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1. Understanding how species assemble into communities is a central issue in com-
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3. At local scales (site and microhabitat plot), coexisting species tended to be more
functionally similar than expected, suggesting the prevalence of environmental
filtering effects. In contrast, no significant deviations from random expectations
were detected at the broadest spatial scale (sub-basin), indicating the prevalence
of stochastic processes. We found contrasting assembly processes along envi-
ronmental gradients: environmental filtering prevailed in stressful environments,
while competitive interactions were more important in favourable conditions.

4. Synthesis. Our results highlight the role of environmental filtering in bryophyte com-
munity assembly at fine spatial scales, emphasizing the importance of measuring
environmental conditions at the same spatial scales where biotic interactions take
place. In line with the stress-dominance hypothesis, the relative importance of envi-
ronmental filtering increased with abiotic stress. Thus, analysing functional trait pat-
terns across different spatial scales and environmental gradients may contribute to a

better understanding of the mechanisms underlying community assembly.
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1 | INTRODUCTION

There has been a long-term debate about whether deterministic or
stochastic processes determine the assembly of biological communi-
ties (Diamond, 1975; Keddy, 1992; Weiher & Keddy, 1995). Previous
studies have generally assumed that communities are shaped by ei-
ther deterministic, niche-based processes (Chase & Leibold, 2003)
or by random assembly (Hubbell, 2001). Recent findings suggest
that community assembly results from a combination of determin-
istic (abiotic conditions and biotic interactions) and stochastic (e.g.
dispersal limitation) processes that vary in importance depending on
the spatial scale of observation (Chase, 2014; Weiher et al., 2011).

Dispersal mechanisms, environmental factors and biotic interac-
tions act as a series of hierarchical filters, selecting species from a
regional species pool into local communities based on their func-
tional traits (Bernard-Verdier et al., 2012; Diaz et al., 1998). Focusing
on traits rather than species identities has contributed to a better
understanding of the mechanisms underlying community assembly
across spatial scales and has increased the potential for general prin-
ciples to emerge (Gotzenberger et al., 2012; Messier et al., 2010).
Indeed, as functional traits reveal ecological differentiation be-
tween species, the distribution of trait values within communities
is assumed to reflect the strength of different filtering processes on
community assembly (Carmona et al., 2016).

When investigating the mechanisms underlying plant commu-
nity assembly at fine spatial scales (where neighbouring individuals
interact with each other for the same resources), previous studies
have shown that competition and other biotic interactions tend to
limit the functional similarity of co-occurring species, thereby re-
ducing interspecific competition through niche differentiation (Kraft
& Ackerly, 2010; Stubbs & Wilson, 2004). Therefore, under limiting
similarity (Macarthur & Levins, 1967), coexisting species are more
functionally dissimilar than expected by chance, leading to trait
divergence. The opposite pattern, trait convergence, is usually at-
tributed to the effects of environmental filtering and reflects the
assemblage of species with shared ecological tolerances (Cornwell
et al., 2006). Nevertheless, competition can also increase similarity
among coexisting species by excluding species bearing traits asso-
ciated with low competitive ability (weaker competitor exclusion;
Mayfield & Levine, 2010). Ecological processes associated with limit-
ing similarity and weaker competitor exclusion prevail at finer spatial
scales, while environmental filtering is expected to operate at coarser
scales (de Bello et al., 2013; Weiher & Keddy, 1995). However, re-
cent studies suggest that community assembly at fine spatial scales
may also be driven by environmental filtering (i.e. microenvironmen-
tal filtering). Indeed, even at fine scales, environmental conditions
can be highly heterogeneous, creating distinct microhabitats (Conti
et al., 2017; Price et al., 2017). In response to this fine-scale hetero-
geneity, functionally similar species may occupy microhabitats with
similar environmental conditions, leading to spatial aggregation and
trait convergence (Mudrak et al., 2016). Random assembly patterns
(coexisting species are no more similar or different than expected
by chance), on the other hand, are usually interpreted as a result of

stochastic processes such as dispersal limitation and colonization/
extinction dynamics (Chase & Myers, 2011). Due to increased dis-
persal limitation, stochastic processes may become more relevant
at broader scales (e.g. at the landscape level; de Bello et al., 2013).

Besides spatial scale, the relative importance of different as-
sembly mechanisms is expected to change along environmental
gradients (Bernard-Verdier et al., 2012; Lhotsky et al., 2016). The
stress-dominance hypothesis, for instance, predicts that environ-
mental filtering will be more important in stressful environments,
leading to functional convergence, while competitive interactions
prevail in more favourable conditions (Coyle et al., 2014; Swenson
& Enquist, 2007), leading to functional divergence. However, fa-
cilitation has also been shown to increase functional divergence in
stressful environments, by promoting the coexistence of species
with contrasting traits (Butterfield & Callaway, 2013), particularly at
finer spatial scales (Chalmandrier et al., 2017). Thus, disentangling
the role of different assembly processes across spatial scales and
environmental gradients is essential for developing a mechanistic
understanding of how communities assemble.

While a great number of studies have focused on the assem-
bly mechanisms of woody and herbaceous plant communities (e.g.
Spasojevic & Suding, 2012; Swenson et al., 2020), only a few have
examined the relative importance of deterministic and stochastic
processes in structuring bryophyte communities (but see Fenton
& Bergeron, 2013; Tiselius et al., 2019), despite their ubiquitous
presence and important functional roles in terrestrial and aquatic
ecosystems (Deane-Coe & Stanton, 2017). This lack of research is
particularly striking in mountain stream ecosystems, where bryo-
phytes are an important component of freshwater diversity, en-
hancing habitat heterogeneity and mediating important ecosystem
functions (Stream Bryophyte Group, 1999; Suren, 1996).

Mountain streams are excellent model systems for studying how
assembly processes vary across spatial scales. Indeed, as hierarchi-
cally organized systems, many potential controls on species interac-
tions and trait-environment relationships operate across a range of
scales (Lowe et al., 2006). Furthermore, mountain streams exhibit
considerable environmental variation over small scales (Harrington
et al., 2016), providing an ideal environment to test predictions
about changes in the relative importance of environmental filtering
and biotic interactions along environmental gradients.

In this study, we disentangled the relative importance of deter-
ministic and stochastic processes structuring bryophyte communities
at three nested spatial scales (sub-basin, site and microhabitat plot).
We used a null model approach to determine whether observed trait
patterns differ from those expected by chance. We hypothesize that
at increasing spatial scales (sub-basin scale), dispersal constraints may
limit species distributions and result in random patterns of community
assembly. We also predict the prevalence of environmental filtering at
the intermediate spatial scale (site scale, 100-m long stream segments),
where abiotic constraints enable the co-occurrence of functionally
similar species. On the other hand, the strength of biotic effects is
expected to increase with decreasing spatial scales (microhabitat plot
scale, 0.25m?), resulting in the co-occurrence of species with distinct
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trait values. In addition to spatial scale, the role of different assembly
mechanisms is expected to vary along environmental gradients. We
hypothesize that under harsh conditions, abiotic constraints will limit
the range of functional trait values, resulting in communities com-

posed of functionally similar species.

2 | MATERIALS AND METHODS
2.1 | Study areas and sampling design

The study was carried out in streams distributed throughout 13
sub-basins, located in the northwest and central-west of Portugal
(Figure 1). North-western territories are characterized by a warm-
summer Mediterranean climate, with considerable intra- and
interannual variability of precipitation. However, due to the mod-
erating effect of the Atlantic Ocean, most watercourses main-
tain a minimum water flow in the driest period. Average annual
precipitation ranges from 910 to 1790mm/year and temperature
from 8.9 to 15.2°C. In this region, base-poor streams flow over

schist and granite bedrocks, surrounded by Alnus glutinosa (L.)

Gaertn., Fraxinus angustifolia Vahl and Salix atrocinerea Brot ri-
parian formations. Central-western Portugal is characterized by
limestone riverbeds with neutral water (pH ~7), and a hot-summer
Mediterranean climate. Lower levels of annual precipitation (from
665 to 1330mm/year) and higher temperatures (from 12.3 to
16.5°C) result in drier watercourses with high seasonal flow vari-
ation. Typical riparian vegetation includes Populus alba L., Populus
nigra L. and Salix alba Goerz formations.

Sampling sites, defined here as 100-m long stream segments
and their margins, were located in upland sections of the stud-
ied sub-basins, with elevations ranging from approximately 40 to
1440ma.s.l. Streambeds are dominated by bedrock and boulders,
and watercourses show typical features of steep mountain streams,
with shifting currents and riffle-pool sequences.

Fieldwork was conducted from May 2003 to October 2008 in
165 sites, selected according to the spatial distribution and density
of river networks within each sub-basin. Sites were also chosen to
span the range of hydromorphological conditions. We did not need
permission for fieldwork. In each site, bryophyte species abun-
dance was registered as percentage cover using sampling plots of

0.25m? (0.5x0.5m), placed in distinct microhabitats recognized in
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FIGURE 1 Map of the study area the showing the 165 sampling sites (100-m long stream segments) distributed throughout 13 sub-basins

located in the northwest and central-west of Portugal.
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the streambed structure, with different levels of submersion and
substrate stability. Thus, within each site, each microhabitat plot
represents a distinct micro-hydromorphological unit. The number
of microhabitat plots in each of the 165 sites was proportional to
the diversity of micro-hydromorphological conditions (1-18 plots
per site). In total, this survey resulted in 754 microhabitat plots. At
the site scale, species abundance was estimated as the mean value
of species abundances across microhabitat plots within each 100-m
stream segment. Likewise, species abundance at the sub-basin scale
was calculated as the mean value of species abundances across mi-
crohabitat plots within each sub-basin.

2.2 | Trait data and functional diversity indices

We recorded a total of 156 bryophyte taxa (74% mosses, 25% liv-
erworts and one hornwort species, see Table S1.1 in Appendix S1).
Rare taxa, that is, those cumulatively representing <1% of the total
abundance, were excluded from the analysis. As a result, 89 bryophyte
taxa were classified according to nine morphological, reproductive and
autecological traits, reflecting bryophyte strategies related to estab-
lishment, persistence and dispersal (Table 1). Autecological traits cor-
respond to Ellenberg indicator values (Ellenberg et al., 1991), used as a
numerical system to classify species' habitat niches and their peak oc-
currence along environmental gradients. Given that functional diver-

sity indices are sensitive to missing trait data, we discarded from the

analysis eight of the 754 microhabitat plots where trait-assigned spe-
cies accounted for <80% of the accumulated cover (Pakeman, 2014).
Functional traits were assigned using multiple sources, including
the BRYOATT (Hill et al., 2007) and BRYOTRAIT-AZO (Henriques
et al., 2017) databases, regional floras, field observations and personal
knowledge (Tables $1.2 and S1.3).

Functional diversity indices, measuring either functional rich-
ness (FRic) or functional divergence, have the potential to detect
community assembly processes (Botta-Dukat & Czucz, 2016;
Mason et al.,, 2013). Thus, for each spatial scale, we calculated two
multitrait functional diversity indices: FRic and Rao's quadratic en-
tropy (RaoQ). FRic represents the amount of functional space filled
by the community (Villeger et al., 2008). When multiple traits are
evaluated, FRic is measured as the volume of the minimum convex
hull that includes all the species considered (Cornwell et al., 2006).
RaoQ combines two components of functional diversity: functional
richness and functional divergence (Laliberté & Legendre, 2010).
RaoQ was calculated as the sum of the pairwise distances between
species in multidimensional trait space weighted by their relative
abundance (Botta-Dukat, 2005). Environmental filtering is ex-
pected to restrict the range and divergence of trait values within a
community, and thus decrease functional richness and divergence,
while limiting similarity is expected to generate higher values for
both components (Mouchet et al., 2010). Functional diversity indi-
ces were computed using the dbFD function in the ‘FD’ R package
(Laliberté et al., 2014).

TABLE 1 Description of functional traits and main implications in population dynamics in aquatic systems. Full references to trait

information sources and categories are given in Table S1.3.

Trait Description

Morphological

Growth form

Life form

Morphological term, expressing the structural
architecture of the individual moss plant

Main implications in population dynamics

Species persistence: related to light conditions and
water availability

Life forms encompass the overall organization of

growth form, branching pattern, the general
assemblage of individuals and modification of a

population by the environment
Reproductive

Life strategy

The general life-strategy system consists of several
components, including life span, breeding system,

Species persistence: related to habitat stability and
disturbance regime

main reproductive effort, spore size and dispersal

strategy

Specialized vegetative

propagules
leaves)
Sporophytes Frequency of sporophytes
Ecological

Light preference Ellenberg indicator values for light
Moisture preference
pH preference Ellenberg indicator values for pH

Nitrogen preference

Occurrence and frequency of vegetative propagules
(tubers, gemmae, bulbils, deciduous branches and

Ellenberg indicator values for moisture

Ellenberg indicator values for nitrogen

Dispersal and establishment: contribute to local
dispersal and population growth after
colonization; long-distance dispersal may also
occur

Dispersal and establishment: related to long-distance
dispersal

Species persistence: indicates species' peak
occurrence along an environmental gradient
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2.3 | Null models

To investigate the main processes driving community assembly
across spatial scales and discriminate between limiting similarity
and environmental filtering, observed functional diversity indices
were compared to random expectations derived from null models.
At each spatial scale, random communities were generated using
the independent-swap algorithm (Gotelli, 2000), implemented in the
‘PicaNTE’ R package (Kembel et al., 2010). This constrained randomiza-
tion approach maintains species occurrence frequency and sample
species richness while shuffling species occurrences across sampling
units.

To control for the effects of species richness on functional diver-
sity indices, for each spatial scale we compared our estimates of FRic
and RaoQ to those estimated from random communities (Mason
et al.,, 2013) using the standardized effect size (SES) of Gotelli and
McCabe (2002):

SES = FDgps — meanof FD,

Standard deviation of FD

null

where FD_, . represents the observed functional diversity value (FRic

or RaoQ); the mean and standard deviation of FD_ . were calculated

null
from 9999 randomly generated communities. SES values (termed
SESFRic and SESRao hereafter), instead of the observed FRic and
RaoQ values, were used in subsequent analyses. Positive SES values
indicate that the observed index is higher than expected by chance
(trait divergence, coexisting species are more functionally dissimilar
than expected), whereas negative SES values indicate that the ob-
served index is lower than expected by chance (trait convergence,
coexisting species are more functionally similar than expected). To
determine whether mean SES values were significantly different from

zero, we performed one-sample t-tests for each spatial scale.

2.4 | Environmental data

Each sampling site was characterized by four sets of environmen-
tal variables known to influence the distribution of stream bryo-
phyte communities (Suren, 1996; Tremp et al., 2012): (i) climate
and topography, (ii) land-use and riparian vegetation structure,
(iii) water chemistry and temperature and (iv) hydromorphology
(Table S2.1 in Appendix S2). Climatic variables were extracted
from the WorldClim 2 database (Fick & Hijmans, 2017), and eleva-
tion data were obtained from the CGIAR Consortium for Spatial
Information (https://srtm.csi.cgiar.org). Hydromorphological and
land-use and riparian vegetation structure variables were as-
sessed during fieldwork using predefined classes adapted from
existing protocols (e.g. River Habitat Survey, Raven et al., 1998).
Water temperature, pH and conductivity were measured in situ
using a Multi 340i multimeter (WTW GmbH). In each microhabitat
plot we also gathered information on micro-hydromorphological
conditions, which were included in the micro-hydromorphology

set (Table $2.2). Environmental variables were classified according
to the spatial scales—regional, local or microhabitat—at which they

are expected to operate.

2.5 | Statistical analysis

To reduce variable dimensionality, while preserving as much statisti-
cal information as possible, we conducted a principal component
analysis (PCA) for each set of environmental variables (Table $2.3 and
Figure S2.1 in Appendix S2). Principal component (PC) axes with eigen-
values greater than one were retained and the respective scores were
used as independent variables in subsequent analyses. Variables with
loadings above |0.30| (considered significant, McGarigal et al., 2000)
were used to interpret the retained PC axes (Table 2).

We performed generalized additive mixed models (GAMMs) to
explore potential changes in the relative importance of environmen-
tal filtering and biotic interactions along environmental gradients.
GAMMs are a nonparametric form of regression modelling that use
smooth functions to model nonlinear relationships. Since we had no
a priori assumptions about the shape of the relationship between
predictors and response variables, GAMMs were an appropriate
modelling technique. The choice of using GAMMs was also moti-
vated by the hierarchical structure of our data set (Zuur et al., 2009).
Indeed, mixed-effects models reduce the potentially confounding
problems of spatial autocorrelation by adding random effects to the
additive predictors.

We conducted a series of GAMMs considering functional di-
versity indices (SESFRic and SESRao) measured at the (i) site and
(ii) microhabitat plot scales as response variables, since nonrandom
patterns of community assembly were only detected at these levels
(p<0.05, one-sample t-tests). GAMMs were fitted with a Gaussian
error distribution and identity link function using PC axis scores as
predictors. At the site scale, models were built using PC axis scores
computed for regional- and local-scale variables as predictors.
Random effects included sites nested within sub-basins. At the mi-
crohabitat plot scale, models also included PC axis scores computed
for microhabitat-scale variables as predictors. Random effects in-
cluded microhabitat plots nested within sites and sites nested within
sub-basins. Predictors were included as smooth terms (thin plate
regression splines).

For each of the four response variables, we built a set of candidate
models considering all possible combinations of predictor variables,
setting the maximum number of variables up to five to avoid over-
fitting. We then used a multimodel inference approach to determine
the best-approximating model in a given candidate set (Burnham &
Anderson, 2002). Akaike's information criterion corrected for small
sample sizes (AlCc) was used as a measure of information loss of
each candidate model, with the best fitting model having the low-
est AlCc and consequently the highest Akaike weight (w,). Models
were considered to be equally supported if the difference in AlCc
was less than two units. When models were equally supported, we
selected the most parsimonious one (i.e. with the lowest number of
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Precipitation seasonality

Temperature range (annual and

Light incidence and riparian

TABLE 2 Retained principal component
(PC) axes for each set of environmental
variables (climate and topography, clim;
land-use and riparian vegetation structure,
rip; hydromorphology, hydro; water
chemistry and temperature, water; micro-
hydromorphology, micro) and respective
gradients. Only variables with loadings
above |0.30] are shown; loading signs are
given between brackets. For details on
environmental variables and PCA results,
see Appendix S2.

Conservation status of natural
riparian formations

The presence of tree plantations

and/or exotic species

Stream flow and turbulence

Substrate size and stability

Water velocity and depth

PC axes Environmental variables Gradient
climl (+) BIO10, BIO9 Summer temperature
clim2 (-) BIO13 (+) BIO7, BIO4 Temperature seasonality
clim3 (+) BIO15, BIO19, BIO16, BIO13
clim4 (-) BIO7, BIO2, BIO5
mean diurnal)
ripl (-) dry woodlands, CMAR, continuous
or semicontinuous riparian fragmentation
vegetation (+) rock outcrops, tree
cover, LUMI
rip2 (<) nonfertilized agricultural fields,
fertilized agricultural fields (+)
FONV
rip3 (<) shrub cover, tree cover (+) Herbaceous cover
herbaceous cover
rip4 (-) plantations (+) meadows, scrublands
rip5 (=) scrublands, CMAR (+) peatlands, Peatland cover
LUMI, shrub cover
hydrol (-) CAUD, TURB, PROF, PERM, LARG,
ORDE
hydro2 (<) ESTA, INSU, SUBM
hydro3 (=) HETC, HETS (+) EROS, LARG Erosion
waterl (=) ph, COND, TEMP pH and conductivity
microl (=) VELO (+) POSI, LOCI, SEDI
micro2 (-) SUBS, SITU, LOCI Substrate size

predictors). The relative importance of each predictor variable was
calculated by summing the Akaike weights of all models in which that
predictor variable was included.

GAMMs were built using the ‘mgcv’ (gamm function, Wood, 2021)
and ‘MuMIN' (uGamm and dredge functions, Barton, 2020) R

packages.

3 | RESULTS

3.1 | Bryophyte community assembly across
spatial scales

At the microhabitat plot and site scales, mean SESFRic and SESRao val-
ues were significantly lower than expected by random assembly (Table 3;
p<0.05), indicating the prevalence of trait convergence. On the contrary,
at the sub-basin scale, mean SESFRic and SESRao values were not sig-

nificantly different from random expectations (Table 3; p>0.05).

3.2 | Environmental drivers of stream bryophyte
functional diversity

Site-scale models of SESFRic and SESRao showed an overall better
fit (adjusted R?=0.402and 0.33 respectively) than microhabitat-scale
models (adjusted R?=0.11 and 0.10, respectively; Table 4).

TABLE 3 Standardized effect sizes (SES; mean +SD) of
functional richness (FRic) and Rao's quadratic entropy (RaoQ) at the
microhabitat plot (0.25 m?), site (100-m long stream segments), and
sub-basin scales. Significant departure of SES values from a null
expectation of zero indicated in bold (p <0.05, one-sample t-test).

Spatial scale Functional index SES p

Microhabitat plot  FRic -0.130+1.270 0.020

RaoQ -0.192+0.951  <0.001
Site FRic -0.204+1.014 0.012

RaoQ -0.302+1.063 <0.001
Sub-basin FRic -0.116+1.178  0.739

RaoQ -0.420+1.410 0.322

At the site scale, we observed a shift from trait divergence to
convergence (i.e. from positive to negative SESFRic and SESRao val-
ues) along the light incidence and riparian fragmentation gradient
(Figure 2a,e). Regarding hydromorphological conditions, SESFRic
values decreased along the stream flow and turbulence gradient
(Figure 2c), while SESRao values decreased along the substrate size
and stability gradient (Figure 2g). Trait convergence became weaker
(i.e. SESFRic values were less negative) with decreasing water pH
and conductivity (Figure 2d). Functional divergence/convergence
patterns were also shaped by large-scale climatic filters. We found
a shift from trait convergence to divergence (i.e. from negative to
positive SESFRic values) along the temperature seasonality gradient
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TABLE 4 Summary of GAMMs relating standardized effect
sizes of functional richness (SESFRic) and Rao's quadratic entropy
(SESRao), measured at the site and microhabitat plot scales, to
climate and topography (clim), land-use and riparian vegetation
structure (rip), water chemistry and temperature (water),
hydromorphology (hydro) and micro-hydromorphology (micro).
Predictors were summarized by the respective retained principal
component (PC) axes, derived from separate PCA (see Table 2 and
Appendix S2 for details). A AlCc, change in Akaike's information
criterion corrected for small sample sizes (AlICc) value; w;, Akaike
weight; Adj. R?, Adjusted R?. Significant smoothing terms are shown
in bold (p<0.05).

Scale Response Predictors AAICc p w; Adj. R?
Site SESFRic  ripl 1.727 <0.001 0.999 0.40
waterl 0.001 0.763
clim2 0.023 0.606
hydrol 0.030 0.417
SESRao ripl 1.898 <0.001 0973 0.33
hydro2 0.003 0.765
climl 0.021 0.638
Microhabitat SESFRic  ripl 1.831 <0.001 0.984 0.11
e microl 0127 0.581
clim2 0.005 0.534
hydro3 0.083 0.458
SESRao microl 0.314 <0.001 0.999 0.10
ripl <0.001 0.731
waterl 0.003 0.728
rip2 0.003 0.528

(Figure 2b). SESRao values, on the other hand, showed a nonlinear
decrease along the summer temperature gradient (Figure 2f).

At the microhabitat plot scale, we also observed a shift from con-
vergence to divergence (i.e. from negative to positive SESRao values)

along the water velocity and depth gradient (Figure 3f).

4 | DISCUSSION
4.1 | Assembly patterns across spatial scales

Our study revealed that both deterministic and stochastic processes
play an important role in bryophyte community assembly, with vary-
ing strengths depending on the spatial scale considered.

Contrary to our expectations, environmental filtering, as in-
dicated by trait convergence, was the main driver of bryophyte
community assembly at the microhabitat plot scale. The detection
of environmental filtering is in contrast with the general expecta-
tion that competitive interactions determine the assembly of plant
communities at fine spatial scales, leading to trait divergence due to
limiting similarity (de Bello et al., 2013; Laliberté et al., 2013; Weiher
et al., 2011). However, environmental heterogeneity may affect spe-
cies coexistence at the same spatial scales where competition and
other biotic interactions take place (Pescador et al., 2020). Indeed,

even at fine scales, environmental conditions in mountain streams
can be substantially heterogeneous, which might explain the preva-
lence of environmental filtering in bryophyte community assembly,
as reported for vascular plants (Conti et al., 2017; Mudrék et al., 2016;
Price et al., 2017). In our case, micro-hydromorphological heteroge-
neity, and the resulting fine-scale patchiness, may have promoted
the coexistence of functionally similar species within stream sites,
as species with similar trait values occupy patches (i.e. microhabitat
plots) with similar hydromorphological conditions. Besides micro-
environmental filtering, weaker competitor exclusion can also lead
to trait convergence at fine scales, by favouring the coexistence of
species with similar competitive abilities (Mayfield & Levine, 2010).
However, it was not possible to determine if competitive exclusion
was an important driver of community assembly at the microhabitat
plot scale, as selected traits only partially capture differences in spe-
cies' competitive abilities (Gotzenberger et al., 2016).

Indeed, the main limitation of our study concerns the origin of
trait data—obtained from databases and literature sources—and
the consequent lack of intraspecific variation. Recent studies have
shown that accounting for intraspecific trait variation, that is, con-
sidering trait values at the individual level, may influence the de-
tection of assembly processes at fine spatial scales (Chalmandrier
et al., 2017; Siefert et al., 2015). In our case, intraspecific shifts in
trait values could have revealed a stronger role of competitive hier-
archies in community assembly, rather than the prevalence of micro-
environmental filtering.

As predicted, environmental filtering determined the assembly
of stream bryophyte communities at the intermediate spatial scale
(site scale), leading to trait convergence. Our results are consistent
with the view that environmental filtering plays an important role at
relatively coarse spatial scales (i.e. hundreds of metres), where abi-
otic constraints filter out species that do not have the proper traits
or trait combinations to cope with the prevailing conditions, as ob-
served in vascular plants (de Bello et al., 2013; Pescador et al., 2021).
Indeed, larger spatial scales tend to encompass greater environmen-
tal variation (e.g. higher substrate heterogeneity), providing oppor-
tunities for species to sort according to their functional traits (Willis
et al., 2010).

The fact that we found no significant evidence of trait conver-
gence or divergence at the sub-basin scale is consistent with the
hypothesis that dispersal limitation constrains species' distributions
at broader spatial scales (Tiselius et al., 2019), resulting in random
assembly patterns. Although bryophytes are typically seen as ex-
tremely efficient disperses (Barbé et al., 2016), previous studies have
reported both high dispersal capacity (Astorga et al., 2012) and dis-
persal limitation (Hutsemékers et al., 2013) in different bryophyte
groups. For instance, Heino and Virtanen (2006) found that ‘truly
aquatic’ species (i.e. growing in submerged conditions) were lim-
ited by dispersal and metapopulation processes, while semiaquatic
species (i.e. growing temporarily submerged or just above the air-
water interface) were more likely to be limited by habitat availabil-
ity. Indeed, stream bryophytes, particularly ‘truly aquatic’ species,
rely almost exclusively on vegetative diaspores (asexual propagules
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FIGURE 2 GAMM results for
standardized effect sizes (SES) of
functional richness (SESFRic) and Rao's
quadratic entropy (SESRao) in relation

to climate and topography (clim; (b) and
(f)), land-use and riparian vegetation
structure (rip; (a) and (e)), water
chemistry and temperature (water; (d))
and hydromorphology (hydro; (c) and
(g)). Predictors were summarized by the
respective retained principal component
(PC) axes, derived from separate PCA
(see Table 2 and Appendix S2 for details).
Models were built using functional
diversity indices measured at the site
scale. Positive SES values indicate that
functional diversity indices are greater
than expected by chance and negative
SES values indicate the opposite. Shaded
areas represent 95% confidence intervals.
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FIGURE 3 GAMM results for standardized effect sizes (SES) of functional richness (SESFRic) and Rao's quadratic entropy (SESRao) in
relation to climate and topography (clim; (b)), land-use and riparian vegetation structure (rip; (a), (c) and (d)), water chemistry and temperature
(water; (e)), and micro-hydromorphology (micro; (f)). Predictors were summarized by the respective retained principal component (PC) axes,
derived from separate PCA (see Table 2 and Appendix S2 for details). Models were built using functional diversity indices measured at the
microhabitat plot scale. Positive SES values indicate that functional diversity indices are greater than expected by chance and negative SES
values indicate the opposite. Shaded areas represent 95% confidence intervals.

and shoot fragments), which mainly contribute to local dispersal
(Boedeltje et al., 2019).

4.2 | Community assembly along
environmental gradients

Our findings were consistent with the stress-dominance hypothesis
(Coyle et al., 2014; Swenson & Enquist, 2007): environmental filter-
ing had a stronger effect under harsh conditions, while competitive
interactions were more important in favourable conditions. Thus,
our results indicate that contrasting patterns of community assem-
bly along environmental gradients may reflect shifts in the relative
importance of abiotic filtering and biotic interactions.

Stream bryophyte communities showed a clear functional re-
sponse to changes in land-use and riparian vegetation structure,
regardless of the spatial scale considered. In particular, we found a
significant shift from trait divergence to trait convergence with in-
creasing light incidence and riparian fragmentation. The effects of
environmental filtering were, therefore, stronger in streams flow-
ing through fragmented riparian areas, with low levels of canopy
shading (i.e. under harsh environmental conditions), as evidenced
by the prevalence of trait convergence. These results were not
surprising, considering the well-established importance of riparian
vegetation for bryophyte communities (Suurkuukka et al., 2014;
Turunen et al., 2021). Indeed, despite exhibiting differences in light
tolerance, aquatic and semiaquatic bryophytes typically thrive in
streams where riparian shading limits algal and vascular plant growth
(Bowden et al., 2017).

The relative importance of environmental filtering and bi-
otic interactions also varied along hydromorphological gradients.
Bryophyte communities tended to be more functionally convergent
in stream sites with lower streambed stability and smaller substrate
particles. Thus, disturbance caused by substrate movement may
have limited the range of viable ecological strategies, resulting in
trait convergence, while competition may have favoured the coex-
istence of functionally dissimilar species under more stable condi-
tions, resulting in trait divergence. Similar to our study, Suren and
Duncan (1999) found that only a few bryophyte species were able
to grow in unstable streams. We also observed a shift from trait di-
vergence to convergence with decreasing stream flow and turbu-
lence. Environmental filtering at the low-flow end of this gradient
was likely due to a lower concentration of CO, for photosynthesis
(Ferndndez-Martinez et al., 2019; Glime, 2014).

The assembly of bryophyte communities was also mediated by
macroclimatic factors. However, contrary to our expectations, at the

site and microhabitat plot scales, communities tended to be more func-
tionally divergent with increasing temperature seasonality (i.e. under
stressful environmental conditions). One possible explanation for the
observed trait pattern could be that the length of the studied gradi-
ent (i.e. the difference between the more mesic and drier ends) was
not sufficient to capture the effects of environmental filtering, which
might occur in areas with more extreme and variable climatic condi-
tions. Facilitative interactions could produce similar patterns, as biotic
interactions tend to shift from competition to facilitation with increas-
ing abiotic stress (Butterfield & Callaway, 2013). However, facilitation is
expected to occur at fine scales, where individuals are close enough to
interact directly (Chalmandrier et al., 2017). Since trait divergence was
also detected at the site scale, we could rule out the role of facilitation
as a coexistence mechanism in the studied mountain streams.

At the microhabitat plot scale, trait convergence/divergence pat-
terns were also shaped by micro-hydromorphological conditions.
Coexisting species tended to be more functionally similar with in-
creasing water velocity and depth, suggesting the prevalence of envi-
ronmental filtering in stressful environments. Although bryophytes are
more common in low-order, fast-flowing streams (Bowden et al., 2017;
Suren, 1996), the mechanical stress imposed by drag forces at high
velocities (Suren et al., 2000) may have limited the range of possible
trait values, resulting in trait convergence. The relative importance of
environmental filtering also increased with water depth, possibly due
to CO, limitation and reduced light (Glime, 2014).

5 | CONCLUSIONS

Our study highlights the role of environmental filtering in bryophyte
community assembly at fine spatial scales, where biotic interactions
are expected to prevail. Even at fine scales, environmental condi-
tions in mountain streams can be highly heterogeneous, affecting
community assembly through changes in the relative importance of
abiotic constraints. Thus, our findings support the idea that environ-
mental heterogeneity may promote the coexistence of functionally
similar species within communities, leading to trait convergence at
fine scales. Besides spatial scale, our results revealed contrasting
patterns of community assembly along environmental gradients, in
line with the hypothesis that environmental filtering plays a major
role in stressful environments, while competitive interactions pre-
dominate in more favourable conditions. Analysing functional trait
patterns across different spatial scales and along environmental
gradients may therefore contribute to a better understanding of the
mechanisms underlying community assembly. In addition, our study
stresses the importance of measuring environmental conditions at
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scales relevant to ecological processes, as abiotic filters may govern
community assembly at the same spatial scales where biotic interac-

tions take place.
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SUPPORTING INFORMATION

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

Appendix S1. Bryophytes and functional traits.

Table S1.1. Bryophyte taxa recorded in the study area, respective
codes, family, genus, and class. H, Hornwort; L, Liverwort; M, Moss.
Nomenclature follows Ros et al. (2007) for liverworts and Ros et al.
(2013) for mosses.

Table S1.2. List of bryophyte taxa and trait values for growth-form,
life-form, life-strategy, occurrence and frequency of vegetative
propagules, frequency of sporophytes, and Ellenberg indicator values
for light, moisture, pH, and nitrogen. Abbreviations in Table S1.3.
Table S1.3. Description of functional traits, categories adopted, and
main implications in vegetation processes. GB, Great Britain; IE,
Ireland.

Appendix S2. Environmental variables and principal components
analysis.

Table S2.1. Environmental variables, respective codes, classes (or
units), and data sources. Variables were grouped into four sets: (i)
climateandtopography, (i) land-use andriparian vegetation structure,
(iii) water chemistry and temperature, and (iv) hydromorphology.
Variables were also classified according to the spatial scales (regional
or local) at which they are expected to operate.

Table S2.2. Micro-hydromorphological variables assessed at the
microhabitat plot scale (0.25m?), respective codes, classes (or units),

and data sources.
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Table S2.3. Summary of principal components analysis (PCA)
performed separately for climate and topography (clim), land-use and
riparian vegetation structure (rip), hydromorphology (hydro), water
chemistry and temperature (water), and micro-hydromorphology
(micro). Percentage of explained variance and loading scores for each
retained PC axis (eigenvalue >1) are shown. Loading scores above
|0.30] are highlighted. See Tables $2.1 and S2.2 for variable details.
Figure S2.1. Principal components analysis (PCA) for each set of
environmental variables: (a) climate and topography, (b) land-use

and riparian vegetation structure, (c) hydromorphology, (d) water

chemistry and temperature, and (e) micro-hydromorphology. See
Tables S2.1 and S2.2 for variable details.
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