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Abstract

Aim Understanding variation in biodiversity typically requires consideration of factors operating
at different spatial scales. Recently, ecologists and biogeographers have recognized the need of
analyzing ecological communities in the light of multiple facets including not only species-level
information, but also functional and phylogenetic approaches to improve our understanding of
the relative contribution of processes shaping biodiversity. Here, our aim was to disentangle the
relative importance of environmental variables measured at multiple levels (i.e. local, catchment,
climate and spatial variables) influencing variation in macroinvertebrate beta diversity facets (i.e.
species, traits and phylogeny) and their components (i.e. replacement and abundance difference)

in boreal streams.

Taxon Aquatic macroinvertebrates

Location Western Finland

Methods A total of 105 streams were sampled in western Finland, encompassing a geographical
extent over 500 km. We analyzed variation in the different beta diversity facets and components
using distance-based redundancy analysis (db-RDA) and associated variation partitioning

procedures. We modelled spatial structures using distance-based Moran eigenvector maps.

Results We found that the relative influence of explanatory variables on each diversity facet and
component revealed relatively similar patterns. Our main finding was that local environmental

and spatial variables generally contributed most to the total explained variability in all facets and
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components of beta diversity, whereas catchment and climate variables explained less variation

in the beta diversity facets at the spatial scale considered in this study.

Main conclusions Different facets of beta diversity were mainly influenced by local
environmental variables and spatial structuring, likely acting through deterministic and stochastic
pathways, respectively. Identifying the ecological variables and mechanisms that drive variation
in beta diversity may be used to guide the conservation and restoration efforts for biodiversity

under global change.

Key words Beta diversity components, biodiversity facets, multi-level variables, species, traits,

phylogeny
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1| INTRODUCTION

Understanding the relative importance of factors driving biodiversity patterns is among the key
research topics in ecology and biogeography. Traditionally, variation in community composition
has been studied based on species identities (Ricklefs, 1987; Leibold et al., 2004), which are
blind to functional and phylogenetic differences among species. Thus, to improve our
understanding of the relative contribution of factors shaping biodiversity patterns, community
ecologists have recently recognized the need to analyze ecological communities in the light of
multiple facets, including not only species-level information, but also functional and
phylogenetic approaches (Cavender-Bares et al., 2009; Devictor et al., 2010; Gianuca et al.,
2016; Heino & Tolonen, 2017). Based on the relationships among species, traits and
evolutionary history, integrating measures of different facets of biodiversity provide valuable
additional information of the determinants of community composition (Cavender-Bares et al.,

2009; Devictor et al., 2010).

The use of functional traits in ecology and biogeography has greatly expanded over the last
decades, and it has proved to be a useful approach in examining biodiversity patterns and the
importance of underlying environmental factors (Meynard et al., 2011; Heino & Tolonen, 2017).
Species traits may help to understand how environmental conditions filter species from the
regional species pool and how species compete for resources, potentially linking ecological
processes to biodiversity patterns (e.g. McGill et al., 2006). Also, because the effects of

environmental variation on species compositions are mediated by traits (e.g. body size, feeding
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habits, habitat use), differentiating the influences of local environmental conditions, landscape
features and climatic factors on traits can improve our understanding on mechanisms structuring

ecological communities (McGill et al., 2006; Verberk et al., 2013).

Ecologists and biogeographers have also become interested in integrating phylogenetic
information into biodiversity studies. Phylogenies play an important role in community ecology
by relating ecological patterns to evolutionary processes underlying diversification and trait
variation (Webb et al., 2002; Cavender-Bares et al., 2006). Assuming a strong phylogenetic
signal, closely-related species tend to resemble each other in their traits more than distantly-
related species; thus, they are expected to co-occur more often in the same community, reflecting
their shared environmental tolerances, morphology and behavioral characteristics (e.g. Webb et
al., 2002). In contrast, competitive interactions are expected to limit coexistence, selecting less
related and functionally less similar species to co-occur in local communities (e.g. Gerhold et al.,

2015).

Beta diversity can be measured based on species, functional, and phylogenetic data (Cardoso et
al., 2014). In addition, studies have recently shown that partitioning beta diversity into species
replacement and species richness-difference components (Podani & Schmera, 2011) can provide
additional insights into the mechanisms that shape biodiversity patterns across large spatial
scales (Baiser et al., 2012; Carvalho et al., 2012). The replacement component accounts for
changes in species composition, whereas the richness-difference component derives from the
loss or gain of species along environmental gradients (Carvalho et al., 2012). Here, we focus on

an extension of this approach, where we can use abundance data instead of presence-absence
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data (Cardoso et al., 2015). Moreover, functional and phylogenetic beta diversity metrics can
also be partitioned into the replacement and abundance-difference components (e.g. Cardoso et
al., 2014), allowing one to make comparisons of all facets of beta diversity (i.e. species-, trait-
and phylogeny-based beta diversity) and providing different information about biodiversity

patterns along spatial and environmental gradients.

Stream biodiversity patterns are structured by factors prevailing at multiple spatial scales
(Townsend et al., 2003; Johnson et al. 2004; Heino et al., 2007), but surprisingly few studies
have concurrently studied the importance of local environmental, catchment and climatic factors
in shaping biodiversity patterns (Sandin & Johnson, 2004, Jyrkankallio-Mikkola et al., 2017). To
the best of our knowledge, no study has focused on biodiversity patterns considering species,
traits and phylogenetic facets in this multi-scale environmental context. Previous studies have
shown that stream biodiversity patterns were related to local-scale variables, such as current
velocity, water chemistry, substratum, and more (Sandin 2003; Heino et al., 2007). Also, various
catchment properties (e.g. land cover, slope, and area) have been shown to be correlated with the
biodiversity patterns of stream macroinvertebrates (Townsend et al., 2003; Allan, 2004; Johnson
et al. 2004), and catchment features have been demonstrated to be as important or even more
important than local stream characteristics (Corkum, 1989; Richards et al., 1996; Lammert &
Allan 1999). In addition, climate may have a strong influence on stream biodiversity (e.g.
Pajunen et al., 2016), and can even exceed the importance of catchment characteristics (e.g.
Kampichler et al., 2012). However, these previous studies did not consider all three facets of beta

diversity



124

125

126

127

128

129

130

131

132

133

134

135

136

137

138

139

140

141

142

143

144

145

In this study, we used a large-scale dataset on benthic macroinvertebrates aiming to disentangle
the effects of environmental variables measured at multiple levels on species-, traits-, and
phylogeny-based beta diversity. We examined the relative roles of environmental variables at
local (including physical-chemical environmental variables), at the catchment (comprising land
cover and land use characteristics) and at regional-levels (comprising climate variables). We also
accounted for spatial structure in the species-, traits- and phylogeny-based beta diversity while
analyzing variation related to local, catchment and climate variables. Traditionally, local
environmental factors have been considered as a key to understand variation in stream
macroinvertebrates communities (Sandin 2003, Mykra et al., 2007, Heino et al., 2007). However,
because of the growing body of evidence on the role catchment and climate variables
contributing to variation in stream macroinvertebrates communities (Sandin & Johnson, 2004;
Heino et al., 2007; Mustonen et al., 2018), we also expected that these large-scale variables

would correlate to different facets of beta diversity.

2 | MATERIALS AND METHODS

2.1 | Study area and biological sampling

This study was based on a dataset collected from 105 stream sites located in western Finland,
reaching a spatial extent of 520 km in the north-south and 330 km in the east-west direction
(Figure 1). These streams belonged to 21 major river basins draining into the Baltic Sea, mainly
into the Gulf of Bothnia, and covered a wide variation in land use, ranging from almost pristine
to agricultural landscapes (Jyrkankallio-Mikkola et al., 2017). These streams are located within

three climatic-vegetation zones (i.e. hemiboreal, south boreal and middle boreal) in Finland (Ahti
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etal., 1968, Tapio & Heikkil4d 2010). Hemiboreal vegetation zone is located in the southern and
southwestern coastal areas in Finland. The forests there are mainly mixed, but deciduous forests
more typical of central Europe also occur. Elevation varies from sea level to 150 m above sea
level (a.s.l.). South boreal vegetation zone covers mostly southern and southeastern Finland. This
zone is featured by mixed and coniferous forests, although pure deciduous woodlands often
occur near water bodies. Elevation ranges from 80 to 360 m (a.s.l.). Middle boreal vegetation
zone covers the central parts of Finland. VVegetation is mainly a mixture of coniferous forests and

peatlands. Elevation ranges from sea level to 230 m (a.s.l.) (Heino et al. 2002).

Macroinvertebrate samples were taken in each of the 105 sites surveyed in this study. Our
biological, physical and chemical data were measured over the span of a few weeks at all sites in
September 2014. Sampling consisted of a 2-min kick-net sampling, which incorporated four 30-s
one-meter subsamples that covered most of the gradients of depth, moss cover, particle size and
current velocity found within ca. 50 m2. In the field, these four subsamples were pooled into a
composite sample for each stream and preserved in 70% alcohol. This type of sampling provides
the best possible coverage of species occurring at a stream site, bearing in mind cost-effective
sampling and sample processing time (Mykré et al., 2004). Most macroinvertebrates were
identified to the species level (c. 88 %), but early larval stages were identified to genus level (c.
12 %), resulting in a list of 133 taxa. The taxonomic data at site-level will be published under the

public repository PANGAEA (https://www.pangaea.de/).

2.2 | Macroinvertebrate trait and taxonomic information
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Functional feeding groups (FFGs), habit trait groups (HTGs) and body mass measures (BM)
were used as macroinvertebrates trait information, following previous studies in northern streams
(Tolonen et al. 2016, 2017). Macroinvertebrates were assigned into FFGs according to Moog
(2002), Merritt & Cummins (1996), and Tachet et al., (2010) based on the mode of feeding
(filterers, gatherers, shredders, scrapers, piercers, and predators). In addition, macroinvertebrates
were assigned into HTGs using information from Merritt & Cummins (1996), Merritt et al.
(2008), and Tachet et al. (2010) providing details about mobility and microhabitat use
(burrowers, climbers, crawlers, sprawlers, semi-sessile and swimmers-divers). The BM
measurements were based on the length-weight relationships calculated as potential maximum
size (as dry mass, mg) of the aquatic stages of species. This information was obtained from the
literature (Supporting Information Table S1). Although information for some other
macroinvertebrate traits are available, we focused on these 13 traits because they are
fundamental characteristics of these freshwater organisms (Merritt & Cummins, 1996; Tolonen
et al., 2003), which affect how they use the habitat (i.e. locomotion—substrate relation), their food
and feeding behavior (i.e. feeding habits), and their life histories and vulnerability to fish

predators (i.e. body mass).

In the absence of true phylogenetic information for all the macroinvertebrate species, we used
taxonomic distance based on the path lengths in the Linnean taxonomic trees as a proxy for
phylogeny (Clarke & Warwick, 1998; Winter et al., 2013). Six taxonomic levels (i.e., species,
genus, family, order, class, and phylum) were included in this taxonomic tree. Species taxonomic

levels were verified against the Fauna Europaea online database (http://www.fauna-eu.org)

(Supporting Information Table S2).
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2.3 | Local environmental variables

Local variables comprised chemical and physical habitat variables measured immediately after
taking the biological samples. Water samples were taken a few meters upstream from the
macroinvertebrate sampling sites and further analyzed in the laboratory for total phosphorus,
total nitrogen and water color following standard methods (EN1189 1996; EN 1SO11905-1 1998;
EN 1SO7997, respectively). In a riffle site, 30 random spots were selected to obtain measures of
current velocity (m/s) and depth (cm) using a Schiltknecht MiniAir 2 flow meter (Schiltknecht,
Gossau, Switzerland) and a yardstick, respectively. Conductivity (uS/cm) and pH were measured
using an YSI-Professional Plus field meter (YSI Incorporated, Yellow Springs, USA), and
stream width, from 10 locations covering the stream site, was taken using a tape. Substrate
particle size and moss cover were visually estimated from 10 locations using a 50 x 50 cm
quadrat randomly placed in each stream site (e.g. Mykra et al., 2007). The classification of
particle size was assessed using a modified Wentworth scale (Wentworth, 1922): sand (0.25-2
mm), gravel (2-19 mm), pebble (16-64 mm), cobble (64-256 mm) and boulder (256-1024 mm).
Substratum diversity was calculated using Shannon diversity index (Shannon, 1948). Shading
(%) was visually estimated at 20 different locations along both sides of the river banks

(Supporting Information Table S3).

2.4. | Catchment variables

We calculated catchment variables by first delineating the upstream catchment of each sampling

site based on GTOPO 30 digital elevation model (www.worldcliml.org) in GRASS-GIS

10



213 (“r.stream.watersheds” add-on, Domisch et al., 2015, Neteler et al., 2012). We then used the
214  “r.stream.variables” function to extract catchment-scale variables. For more details about the

215  extraction of catchment-scale variables, see http://www.earthenv.org/streams. Land cover

216  variables (Tuanmu & Jetz, 2014) consisted of eight variables of upstream tree percent coverage,
217  and the evergreen needleleaf trees, broadleaf trees and other trees were summarized into one
218  “forest” variable to reduce dimensionality in the data. The variable ‘Human Footprint’” was

219  calculated based on Sanderson et al. (2002) and the data were accessed from Global Human

220  Footprint (http://sedac.ciesin.columbia.edu). In summary, the following catchment variables

221  were obtained: forest, cultivated and managed vegetation, regularly flooded vegetation,

222  urban/built-up, ice cover, sparse vegetation, open water (all in %), and human footprint.

223  Topographic catchment variables comprised elevation (m), slope (° * 100), and flow

224 accumulation (number of upstream cells). Stream slope and elevation were measured as the
225  average upstream slope (or elevation) in the catchment of each sampling point. We extracted
226  these data for each sampling site using the R package raster (Hijmans & van Etten, 2014). See

227  Supporting Information Table S8 for additional information on catchment variables.

228

229 25| Climate variables

230  Climate variables were processed by the same procedure as described for the catchment

231  variables. Long-term temperature and precipitation data were derived from the worldclim

232  database and subsequently processed into 19 hydroclimatic variables following the bioclim
233  framework (Hijmans et al., 2005), with the addition that the temperature and precipitation was

234 aggregated across the catchment (see www.earthenv.org/streams and Domisch et al., 2015 for

235  details). In addition, we obtained daily trends of snow-cover (2000-2015) from the Global

11
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Snowpack dataset (Dietz et al., 2015). See Supporting Information (Table S5) for additional

information on climate variables.

2.6 | Spatial variables

We used distance-based Moran’s eigenvector maps (db-MEM) analysis to provide spatial
variables for our constrained ordination models (Dray et al., 2006). These spatial variables are
typically efficient in modelling spatial structures of community structure at multiple scales
(Legendre & Legendre, 2012) covered by the geographical sampling area. Altogether, using this
method we produced 25 spatial variables which had positive eigenvalues and displayed
significant spatial autocorrelation. The first spatial vectors show broad-scale variation and
subsequent spatial vectors show smaller scale variation (Borcard & Legendre, 2002). The db-
MEM spatial variables were obtained using the function ‘PCNM’ in the R package PCNM

(Legendre et al., 2012).

2.7 | Statistical analyses

We analyzed variation in three facets of beta diversity (i.e. species, traits and phylogeny) using
distance-based redundancy analysis (db-RDA, Legendre & Anderson, 1999) and associated
variation partitioning procedures (Legendre et al., 2005). Before running the analyses described
below we checked the sets of predictor variables used in the models (i.e. local, catchment, and
climate) for multicollinearity utilizing Variance Inflation Factors (VIF). If variables showed VIF
< 10, they were retained in the sets of predictor variables used in the statistical analyses
(Oksanen et al., 2017). All analyses were based on abundance data and were conducted in the R

12
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environment (R Core Team, 2017). In the following, we will detail the three phases of the

analyses conducted (see also Figures S1, S2, and S3 in Supporting Information).

Firstly, we generated three dissimilarity matrices: species beta diversity (B-total), replacement
(B-repl), and abundance difference (Ab-Diff)) based on macroinvertebrate species abundance
using the function “beta” in the package BAT (Cardoso et al., 2015). Subsequently, each of these
three pairwise matrices was used in distance-based redundancy analysis (db-RDA) and variation
partitioning. Before running these analyses, we selected the final sets of local environmental
variables (LE), catchment variables (CA), climatic variables (CC), and spatial variables (SP)
using the function “ordistep” (1000 permutations) in the R package vegan (Oksanen et al., 2017).
We used only those variables which did not show strong collinearity. Variation partitioning was
used to assess beta diversity components-environment relationships in detail through the pure
and shared effects of LE, CA, CC and SP (Legendre & Anderson 1999). Distance based
redundancy analysis (db-RDA) was run using the function “capscale” in the R package vegan
(Oksanen et al., 2017). Finally, we also tested for the significance of the pure fractions using the
function “anova” in the R package vegan. Results from variation partitioning were represented
by Venn diagrams, which is a standard way to show the fractions explained uniquely by our sets
of predictor variables (LE, CA, CC and SP) as well as by their intersections (see Legendre 2008).
In all db-RDA analyses, the “sqgrt.dist” correction for negative eigenvalues was added in the R

script (Legendre, 2014).

13
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Secondly, three dissimilarity matrices were produced as described above utilizing this time
macroinvertebrate trait data (i.e. total functional beta diversity (fun.B-total), replacement (fun.B-
repl), and abundance difference (fun.Ab-Diff)). Before acquiring these matrices, we used the
Gower distance (Gower 1971) to calculate between-species distances based on the trait data
using the function “gowdis” in the R package FD (Laliberté et al., 2014). Gower distance was
used because it can handle different types of variables. Subsequently, this species-by-species
matrix was subjected to a hierarchical clustering (UPGMA agglomeration method) procedure
using the function “hclust” from the package stats. Clustering was needed because the BAT
package requires a “hclust” object to calculate beta diversity metrics. Using the same steps as
used for species-based beta diversity, we used the functions “ordirstep” and “capscale” in the R
package vegan (Oksanen et al., 2017) for the variable selection, proceeded with distance-based
redundancy analysis (db-RDA), and partitioning the variation in the three dissimilarity matrices
(i.e. fun.B-total, fun.B-repl, and fun.Ab-Diff) using local environmental LE, CA, CC, and SP as

predictors.

Thirdly, three dissimilarity matrices were produced as described above but utilizing this time
macroinvertebrate taxonomic information as a proxy for phylogeny [i.e. total phylogenetic beta
diversity (phylo.B-total), replacement (phylo.B-repl), and abundance difference (phylo.Ab-
Diff)]. Before this step, we used the function “taxa2dist” from the R package vegan to calculate
taxonomic distance between species (Oksanen et al., 2017). Further, this species-by-species
matrix was subjected to a hierarchical clustering procedure (UPGMA agglomeration method)
using the function “hclust” from the package stats. The calculation of taxonomic distances and

the clustering procedure were applied to produce our phylogenetic tree for these species (as

14
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required by BAT). The steps for this third phase were based on the same procedure as used for
species and trait-based beta diversity and included: variable selection, db-RDA, and partitioning
variation for the three matrices (i.e. phylo.B-total, phylo.B-repl, phylo.Ab-Diff) using LE, CA,

CC, and SP as predictor variables.

Finally, average species-, trait- and phylogeny-based beta diversity indices were calculated using

the function “beta.multi” in the R package BAT (Cardoso et al., 2015).

3| RESULTS

We found 133 macroinvertebrate taxa exhibiting a wide variation in functional traits and
taxonomic relationships (see Supporting Information for details on species, traits, and taxonomic
information, Tables S1 and S2). Species-based beta diversity (0.83) was driven by a slight
difference between B-repl and Ab-Diff components (0.40 and 0.42, respectively), whereas trait-
based beta diversity (0.22) was driven by Ab-Diff (0.12) and phylogeny-based beta diversity
(0.48) mainly by B-repl (0.30) (for beta diversity indices, see Table S3 in Supporting

Information).

Different sets of variables were selected in the db-RDA models for each component of beta
diversity (i.e. B-total, B-repl, Ab-Diff), including variables at different scales (i.e. local,
catchment, climate and spatial variables). Among local environment factors, the selected
variables mostly denoted variation in water chemistry (e.g. pH, color and nutrient
concentrations) and substratum diversity. At the catchment level, variation in forest cover,
cultivated/managed areas and stream slope were typically included in the set of significant

variables. Among climatic variables, those related to variation in temperature and snow cover
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were typically included in the models. Spatial variables accounting for spatial structure in
species-, trait- and phylogeny-based beta diversity were usually the first 10 variables generated
by the db-MEM, thus denoting relatively broad-scale spatial variation (Dray et al., 2012). For a
detailed view of variable selection and adjusted R? values in the forward selection, see

Supporting Information Tables S4, S5, and S6.

Local environmental, catchment and climate variables showed considerable variation across the
study area (Supporting Information Tables S7, S8 and S9). Local environmental and spatial
variables accounted for the largest fractions of variation explained in all facets (i.e. species, traits
and phylogeny) of beta diversity and their components (Figure 2). Variation partitioning analyses
demonstrated that unique and shared contributions of predictor variables differed slightly. In
general, the unique contributions of local environmental factors (ranging from 4 to 7%) were
slightly more important than or as important as the contributions of spatial variables (ranging
from 3 to 8%) in explaining variation in the facets of beta diversity and their components (Figure
2). Although usually less important than local environmental and spatial variables, climate
variables also accounted for statistically significant fractions of variation in B-total and Ab-diff
components of all facets. Catchment variables explained minor, but statistically significant
fractions of variation in two cases of Ab-diff component. For all models, the fractions
representing shared effects were generally small, except for the shared fraction representing all
predictors simultaneously for fun.B-repl and phylo.B-repl cases, explaining 8 and 6% of
variation, respectively (Figure 2E and 2F). For species-based beta diversity, the total variation
explained by the models that included all predictors (i.e. local environmental, catchment, climate

and spatial variables) was 17% for B-total, 21% for B-repl, and 20% for Ab-Diff component
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(Figure 2 A, D, H, respectively). In contrast, for trait-based beta diversity, the total variation
explained including all predictors was 19% for fun.B-total, 33% for fun.B-repl, and 20% for
fun.Ab-Diff component (Figure 2 B, F, I, respectively). Models including all predictor variables
explained 19%, 29% and 21% of variation in phylo.B-total, phylo.B-repl and phylo.Ab-Diff,

respectively.

4 | DISCUSSION

Biodiversity patterns in stream ecosystems are known to be affected by factors ranging from
local to regional (Poff ,1997; Heino et al., 2007; Mykra et al., 2007), and the importance of these
factors may depend on the spatial extent of a study area (e.g. Heino, 2011) and the biodiversity
facet considered (e.g. Heino et al., 2007). Here, our aim was to disentangle the influence of
environmental variables measured at multiple levels on variation in macroinvertebrate beta
diversity facets (i.e. species, traits and phylogeny) in boreal streams. We found that the influence
of environmental variables on each beta diversity component separately (i.e. B-total, B-repl, Ab-
Diff) and on each facet revealed relatively similar patterns. One of our main findings was that
local and spatial variables generally contributed most to the total explained variability in all
facets of beta diversity and their components, whereas catchment and climate variables were less
important in explaining variation in beta diversity at the spatial extent of our study. This is a
surprising result because a growing body of evidence suggests that correlates of biodiversity
patterns require the consideration of factors and mechanisms operating at multiple spatial (and

temporal) scales(Mittelbach, 2012; Soininen et al., 2015).
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The similar results found for the different beta diversity facets could be due to the spatial extent
of our study, influencing the relative roles of environmental and spatial variables for beta
diversity (Heino & Tolonen, 2017). In general, species-based beta diversity should be strongly
affected by local and regional processes (e.g. dispersal, drift), whereas trait- and phylogeny-
based beta diversity should be mostly shaped by local-scale characteristics because they portray
the interactions with the organisms and their environments (Poff 1997; Verberk et al., 2013,
Soininen et al., 2016). Local environmental factors in our study area reflected strong gradients in
water chemistry (e.g. nutrients, pH and color) and physical habitat characteristics (e.g. moss
cover and substratum diversity). Broadly, the same local-scale variables were influential in
accounting for variation in different beta diversity facets, and these variables have been found to
be important in structuring macroinvertebrates community in previous species-based studies

(Heino et al., 2003; Sandin 2003; Mykra et al., 2007).

Our data encompassed a relatively broad spatial extent, yet local environmental conditions were
more important than large-scale environmental factors in structuring macroinvertebrate beta
diversity facets. Hence, environmental filtering seems to be the determining process shaping not
only species compositions, but also trait pools and phylogenetic structure at different scales.
Thus, changes in species identities, traits and evolutionary histories of species should exhibit
similar patterns along major environmental gradients (e.g. Weinstein et al., 2014). In other
words, species occurring locally are derived from regional species pools with similar

evolutionary histories and combinations of traits (Webb et al., 2002; Devictor et al., 2010).
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At relatively broad spatial scales, as in this study, species may also be affected by dispersal
dynamics (Leibold et al., 2004). Our results showed that spatial variables were generally
influential in explaining variation in all facets of beta diversity and their components. According
to previous studies, spatial factors, possibly related to dispersal limitation, play an important role
in determining macroinvertebrates community patterns across broad spatial scales (Sandin, 2003;
Mykré et al., 2007). Thus, considering the spatial extent of our study area, dispersal limitation
may also drive the variation in macroinvertebrate beta diversity facets to some extent. However,
environmental variables are often spatially structured, and species distributions reflect this
structure through induced spatial dependence (e.g. Tuomisto et al., 2003). This can be an
alternative explanation for the relationships between beta diversity facets and spatial variables
(e.g. Dray et al., 2012). This scenario is unlikely, however, as we used a large number of
influential ecological variables influencing stream macroinvertebrate community composition in
boreal streams (Sandin, 2003; Heino et al., 2007; Mykra et al., 2007). We hence believe that the
spatial signals in beta diversity facets are more likely to be related with dispersal limitation in our

study area.

Biodiversity patterns depend strongly on scale (e.g. Lennon et al., 2001). The relationships
among different facets of beta diversity and among their respective components (i.e. B-total, B-
repl, Ab-Diff) are thus also likely to be scale dependent. However, very little is known about the
relative importance of ecological variables influencing beta diversity facets and their
components, as partitioning facets of beta diversity appeared only recently (Podani & Schmera,
2011; Carvalho et al., 2014). To date, most of the studies have focused on species-based beta

diversity patterns (Carvalho et al., 2012; Dobrovolski et al., 2012; Tonial et al., 2012), while few
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studies have focused on a multi-faceted beta diversity approach and their respective components
in aquatic macroinvertebrates (but see Heino & Tolonen 2017). Our study emphasized the
relative importance of local environmental conditions, followed by spatial variables, in
explaining variation in all facets of beta diversity and their components (Figure 2). The finding
that local-scale variables (i.e. chemical and physical variables) were important descriptors of
variation in different facets of beta diversity showed the strong linkage between local habitat
features and changes in benthic macroinvertebrate communities, agreeing with a number of
previous species-based studies (Johnson et al., 2004; Sandin & Johnson, 2004). Apart from local
chemical and physical factors, substratum diversity was among the most important local
environmental variables driving variation in all facets of beta diversity. Substrate diversity may
affect macroinvertebrate community composition by allowing more species to coexist locally
(e.g. Milesi et al., 2016), and it has indeed been found to be a key structuring factor in

macroinvertebrate communities (Boyero, 2003; Brown, 2003).

Catchment-scale variables may affect macroinvertebrate community composition, both directly
and indirectly. This typically happens through anthropogenic land-use altering hydrological
regimes and modifying stream physical habitat, and through changes in nutrient concentrations
(e.g. Poff, 1997). Even though catchment variables were not strong correlates of the different
facets of beta diversity in our study, we should not ignore them because of their well-known
effects on local stream environmental features (Corkum, 1992; Allan & Castillo, 2007).
However, our results, along with others (Hawkins et al., 2000; Johnson et al., 2004; Sandin &
Johnson, 2004), suggest that local environmental variables were better correlates of community

structure than catchment-scale variables. For instance, one of the most important local
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environmental variables driving variation in different facets of macroinvertebrate beta diversity
in our study were pH, conductivity, and stream physical habitat, which have previously been
shown to be affected by catchment features (e.g. Corkum, 1992). In addition, climate variables
may also indirectly influence local stream variables via precipitation and changes in temperature
affecting in-stream water chemistry and hydrology (e.g. Pajunen et al., 2016). We suggest that
the climatic variables might have been better predictors of beta diversity patterns if larger spatial

extents, such as continents, had been taken in consideration.

In summary, we found that local and spatial variables were important drivers of all facets of
macroinvertebrate beta diversity, whereas catchment and climate variables were less effective in
explaining variation in macroinvertebrate beta diversity patterns. Analyzing different facets of
beta diversity offer interesting and emergent perspectives that cannot be highlighted if only one
aspect of biodiversity is considered (Devictor et al., 2010; Cai et al., 2018). For example, the
details of community-environment relationships (e.g. different predictor variables) may differ
among the different beta diversity facets. To complement traditional strategies focusing on
species-based biodiversity only, we suggest that a multi-facetted approach could help to improve
the conservation of biodiversity through generating better understanding of current patterns and

environmental determinants of biodiversity.

Acknowledgements

MPR would like to thank CAPES Foundation-Brazil for her full PhD grant (Grant

21



458  number 11877-13-8). Also, she thanks Finnish Environment Institute for receiving her as a
459  visiting researcher, and University of Oulu Geography Research Unit. This research was
460  supported by grants from the academy of Finland to J. Heino (no. 273557), J. Soininen (no.

461  273560) and J. Hjort (no. 285040).

462

22



463
464

465

466

467

468

469

470

471

472

473

474

475

476

477

478

479

480

481

482

References

Anti, T.T., Hamet-Ahti, L. & Jalas, J. (1968). Vegetation zones and their sections in

Northwestern Europe. Annales Botanici Fennici, 3,169-211

Allan J.D. (2004) Landscapes and riverscapes: the influence of land use on stream ecosystems.

Annual Review of Ecology and Systematics, 35, 257-284.

Allan, J.D. & Castillo, M.M. (2007) Stream Ecology: Structure and Function of Running Waters.

Springer, New York.

Baiser, B., Olden, J.D., Record S., Lockwood J.L. & McKinney M.L. (2012) Pattern and process
of biotic homogenization in the New Pangaea. Proceedings of the Royal Society B., 279,

4772-4777.

Borcard, D. & Legendre, P. (2002) All-scale spatial analysis of ecological data by means of

principal coordinates of neighbor matrices. Ecological Modelling, 153, 51-68.

Boyero, L. (2003) The quantification of local substrate heterogeneity in streams and its

significance for macroinvertebrate assemblages. Hydrobiologia, 499, 161-168.

Brown, B.L. (2003) Spatial heterogeneity reduces temporal variability in stream insect

communities. Ecology letters, 6, 316-325.

Cai, Y., Zhang, M., Xu, J., Heino, J. (2018) Geographical gradients in the biodiversity of
Chinese freshwater molluscs: Implications for conservation. Diversity and Distributions,

24,485-496 .

23



483

484

485

486

487

488

489

490

491

492

493

494

495

496

497

498

499

500

501

502

503

Cardoso, P., Rigal, F., Carvalho, J.C. (2015). BAT - Biodiversity Assessment Tools, an R
package for the measurement and estimation of alpha and beta taxon, phylogenetic and

functional diversity. Methods in Ecology & Evolution, 6, 232-236.

Cardoso, P., Rigal, F., Carvalho, J.C, Fortelius, M., Borges, P.A.V., Podani J. & Schmera, D.
(2014) Partitioning taxon, phylogenetic and functional beta diversity into replacement and

richness difference components. Journal of Biogeography, 41, 749-761.

Carvalho, J.C., Cardoso, P. & Gomes, P. (2012) Determining the relative roles of species
replacement and species richness differences in generating beta-diversity patterns. Global

Ecology and Biogeography, 21, 760-771.

Cavender-Bares, J., Kozak, K.H., Fine, P.V.A. & Kembel, S.W. (2009) The merging of

community ecology and phylogenetic biology. Ecology Letters, 12, 693-715.

Clarke, K.R. & Warwick, R.M. 1998. A taxonomic distinctness index and its statistical

properties. Journal of Applied Ecology, 35, 523-531.

Corkum, L.D. (1989) Patterns of benthic invertebrate assemblages in rivers of northwestern

North America. Freshwater Biology, 21, 191-205.

Corkum, L.D. (1992) Spatial distributional patterns of macroinvertebrates along rivers within

and among biomes. Hydrobiologia, 239,101-114

Devictor, V., Mouillot, D., Meynard, C., Jiguet, F., Thuiller W. & Mouquet N. (2010) Spatial
mismatch and congruence between taxonomic, phylogenetic and functional diversity: the
need for integrative conservation strategies in a changing world. Ecology Letters, 13,

1030-1040.

24



504

505

506

507

508

509

510

511

512

513

514

515

516

517

518

519

520

521

522

523

524

Dietz, AJ., Kuenzer, C. & Dech S. (2015) Global SnowPack: a new set of snow cover
parameters for studying status and dynamics of the planetary snow cover extent. Remote

Sensing Letters, 11, 844-853.

Dobrovolski, R., Melo, A.S., Cassemiro, F.A.S. & Diniz-Filho, J.A.F. (2012) Climatic history
and dispersal ability explain the relative importance of turnover and nestedness

components of beta-diversity. Global Ecology and Biogeography, 21, 191-197.

Domisch, S., Amatulli, G. & Jetz W. (2015) Near-global freshwater-specific environmental
variables for biodiversity analyses in 1 km resolution. Scientific Data 2,150073

doi:10.1038/sdata.2015.73

Dray, S., Legendre, P. and Peres-Neto, P.R., (2006) Spatial modelling: a comprehensive
framework for principal coordinate analysis of neighbour matrices (PCNM). Ecological

Modelling, 196, 483-493.

Dray et al. (2012) Community ecology in the age of multivariate multiscale spatial analysis.

Ecological Monographs, 82, 257-275.

Gerhold, P., Cahill, J.F., Winter, M., Bartish, 1.V. & Prinzing, A. (2015) Phylogenetic patterns
are not proxies of community assembly mechanisms (they are far better). Functional

Ecology, 29, 600-614.

Hawkins C.P., Norris R.H., Gerritsen J, Hughes R.M., Jackson S.K., Johnson R.K. & Stevenson
R.J. (2000) Evaluation of landscape classifications for biological assessment of
freshwater ecosystems: synthesis and recommendations. Journal of North American

Benthological Society, 19, 541-556.

25



525

526

527

528

529

530

531

532

533

534

535

536

537

538

539

540

541

542

543

Heino, J. (2011) A macroecological perspective of diversity patterns in the freshwater realm.

Freshwater Biology, 56, 1703-1722.

Heino, J. & Tolonen, K.T. (2017) Ecological drivers of multiple facets of beta diversity in a

lentic macroinvertebrate metacommunity. Limnology and Oceanography, 62, 2431-2444.

Heino, J., Muotka, T., Paavola, R., Koskenniemi, E., Hdmél&inen, H. (2002). Correspondence
between Regional Delineations and Spatial Patterns in Macroinvertebrate Assemblages of
Boreal Headwater Streams. Journal of the North American Benthological Society, 21,

397-413.

Heino, J., Muotka, T., & Paavola, R. (2003). Determinants of macroinvertebrate in headwater
diversity streams: Regional and local influences. Journal of Animal Ecology, 72, 425-

434.

Heino, J., Mykré&, H., Kotanen, J. & Muotka T. (2007) Ecological Filters and Variability in
Stream Macroinvertebrate Communities: Do Taxonomic and Functional Structure Follow

the Same Path? Ecography, 30, 217-230.

Hijmans, R.J. & van Etten, J. (2014) "raster: Geographic data analysis and modeling." R

package version 2.8.

Hijmans, R.J., Cameron, S.E., Parra, J.L., Jones, P.G. & Jarvis, A. (2005) Very high resolution
interpolated climate surfaces for global land areas. International Journal of Climatology,

25, 1965-1978.

26



544

545

546

547

548

549

550

551

552

553

554

555

556

557

558

559

560

561

562

563

Johnson, R.K, Goedkoop, W. & Sandin, L. (2004) Spatial scale and ecological relationships
between the macroinvertebrate communities of stony habitats of streams and lakes.

Freshwater Biology, 49, 1179-1194.

Jyrkénkallio-Mikkola, J.,Meier, S., Heino, J., Laamanen, T., Pajunen, V., Tolonen, K.T,
Tolkkinen, M., Soininen, J. (2017) Disentangling multi-scale environmental effects on

stream microbial communities. Journal of Biogeography, 44, 1512-1523.

Kampichler, C., van Turnhout, C.A.M., Devictor, V., van der Jeugd, H.P. (2012) Large-Scale
Changes in Community Composition: Determining Land Use and Climate Change

Signals. PLoS ONE 7(4): e35272.

Lammert, M. & Allan, J.D. (1999) Assessing biotic integrity of streams: effects of scale in
measuring the influence of land use/cover and habitat structure on fish and

macroinvertebrates. Environmental Management, 23, 257-270.

Legendre, P. (2014) Interpreting the replacement and richness difference components of beta

diversity. Global Ecology and Biogeography, 23, 1324-1334.

Legendre, P., Borcard, D., Blanchet, F.G. & Dray, S. (2012) PCNM: MEM spatial eigenfunction
and principal coordinate analyses. R package version 2.1 Available at:

https://rforge.rproject.org/R/?group id=195

Legendre, P., Borcard, D. & Peres-Neto, P.R. (2005) Analyzing beta diversity: partitioning the

spatial variation of community composition data. Ecological Monographs, 75, 435-450.

Legendre, P. & Legendre, L. (2012) Numerical ecology, 3" ed. Elsevier, Amsterdam.

27



564

565

566

567

568

569

570

571

572

573

574

575

576

577

578

579

580

581

582

583

Laliberté, E., Legendre, P., Shipley, B. (2014) FD: measuring functional diversity from multiple

traits, and other tools for functional ecology. R package version 1.0-12.

Legendre, P. & Anderson, M.J. (1999) Distance-based redundancy analysis: testing multispecies

responses in multifactorial ecological experiments. Ecological Monographs, 69, 1-24.

Legendre, P. (2008) Studying beta diversity: ecological variation partitioning by multiple

regression and canonical analysis. Journal of Plant Ecology, 1, 3-8.

Leibold, M.A., Holyoak, M., Mouquet, N., Amarasekare, P., Chase, J.M., Hoopes, M.F., Holt, R.
D., Shurin, J.B., Law, R., Tilman, D., Loreau, M. & Gonzalez, A. (2004) The
metacommunity concept: A framework for multi-scale community ecology. Ecology

Letters, 7, 601-613.

Lennon, J.J., Koleff, P., Greenwood, J.J.D., Gaston, K.J. (2001) The geographical structure of
British bird distributions: diversity, spatial turnover and scale. Journal of Animal

Ecology, 70, 966-979.

Merritt, R. W. and Cummins K. W. 1996. An introduction to the aquatic insects of North

America. 3rd edition. Dubuque, lowa.

Merritt R., Cummins K. & Berg M. (2008) An Introduction to the Aquatic Insects of North

America. 4rd edition Dubuque, lowa.

Moog, O. 2002. Fauna Aquatica Austriaca—a comprehensive species inventory of Austrian
aquatic organisms with ecological notes. Bundesministerium flr Land- und

Forstwirtschaft, Umwelt und Wasserwirtschaft, Vienna, Austria.

28



584  McGill, B.J., Enquist, B.J., Weiher, E. & Westoby, M. (2006) Rebuilding community ecology

585 from functional traits. Trends in Ecology & Evolution, 21, 178-185.

586  Meynard, C.N., Devictor, V., Mouillot, D., Thuiller, W., Jiguet, F. & Mouquet, N. (2011)

587 Beyond taxonomic diversity patterns: How do a, 3 and y components of bird functional
588 and phylogenetic diversity respond to environmental gradients across France? Global
589 Ecology and Biogeography, 20, 893-903.

590 Milesi, S.V., Dolédec, S., & Melo, A.S. (2016) Substrate heterogeneity influences the trait
591 composition of stream insect communities: An experimental in situ study. Freshwater

592 Science, 35, 1321-1329.

593  Mittelbach, G. (2012) Community Ecology. Sinauer, Sunderland.

594  Mustonen, K-R., Mykrg, H., Martilla, H., Sarremejane, R., Veijalainen, N., Sippel, K., Muotka,

595 T., Hawkins, C.P. (2018) Thermal and hydrologic responses to climate change predict
596 marked alterations in boreal stream invertebrate assemblages. Global Change Biology, in
597 press.

598  Mykr4, H., Heino, J., & Muotka, T. (2004) Variability of lotic macroinvertebrate assemblages
599 and stream habitat characteristics across hierarchical landscape classifications.

600 Environmental Management, 34, 341-352.

601  Mykra, H., Heino, J., & Muotka, T. (2007) Scale-related patterns in the spatial and
602 environmental components of stream macroinvertebrate assemblage variation. Global

603 Ecology and Biogeography, 16, 149-159.

29



604

605

606

607

608

609

610

611

612

613

614

615

616

617

618

619

620

621

622

623

624

Neteler, M., Bowman, M.H., Landa, M., Metz, M., 2012. GRASS GIS: A multi-purpose open

source GIS. Environment Model Software, 31, 124-130.

R Core Team (2017) R: A language and environment for statistical computing. R Foundation for

Statistical Computing, Austria. Available at: https://www.R-project.org/

Richards, C., Haro, R.J., Johnson, L.B. & Host, G.E. (1996) Catchment and reach-scale
properties as indicators of macroinvertebrate species traits. Freshwater Biology, 37, 219-

230.

Ricklefs, R.E. 1987. Community diversity: relative roles of local and regional processes. Science,

235,167-171

Oksanen, J., Blanchet, F.G., Kindt, R., Legendre, P., Minchin, P.R., O’Hara, R.B., Simpson,
G.L., Solymos, P., Stevens, M.H.H. & Wagner, H. (2017) Vegan: community Ecology

Package. R package version 2.3.2.

Pajunen, V., Luoto, M. & Soininen, J. (2016) Climate is an important driver for stream diatom

distributions. Global Ecology and Biogeography, 25, 198-206.

Podani, J. & Schmera, D. (2011) A new conceptual and methodological framework for exploring

and explaining pattern in presence—absence data. Oikos, 120, 1625-1638.

Poff, N.L. (1997) Landscape filters and species traits: towards mechanistic understanding and
prediction in stream ecology. Journal of the North American Benthological Society, 16,

391-409.

Sanderson, E.W., Jaiteh, M., Levy, M.A., Redford, K.H., Wannebo, A.V., Woolmer, G. (2002)

The Human Footprint and the Last of the Wild: The human footprint is a global map of

30



625

626

627

628

629

630

631

632

633

634

635

636

637

638

639

640

641

642

643

human influence on the land surface, which suggests that human beings are stewards of

nature, whether we like it or not. BioScience, 52, 891-904.

Sandin, L. (2003) Benthic macroinvertebrates in Swedish streams: community structure, taxon

richness, and environmental relations. Ecography, 26, 269-282.

Sandin, L. & Johnson, R.K. (2004) The importance of local and regional factors for the
macroinvertebrate community structure in Swedish streams. Landscape Ecology, 19,

501-514.

Shannon, C.E. (1948) A mathematical theory of communication. Bell System Technical Journal,

27, 379-423 and 623-656.

Soininen, J., Jamoneau, A., Rosebery, J. & Passy, S.1. (2016) Global patterns and drivers of
species and trait composition in diatoms. Global Ecology and Biogeography, 25, 940-

950.

Soininen, J., Bartels, P. I. A., Heino, J., Luoto, M., & Hillebrand, H. (2015). Toward more
integrated ecosystem research in aquatic and terrestrial environments. BioScience, 65,

174-182.

Tachet, H., Richoux, P., Bournaud, M., Usseglio-Polatera, P. (2010) Invertébrés d'Eau Douce:

Systématique, Biologie, Ecologie. Centre National de la Recherche Scientifique, Paris.

Tapio, Lindholm & Heikkild, R. (2010). The Finnish concepts of vegetation and zones of natural

forests and mires. In: Finland, land of mires. Finnish Environment Institute, Finland.

31



644

645

646

647

648

649

650

651

652

653

654

655

656

657

658

659

660

661

662

663

Tolonen, K. T., Hamél&inen, H., Holopainen, 1. J., Mikkonen, K., & Karjalainen, J. (2003). Body
size and substrate association of littoral insects in relation to vegetation structure.

Hydrobiologia, 499, 179-190.

Tolonen, K.E., Leinonen, K., Martilla, H., Erkinaro, J., Heino, J. (2017) Environmental
predictability of taxonomic and functional community composition in high-latitude

streams. Freshwater Biology, 62, 1-16.

Tolonen, K.E., Tokola, L., Gronroos, M., Hjort, J., Karng, O-M., Erkinaro, J., Heino, J. (2016)
Hierarchical decomposition of trait patterns of macroinvertebrate communities in

subarctic streams. Freshwater Science, 35, 1032-1048.

Tonial, M.L.S., Silva, H.L.R., Tonial, 1.J. Costa, M.C., Silva Junior, N.J. & Diniz-Filho, J.A.F.
(2012) Geographical patterns and partition of turnover and richness components of
beta-diversity in faunas from Tocantins river valley. Brazilian Journal of Biology,

72, 497-504.

Tuanmu, M-N. & Jetz, W. (2014) A global 1-km consensus land-cover product for biodiversity

and ecosystem modelling. Global Ecology and Biogeography, 23, 1031-1045.

Tuomisto, H., Ruokolainen, K., Yli-Halla, M. (2003) Dispersal, environment, and floristic

variation of western Amazonian forests. Science, 299, 241-244.

Verberk, W.C.E.P.,van Noordwijk, C.G.E., Hildrew, A.G. (2013) Delivering on a promise:
integrating species traits to transform descriptive community ecology into a predictive

science. Freshwater Science, 32, 531-547.

32



664

665

666

667

668

669

670

671

672

673

674

Webb, C.O., Ackerly, D.D., McPeek, M.A. & Donoghue, M.J. (2002). Phylogenies and

community ecology. Annual Review of Ecology and Systematics, 33, 475-505.

Weinstein, B.G., Tinoco, B., Parra J.L., Brown, L.M., McGuire, J.A., Stiles, F.G. & Graha. C.H.
(2014) Taxonomic, phylogenetic, and trait Beta diversity in South American

hummingbirds. American Naturalist, 184, 211-224.

Wentworth, C.K. (1922) A scale of grade and class terms for clastic sediments. The Journal of

Geology, 30, 377-392.

Winter, M., Devictor, V. & Schweiger, O. (2013) Phylogenetic diversity and nature

conservation: Where are we? Trends in Ecology & Evolution, 28, 199-204.

33



675

676
677

678

679

680

681

682

683

684

685

686

687

688

689

Biosketch

Mariana P. Rocha is interested in macro-scale patterns of aquatic organisms and their different
facets, emphasizing ecological factors controlling biodiversity patterns. This paper is part of
M.P.R thesis and a larger project focused on scaling biodiversity in tropical and boreal streams

led by Jani Heino, Janne Soininen and Tadeu Siqueira.

Author contributions: M.P.R., J.Heino, and L.M.B. devised the study design, data analyses, and
led the manuscript writing; S.D. extracted the catchment and climate variables, and commented
on the manuscript; K. T.T. contributed to macroinvertebrates identification, and gathering
macroinvertebrate trait data; J.J.M. provided the map of study area and comments on the

manuscript. J.S and J.Hjort contributed comments to the manuscript.

34



690

691
692
693
694
695
696
697
698
699
700
701
702
703
704
705
706
707
708
709
710
711
712
713
714

715

716

Major river basins
B Kiiminkijoki
A Oulujoki
® Temmesjoki

Lumijoki

Siikajoki
® Pyhajoki
M Kalajoki
A estijoki

Eerhonjoki

ruunupyynjoki

@ Lapuan’jjoki
A Kyroénjoki
M Narpionjoki

Teuvanjoki

Isojoki
M Karvianjoki
® Kokemaenjoki
A Aurajoki
W Paimonjoki
® Halikonjoki
A Uskelanjoki

60°0'0"N

0 50 100 200 Kilometres
]

Figure 1 Map of the study area showing the locations of the 105 streams sampling sites

belonging to 21 major river basins (different symbols and colors) in Finland.
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Figure 2 Variation partitioning-based Venn diagrams showing facets of beta diversity variation
explained by unique and joint effects of local, catchment, climate and spatial variables. The
explained variation is based on adjusted R? (* p < 0.05). Results indicated by 0.00 correspond to
negative fractions. According to Legendre (2008), negative values should be interpreted as zeros
and “they correspond to cases where the explanatory variables explain less variation than random
normal variables would”. Abbreviations: Local = local environmental variables; Catchment =
catchment variables; Climate = climate variables; Spatial = spatial variables (db-MEM); B-total

=total beta diversity; B-repl =replacement; Ab-Diff = abundance-difference.
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