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Abstract

Despite many studies showing biodiversity responses to warming, the generality
of such responses across taxonomic groups remains unclear. Very few studies have
tested for evidence of bryophyte community responses to warming, even though
bryophytes are major contributors to diversity and functioning in many ecosystems.
Here, we report an empirical study comparing long-term change in bryophyte and
vascular plant communities in two sites with contrasting long-term warming trends,
using “legacy” botanical records as a baseline for comparison with contemporary re-
surveys. We hypothesized that ecological changes would be greater in sites with a
stronger warming trend and that vascular plant communities, with narrower climatic
niches, would be more sensitive than bryophyte communities to climate warming.
For each taxonomic group in each site, we quantified the magnitude of changes in
species' distributions along the elevation gradient, species richness, and community
composition. We found contrasted temporal changes in bryophyte vs. vascular plant
communities, which only partially supported the warming hypothesis. In the area with
a stronger warming trend, we found a significant increase in local diversity and dis-
similarity (p-diversity) for vascular plants, but not for bryophytes. Presence-absence
data did not provide sufficient power to detect elevational shifts in species distribu-
tions. The patterns observed for bryophytes are in accordance with recent literature
showing that local diversity can remain unchanged despite strong changes in compo-
sition. Regardless of whether one taxon is systematically more or less sensitive to en-
vironmental change than another, our results suggest that vascular plants cannot be
used as a surrogate for bryophytes in terms of predicting the nature and magnitude of
responses to warming. Thus, to assess overall biodiversity responses to global change,
abundance data from different taxonomic groups and different community properties

need to be synthesized.
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TAXONOMY CLASSIFICATION

Biodiversity ecology

1 | INTRODUCTION

Ecological impacts of global changes on biodiversity can take many
different forms (McGill, Dornelas, Gotelli, & Magurran, 2015; Vellend
et al,, 2017). In the context of climate warming, montane ecosys-
tems have received considerable attention due to clear predictions
of changes in species' distributions (upslope shifts) and community
composition (favoring warm-adapted species) along elevation gra-
dients. The many studies to date have focused on relatively few
taxonomic groups, in particular vascular plants, invertebrates and
vertebrates (Chen, Hill, Ohlemdiller, Roy, & Thomas, 2011; Lenoir,
Gégout, Marquet, de Ruffray, & Brisse, 2008; Pauli et al., 2012;
Rumpf et al., 2018, 2019; Stockli et al., 2012), and there is now a
need for more exhaustive multi-taxonomic syntheses (Lenoir
et al., 2020; Lenoir & Svenning, 2015). The few studies of bryophyte
responses to climate warming suggest that results might be differ-
ent than those for vascular plants (Becker-Scarpitta et al., 2017,
Bergamini, Ungricht, & Hofmann, 2009; Hudson & Henry, 2010;
Raabe et al., 2010; Vanneste et al., 2017; Walker et al., 2006).

Understanding variation among taxonomic groups in their re-
sponses to environmental change, including climate, is crucial for
identifying priorities in conservation. However, the spatial variabil-
ity of climate change complicates comparisons between studies of
different taxa in different regions, and it is difficult to predict a priori
differences between taxonomic groups. Thus, our knowledge is lim-
ited in identifying the taxonomic groups most sensitive to change in
environmental conditions and, therefore, most in need of conser-
vation action. We operationally define “sensitivity” here as respon-
siveness: that is, the degree to which a given community property
changes in the face of change in environmental conditions.

To assess long-term responses of ecological communities to
climate change, “legacy” ecological records have been used to
provide baselines for comparison with contemporary resurveys
(Chytry, Tichy, Hennekens, & Schaminée, 2014; Hédl, Bernhardt-
Rémermann, Grytnes, Jurasinski, & Ewald, 2017; Vellend, Brown,
Kharouba, McCune, & Myers-Smith, 2013; Verheyen et al., 2017).
However, historical botanical studies are strongly biased toward
vascular plants, with few data on bryophytes, due in part to the dif-
ficulty of identification (Gignac, 2001; He et al., 2016; Méls, Vellak,
Vellak, & Ingerpuu, 2013) (Becker-Scarpitta et al., 2017; Bergamini
et al., 2009; Delgado & Ederra, 2013; Outhwaite, Gregory, Chandler,
Collen, & Isaac, 2020; Vanneste et al., 2017). This is despite the fact
that bryophytes are significant contributors to diversity in many tem-
perate ecosystems and a major component of the vegetation cover
in boreal or alpine ecosystems (Lewis et al., 2017). Bryophytes play
a crucial role in ecosystem functions, such as biomass accumulation,
water retention, nutrient cycling, and food web dynamics (Lindo &
Gonzalez, 2010; Patifio & Vanderpoorten, 2018; Rydin, 2008; Tuba
et al., 2011; Turetsky, 2003).

For several reasons, we might expect vascular plants and bryo-
phytes to show different responses to various sources of environ-
mental change (Bagella, 2014; Becker-Scarpitta et al., 2017; Lee &
La Roi, 1979; Mols et al., 2013; Vanneste et al., 2017). Compared
with vascular plants, bryophytes are distinguished by their small size,
high sensitivity to the moisture and chemistry of their immediate mi-
croenvironment (i.e., they are poikilohydric), lower temperature op-
tima for growth, absence of roots and an efficient vascular system,
and dispersal via spores (Glime, 2007). These two groups can show
contrasted spatial patterns of diversity (Lalanne, Bardat, Lalanne-
Amara, Gautrot, & Ponge, 2008; Mateo et al., 2016). For instance,
vascular plants show a clear latitudinal diversity gradient of decreas-
ing species richness with increasing latitude, while this is not true
for bryophytes, for which temperate latitudes are equally diverse as
tropical latitudes (Geffert, Frahm, Barthlott, & Mutke, 2013; Mateo
et al., 2016). Some studies have also observed different patterns of
community B-diversity (Kraft et al., 2011; Mateo et al., 2016) with
vascular plant communities sometimes showing higher p-diversity
along elevation gradients than bryophytes, suggesting a broader tol-
erance of bryophyte species to temperature (Glime, 2013; Lee & La
Roi, 1979; Vanneste et al., 2017; Vittoz et al., 2010) or differences in
dispersal ability (Lenoir et al., 2012).

General predictions for the effects of warming on vascular plants
include declines in the abundance of cold-adapted species, an up-
ward expansion of elevational range limits for warm-adapted spe-
cies (Rumpf et al., 2018), and an increase of local species richness in
area without water stress (Harrison, 2020; Steinbauer et al., 2018;
Vellend, Dornelas, et al., 2017). Compared with vascular plants, some
studies have suggested that changes in bryophyte communities
are more strongly influenced by stochastic processes or by micro-
environmental variation than macro-environmental conditions
(Fenton & Bergeron, 2013; Pharo & Vitt, 2000; Raabe et al., 2010).
Because bryophytes have wider temperature tolerances and higher
affinities to micro-environmental than to macro-environmental con-
ditions, we might expect bryophytes to show lower sensitivity to
warming than vascular plants. The consequences of warming for -
diversity are more difficult to predict given a paucity of studies on this
topic (Socolar et al., 2016) (Nascimbene & Spitale, 2017). However,
numerical simulations show that species with high dispersal capacity
will be favored in areas experiencing strong environmental changes,
in which case we might predict a decrease of -diversity (Mouquet &
Loreau, 2003) and thus biotic homogenization, at least temporarily
(Clavel, Julliard, & Devictor, 2011).

As in many parts of the world, eastern Canada has shown a gen-
eral warming trend over the past ~50years, but with a strong east-
west gradient in the magnitude of warming in the province of Québec
(Yagouti et al., 2008). Becker-Scarpitta, Vissault, and Vellend (2019)
showed that the magnitude of temporal changes in vascular plant
communities in three protected areas generally increased from east
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to west in southern Québec, with greater changes in community
composition in areas of stronger warming in the last four decades.
For two of these three parks, both mountainous, the historical data
also included bryophytes, thus presenting an opportunity to test for
differential sensitivity among taxonomic groups to warming. Forillon
National Park is located at the eastern tip of the province of Québec
where warming has been less pronounced than in Mont-Mégantic
Provincial Park, which is in central Québec where the warming trend
has been greater (Yagouti et al., 2008; Supplementary material S1).
Parc Forillon has experienced an increase of 0.12°C+0.010°C/de-
cade, while at Megantic the increase per decade is almost twice as
strong: 0.20°C+0.014°C/decade.

Here, we report one of the first studies comparing long-term
change in bryophytes and vascular plant communities in sites with
contrasting long-term warming trends. In each of the two parks, we
revisited ~50 legacy vegetation plots initially surveyed in the 1970s,
applying the same methods as the original surveys. To minimize po-
tentially confounding factors, plots were selected in mature forest
ecosystems that have not experienced major natural or anthropo-
genic disturbances during the time between surveys. We test two
main hypotheses: (i) For both bryophytes and vascular plants, the
park with a stronger warming trend (Mont-Mégantic) has experi-
enced greater long-term community changes than the park with a
weaker warming trend (Forillon); (ii) vascular plant communities are
more sensitive than bryophyte communities to climate warming. For
each taxonomic group in each park, we quantified the magnitude of
changes in (a) species' distributions along the elevation gradient, (b)
species richness (alpha-diversity), and (c) community composition.
Note that these predictions were already tested for vascular plants
in Becker-Scarpitta et al. (2019), to which we add data for bryo-
phytes in this paper.

2 | METHODS

2.1 | Studysite

Our two study sites were located in eastern Canada: Forillon
National Park in eastern Québec (48°54’'N, 64°21'W), and Mont-
Mégantic Provincial Park in central Québec (45°27'N, 71°9'W).
Neither park has experienced logging or forest management over
the last ~40years. Forillon National Park was created in 1970 and
covers 245km?; our study plots ranged in elevation from ~50 to
500ma.s.l. The vegetation at Forillon is dominated by a mixture of
northern tree species such as Abies balsamea (L.) Mill., Picea glauca
(Moench) Voss and Betula papyrifera Marsh. at higher elevations,
and Acer saccharum Marsh. and Betula alleghaniensis Britt. at lower
elevations (Majcen, 1981). Mont-Mégantic Provincial Park was cre-
ated in 1994 (logging ceased in the 1960s during park planning) and
covers ~55km?. Our study plots span an elevational gradient from
~460 and 1100ma.s.l., along which the vegetation gradient strongly
resembles that in Parc Forillon: from temperate deciduous forests
dominated by Acer saccharum., Fagus grandifolia Ehrh. and Betula al-
leghaniensis, to boreal forest dominated by Abies balsamea, and Picea
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rubens Sargent, Silva. (Marcotte & Grandtner, 1974). Given individual
organisms that can live for decades, we expect considerable time
lags between climate change and community-level responses. As
such, we focus on climate change over a period of time offset from
our vegetation surveys by 5-10years (1960-2005), which aligns
with a previous study showing a sharp warming gradient in the re-
gion (Yagouti et al., 2008). Average temperatures at Mont-Mégantic
show an increase of ~0.90°C between 1960 and 2005 while at
Forillon the estimated increase is about ~0.55°C for the same period

(Supplementary Material S1).

2.2 | Dataset

Original vegetation surveys at both sites were conducted using phy-
tosociological methods (Majcen, 1981; Marcotte & Grandtner, 1974).
In each plot, the authors listed all species in different strata (can-
opy trees, shrubs, herbs, and ground bryophytes) and each species
was assigned an abundance coefficient following Braun-Blanquet
et al. (1952). For vascular plants, our analyses focused on shrubs and
herbs, which were combined into a single “understorey” stratum. All
bryophyte species that were found on the ground were recorded
(i.e., on organic litter and soil surface mineral layers, not including
obvious deadwood, tree trunks and rocks); these surveys did not in-
volve intensive searches for individual stems of rare species within
moss carpets (i.e., some locally rare species were missed). After con-
sulting with botanists active in Québec in the 1960s and 1970s (C.
Ansseau, Z. Majcen, personal communication, 2014), there remained
uncertainty in the definition of the area over which percent cover
was evaluated for bryophytes (microhabitats vs. entire plots). Thus,
we are not confident in comparing Braun-Blanquet indices across
time for bryophytes, as was done for vascular plants in Becker-
Scarpitta et al. (2019). To maximize comparability across time and
taxonomic groups, we used presence-absence data for both vascu-
lar and bryophyte species in all statistical analyses.

Our approach to plot relocation is described in Becker-Scarpitta
et al. (2019). In short, original survey plots were not permanently
marked, although locations were reported in maps and/or tables,
such that plots are considered “semi-permanent.” In both parks, orig-
inal surveyors sampled mature forests where spatial heterogeneity
was relatively low. We selected plot locations for recent surveys
using original plot maps and environmental descriptions (elevation,
slope, and aspect), and observations in the field to maximize the
match of current and historical abiotic conditions. In Mont-Mégantic,
recent surveys included all plots within the current park boundary.
Not all plot locations in Forillon were accessible, and plot selection
for the recent surveys used the following criteria: (i) plots occurred
in forest, excluding swamps or bogs; (ii) plots were accessible via
<3-4h hiking off of established trails; (iii) plots had not obviously
experienced major recent natural disturbances (e.g., storm, fire, or
insect outbreak); (iv) in the original survey the plots were sampled in
mature stands that have since maintained forest cover (i.e., no early
successional dynamics in the intervening period) (Becker-Scarpitta
etal., 2019).
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Original surveys in Forillon Park were conducted in June-
September 1972 in 256 vegetation plots of 500 m? (Majcen, 1981).
We resurveyed a subset of 49 plots during July and August of 2015.
Original surveys at Mont-Mégantic were conducted in 1970 in 94
plots, roughly half of which fall outside the current park boundaries.
Plots were 400m? in coniferous forest and 800m? in broadleaved
forests (Marcotte & Grandtner, 1974). We resurveyed a subset of
48 plots falling within the current park limits at Mont-Mégantic
for vascular plants in 2012 (Becker-Scarpitta et al., 2019) and for
bryophytes during June and July 2014 (reported in the present
study). Only the plots surveyed at both time periods were used in
analyses. We harmonized the taxonomy across both parks and pe-
riods (see below), so the Mont-Mégantic data are not precisely the
same as reported in Savage and Vellend (2015), but they are exactly
the same as in Becker-Scarpitta et al. (2019) except transformed
into presence-absence and subsetted to keep only species with at
least two occurrences (see below). Raw data are stored in the for-
estREplot database (http://www.forestreplot.ugent.be) under the
code: N_AM_005 for Mont-Mégantic and N_AM_008 for Forillon.

2.3 | Taxonomical database

Our taxonomical reference was the Taxonomic Name Resolution
Service v4.0 (assessed in Feb 2017: http://tnrs.iplantcollabora
tive.org) for vascular plants and Flore des bryophytes du Québec-
Labrador (Faubert, 2012, 2013, 2014) for bryophytes.

Our data set was collected by four different survey teams: one
for each of the two original surveys: Forillon: (Majcen, 1981); Mont-
Mégantic: (Marcotte & Grandtner, 1974); one for the recent Mont-
Mégantic vascular plant survey:(Savage & Vellend, 2015); and one
for the recent Mont-Mégantic bryophyte survey and for the recent
survey of both taxonomic groups at Forillon (A. Becker-Scarpitta
and assistants). Most plants were identified to the species level in
the same way across surveys, so for these species the only harmo-
nization step was to standardize names. Coarser levels of taxonomic
resolution were used in some but not all surveys for certain spe-
cies (e.g., a pair of similar species not identified to the species level),
and for other species (e.g., spring ephemeral species) the timing of
different surveys created doubt about the likelihood of comparable
detection. In these situations, comparability was maximized by using
the coarser level of resolution applied to all data sets, or by remov-
ing species (see Supplementary Material S2 for details on taxonomic
standardization). All specimens identified at the species level were
deposited in the Marie-Victorin herbarium (Université de Montréal,
Canada.), and all locations were entered into the GBIF database
(GBIF - https://www.gbif.org/).

2.4 | Statistical analysis

To minimize the effect of potential bias due to uncertain spe-
cies identification or very rare species, all statistical analyses used

presence-absence data for the subset of species with at least two
occurrences in each time period for each park.

First, to test for upward elevational shifts in species distributions
along the elevational gradients, we calculated the mean elevation
across occurrences for each species (Z), in each park, at each time.
We modeled main effects and two- and three-way interactions be-
tween park (P), time (Y), and taxonomic group (T), each as a categor-
ical variable. We thus tested for upward elevational shifts in species
distributions, and how these shifts depend on park and taxonomic

group. The model was given by:

Z=(py+bg,+bpan) +BoP+ BT +p4Y +Ps(P.T)
+Bs(P.Y)+p7(T.Y)+Bg(P.T.Y)+e

Where Z is the mean species elevation, p,_g are parameters to be
estimated, by, and b, are random intercepts accounting for the
effect of species and park, and ¢ is the model residuals assumed
to be normally distributed and independent. Following our first
hypothesis, we expected the temporal change at Mégantic to be
stronger than at Forillon (significant g, parameter). The second
hypothesis predicted vascular plants to be more sensitive than
bryophytes (significant 4, parameter). All other terms of the model
that are not part of our hypotheses ensure accurate estimation of
other parameters in the model. Second, we used the exact same
model structure and hypotheses to analyze temporal trends of o-
diversity of both bryophytes and vascular plants in the two parks.
All linear mixed effect models were conducted in R, with the
function Imer, package “Ime4” v.1.1-14, (Bates, Machler, Bolker, &
Walker, 2015).

Third, we tested for temporal changes in community composi-
tion using two frameworks. In one framework, we first tested the
multivariate homogeneity of group dispersions—that is, a multivari-
ate B-diversity metric, a measure of dissimilarity—using the Jaccard
dissimilarity index (PERMDISP, function betadisper, package “vegan”
v.2.4-4; [Anderson, Ellingsen, & McArdle, 2006]). Then, we quan-
tified the change in community composition over time using a per-
mutational analysis of variance: PERMANOVA (Anderson, 2001)
with Jaccard distances using 999 permutations to (functions adonis,
package “vegan,” and pairwise.adonis, package “pairwiseAdonis”). We
first tested the significance of the three-way interaction (park * tax-
onomic group * time) in a full model (F = 4.45, p <.01), and second,
we ran separate models for each combination of taxonomic group
and park. The R? values computed from these separate PERMANOVA
models were used to compare the magnitude of temporal change be-
tween groups. We used non-metric multidimensional scaling (nMDS)
with Jaccard distances for visualization (function metaMDS, package
“vegan”).

In a second framework, to focus on the temporal component
of change in species composition, we calculated for each plot the
temporal pairwise p-diversity using the binary Jaccard dissim-
ilarity index (for presence-absence data) between original and
recent surveys (function beta.temp, package “betapart” v.1.5.2,
Baselga & Orme, 2012). This framework allowed us to decompose
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the Jaccard dissimilarity into turnover (i.e., species replacement
between plots) and nestedness (i.e., species loss between plots)
(Baselga, 2010).

As a complementary analysis, we identified for each park sep-
arately the indicator species that characterized each period using
the IndVal procedure (function multipatt, package “indicspecies”; De
Caceres et al., 2010). The function quantifies and tests the strength
of the relationship between species occurrences and abundance
and groups of sites. To determine whether a species is associated
with a group of sites, a statistical test should be performed to eval-
uate the null hypothesis that this relationship does not exist. The
null hypothesis, a species that was observed at a site belonging to
the target site group, is only due to chance. All statistical analyses
were performed in Rv.3.4.2 (R Foundation for Statistical Computing
2018).
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3 | RESULTS
3.1 | Species distributions along elevation
gradients

Among the four taxonomic group-site combinations, we failed to de-
tect any significant upward shifts in mean species elevations over
time—that is, none of the main effects or interaction terms including
time were significant (Table 1a). It is important to note that patterns
reported here are not quantitatively the same as in Becker-Scarpitta
et al. (2019), who reported upward elevational shifts of vascular
plants at Mont Mégantic based on abundance-weighted mean el-
evations. The difference in this paper is the use of presence-absence
data, in addition to our selection of a subset of species with at least

two occurrences per survey.

TABLE 1 Analyses of temporal changes in (a) mean species elevation, and (b) species richness

Parameters
(a) Mean species elevation
Intercept (Forillon, bryo, t0) pl
park (Mégantic) p2
group_taxo (Vascular) g3
time (t1) p4
park (Mégantic) * group_taxo (Vascular) B5
park (Mégantic) * time (t1) B6
group_taxo (Vascular) * time (t1) p7

park (Mégantic) * group_taxo (Vascular) * time (t1)  p8

Random effects

Variance .4 coecies bpark, bsp
Variance residual
Marginal R?/Conditional R?

(b) Species richness
Intercept (Forillon, bryo, t0) p1
park (Mégantic) g2
group_taxo (Vascular) p3
time (t1) g4
park (Mégantic) * group_taxo (Vascular) B5
park (Mégantic) * time (t1) g6
group_taxo (Vascular) * time (t1) p7

park (Mégantic) * group_taxo (Vascular) *time (t1) £8
Random Effects

Variance bpark, bplot

park:plot
Variance residual

Marginal R?/Conditional R?

Estimates Cl p df
189.28 156.35,222.22 <.001 216.20
504.98 461.29,548.67 <.001 216.20
-8.94 -48.63,30.75 .658 216.20
1.50 -28.33,31.33 921 146.00
-65.38 -117.55,-13.21 .014 216.20
-23.48 -63.05, 16.09 .243 146.00
9.67 -26.28,45.61 .596 146.00
28.14 -19.11, 75.39 .241 146.00
3141.17

2163.68

0.905/0.961

5.00 3.28,6.73 <.001 348.96
0.28 -2.16,2.72 .820 354.45
12.83 10.61, 15.05 <.001 275.14
0.89 -1.34,3.12 431 273.75
2.67 -0.49,5.83 .098 287.09
-1.07 -4.20,2.07 .504 276.07
-2.81 -5.95,0.33 .079 273.75
8.75 4.33,13.18 <.001 27491
6.13

30.18

0.639/0.700

Note: For both models, parameter estimates + credible intervals (Cl) are reported from linear mixed models. The baseline condition (Intercept) against
which effects are tested was bryophytes at Parc Forillon in the initial survey. Marginal R?’m measures the proportion of variance explained by fixed
effects, that is, time, park, and taxonomic group; Conditional R? gives the proportion of variance explained by both fixed and random effects. Names
in parentheses refer to the level of the variable tested. In categorical models, the Intercept is the reference level used to test the effect of other

variables. Bold values indicate statistically significant differences (p <.05).
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Despite the lack of trends in mean species elevation for bryo-
phytes, there was substantial variation among species, more than for
vascular plants (Table 1a, Figure 1). This observation is reflected in
the strength of correlations between original and recent mean spe-
cies elevations, which was lower for bryophytes (Forillon Pearson r
correlation = 0.33; Mont-Mégantic r = 0.61) than for vascular plants

(a) Bryophytes

c
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n A 7N A
2 A 27
@ A
] A A
2 500
=
©
[0}
£ 2507
@ ' ' ® Forillon
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(b) Vascular plants

c
S 10001
[}
>
<@
® 7501 4
[0}
8 -
A
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3 o
o
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FIGURE 1 Mean elevations of species' distributions in two
time periods and two parks. (a) Bryophytes, Forillon = 19 species,
Mégantic = 25 species); (b) Vascular plants, Forillon = 42 species,
Mégantic = 64 species. All species present in both the original and
recent surveys were included. Diagonal lines indicate 1:1 (i.e., no
changes over time). See Table 1a for statistical analysis.

(Forillon r = 0.52; Mont-Mégantic r = 0.73; see Supplementary
Material S3 for mean elevations and sums of occurrences for each

species in each survey).

3.2 | Temporal changes in species richness

At Forillon, the total number of bryophyte species across plots was
greater in the recent survey (38 species) than in the original survey
(25 species); 6 species from the original survey were not found while
19 new species were observed, and the two surveys shared 19 spe-
cies (Supplementary material S3 for species occurrences). Similarly,
at Mont-Mégantic, there was an increase in the overall number of
bryophytes species in the recent survey (original survey = 31 vs. re-
cent = 39 species), with 6 species lost, 14 gained, while 25 species
were shared between the two surveys.

Conversely, the total number of vascular plants at Forillon
declined over time (original survey = 64 vs. recent = 44 spe-
cies), with 22 original species not found in the recent survey, 2
new species added and 42 shared species. At Mont-Mégantic,
the total number of vascular plant species increased (from 72
species to 77 species), with 8 species lost, 13 gained, and 64
shared species.

We detected a significant increase in mean plot-level species
richness (a-diversity) only for vascular plants at Mont-Mégantic
(Table 1b). For bryophytes in both parks, and for vascular plants at

Forillon a-diversity showed no changes over time (Table 1b).

3.3 | Temporal shift in community composition and
heterogeneity

We found significant temporal changes in vascular plant 3-diversity
and community composition at Mont-Mégantic (Table 2, Figure 2),
where climate warming has been pronounced, as previously re-
ported (Becker-Scarpitta et al., 2019). However, we found an unex-
pected significant increase in multivariate dispersion (B-diversity)
over the past 40years for bryophytes at Forillon but not at Mont-
Mégantic (Table 2, Figure 2).

TABLE 2 Temporal changes in B-diversity (dissimilarity) and community composition

p-diversity Composition Temporal beta diversity
Original Recent p F p.adj R? Jaccard Turnover (%) Nestedness (%)
Bryophytes
Forillon 0.53 0.58 .015 6.93 0.006 0.070 0.80 +0.02 85.5% 14.5%
Megantic 0.61 0.60 .93 7.64 0.006 0.074 0.89 +£0.02 96.4% 3.6%
Vascular plants
Forillon 0.45 0.43 .80 1.86 0.126 0.019 0.52 +0.02 69.9% 29.9%
Megantic 0.50 0.43 .004 3.60 0.024 0.037 0.53 +0.02 70.8% 29.2%

Note: B-diversity was measured as the multivariate distance of plots to the time-specific centroid in multivariate space. The R? of the shift in
community composition reflects the proportion of variation in community composition explained by time. Jaccard temporal B-diversity values are
decomposed into turnover and nestedness between original and recent surveys. Bold values indicate significant statistical differences p <.05.
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FIGURE 2 Temporal changes in (a) bryophyte and (b) vascular
plants community composition over time in Forillon and Mont-
Mégantic, based on Jaccard's dissimilarity and non-metric
multidimensional scaling (NMDS). At both sites, bryophytes showed
significant shifts in composition over time and a significant increase
in B-diversity. For vascular plants, significant shifts in community
composition and a significant decrease in -diversity were found at
Mont Mégantic but not Forillon (Table 2).

For both sites, we found significant temporal shifts in bryophyte
community composition; for vascular plants, there was a significant
compositional change only at Mont-Mégantic (Table 2, Figure 2). As
predicted, the magnitude of the vascular plant compositional shift
was greater for Mont-Mégantic (R? =0.037) than Forillon (R* =0.019).
However, bryophyte communities experienced an equal magnitude
of compositional shift for both Forillon and Mont-Mégantic (R?=0.07
and 0.074, respectively). Moreover, compositional shifts were greater
for bryophytes than for vascular plants at both sites (Table 2).

Temporal B-diversity showed contrasted patterns between taxo-
nomic groups. Jaccard dissimilarity between original and recent sur-
veys was higher for bryophytes than for vascular plants. The greater
change in temporal p-diversity for bryophytes in the two parks is
consistent with the PERMANOVA results for changes in commu-
nity composition. For all combinations of taxonomic groups and
parks, species turnover contributed more than nestedness to overall
changes. However, nestedness was considerably higher for vascular
plants than for bryophytes (Table 2). In support of the p-diversity
analysis, Table 3 shows the indicator species that characterized each
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TABLE 3 Indicator species of bryophytes and vascular plants
associated with original and recent surveys at Forillon and
Mont-Mégantic

Bryophytes Statistic p Value
Forillon, original
Dicranum fuscescens 0.74 .001***
Forillon, recent
Dicranum montanum 0.625 .002**
Dicranum polysetum 0.554 .001***
Brachythecium campestre 0.484 .001***
Pseudoleskeella tectorum 0.413 .009**
Plagiochila porelloides 0.357 .026*
Mégantic, original
Brotherella recurvans 0.729 .001***
Dicranum fuscescens 0.639 .001***
Paraleucobryum longifolium 0.531 .001***
Hypnum pallescens 0.484 .001***
Bryhnia novae-angliae 0.438 .035*
Brachythecium reflexum 0.386 .006**
Mégantic, recent
Atrichum altecristatum 0.600 .001***
Hylocomiastrum umbratum 0.543 .003**
Dicranum polysetum 0.447 .002**
Hypnum curvifolium 0.447 .001***
Vascular plants Statistic p Value
Forillon, original
Mitella nuda 0.497 .008**
Lycopodium annotinum 0.479 .002**
Galium triflorum 0.476 .021*
Moneses uniflora 0.447 .029*
Carex arctata 0.382 .012*
Epilobium angustifolium 0.354 .031*
Forillon, recent
Sambucus racemosa 0.476 .011*
Epipactis helleborine 0.433 .003 **
Mégantic, original
Osmunda claytoniana 0.433 .004**
Botrychium virginianum 0.408 .006**
Mégantic, recent
Dennstaedtia punctilobula 0.677 .001***
Carex arctata 0.594 .001***
Carex deweyana 0.520 .001***
Circaea alpina 0.476 .017*
Osmundastrum cinnamomeum 0.424 .049*
Epipactis helleborine 0.408 .007**
Galeopsis tetrahit 0.408 .008**
Lycopodium annotinum 0.354 .030*
Habenaria sp 0.354 .025*

Note: Indicator values were considered significant if p <.05 (calculated
with 999 permutations).
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time period in each park. All combinations of park and time show a
complete change in the indicator species assemblage. Even in the
absence of dissimilarity change for bryophytes at Mégantic or for
vascular plants at Forillon, we detected changes in certain species
frequencies. Several species associated with recent time periods
suggest possible non-climatic drivers of community change (e.g.,
Dennstaedtia punctilobula and Carex spp. are resistant to deer her-

bivory), a point we develop further in the discussion.

4 | DISCUSSION

Most long-term legacy studies have been conducted on vascular
plant communities (Verheyen et al., 2017), so it remains unclear
whether bryophytes show similar or different responses to climate
and other environmental changes. Here, we quantified community
changes over ~40years for both bryophytes and vascular plants in
two protected natural areas in eastern Canada with contrasting re-
cent warming trends. Temporal changes in vascular plant communi-
ties contrasted with the warming hypothesis. As predicted for the
area with a strong warming trend (Mont-Mégantic), we found a sig-
nificant increase in local diversity of vascular plants but no change
for bryophytes (Table 1b), and a stronger change in B-diversity
and community composition for vascular plans as well (Table 2).
However, we did not detect any shift in species distributions along
the elevation gradient (Table 1a, Figure 1) and the higher magnitude
of changes in bryophyte community composition at both sites was

not expected (Table 2, Figure 2).

4.1 | Patterns along the gradient of warming trends
At Mont-Mégantic, where the warming trend has been strongest,
we found a significant increase in a-diversity (Table 1b), a signifi-
cant decrease in p-diversity, and a stronger shift in community com-
position than in Forillon (Table 2, Figure 2). At Forillon, where the
regional warming trend has been weaker, we found neither shifts
in elevational distributions (Table 1a, Figure 1) nor changes in a-
diversity for either vascular plants or bryophytes (Table 1a). The
lack of upward shift in elevation of vascular plants in response to
warming is clearly explained by the use of presence/absence data
and contrasts with our previous results using abundance data
(Becker-Scarpitta et al., 2019) in addition to studies from other sites
(Bertrand et al., 2011; Chen et al., 2011; Lenoir et al., 2008). The
temporal increase in diversity of vascular plants at Mont-Mégantic
is also consistent with the prediction that warming should lead to
increased local diversity in areas without severe moisture stress
(Harrison, 2020; Vellend et al., 2017).

Our results suggest that a temperature increase of ~0.9°C (over
the last 45years at Mont-Mégantic) does not have as strong an im-
pact on the local diversity of bryophytes as it does for vascular plants,

assuming that the richness increase at Mégantic was indeed due to

warming. This interpretation is also supported by the absence of any
relationship between bryophyte richness and elevation in the two
parks (Forillon estimate = 0.0042+(SE) 0.0024, t = 1.8, p = .079;
Mégantic estimate = 0.0022 +(SE) 0.0014, t = 1.6, p = .11) and con-
sistent with previous results in the literature (Bruun et al., 2006,
Grytnes, Heegaard, & lhlen, 2006, Odland et al., 2014; but see Vittoz
et al., 2010). The decrease in p-diversity over time for vascular plants
at Mont-Mégantic is consistent with the hypothesis that warming
might cause biotic homogenization (Socolar et al., 2016; Urban, 2015).
Note that this result using presence-absence data was different to
the result in Becker-Scarpitta et al. (2019) using untransformed abun-
dance data (for which we found no homogenization), but similar to
the finding of homogenization using fourth-root transformed abun-
dances in Savage and Vellend (2015). These results collectively illus-
trate that the locally dominant species—whose influence is minimized
or eliminated via fourth-root or presence-absence transformation—
can mask homogenization created by species of lower abundance.
This result highlights how ecological conclusions are dependent on

the data transformation, even with widely used diversity metrics.

4.2 | Sensitivity of bryophytes vs. vascular plants

We cannot draw strong conclusions about which of bryophytes or
vascular plants is more or less sensitive to climate warming in eastern
Canada: results depended on which community dimension was being in-
vestigated. Vascular plants showed more prominent richness increases
(Tables 1b) and a decrease in p-diversity, while bryophytes experienced
stronger shifts in community composition and no difference in the
magnitude of compositional changes between the two parks (Table 2,
Figure 2). We did not detect (with presence-absence data) shifts in
distributions along the elevational gradient for either taxonomic group
(Table 1a, Figure 1), while we previously found a clear shift in elevation
when using vascular plant abundance data at Mont-Mégantic (Becker-
Scarpitta et al., 2019). Our results for elevational shifts here are thus
inconclusive, in that we do not know if analyses using abundance data

for bryophytes would have also shown a change in elevation.

4.3 | Potential non-climatic drivers of
vegetation change

Our sites were chosen specifically due to their contrasting warm-
ing trends and lack of other obvious major drivers of vegetation
change, but there are certainly other possible drivers of ecological
change that might play a role in this region. Among the indicator
species of recent surveys (Table 3), two were non-native: Galeopsis
tetrahit and Epipactis helleborine, the latter of which has increased
considerably in recent decades throughout its North American
range, even in western Canada (Marie-Victorin, 1997; McCune
& Vellend, 2013). As such, some vegetation changes might be due
simply to protracted periods of non-native species expansions,
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regardless of local environmental change. Another potential factor
is changes in white-tailed deer browsing, which has increased over
the past century in much of North America (Coté, Rooney, Tremblay,
Dussault, & Waller, 2004). The indicator species of the recent survey
at Mont-Mégantic (Table 3) include species known to benefit from
high levels of deer browsing: Dennstaedtia punctilobula and Carex spp.
(Augustine & Decalesta, 2003; de la Cretaz & Kelty, 2002; Frerker,
Sabo, & Waller, 2014; Rooney, 2009). Interestingly, at Forillon, deer
are actually thought to have decreased in abundance due to the ex-
pansion of the coyote population in the 1970s (UQCN, 2005), and we
found no such species associated with recent surveys in Forillon Park.

Our most difficult result to interpret was the strong species
turnover of bryophyte communities at Forillon, which has not
experienced strong long-term increase in temperature, precip-
itation, or atmospheric nutrient deposition (Commission Joint
International, 2014; Hember, 2018). We can only speculate regard-
ing potential non-climatic drivers of bryophyte community change.
First, as in all legacy studies, there is the potential for observer bi-
ases due to (i) different sampling effort between original and recent
surveys, or (ii) species' identification errors. It seems highly likely
that detection probabilities and the potential for identification er-
rors are greater for bryophytes than for vascular plants, although
we have no reason to suspect this caused systematic increases
or decreases in particular species frequencies (necessary to ex-
plain overall compositional shifts). We paid very close attention
to repeating the original survey methods, focusing on the visually
obvious species in each microsite (i.e., not examining each individ-
ual moss stem closely on the field), and the lack of any difference
over time in local richness suggests comparable species' detection
abilities in the two surveys. Although we cannot exclude the pos-
sibility that a real richness change was canceled out by a change
in survey effort, we have no reason to suspect this rather unlikely
coincidence. Second, given uncertainty in the comparability of
abundance estimates across time for bryophytes, we also decided
to use presence-absence data. In short, changes in observer effort
seem highly unlikely to account for the temporal change in species
composition. Furthermore, our procedure to homogenize taxon-
omy across data sets was quite conservative to reduce bias due to
misidentifications.

One potential hypothesis to explain compositional change
over time in bryophyte communities relates to the history of park
protection. Forillon Park was established (and so protected) only
2years before the original survey was conducted, and parts of the
park previously included homesteads (i.e., non-forest land uses).
Mont-Mégantic was established as a park more recently (1994), but
logging activities (the only prominent land use) ceased ~15years
before the original survey. Although plot selection focused only
on non-disturbed forests, delayed responses to historical distur-
bance or metacommunity dynamics involving dispersal of species
from sites undergoing rapid succession may have caused local
shifts in composition and increased in dissimilarity (B-diversity).

It has been previously shown that managed forests tend to have

Ecology and Evolution 9of 12
=t S VY LEY- |22

a lower B-diversity than protected forests (Kaufmann, Hauck, &
Leuschner, 2017). The increase in bryophyte p-diversity might par-
tially be due to the recovery of natural forest that occurring in the
1970s.

There is also the possibility that changes in bryophyte com-
munities resulted from interactions with changing vascular plant
communities. Studies have shown that bryophyte diversity and
abundance can be negatively correlated with total vascular plant
biomass (Virtanen, Eskelinen, & Harrison, 2017), cover (Jiang, Liu,
Song, Yu, & Shao, 2015) or abundances (Jagerbrand, Kudo, Alatalo,
& Molau, 2012). While we have documented an increase in vascular
plant species richness at Mont-Mégantic (Table 1b), we do not have
data on vascular plant biomass. If bryophytes are highly sensitive
to vascular plant community properties, subtle changes for vas-
cular plants could translate into larger changes in bryophyte com-
munities. This hypothesis is open to testing via observational and
experimental studies of the effect of vascular plants on bryophytes
communities under warming or other environmental changes.
Understanding temporal changes in one component of the commu-
nity may require more consideration of interactions with other com-
ponents (Chesson, 2000; HilleRisLambers, Adler, Harpole, Levine, &
Mayfield, 2012).

4.4 | Conclusion and conservation implications

Overall, we found a significant temporal shift in the composition of
both taxonomic groups in both parks but only one significant change
in a-diversity. This study shows the limitation of using presence-
absence data to detect shifts in distribution when using a diachronic
approach with only two time points. While abundance data pro-
vided the necessary power to detect changes in species distribu-
tions along this elevational gradient (Becker-Scarpitta et al., 2019),
presence/absence data clearly did not. Our results are in accordance
with recent meta-analyses and syntheses showing that local diver-
sity can remain unchanged (or increase or decrease with equal like-
lihood) despite strong changes in composition (Blowes et al., 2019;
Dornelas et al., 2014; Gotelli et al., 2017; Magurran et al., 2018;
Spaak et al., 2017; Vellend, Dornelas, et al., 2017). Finally, regard-
less of whether one taxonomic group is systematically more or less
sensitive to climate change than another, our results suggest that
one taxonomic group (e.g., vascular plants) cannot be used as a sur-
rogate for others (e.g., bryophytes) in terms of predicting the na-
ture and magnitude of responses to climate change (Bagella, 2014;
Becker-Scarpitta et al., 2017; Outhwaite et al., 2020). In the same
plots that experienced the same climate change, we found that
communities of bryophytes and vascular plants did not predict-
ably change in the same ways (Bagella, 2014; Becker-Scarpitta
et al., 2017; Lalanne et al., 2008; Odland et al., 2014; Slack, 1977).
Thus, to assess overall biodiversity responses to global change,
abundance data from different taxonomical groups and different

community properties need to be synthesized.
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