2004 and 167 streams sampled between 16 and 18 August 2004.
The 323 samples were collected from 185 unique streams, that is,
138 streams sampled in both August and March, 29 streams sam-
pled only in August, and 18 streams sampled only in March. These
sampling periods coincided with snowmelt in March and base flow
in August, with streams being much more acidic in March (Lawrence,
et al., 2008). The geographic span of the study area was 4,585 km?.
Most of the study streams were first order and none were nested
(i.e., flowing into one another). Water temperature was measured in
the field, while in the laboratory water samples were analysed for pH,
water colour, conductivity, and concentrations of dissolved organic
carbon (DOC), inorganic monomeric Al (Al, ), organic monomeric Al
(Al ), all major cations and anions (Ca", CI", F~, K", Mg, Na*, NH ",
NO,, and SO42'), and SiO,. Diatoms were collected from all available
substrates (i.e., stones, macrophytes, and sediments) in each locality,
digested with acids in the laboratory, mounted in permanent slides,
and identified to species in 300 frustule counts. In addition, we clas-
sified species as acid-sensitive and acid-tolerant based on ecologi-
cal preferences (Camburn & Charles, 2000; DeNicola, 2000; Furey,
Lowe, & Johansen, 2011; Lange-Bertalot, Bak, & Witkowski, 2011;
Van Dam, Mertens, & Sinkeldam, 1994). Species with circumneutral,
alkaliphilous, and alkalibiontic preference (pH = 7) were classified as
acid-sensitive. Acidobiontic, acidophilous, and indifferent species
were classified as acid-tolerant. While in some contexts, pH toler-
ance may also refer to species that prefer alkaline pH (Alahuhta et
al., 2017; Hawkins et al., 2015), alkalinity was not a problem in this
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Study Area_ Adirondack Park
-V
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FIGURE 1 Map of the study region in
the Black and Oswegatchie River basins

in the Adirondack Park, New York. The
open circles and black dots indicate
locations of streams selected to be in

the four groups used in our analysis. The
open circles represent streams that were
sampled in March 2004, and the black
dots represent streams that were sampled
in August 2004. Black dots within open
circles indicate streams that were sampled

43°30'N
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in both months
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acid-sensitive region. Therefore, for simplicity, we use the terms tol-
erant versus sensitive to refer to species that are respectively acid-
tolerant versus acid-sensitive in our study. Given the high temporal
turnover and rapid response of periphyton communities to new en-
vironments, as demonstrated in experimental studies (Hirst, Chaud,
Delabie, Juttner, & Ormerod, 2004; Larson & Passy, 2013; Larson,
Adumatioge, & Passy, 2016), diatoms are excellent reflectors of cur-
rent environmental conditions. Thus, diatoms collected in March and
August may be considered reflective of the community reactions to

the physical and chemical circumstances at the time of sampling.

2.2 | Establishing stream groups based on
stress and heterogeneity

Our goal was to group streams into categories that would allow us to
test the effects of low stress, high stress, and heterogeneous stress
on the regional diversity of diatoms. To determine which of the
measured environmental variables were most likely to create stress
gradients for diatoms, we ran stepwise redundancy analysis (RDA)
with 999 Monte Carlo permutations across all 323 samples. Prior
to the RDA, all variables except pH were In-transformed and spe-
cies with <1% maximum relative abundance were excluded. The first
two variables selected were pH and Al, , which explained 11.2% of
the variance in diatom distributions (38.6% of the total explainable
variance). Additional variables had only minor contributions to the
overall variance (Appendix S1). Therefore, we determined that pH
and Al were the dominant measured environmental gradients for
diatoms in this system. Since pH and Ali_ had a correlation of -0.82,
we proceeded to use pH as the basis for categorizing our streams
into low heterogeneity groups with high versus low stress and high
heterogeneity groups consisting of a combination of high-stress and
low-stress streams. Outside of the broad awareness that pH was the
strongest gradient influencing species composition in the RDA, we
had no prior knowledge of species composition or diversity of the
selected groups.

Our classification scheme was as follows (Appendix S2). For
each month, streams were ranked by pH. The high-stress group
(HS,,,,) was created by randomly selecting 50 out of the 75 most
acidic streams sampled in March 2004, when acidification was

the most severe. The low-stress group (LS, ) was formed by

Au
randomly selecting 50 of the 75 least acidifiedg streams sampled
during base flow in August 2004. High heterogeneity groups,
consisting of a combination of 25 low acidity (low stress) and 25
high acidity (high stress) streams, were created for each sampling
month. The high heterogeneity March group (HH,,,) was con-
structed by conjoining the 25 most acidic streams not selected
for the HS,,,. group with the 25 least acidic streams during that
period. The high heterogeneity August group (HHAug) was syn-
thesized from a composite of the 25 least acidic streams not se-
lected for the LSAug group and the 25 most acidic streams from
that period.

We ran a second stepwise RDA to determine the dominant
variables structuring diatom communities within these four
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groups, comprising 200 stream samples in total. The three stron-

gest gradients selected were pH, Al

m» and temperature, explaining

16.3% of the overall variance (or 50.2% of the explainable vari-
ance; Appendix S3). Additional variables each explained very little
of the overall variance (<1.3%); therefore, we proceeded by in-
cluding only these three dominant gradients in our environmental

heterogeneity analysis.

2.3 | Geographic distance and environmental
heterogeneity among groups

A permutation test of multivariate dispersions (PERMDISP;
Anderson, 2006) with 9,999 permutations was run on the
Euclidean distances of Universal Transverse Mercator coordinates
to test whether there was significant among-group variance in
geographic distance. The dominant environmental variables (pH,
Al
able mean from each value and dividing by the standard deviation.

. and temperature) were standardized by subtracting the vari-
Then, a second PERMDISP was run on the standardized variables
to test for differences in environmental heterogeneity among
groups. Principal component analysis (PCA) was performed on the
environmental variables to identify dominant gradients of varia-
tion (CANOCO 4.5). Analysis of variance (ANOVA) in SYSTAT 12
was used to test for significant differences in pH, Al.

im?

and tem-
perature among the four groups of streams. Post hoc Tukey’s mul-
tiple comparison tests were performed on all significant ANOVAs
(p < 0.05).

2.4 | Compositional heterogeneity among groups

PERMDISP was also used to test for heterogeneity in species com-
position (Anderson, Ellingsen, & McArdle, 2006). We examined both
abundance-based Bray-Curtis dissimilarity and presence-absence-
based Jaccard dissimilarity. PERMDISP was run on dissimilarity ma-
trices of all species across the four stream groups and then repeated
on dissimilarity matrices of only the sensitive and tolerant species.
Principal coordinate analysis (PCoA) was employed to visualize
compositional heterogeneity among groups. Tukey’s post hoc pair-
wise comparison tests were run for all significant PERMDISP tests
(p < 0.05). All PERMDISPs were performed in the R package Vegan
(Oksanen et al., 2017).

ANOVA was used to test for differences in mean total species
richness and species richness of sensitive and tolerant species among
the four stream groups. Gamma diversity, or the total number of spe-
cies found across all streams in a group, was first calculated across all

species and then separately for sensitive and tolerant species.

2.5 | Null models

For each stream group, we applied two null models: the Raup-Crick
metric developed by Chase et al. (2011) and the null model devel-
oped by Kraft et al. (2011). The Raup-Crick metric tests the prob-
ability of two communities of a given species richness being more
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or less dissimilar from the null (Chase et al., 2011). Thus, this method
evaluates the role of deterministic processes in each group, while
controlling for differences in alpha diversity among localities. The
probability metric is scaled between -1 and 1, with -1 being more
similar than any of the null simulations, 1 being more dissimilar than
any of the null simulations, and values of O being no different than
the random expectation. The pairwise Raup-Crick values for each
group were based on 9,999 null simulations.

The model by Kraft et al. (2011) is designed to examine deviations
from the null while keeping gamma diversity constant, providing a
way to assess whether beta diversity in different groups was limited
by the regional species pool. This model uses a modified version of
Whittaker’s multiplicative function (8 = 1 - a/y). First, the observed
beta diversity is calculated using this function. Then, individuals are
shuffled across samples and the mean “null” beta diversity is cal-
culated, based on the number of permutations. The beta deviation
is the difference between the observed and mean null beta diver-
sity, divided by the standard deviation of the null beta diversities.
Greater deviations indicate that beta diversity is controlled by local
processes (e.g., habitat filtering) as opposed to being determined
by gamma diversity alone (Kraft et al., 2011). As gamma diversity is
maintained in this procedure, smaller deviations suggest that beta
diversity is strongly limited by regional processes that affect the size
of the species pool.

For our purposes, we added a looping function with resampling
to the model by Kraft et al. (2011), in order to calculate a mean beta
deviance for each stream group (Appendix S4). For each group, this
looping function resampled 50% (n = 25) of the samples 999 times,
calculating an observed beta diversity for each resampling and then
a mean null beta diversity based on 999 reshufflings of individuals
among the 25 samples. In this way, 999 beta deviations were calcu-
lated by subtracting the mean null beta diversity from the observed
beta diversity, then dividing by the standard deviation of the null
beta diversities in each of the resamplings.

Both Raup-Crick and Kraft et al. null models were first per-
formed on all species and then separately on the tolerant and
sensitive species. Significance in Raup-Crick values and beta devi-
ations across groups was determined using permutational ANOVA
with 999 permutations in the RVAideMemoire package in R (Hervé,
2017). Significant ANOVAs were followed by Bonferroni pairwise
comparisons using the same package.

Variable HSy. HH,,..
Environmental heterogeneity 1.06° 1.35°
pH 4.9° 6.0°
Al (pmol/L) 5.7° 2.8
Temperature (°C) 2.82 4.6°

Aug

3 | RESULTS

3.1 | Geographic distance and environmental
heterogeneity among groups

The omnibus p-value for the PERMDISP of Euclidean distance
between streams was nonsignificant (p > 0.10), with mean within-
group distance between streams ranging between 35.6 and 40.8
kilometres. PERMDISP indicated significant differences in en-
vironmental heterogeneity across groups (F = 39.9, p = 0.0001).
The Tukey’s post hoc pairwise comparisons revealed the highest
heterogeneity in HH,,, and HHAug, followed by HS,,.. and LSAug
(Table 1). The first two axes of PCA of environmental variables
across the four stream groups explained 95.9% of the sample
variance (Figure 2). The first axis was negatively correlated with

pH and positively correlated with Al. , while the second axis was

im?
negatively correlated with temperature. The HH,, group was
spread across the pH/AI, | gradient and negatively correlated with

temperature, while the HH, = group was spread across the pH/

Au
Al gradient and positively gcorrelated with temperature. The
HS,,,, group was negatively correlated with pH and tempera-
ture, while the LS
temperature.
The ANOVAs testing whether group means for pH (F = 45.8,
p < 0.0001), Al (F=30.6, p < 0.0001), and temperature (F = 161.7,

p < 0.0001) differ among groups were significant. The Tukey’s pair-

Aug BrOUp was positively correlated with pH and

wise comparison tests indicated that the two high heterogeneity
(HH) groups did not differ in pH or Al,  but did differ in temperature.
The LSAug group had the least stressful conditions (highest pH and
temperature, and lowest Al ), while the HS, group had the most
stressful conditions (lowest pH and temperature, and highest Al
Table 1).

3.2 | Compositional heterogeneity among groups

The PERMDISP analyses revealed that both Bray-Curtis dis-
similarity (F=7.1, p =0.0004) and Jaccard dissimilarity (F = 6.5,
p = 0.0002) in the overall species composition (4, differed across
groups. For both abundance-based and presence-absence-based

dissimilarity metrics, the HS,,. group had the lowest dispersion,

Mar
while the other three groups were not significantly different from

one another, based on Tukey’s post hoc pairwise comparisons.

TABLE 1 Mean environmental

HH . .
Aug heterogeneity measured as standardized

0.42¢ 1.35° Euclidean distance from the centroid, and
6.9 5.gP mean pH, Al, , and temperature of the
0.3 g four stream groups

14.5°¢ 14.9¢

Note. The high-stress group consists of the most acidic streams sampled in March (HSMar), the low-
stress group consists of the least acidified streams sampled in August (LSAug), and the high heteroge-

neity groups are composed of both low and high acidity streams sampled in each month (HH

HH )
<0.05).

Mar and

Values with different superscripts are statistically significant (Tukey’s adjusted p-value
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FIGURE 2 PCA showing the distribution of the four groups
along the environmental gradients selected for this study

These results support hypothesis 3 as beta diversity was equally
high in the low stress and high heterogeneity groups (Table 2 and
Appendix S5).

The PERMDISP analyses also established differences in dis-
similarity of sensitive species (fs,, i) aMmoNg groups: Bray-Curtis
(F=7.5, p=0.0002) and Jaccard (F = 8.5, p = 0.0002). The Tukey’s
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Since beta diversity of sensitive species decreased as heteroge-
neity decreased, hypothesis 1 is supported. The PERMDISP for
Bray-Curtis dissimilarity of tolerant species (/1. je;ant) Was significant
(F = 2.9, p=0.04), with the dissimilarity of HS,, being significantly
lower than that of HH,,,.. The PERMDISP for the Jaccard dissimilari-
ties was nonsignificant. The weak differences in tolerant species dis-
similarity among groups (e.g., high heterogeneity groups overlapping
with the low and high stress groups) suggests that neither stress nor
heterogeneity influenced the distribution of tolerant species (hy-
pothesis 4). A depiction of which pathways (i.e., severity of stress
versus heterogeneity of stress) affect §, and S pqitive VETSUS Projerant
is shown in Figure 3.

ANOVA indicated significant among-group differences in total
species richness (F=24.4, p <0.0001), sensitive species rich-
ness (F = 28.8, p < 0.0001), and tolerant species richness (F = 4.9,
p = 0.003). The most stressed HS,,, group had the lowest alpha
and gamma diversity for all species and sensitive species, while

the least stressed LS,  group had the highest alpha and gamma

Aug
diversity for both (Table 2). There were not large differences in
alpha and gamma diversity of tolerant species across groups, al-
though alpha diversity was significantly lower in the HH,,_ group

(Table 3).

3.3 | Null models

The Raup-Crick values for all species (F = 66.7, p = 0.001), sensitive
species (F = 32.3,p = 0.001), and tolerant species (F = 33.2,p = 0.001)
were significantly different across groups. While all the Raup-Crick

post hoc pairwise comparisons of the Bray-Curtis and Jaccard dis- values were negative (more similar than expected by random chance),

and HH,,_,
groups and the lowest dispersion in the LSAug and HS,,, groups.

similarities revealed the highest dispersion in the HH, . the values were significantly less negative in the HHy,,. and HH,,

groups relative to the HS,,, and LS, , groups (Table 3).

TABLE 2 Mean distance to the

. . Metri HS HH LS HH Conclusi
centroid of the Bray-Curtis and Jaccard etric e ay L3 L3 onclusion
similarity indexes across groups for 8, Pan
Bsensitive AN Projerant Bray-Curtis 0.492 0.55° 0.53° 0.55° Hypothesis 3: Stress severity
+ heterogeneity
Jaccard 0.46% 0.52° 0.492° 0.51° Hypothesis 3: Stress severity
+ heterogeneity
ﬂSensitive
Bray-Curtis 0.54° 0.59" 0.55% 0.62° Hypothesis 1: Stress
heterogeneity
Jaccard 0.54% 0.57%¢ 0.52° 0.60° Hypothesis 1: Stress
heterogeneity
ﬂToIerant
Bray-Curtis 0.48? 0.53" 0.50% 0.52% Hypothesis 4: Neither stress
severity nor heterogeneity
Jaccard 0.40° 0.442 0.43° 0.43% Hypothesis 4: Neither stress

severity nor heterogeneity

Note. Values with different superscripts are statistically different (p-< 0.05) based on Tukey'’s post
hoc pairwise comparisons following a significant PERMDISP. The conclusion column indicates which
hypothesis was supported by our results
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| Severity of stress | I Heterogeneity of stress

* s

FIGURE 3 Pathways of environmental
control on beta diversity in our
multivariate dispersion analyses. Pathways
representing the severity of stress are

' solid arrows, and pathways representing
‘\ the heterogeneity of stress are dashed
\* arrows. Each pathway is marked as

BAII | | B’Tolera nt | |

positive or negative, depending on the

Bsensitive direction of influence

TABLE 3 Alphaand gamma diversity, Raup-Crick, and beta
deviation results for all species, sensitive species, and tolerant
species in each of the four groups

Metric HS ., HH,,,, LSau HH,,
All species
Alpha 182 21° 33° 27°
Gamma 81 101 133 126
Raup-Crick -0.59° -0.30° -0.48¢ -0.30°
Beta deviation 46.3° 68.5° 54.6° 64.4°
Sensitive species
Alpha 42 9b 16¢ 11°
Gamma 29 46 68 67
Raup-Crick -0.33? -0.22° -0.372 -0.18"
Beta deviation 10.3° 30.1° 34.2° 27.6¢
Tolerant species
Alpha 132 4l 132 132
Gamma 37 38 43 41
Raup-Crick -0.48? -0.36° -0.44? -0.28¢
Beta deviation 41.2° 39.6° 26.7° 38.6¢

Note. Values with different superscripts were significantly different
(p < 0.05) based on ANOVA followed by Tukey’s post hoc comparisons
for alpha diversity and Permutational ANOVA followed by Bonferroni
comparisons for Raup-Crick and beta deviation.

The beta deviations for the Kraft et al. (2011) null model were
significantly different across groups for all species (F=9,171,
p =0.001), sensitive species (F=17958, p=0.001), and toler-
ant species (F = 4,863, p = 0.001). The most stressed HS,,,. group
had the lowest beta deviation for all species and sensitive species
(Table 3). Beta deviations across groups for the tolerant species were
not as drastically different, but the beta deviation was noticeably
lower in the least stressed LSAug group compared to the other groups
(Table 3). In summary, Raup-Crick values generally increased (be-
came less negative) with heterogeneity of stress. Beta deviations of
all species and sensitive species decreased with severity of stress
while those of tolerant species increased with severity of stress
(Figure 4).

4 | DISCUSSION

Consistent with our first objective, we tested four hypotheses re-
garding how severity versus heterogeneity of stress influence beta
diversity. This question has become increasingly important as beta
diversity may have contrasting directional responses to stress or dis-
turbance, with different inferences for regional conservation (Socolar
et al., 2016). Generally, our results support hypothesis 3, that beta

diversity is influenced by a combination of stress and heterogeneity.

-

FIGURE 4 Effects of severity and
heterogeneity of stress on community
similarity (negativity of the Raup-Crick
values) and beta deviation of all species,
tolerant species, and sensitive species.
The solid arrows represent the severity of

All species | | Tole:ant | | Sens;tive ‘ | Sensitive | | Tolerant | |AII species

stress, while the dashed arrows represent

the heterogeneity of stress. Each

| Community similarity |

Beta deviation

pathway is marked as positive or negative,
depending on the direction of influence
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Metrics based on species abundances and occurrence suggested
that heterogeneity can offset the negative effects of stress to an ex-
tent. However, as stress becomes more wide-spread, heterogeneity
is lost, resulting in a narrower niche breadth and stronger selection
of tolerant species (Chase, 2007). This stronger filtering results in a
decrease in f,, with severity of stress.

Deconstructing the species pool into guilds may provide insight
into how differences in species adaptations influence distributions
(Dong et al., 2016; Jamoneau, Passy, Soininen, Leboucher, & Tison-
Rosebery, 2018). We showed that relative to £, fsensitive
influenced by heterogeneity, confirming hypothesis 1. The high

was more

alpha diversity combined with low beta diversity in the low-stress
group is suggestive of favourable environmental conditions that
allow a larger proportion of the species pool to inhabit each site,
resulting in less turnover. This result is consistent with Pither and
Aarssen (2005), who found that the composition of acid-sensitive
species became more similar across circumneutral and alkaline lakes
relative to acidified lakes. In contrast, a more diverse stress gradient,
equivalent to an increase in heterogeneity of stress, enhanced beta
diversity by breaking up the dominance of sensitive species.

Similarly, studies of macroinvertebrates and fungi have docu-
mented altered species prevalence, taxon loss, or decreased alpha
diversity as explanations for increased beta diversity with stress or
disturbance (Hawkins et al., 2015; Liborio & Tanaka, 2016; Mykri et
al., 2017). Notably, Hawkins et al. (2015) observed greater heteroge-
neity across disturbed sites, in part attributed to low pH or unnatu-
rally high pH relative to reference sites. The mechanism of increased
beta diversity for both pH extremes was ascribed to expansion of
rare, tolerant species in concurrence with suppression of once com-
mon, sensitive species.

In contrast to the findings of Hawkins et al. (2015), tolerant spe-
cies in our study were common across both high and low stress gra-
dients. The ubiquity of acid-tolerant diatoms in Adirondack streams
is seen in their weak variation in abundance-based beta diversity and
uniform occurrence-based beta diversity across groups differing in
stress severity and heterogeneity. These results, along with the sim-
ilar alpha and gamma diversity of tolerant species among groups,
indicate that acid-tolerant species occur across broad pH ranges in
this acid-sensitive region. Our analyses concur with those of Pither
and Aarssen (2005), who described tolerant diatom species as pH
generalists that exhibit little turnover along pH gradients.

Our second objective was to examine the influence of acidifi-
cation stress and heterogeneity on community similarity relative to
randomly assembled communities and whether these factors alter
the constraint of beta diversity by local assembly mechanisms ver-
sus the regional species pool. The null model results revealed dif-
ferences in local assembly patterns after controlling for the effects
of alpha and gamma diversity. The mean Raup-Crick values were
all more similar than expected in randomly assembled communi-
ties, signifying a strong role of environmental filtering, consistent
with other diatom studies (Soininen, Jamoneau, Rosebery, & Passy,
2016; Verleyen et al., 2009). The lack of hydrological connectivity in
headwater streams, such as in the streams studied here, may further
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intensify the importance of species sorting relative to other local as-
sembly mechanisms, including dispersal (Heino, Grénroos, Soininen,
Virtanen, & Muotka, 2012; Jamoneau et al., 2018). We had originally
predicted that communities would become more deterministic with
stress and that this would be partially exemplified by higher commu-
nity similarity (or more negative Raup-Crick values). These predic-
tions were confirmed only for ,, for which the Raup-Crick value
was the lowest (most negative) in the high-stress group. However,
the Raup-Crick values for the sensitivity guilds did not differ be-
tween the low-stress and high-stress groups. Instead, heterogeneity
emerged as the most important factor, introducing more random-
ness in community composition across all species and within both
guilds.

While initial perspectives on community assembly assumed that
environmental determinism increases with stress (Chase, 2007), it
is now evident that the effect of disturbance on environmental fil-
tering is distinct to the taxon or system. For instance, Mykra et al.
(2017) reported that environmental degradation led to homogeniza-
tion of bacterial communities but more stochastic fungal communi-
ties. Hawkins et al. (2015) observed more stochastic distribution of
macroinvertebrates in intermediately disturbed sites, while severe
disturbance generated physicochemical heterogeneity and more
dissimilar taxonomic composition than predicted by chance. In our
system, heterogeneity of stress drove communities closer to a ran-
dom distribution, and this pattern persisted across guilds. Severity
of stress, on the other hand, was less impactful, increasing environ-
mental filtering relative to the null distribution across all species but
not among the sensitivity guilds. Incongruent with other studies,
environmental filtering remained the dominant control on commu-
nities across gradients of stress severity and heterogeneity (i.e.,
shared occupancy of species was higher than the null expectation
in all environments).

In relation to our second and third objectives, we did uncover
differences in how the severity and heterogeneity of stress affect
local assembly mechanisms, in addition to beta diversity, in sensitive
versus tolerant species. We originally predicted that stress would
suppress beta diversity by reducing the size of the regional species
pool. This pattern was only confirmed for $,, and fq, e Which
were under weak local assembly but high gamma diversity control
in the high-stress group. In contrast, the role of local assembly for
tolerant species increased with stress. These diverging trends sug-
gest that at high stress, sensitive species exert disproportionately
larger impacts on communities, most likely driven by their dimin-
ished regional diversity, when compared to tolerant species. Strong
filters on the regional species pool may weaken species-environ-
ment relationships that are important in local assembly (Vellend et
al., 2007). Our analyses also revealed that species were constrained
by local effects in favourable conditions (i.e., more acidic for toler-
ant species and less acidic for sensitive species) but by the regional
pool in unfavourable environments (i.e., less acidic for tolerant spe-
cies and more acidic for sensitive species). Thus, stress can bene-
fit some species, while restricting others, and depending on their
stress tolerance, these species can experience larger or smaller beta
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deviations. Consequently, it is appropriate to generalize that species
responses to local versus regional effects are determined by species’
environmental preference and environmental context, necessitat-
ing community deconstruction. Previous studies have recognized
the positive link between species sorting and habitat heterogeneity
(Astorga et al., 2014; Stegen et al., 2013), but our findings further
indicate that the strength of local assembly processes may depend
on environmental suitability.

This study provides a novel trait-based framework elucidat-
ing the pathways of local and regional control on beta diversity in
stressed systems. It shows that stress severity versus heteroge-
neity have differential effects on community similarity, measured
when alpha diversity is controlled, and local assembly processes,
measured when gamma diversity is controlled. Stress severity con-
strains local assembly processes, while stress heterogeneity af-
fects community similarity. Our framework further demonstrates
that while stress heterogeneity acts upon both guilds in a similar
way (increased heterogeneity leads to lower similarity), stress se-
verity impacts only sensitive species, and this pattern persists at
the level of the entire community. The diverging effect of stress
severity on the strength of local assembly processes highlights
the utility of examining the response of these mechanisms within
guilds. The beta deviations of sensitive species show declining
importance of assembly mechanisms and increased constraint by
the regional species pool with stress. While disturbance has been
shown to modify beta diversity by favouring some species and
limiting others (Hawkins et al., 2015), our study further reveals
that these opposing patterns result from differences in how stress
affects the intensity of local assembly processes. It is unknown
whether stress (or disturbance) has the same effect on local as-
sembly of sensitive versus tolerant species in all systems, but this
investigation presents a model for testing the influence of stress
in future studies.

The contrasting diversity patterns of sensitive versus toler-
ant species imply that heterogeneity increased g, through what
Socolar et al. (2016) described as “subtractive heterogenization.” In
other words, alpha diversity of sensitive species declined with acid
stress, and the elimination of sensitive species from acid streams
in the heterogeneous groups gave rise to higher beta diversity.
Many of these sensitive species (i.e., Achnanthidium minutissimum,
Meridion circulare, and Encyonema species) are indicators of healthy
New York streams (Passy & Bode, 2004). Thus, the consistently
high alpha diversity of these species in low-stress streams should
be desirable. As Socolar et al. (2016) asserted, the interpretation
of beta diversity for conservation management is contextual and
must be viewed through the lens of changes in alpha diversity.
Given the extremely low alpha diversity and sparse species pool of
these positive indicator species in the high-stress group, increased
beta diversity due to heterogeneous stress may actually be an
early warning sign of environmental degradation that will diminish
diversity if allowed to persist (de Juan, Thrush, & Hewitt, 2013).
Even in scenarios where gamma diversity is maintained by high
species turnover, problems may still arise if functionally important

taxa are absent from disturbed sites (Fugére et al., 2016). For
these reasons, changes in beta diversity, even positive ones, may
be cause for concern in anthropogenically modified or stressed
systems. Our findings affirm the notion that inferences about beta
diversity should be made with careful consideration of how shifts
in species composition, alpha, and gamma diversity affect the met-
ric. Deconstructing the species pool may provide further insight
as to whether stress or disturbance increases beta diversity by

disproportionately affecting the distribution of sensitive species.

ACKNOWLEDGEMENTS

We thank Chad Larson for helpful comments on an earlier version
of this manuscript, William Budnick and Richard Pound for assis-
tance with R-programming, Marti Anderson for advice regarding the
permutation test of multivariate dispersions, and three anonymous
reviewers for insightful suggestions, which improved our work.
This research was supported by the National Science Foundation
(grant NSF DEB-1745348 to S.I.P), the New York State Energy
Research and Development Authority, the US Geological Survey,
the Adirondack Lakes Survey Corporation, and the New York State
Department of Environmental Conservation. Any use of trade, firm,
or product names is for descriptive purposes only and does not imply
endorsement by the U.S. Government.

DATA ACCESSIBILITY

The data supporting the results in this manuscript are archived in
Dryad.

ORCID

Katrina L. Pound http://orcid.org/0000-0002-3209-5134

REFERENCES

Alahuhta, J., Kosten, S., Akasaka, M., Auderset, D., Azzella, M. M.,
Bolpagni, R., ... Heino, J. (2017). Global variation in the beta diver-
sity of lake macrophytes is driven by environmental heterogeneity
rather than latitude. Journal of Biogeography, 44, 1758-1769. https://
doi.org/10.1111/jbi.12978

Anderson, M. J. (2006). Distance-based tests for homogeneity of
multivariate dispersions. Biometrics, 62, 245-253. https://doi.
org/10.1111/j.1541-0420.2005.00440.x

Anderson, M. J,, Crist, T. O., Chase, J. M., Vellend, M., Inouye, B.
D., Freestone, A. L., ... Swenson, N. G. (2011). Navigating the
multiple meanings of p diversity: A roadmap for the prac-
ticing ecologist. Ecology Letters, 14, 19-28. https://doi.
org/10.1111/j.1461-0248.2010.01552.x

Anderson, M. J,, Ellingsen, K. E., & McArdle, B. H. (2006). Multivariate
dispersion as a measure of beta diversity. Ecology Letters, 9, 683-693.
https://doi.org/10.1111/j.1461-0248.2006.00926.x

Astorga, A., Death, R., Death, F., Paavola, R., Chakraborty, M., & Muotka,
T. (2014). Habitat heterogeneity drives the geographical distribution
of beta diversity: The case of New Zealand stream invertebrates.
Ecology and Evolution, 4, 2693-2702. https://doi.org/10.1002/
ece3.1124


http://orcid.org/0000-0002-3209-5134
http://orcid.org/0000-0002-3209-5134
https://doi.org/10.1111/jbi.12978
https://doi.org/10.1111/jbi.12978
https://doi.org/10.1111/j.1541-0420.2005.00440.x
https://doi.org/10.1111/j.1541-0420.2005.00440.x
https://doi.org/10.1111/j.1461-0248.2010.01552.x
https://doi.org/10.1111/j.1461-0248.2010.01552.x
https://doi.org/10.1111/j.1461-0248.2006.00926.x
https://doi.org/10.1002/ece3.1124
https://doi.org/10.1002/ece3.1124

POUND ET AL.

Baselga, A. (2010). Partitioning the turnover and nestedness compo-
nents of beta diversity. Global Ecology and Biogeography, 19, 134-143.
https://doi.org/10.1111/j.1466-8238.2009.00490.x

Camburn, K. E., & Charles, D. F. (2000). Diatoms of Low-Alkalinity Lakes in
the Northeastern United States. Philadelphia, PA: Academy of Natural
Sciences of Philadelphia.

Chase, J. M. (2007). Drought mediates the importance of stochastic com-
munity assembly. Proceedings of the National Academy of Sciences,
104, 17430-17434. https://doi.org/10.1073/pnas.0704350104

Chase, J. M., Kraft, N. J. B,, Smith, K. G., Vellend, M., & Inouye, B. D.
(2011). Using null models to disentangle variation in community dis-
similarity from variation in a-diversity. Ecosphere, 2, 1-11.

Chase, J. M., & Myers, J. A. (2011). Disentangling the importance of eco-
logical niches from stochastic processes across scales. Philosophical
Transactions of the Royal Society B: Biological Sciences, 366,2351-2363.

de Juan, S., Thrush, S. F., & Hewitt, J. E. (2013). Counting on B-Diversity
to Safeguard the Resilience of Estuaries. PLoS ONE, 8, e65575.

DeNicola, D. M. (2000). A review of diatoms found in highly acidic envi-
ronments. Hydrobiologia, 433, 111-122.

Dong, X., Li, B., He, F,, Gu, Y., Sun, M., Zhang, H., ... Cai, Q. (2016). Flow
directionality, mountain barriers and functional traits determine dia-
tom metacommunity structuring of high mountain streams. Scientific
Reports, 6, 24711. https://doi.org/10.1038/srep24711

Fugére, V., Kasangaki, A., & Chapman, L. J. (2016). Land use changes in an
afrotropical biodiversity hotspot affect stream alpha and beta diver-
sity. Ecosphere, 7, 1-18. https://doi.org/10.1002/ecs2.1355

Furey, P. C.,, Lowe, R. L., & Johansen, J. R. (2011). Eunotia Ehrenberg
(Bacillariophyta) of the Great Smoky Mountains National Park, USA.
Bibliotheca Diatomologica, 56, 1-134.

Gutiérrez-Canovas, C., Millan, A., Velasco, J., Vaughan, . P., & Ormerod, S.
J. (2013). Contrasting effects of natural and anthropogenic stressors
on beta diversity in river organisms. Global Ecology and Biogeography,
22,796-805. https://doi.org/10.1111/geb.12060

Hawkins, C. P, Mykr3, H., Oksanen, J., & Vander Laan, J. J. (2015).
Environmental disturbance can increase beta diversity of stream
macroinvertebrate assemblages. Global Ecology and Biogeography, 24,
483-494. https://doi.org/10.1111/geb.12254

Heino, J., Grénroos, M., Soininen, J., Virtanen, R.,, & Muotka, T.
(2012). Context dependency and metacommunity structuring
in boreal headwater streams. Oikos, 121, 537-544. https://doi.
org/10.1111/j.1600-0706.2011.19715.x

Hervé, M. (2017). RVAideMemoire: Testing and Plotting Procedures for
Biostatistics. https://CRAN.R-project.org/package=RVAideMemoire.

Hirst, H., Chaud, F., Delabie, C., Jittner, I., & Ormerod, S. J. (2004).
Assessing the short-term response of stream diatoms to acid-
ity using inter-basin transplantations and chemical diffus-
ing substrates. Freshwater Biology, 49, 1072-1088. https://doi.
org/10.1111/j.1365-2427.2004.01242.x

Jamoneau, A., Passy, S. I., Soininen, J., Leboucher, T., & Tison-Rosebery,
J. (2018). Beta diversity of diatom species and ecological guilds:
Response to environmental and spatial mechanisms along the stream
watercourse. Freshwater Biology, 63, 62-73.

Kraft, N. J. B., Comita, L. S., Chase, J. M., Sanders, N. J., Swenson, N. G.,
Crist, T. O., ... Myers, J. A. (2011). Disentangling the drivers of  diver-
sity along latitudinal elevational gradients. Science, 333, 1755-1758.

Lamy, T., Legendre, P, Chancerelle, Y., Siu, G., & Claudet, J. (2015).
Understanding the spatio-temporal response of coral reef fish
communities to natural disturbances: Insights from beta-diversity
decomposition. PLoS ONE, 10, e0138696. https://doi.org/10.1371/
journal.pone.0138696

Lange-Bertalot, H., Bak, M., & Witkowski, A. (2011). Eunotia and some
related genera. In H. Lange-Bertalot (Ed.), Diatoms of Europe.
Diatoms of the European inland water and comparable habitats.
Volume 6, (pp. 1-747). Koenigstein, Germany: Gantner Verlag
Kommanditgesellschaft. A.R.G.

Diversity and Distributions

Larson, C. A., Adumatioge, L., & Passy, S. I. (2016). The number of limiting
resources in the environment controls the temporal diversity pat-
terns in the algal benthos. Microbial Ecology, 72, 64-69. https://doi.
org/10.1007/s00248-016-0741-9

Larson, C. A, & Passy, S. . (2013). Rates of species accumulation and tax-
onomic diversification during phototrophic biofilm development are
controlled by both nutrient supply and current velocity. Applied and
Environmental Microbiology, 79,2054-2060. https://doi.org/10.1128/
AEM.03788-12

Lawrence, G. B., Roy, K. M., Baldigo, B. P., Simonin, H. A., Capone, S. B,
Sutherland, J. W., ... Boylen, C. W. (2008). Chronic and episodic acid-
ification of Adirondack streams from acid rain in 2003-2005. Journal
of Environmental Quality, 37, 2264-2274. https://doi.org/10.2134/
jeq2008.0061

Lawrence, G. B., Sutherland, J. W., Boylen, C. W., Nierzwicki-Bauer, S.
W., Momen, B., Baldigo, B. P., & Simonin, H. A. (2007). Acid rain ef-
fects on aluminum mobilization clarified by inclusion of strong or-
ganic acids. Environmental Science and Technology, 41, 93-98. https://
doi.org/10.1021/es061437v

Leibold, M. A., Holyoak, M., Mouquet, N., Amarasekare, P., Chase, J. M.,
Hoopes, M. F,, ... Gonzalez, A. (2004). The metacommunity concept:
A framework for multi-scale community ecology. Ecology Letters, 7,
601-613. https://doi.org/10.1111/j.1461-0248.2004.00608.x

Liborio, R. A., & Tanaka, M. O. (2016). Does environmental disturbance
also influence within-stream beta diversity of macroinvertebrate
assemblages in tropical streams? Studies on Neotropical Fauna and
Environment, 51, 206-214. https://doi.org/10.1080/01650521.201
6.1237801

Mougquet, N., & Loreau, M. (2003). Community patterns in source-sink
metacommunities. The American Naturalist, 162, 544-557. https://
doi.org/10.1086/378857

Myers, J. A., Chase, J. M., Crandall, R. M., & Jiménez, . (2015). Disturbance
alters beta-diversity but not the relative importance of community
assembly mechanisms. Journal of Ecology, 103, 1291-1299. https://
doi.org/10.1111/1365-2745.12436

Mykra, H., Tolkkinen, M., & Heino, J. (2017). Environmental degradation
results in contrasting changes in the assembly processes of stream
bacterial and fungal communities. Oikos, 126, 1291-1298. https://
doi.org/10.1111/0ik.04133

Nierzwicki-Bauer, S. A., Boylen, C. W., Eichler, L. W., Harrison, J. P,
Sutherland, J. W., Shaw, W., ... Bukaveckas, P. (2010). Acidification in
the Adirondacks: Defining the biota in trophic levels of 30 chemically
diverse acid-impacted lakes. Environmental Science and Technology,
44,5721-5727. https://doi.org/10.1021/es1005626

Oksanen, J., Blanchet, F. G, Friendly, M., Kindt, R., Legendre, P., McGlinn,
D., ... Wagner, H. (2017). Vegan: Community Ecology Package (p. 2.4-
4.). R Package.

Passy, S. I, & Blanchet, F. G. (2007). Algal communities in human-
impacted stream  ecosystems suffer beta-diversity de-
cline. Diversity and Distributions, 13, 670-679. https://doi.
org/10.1111/j.1472-4642.2007.00361.x

Passy, S. I., & Bode, R. W. (2004). Diatom model affinity (DMA), a new
index for water quality assessment. Hydrobiologia, 524, 241-252.
https://doi.org/10.1023/B:HYDR.0000036143.60578.e0

Pither, J.,, & Aarssen, L. W. (2005). Environmental specialists:
Their prevalence and their influence on community-sim-
ilarity analyses. Ecology Letters, 8, 261-271. https://doi.
org/10.1111/j.1461-0248.2004.00718.x

Qian, H. (2009). Beta diversity in relation to dispersal ability for vascular
plants in North America. Global Ecology and Biogeography, 18, 327-
332. https://doi.org/10.1111/j.1466-8238.2009.00450.x

Siqueira, T, Lacerda, C. G. L. T,, & Saito, V. S. (2015). How does landscape
modification induce biological homogenization in tropical stream
metacommunities? Biotropica, 47, 509-516. https://doi.org/10.1111/
btp.12224


https://doi.org/10.1111/j.1466-8238.2009.00490.x
https://doi.org/10.1073/pnas.0704350104
https://doi.org/10.1038/srep24711
https://doi.org/10.1002/ecs2.1355
https://doi.org/10.1111/geb.12060
https://doi.org/10.1111/geb.12254
https://doi.org/10.1111/j.1600-0706.2011.19715.x
https://doi.org/10.1111/j.1600-0706.2011.19715.x
https://CRAN.R-project.org/package=RVAideMemoire
https://doi.org/10.1111/j.1365-2427.2004.01242.x
https://doi.org/10.1111/j.1365-2427.2004.01242.x
https://doi.org/10.1371/journal.pone.0138696
https://doi.org/10.1371/journal.pone.0138696
https://doi.org/10.1007/s00248-016-0741-9
https://doi.org/10.1007/s00248-016-0741-9
https://doi.org/10.1128/AEM.03788-12
https://doi.org/10.1128/AEM.03788-12
https://doi.org/10.2134/jeq2008.0061
https://doi.org/10.2134/jeq2008.0061
https://doi.org/10.1021/es061437v
https://doi.org/10.1021/es061437v
https://doi.org/10.1111/j.1461-0248.2004.00608.x
https://doi.org/10.1080/01650521.2016.1237801
https://doi.org/10.1080/01650521.2016.1237801
https://doi.org/10.1086/378857
https://doi.org/10.1086/378857
https://doi.org/10.1111/1365-2745.12436
https://doi.org/10.1111/1365-2745.12436
https://doi.org/10.1111/oik.04133
https://doi.org/10.1111/oik.04133
https://doi.org/10.1021/es1005626
https://doi.org/10.1111/j.1472-4642.2007.00361.x
https://doi.org/10.1111/j.1472-4642.2007.00361.x
https://doi.org/10.1023/B:HYDR.0000036143.60578.e0
https://doi.org/10.1111/j.1461-0248.2004.00718.x
https://doi.org/10.1111/j.1461-0248.2004.00718.x
https://doi.org/10.1111/j.1466-8238.2009.00450.x
https://doi.org/10.1111/btp.12224
https://doi.org/10.1111/btp.12224

POUND ET AL.

ﬂl—Wl | SA %G Diversity and Distributions

Socolar, J. B., Gilroy, J. J., Kunin, W. E., & Edwards, D. P. (2016). How
should beta-diversity inform biodiversity conservation? Trends
in Ecology and Evolution, 31, 67-80. https://doi.org/10.1016/j.
tree.2015.11.005

Soininen, J., Jamoneau, A., Rosebery, J., & Passy, S. |. (2016). Global pat-
terns and drivers of species and trait composition in diatoms. Global
Ecology and Biogeography, 25, 940-950. https://doi.org/10.1111/
geb.12452

Stegen, J. C., Freestone, A. L., Crist, T. O., Anderson, M. J.,, Chase, J. M.,
Comita, L. S., ... Vellend, M. (2013). Stochastic and deterministic
drivers of spatial and temporal turnover in breeding bird commu-
nities. Global Ecology and Biogeography, 22, 202-212. https://doi.
org/10.1111/j.1466-8238.2012.00780.x

Stockdale, A, Tipping, E., Fjellheim, A., Garmo, Y. A, Hildrew, A. G., Lofts,
S., ... Shilland, E. M. (2014). Recovery of macroinvertebrate species
richness in acidified upland waters assessed with a field toxicity
model. Ecological Indicators, 37, 341-350. https://doi.org/10.1016/j.
ecolind.2011.11.002

Sullivan, T. J. (2015). Air Pollutant Deposition and Its Effects on Natural
Resources in New York State. Ithaca, New York: Cornell University
Press.

Tuomisto, H. (2010a). A diversity of beta diversities: Straightening up a
concept gone awry. Part 1. Defining beta diversity as a function of
alpha and gamma diversity. Ecography, 33, 2-22.

Tuomisto, H. (2010b). A diversity of beta diversities: Straightening up a
concept gone awry. Part 2. Quantifying beta diversity and related
phenomena. Ecography, 33, 23-45.

Van Dam, H., Mertens, A., & Sinkeldam, J. (1994). A coded checklist
and ecological indicator values of freshwater diatoms from The
Netherlands. Netherlands Journal of Aquatic Ecology, 28, 117-133.
https://doi.org/10.1007/BF02334251

Van Dam, H., Suurmond, G., & ter Braak, C. (1981). The impact of
acidification on diatoms and chemistry of Dutch moorland pools.
Hydrobiologia, 83, 425-459. https://doi.org/10.1007/BF02187040

Van der Plas, F., Manning, P., Soliveres, S., Allan, E., Scherer-lorenzen,
M., Wirth, C., ... Verheyen, K. (2016). Biotic homogenization can
decrease landscape-scale forest multifunctionality. Proceedings
of the National Academy of Sciences, 113, 3557-3562. https://doi.
org/10.1073/pnas.1517903113

Vellend, M., Verheyen, K., Flinn, K. M., Jacquemyn, H., Kolb, A., Van
Calster, H., ... Hermy, M. (2007). Homogenization of forest plant
communities and weakening of species-environment relationships
via agricultural land use. Journal of Ecology, 95, 565-573. https://doi.
org/10.1111/j.1365-2745.2007.01233.x

Verleyen, E., Vyverman, W., Sterken, M., Hodgson, D. A., De Wever,
A., Juggins, S., ... Sabbe, K. (2009). The importance of disper-
sal related and local factors in shaping the taxonomic structure

of diatom metacommunities. Oikos, 118, 1239-1249. https://doi.
org/10.1111/j.1600-0706.2009.17575.x

BIOSKETCHES

Katrina Pound received her Ph.D. from the University of Texas at
Arlington, where she is currently a postdoctoral researcher. Her
research interests are in acid-impacted streams and processes

influencing biodiversity.

Gregory Lawrence obtained a Ph.D. in Civil Engineering at
Syracuse University after studying the effects of acid rain
and clearcutting on stream chemistry at the Hubbard Brook
Experimental Forest in New Hampshire. After 3 years as a re-
search professor at the University of Maine, Lawrence joined the
New York Water Science Center of the U.S. Geological Survey in

Troy, New York, where he has worked since.

Sophia Passy’s research explores the origins of species coex-
istence and abundance inequality across organismal groups in
aquatic ecosystems as well as the causes of acidification and its

consequences for stream algal communities.

Author contributions: S.I.P. and K.L.P. developed the ideas, K.L.P.
analyzed the data, G.B.L. designed the sampling scheme and col-
lected the samples, K.L.P. wrote the article with substantial input
by S.I.P.

SUPPORTING INFORMATION

Additional supporting information may be found online in the

Supporting Information section at the end of the article.

How to cite this article: Pound KL, Lawrence GB, Passy Sl.
Beta diversity response to stress severity and heterogeneity
in sensitive versus tolerant stream diatoms. Divers Distrib.
2019;25:374-384. https://doi.org/10.1111/ddi.12865



https://doi.org/10.1016/j.tree.2015.11.005
https://doi.org/10.1016/j.tree.2015.11.005
https://doi.org/10.1111/geb.12452
https://doi.org/10.1111/geb.12452
https://doi.org/10.1111/j.1466-8238.2012.00780.x
https://doi.org/10.1111/j.1466-8238.2012.00780.x
https://doi.org/10.1016/j.ecolind.2011.11.002
https://doi.org/10.1016/j.ecolind.2011.11.002
https://doi.org/10.1007/BF02334251
https://doi.org/10.1007/BF02187040
https://doi.org/10.1073/pnas.1517903113
https://doi.org/10.1073/pnas.1517903113
https://doi.org/10.1111/j.1365-2745.2007.01233.x
https://doi.org/10.1111/j.1365-2745.2007.01233.x
https://doi.org/10.1111/j.1600-0706.2009.17575.x
https://doi.org/10.1111/j.1600-0706.2009.17575.x
https://doi.org/10.1111/ddi.12865

1.0

Fragilariforma virescens
sio, ®

Tabellaria quadriseptata

' E‘unoﬁa bilunaris

/ Eunotia trinacria Al

®
Eunotia cisalpina  |PH Achnanthidium minutissimum

\\RDA2(¢9%)

Meridion circulare
Navicula cryptocephala
Gomphonema angustatum

Q
5

-1.0 | 1.0
RDA 1 (7.4%)

Appendix S1. Redundancy analysis (RDA) ordination of the dominant environmental gradients

and selected species from the 323 stream samples from which the four categories were formed.
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Appendix S2. Visual portrayal of how the streams were selected for the four groups, i.e. high
heterogeneity in March (HHwmar), high stress in March (HSwar), high heterogeneity in August

(HHaug), and high stress in August (HSaug). In both boxes a and b, the red rows represent



streams placed in the HH groups, while the clear rows represent streams selected for the HSyar
and LSaug groups, respectively. a) Selection of the March streams for the HSyar and HHwar
groups. The left column represents the March streams prior to selection, ordered by increasing
pH. Fifty streams were randomly selected for the HSwar group from the 75 most acidified
streams in March. The remaining 25 most acidified streams were then combined with the 25
least acidified streams to form the HHwar group. b) Selection of the August streams for the LSayg
and HHayg groups. The left column represents the August streams prior to selection, ordered by
increasing pH. Fifty streams were randomly selected for the LSayg group from the 75 least
acidified streams in August. The remaining 25 least acidified streams were then combined with

the 25 most acidified streams to form the HHayg group.
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Appendix S3. Redundancy analysis (RDA) ordination of the dominant environmental variables

and selected species in the 200 samples from the four groups.
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Individual 1 | Species A | Sample 1

Individual 2 | Species C | Sample 1

Individual 3 | Species E | Sample 1
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Calculate Observed 3 on Subsample:
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Calculate Null B:
Brui =1 - aly
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Individual 5| Species E | Sample 2 Select 50% of samples | |Individual 2 | Species C | Sample 1 Shuffle Individuals Across Subsamples | | Individual 12| Species D | Sample 1
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Step 2 Step 3 Step 4 Step 5
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Calculate Bgeviation:

recalculate B, 999 times
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Repeat Subsampling and

Previous Steps 999 Times

Use Permutational ANOVA to Test for
Differences in Bygyiation AMong Groups

Appendix S4. Schematic figure showing the steps of the null model analysis after Kraft et al. (2011). Step 1: 50% of the samples

were taken from the original dataset and Bobserved Was calculated. Step 2: Individuals were shuffled among the samples and Bnuiwas

calculated 999 times. Step 3: Calculate Bgeviation @s the difference between Bosserveds @and mean Brui, divided by the standard deviation of

Brui. Step 4: Repeat the subsampling and previous steps 999 times. Step 5: Use Permutational ANOVA to test for differences in

Bdeviation @MONQ groups.
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Appendix S5, a-f. Principal Coordinate Analyses (PCoA) of resemblance matrices of the four groups of streams, using Bray-Curtis
(top row) and Jaccard (bottom row) dissimilarity of all species (a and d), sensitive species (b and e), and tolerant species (c and f).
The p-values indicate the omnibus statistic for the permutation test of multivariate dispersion (PERMDISP). Underneath each plot,
the stream groups are listed in order of descending value of mean dissimilarity (i.e., beta diversity). Underlined groups were not
statistically different in the Tukey’s post hoc pairwise comparisons. For the sensitive and tolerant species analyses, samples with
abundance of zero across all species were necessarily removed prior to the analysis (e.g., n = 49 samples for the HHwma- group in b, c,

e, and f and n = 46 samples for the HSwuar group in b and e). All other groups had n = 50 samples across all analyses.
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