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ARTICLE INFO ABSTRACT

Among the different mechanisms that shape metacommunity structure, species sorting and mass effects are the
most studied and reported mechanisms. Species sorting is related to environmental filtering, while mass effects
are related to high dispersal between communities, which ultimately overrides environmental controls. In this
paper, we aimed at studying metacommunity patterns of stream macroinvertebrates on Tierra del Fuego Island
at different spatial scales (province, ecoregion and catchment) and at different positions along the river network
(upstream, mid-stream and downstream segments) to understand the mechanisms driving metacommunity
structure. For this purpose, we used complementary approaches based on the analysis of beta diversity index as
well as its turnover and nestedness components, which are associated with the two main underlying mechanisms
of metacommunity structure (species sorting and mass effect). Our results indicate that species sorting is the
preponderant mechanism structuring these macroinvertebrate metacommunities at larger spatial scales, with an
increased importance of mass effects at smaller scales (e.g., catchment). Metacommunities at different positions
on the river network exhibit similar total beta diversity values, turnover and nestedness components. On the
other hand, turnover and total beta diversity increased with spatial extent, while nestedness remained constant.
Those results suggest that at the catchment scale and along the longitudinal axis of the rivers other mechanisms,
like randomness and species dispersal, are more important in shaping the macroinvertebrate metacommunity.
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1. Introduction

Metacommunities are defined as a group of local communities in-
teracting through the dispersal of multiple species (Leibold et al.,
2004). Metacommunity structure (i.e. species distribution patterns at
large scale) is mostly explained by environmental controls and spatial
processes (Cottenie, 2005; Heino et al., 2015a). Therefore, the focus is
set on two main ecological mechanisms, species sorting and mass effects
(after Leibold et al., 2004), which structure the majority of the meta-
communities (Cottenie, 2005; Gronroos et al., 2013). From a species
sorting perspective, environmental gradients are thought to cause local
differences in the demography of species, thus determining local com-
munity composition (Heino, 2011; Leibold et al., 2004). In contrast,
mass effect occurs when good dispersal decouples the effects of en-
vironmental conditions (Heino, 2011; Leibold et al., 2004).

The relative importance of these two mechanisms is associated with
connectivity among localities and species dispersal (Heino et al.,
2015b). High dispersal or connectivity among localities increases the

importance of mass effect while, in contrast, species sorting prevails at
moderate dispersal abilities or connectivity (Heino et al., 2015a, 2015bj;
Tonkin et al., 2015a). When dispersal is low, species are unable to reach
all environmentally suitable localities (i.e. dispersal limitation, Heino
et al., 2015b). Spatial extent and topography also affect the importance
of these mechanisms (Heino et al., 2015b; Tonkin et al., 2018), since
larger distances as well as natural barriers can have negative effects on
dispersal and connectivity. In relation to spatial extent, it is believed
that increased scale enhances environmental filtering due to farther
dispersal distances and greater environmental gradients (Heino et al.,
2015b; Soininen et al., 2018). On the contrary, mass effect is more
likely to override environmental filtering when spatial extent and dis-
persal distance are shorter (Heino, 2011; Heino et al., 2015b).

The nature of fluvial systems, characterised by dendritic mor-
phology together with flow directionality, creates a unique condition
(Altermatt, 2013; Liu et al., 2013) that influences dispersal abilities and
metacommunity structure (Tonkin et al., 2018). These systems usually
depict longitudinal variations in connectivity, with more isolated
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headwater systems and more connected downstream segments. It has
been suggested that such variation in connectivity promotes a long-
itudinal shift in the prevailing mechanisms shaping metacommunies
(Brown and Swan, 2010). Recent studies support this statement, as they
have found species sorting as the underlying mechanism in headwater
systems and the increasing importance of mass effect in downstream
segments (Brown and Swan, 2010; Finn et al., 2011; Sarremejane et al.,
2017; Tonkin et al., 2015b).

The concept of beta diversity was first introduced by Whittaker
(1960), and it has been used in many community studies ever since. It
describes the variation of communities across space and time and can
be further broken down in two indexes: turnover and nestedness
(Baselga, 2010). The former refers to beta diversity, attributable to
species replacement whereas the latter indicates species loss or gain
(Baselga, 2010). It is generally thought that turnover reflects species
sorting, whereas nestedness is related to ordered extinction-coloniza-
tion dynamics (Soininen et al., 2018). Thus, by studying beta parti-
tioning, it is possible to obtain more insights than when using beta
diversity alone (Soininen et al., 2018) and to infer the mechanisms
shaping metacommunity structure (e.g., Tonkin et al., 2016, 2015a).
Understanding the underlying mechanisms that drive metacommunity
structure is useful to conservation to help design protected areas that
effectively preserve biodiversity, but its formal implementation has yet
to be done (Goubhier et al., 2013). If mass effect prevails, prioritization
should be set at the most species rich sites. On the other hand, if species
sorting prevails, the goal should be to preserve large numbers of en-
vironmentally different sites within an area (Baselga, 2012; Datry et al.,
2016).

Tierra del Fuego Island is characterised by high environmental and
topographical diversity; it is located at a high latitude and is geo-
graphically isolated from continental Patagonia. On this island, the
ecology of stream macroinvertebrate metacommunities remains poorly
known. Some studies have described community diversity responses to
environmental alteration at the reach scale (e.g., Simanonok et al.,
2011) and community diversity in one (mountain range) of the island's
four ecoregions (steppe, transition, mountain range and moorland) of
the island (Moorman et al., 2006), but there is a relative lack of in-
formation concerning community diversity among different ecoregions
and at larger spatial extents. By the study of beta diversity patterns, we
aimed at understanding what mechanisms structure macroinvertebrate
communities in Tierra del Fuego at different spatial scales (three nested
scales: province, ecoregion and catchment) and along the river network
at upstream, midstream and downstream segments. We analysed total
beta diversity and its turnover and nestedness components, as well as
variance partitioning of metacommunity diversity. Our general hy-
pothesis was that beta diversity is strongly influenced by spatial scale.
We predicted that because environmental gradients increase with spa-
tial extent, turnover and total beta diversity should increase with spa-
tial scale, while nestedness -which is more influenced by complex co-
lonization and extinction dynamics-would remain constant (Soininen
et al.,, 2018). In addition, we further predicted that along the long-
itudinal axis, given that isolation decreases towards the lowland seg-
ments, headwaters should have higher total beta diversity and turnover
(i.e. species sorting mechanisms), compared to downstream segments.

2. Materials and methods
2.1. Study area

The study was conducted in the Argentine portion of Tierra del
Fuego Island (between 52°5’ - 55°03” S and 65°05’ - 72°04” W), which
represents 47% of the island's total surface area (the rest is part of
Chile). The climate is cool temperate in the south and oceanic tempe-
rate in the north with a mean annual temperature of 5°C (Tuhkanen,
1992). Annual precipitation is low and decreases from 600 mm yr ' in
the southwest to 300 mm yr_1 in the northeast (Tuhkanen, 1992). The
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area is divided into four ecoregions differing in their climatic, vegeta-
tional and hydrological settings: Steppe, Transition, Mountain Range
and Moorland. This study mainly focused on the Transition and
Mountain Range ecoregions, as they cover the largest area (67% of the
island's surface) and are the most accessible logistically. Transition is
mostly hilly terrain (influenced by glaciation) with grasslands in low-
land areas and Nothofagus forests (southern beeches) in mountainous
upland areas (Oliva et al., 2001). The Mountain Range area is char-
acterised by the Fuegian Andes, which have been intensively eroded by
Late Cenozoic glaciers, developing deep valleys and rugged mountains
(Rabassa et al., 2000). The Mountain Range ecoregion has Nothofagus
forests, high alpine vegetation above 700m a.s.l. and peat bogs in
lowland glacial valleys (Premoli et al., 2006). The Steppe is char-
acterised by an undulating landscape covered by grasslands and low
shrubs. The Moorland has extensive peat bogs and evergreen (N. betu-
loides) forest patches.

2.2. Sampling design

We studied three spatial scales: province, ecoregion and river. For
the largest spatial scale (province), five main fluvial systems were
studied (range of drainage areas: 135-1023km?). These rivers also
were used to represent the ecoregion scale, two belonging to Transition
and three to Mountain range ecoregions. For the catchment scale, each
river was represented by three main sections, which also served for
assessing differences within the river system: upstream, midstream and
downstream (Table 1). Within each section, we selected one re-
presentative segment with a length =10 times its wet width, based on a
combination of satellite images, technical advice from the Provincial
Water Bureau and our own field inspection. The downstream segment
was located near the sea but far enough to avoid marine influences (i.e.
direct tide effects). At each segment, two reaches, separated by at least
two pools, were selected and invertebrates samples were taken. How-
ever, for simplicity in the analysis, we averaged invertebrate samples
and environmental parameters from the two reaches at the same seg-
ment. All segments were sampled once in summer. For analysing beta
diversity at the province scale, we additionally selected one re-
presentative river at the Steppe and one at the Moorland ecoregions.
Due to logistic reasons, the Moorland river was sampled at the down-
stream segment, whereas the Steppe river at the mid-stream and
downstream segments (Table 1). Such a sampling design was uneven,
limiting the use of those rivers in the ecoregion analysis. For these two
rivers, we followed the same sampling and analysis protocols to obtain
data that was comparable to the rivers of Transition and Mountain
Range ecoregions for analysing beta diversity at the province scale.
Catchment areas in the Mountain range Ecoregion are in general
smaller than those in Transition, due to contrasting geomorphologic
settings determining that river networks are shorter in length and
smaller in drainage area. Because of this, our sampling design focused
on dividing river networks in three main sections (see details above),
which were comparable in the relative distance to the sources or to the
river mouth.

Table 1
Drainage area (km?) upstream of each river segment per ecoregion.
Ecoregion River Upstream Mid-stream Downstream
Steppe Cullen - 763 862
Transition Ewan 38 568 1023
San Pablo 27 93 469
Mountain Range Lasifashaj 3 133 420
Olivia 4 98 197
Valdez 37 120 135
Moorland Moat - - 435
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2.3. Environmental and spatial variables

Conductivity, pH and temperature were measured with a HI9820
multiparameter (Hanna Instruments, Inc., Woonsocket, Rhode Island,
USA). Water samples for chemical analysis were collected in acid wa-
shed bottles (Butturini et al., 2009) filtered with MG-F filters (Munktell
Co) and stored at —20 °C. Nitrate, nitrite and soluble reactive phos-
phorous concentrations were quantified by an Autoanalyzer Technicon
II, following standard protocols (see Eberlein and Kattner, 1987;
Grasshoff et al., 1983; Treguer and Le Corre, 1975). Before freezing, a
filtered water sample was used to measure light absorption at 440 nm
(Pace and Cole, 2002) for estimating water colour associated to dis-
solved organic substances. Periphyton abundance was estimated as
Chlorophyll a concentration (mg m~?) from single cobbles collected
randomly on the stream bottom (3 cobbles per reach). Chlorophyl a
extraction was performed with ethanol and assessed following Biggs
and Kilroy (2000). Benthic particulate organic matter (BPOM) was
collected together with the macroinvertebrate samples (section 4.4). In
the laboratory, BPOM was classified into coarse and fine particulate
organic matter (=1,000mm and < 1,000 mm, respectively), oven
dried until constant mass and weighed. Percentages of boulder, cobble,
pebble, gravel and sand were estimated by the Wolman pebble count
method on 100 randomly selected substrates at each segment (Wolman,
1954). The relative abundance of each substrate category was used to
compute new variables (i.e. PC-S1 and PC-S2) from a principal com-
ponent analysis (Kenkel et al., 2002; Quinn and Keough, 2002). Water
flow was assessed by timing a spherical floating object along a 14 m
length distance (5 measures). In each study segment, four transects
were established to measure channel width and depth at regular in-
tervals.

The Euclidean distance between pairs of sites (i.e. segments) was
used as subrogate of environmental difference (hereafter environmental
distance). The most relevant predictor variables were selected by per-
forming a Principle Components Analysis (PCA) and keeping those
highly correlated with any of the two first axes. Selected variables were:
temperature, Chlorophyll a concentration, water colour, soluble re-
active phosphorous, BPOM fine, mean depth and mean width.

Latitude, longitude and altitude of each segment studied were ob-
tained with a Garmin GPS. Spatial distance between each pair of seg-
ments was measured as the distance in a straight line.

2.4. Macroinvertebrate samples

Three quantitative macroinvertebrate samples were taken with a
Surber sampler (0.06 m? 200 um mesh size) in one riffle habitat per
reach (n = 3 per reach and n = 6 per segment). Samples were fixed
with 80% alcohol until sorting and identification in the laboratory.
Macroinvertebrate individuals were identified to the lowest possible
taxonomic level using available keys (e.g. species, genus or family;
Dominguez and Fernandez, 2009; Nieto, 2004) and counted to de-
termine abundance per sampling unit. Average taxa number per seg-
ment was 19 = 4 (mean * standard deviation).

3. Data analysis
3.1. Drivers of metacommunity structure

To examine the mechanisms structuring metacommunities, we fol-
lowed the methodology developed by Baselga (2010), which computes
multiple-site beta diversity (or total beta diversity) and partitions this
value in two additive components. This components are related with
the different phenomena explaining beta diversity: nestedness, where
poor species sites are subsets of rich species sites, and turnover, where
species are replaced among sites due to environmental constrains or
spatial barriers (Baselga, 2010; Tonkin et al., 2015a). We used Sgrensen
dissimilarity index to account for total beta diversity (hereafter call
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Bsor) and the nestedness (Bngs) and turnover (Bspy) indexes to account
for its components (Bsor = Pnes-+ Bsmv)- We computed all these beta di-
versity indexes for each study scale using the betapart package (Baselga
et al., 2013). In some occasions, we calculated average pair-wise bio-
diversity indexes (hereafter pairwise-3) instead of the multi-site to ac-
complish specific statistical approaches. Although multiple site di-
versity accounts overall heterogeneity in communities better than mean
pairwise diversity (Baselga et al., 2013), it gives only one value thus
constraining further analyses.

First, at the province scale (Argentine Tierra del Fuego) beta di-
versity index was obtained considering all study segments as single
localities regardless of their catchment. A total of seven rivers, re-
presenting the four ecoregions of the province, were considered.
Secondly, at the Ecoregion scale, beta diversity index was obtained
separately for Transition and Mountain range ecoregions. As Transition
and Mountain range ecoregions were represented by a different number
of sites (more sites in Mountain range), beta diversity in Mountain
range was obtained with a resampling procedure (Baselga, 2010),
which allows a weighed comparison between indexes. This method
consisted of taking 100 random samples of 6 segments in Mountain
range ecoregion (same number of segments as in Transition), then ob-
taining beta diversity indexes for each sample and finally computing
the mean indexes. Last, at the catchment scale, beta diversity index was
obtained for each river considering their three study segments (within-
catchment diversity). We also explored the correlation between spatial
and environmental distances and between turnover or nestedness
components of beta diversity, and spatial or environmental distance.
We calculated pairwise beta diversity indexes (function beta.pair of
betapart package), which allowed us to compare the relationship be-
tween the indexes and both distances by a Mantel test. Analyses were
run with the mantel function of the vegan package (Oksanen et al.,
2016), with 999 permutations, and rivers were set as strata within that
function in order to eliminate catchment effect.

At the province scale, the large number of replicated locations
(n = 18) allowed us to complement the partition analysis of beta di-
versity with a partial redundancy analysis (p-RDA). This method en-
ables obtaining the percentage of community variability explained by
environmental, spatial or both types of variables. All segments within a
river system were considered independent of each other since the dis-
tance between them was longer than 3km. The macroinvertebrate
abundance matrix was modified with Hellinger's transformation
(Legendre and Gallagher, 2001), employing the decostand function of
the vegan package (Oksanen et al., 2016). Principal coordinates of
neighbor matrices (PCNM) were used to transform latitude, longitude
and altitude with the pcnm function in the vegan package, to be used in
this constrained ordination method, following Tonkin et al. (2015a).
Prior to running the partial RDA analysis, a preliminary analysis was
done with rda (of the vegan package) and step functions in order to
eliminate correlated and non significant variables. Percentages of ex-
plained, shared and unexplained variation were computed following
Zuur et al. (2007).

Pairwise indexes (function beta.pair of betapart package) for each
beta diversity component were computed for each segment along the
river (upstream, mid-stream and downstream) to investigate contribu-
tions of nestedness and turnover in the different segments of the rivers.
The relationship between pairwise-Bsor and environmental or spatial
distance was explored with a Mantel correlation test, as no relationship
was found between environmental and spatial distances in any segment
(Mantel test: upstream r = 037, p = 0.2; midstream r = 0.42, p = 0.1;
and downstream r = 0.08, p = 0.38). Pearson coefficient was used as
well as 199 permutations (i.e. the maximum number possible of per-
mutations).
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3.2. Comparison among different spatial scales and positions along the river
network

To analyze the relationship of spatial scale and metacommunity
beta diversity, we performed a general comparison of all beta diversity
indexes obtained across the different spatial scales of the study. As the
smallest spatial scale (catchment) was represented by three segments,
we conducted a resampling procedure to compute the three diversity
indexes (Bsor, Bsmv and Pnes) at the ecoregion and province scales. The
resampling procedure was described in the previous section, following
Baselga (2010), and used to eliminate sample size effect on beta di-
versity. We analysed the correlation between beta diversity indexes and
spatial extent (measured as mean distance between locations), using
Pearson correlation, after the normality of variable distribution was
confirmed. Correlation was assessed with Infostat software (Di Rienzo
et al., 2016).

Finally, to determine if total beta diversity varied among positions
in the river network and if it had different contributions of the turnover
and nestedness component, we calculated pairwise beta diversity in-
dexes (i.e. pairwise-Bsor, pairwise-Bspy and pairwise-Bygs) among the
three river positions. Differences were tested by PERMDISP2 analysis,
using the betadisper function to compute distances to group centroid
and a permutation test, permutest, to asses differences in dispersion
among positions along the river, following (Tonkin et al., 2016). Both
analysis are from the vegan package (Oksanen et al., 2016), permutest
was carried with 999 permutations.

All analyses, except otherwise indicated, were performed using R
version 3.1.1 (R Core Team, 2016). When applicable, the results of
these analysis were considered significant if p values were lower than
0.05.

4. Results
4.1. Beta diversity and drivers of beta diversity at different spatial scales

At the province scale, Bsor was 0.82, and beta partitioning indicated
that metacommunity was mostly structured by turnover (Bsp = 0.77)
while nestedness component was more than tenfold lower
(Bnes = 0.05). The variance partitioning analysis (p-RDA) revealed that
environmental variables account for almost twice as much community
structure variation (34%) as spatial variables (18%), with shared var-
iation explaining 26%. The p-RDA showed more importance of the
environmental gradient, reflecting the prevalence of the turnover
component, though the difference was smaller than when beta diversity
was partitioned.

At the Ecoregion scale, both Transition and Mountain Range had
similar Bsor values (0.58 and 0.59, respectively), with a dominance of
the Bspy component (0.44 and 0.52, respectively). Interestingly, Bnes
was two-fold higher in Transition (0.14) than in Mountain range (0.07).

At the catchment scale, pairwise-Bsor varied substantially within
each catchment (between 0.23 and 0.49), and it correlated with spatial
(Mantel test, r = 0.48, p = 0.02) but not with environmental distance
(Mantel test, r = 0.22, p = 0.41, Fig. 1 A and B). In each river, the
pairwise-Bsp was dominant (73 + 11% of pairwise-Bsor) over pair-
wise-Bnes (26 + 11% of pairwise-Bsor). The exception was Valdez, the
smallest river sampled, where pairwise-fsy and pairwise-Bngs had si-
milar values (0.12 and 0.10 respectively). Besides pairwise-Bsor, pair-
wise-Bspv was related with spatial (Mantel test, r = 0.50, p = 0.01) but
not with environmental distance (Mantel test, r = 0.18, p = 0.52, Fig. 1
C and D), while pairwise-fngs showed no relationship with predictor
variables (Mantel test, p > 0.05 in both cases, Fig. 1 E and F). En-
vironmental and spatial distances did not correlate (Mantel test,
r =0.03, p = 0.93).

When analyzing the relationship with spatial extent across scales,
we found a significantly positive relationship with Bsor (Pearson cor-
relation r = 0.78, p = 0.02). Bspy showed a marginal relationship

Acta Oecologica 97 (2019) 6-13

(Pearson correlation r = 0.66, p = 0.07), while (xgs had no significant
relationship with spatial extent (p = 0.80).

4.2. Different positions along the longitudinal axis of the river

None of the beta diversity indexes differed among studied positions
(permutation test, pairwise-Bsor: F = 0.57, p = 0.58; pairwise-Psim:
Fo,12) = 0.38, p = 0,69; pairwise-Pngs: F2,12) = 1.52, p = 0.26). It is
worth noting that pairwise-Bsp represented the largest contribution to
pairwise-Bsor. Pairwise-Bsor was not correlated with environmental
distance in any segment (Fig. 2 A, C and E, Mantel test, p > 0.05 in all
cases). However, pairwise-Bsor was positively correlated with spatial
distance at the upstream and mid-stream (Fig. 2B and D, p < 0.05) but
not at the downstream segments (Fig. 2 F).

5. Discussion

Our analysis of the beta diversity of the benthic invertebrate com-
munity in the rivers of Tierra del Fuego Island indicates that turnover is
the dominant structuring component. This result was consistent across
the three spatial scales analysed: province, ecoregion and catchment. As
predicted, total and turnover beta diversities increased with spatial
extent, while nestedness beta diversity remained constant. When ana-
lyzing beta diversity at different positions along the river network we
found that, contrary to our expectations, neither total, turnover or
nestedness beta diversity indexes differed among positions.

Considering that beta diversity turnover component generally re-
flects species sorting (Soininen et al., 2018), our results indicate a
dominance of species sorting processes at the province, ecoregion and
catchment scales. This is in agreement with several studies that have
previously found the same process shaping macroinvertebrate meta-
communities (Gothe et al., 2013; Gronroos et al., 2013; Landeiro et al.,
2012; Padial et al., 2014; Soininen et al., 2018), even at different spatial
scales (Cottenie, 2005). For example, in continental Patagonia at 40° S
latitude, beta diversity (measured as invertebrate community simi-
larity) was studied within the detritivore trophic guild and showed a
positive correlation with environmental but not with spatial distance
(Boyero et al., 2015). In that survey the lack of spatial signaling in
addition to longer distances among study localities (mean distance
167 km) suggests species sorting as the mechanism shaping the meta-
community. Similarly, when we partitioned the effects that environ-
mental and spatial drivers had on metacommunity structure, environ-
mental variables explained much more variation (two-fold) than spatial
variables. In a more recent meta-analysis across a large range of lati-
tudes and involving communities from freshwater, marine and terres-
trial realms as well as a variety of life forms, Soininen et al. (2018,
appendix S3) found highly variable turnover component values. For
instance, turnover diversity at latitudes similar to those in our study (50
- 60°) fluctuated between 0 and 0.9. Therefore, our measured turnover
for benthic stream macroinvertebrates at the province scale (n = 15,
Bsm = 0.75) is among the highest when compared with different
community types at high latitude.

Dispersion of overland colonizers can be constrained by topographic
heterogeneity (for a review see Tonkin et al., 2018), as when commu-
nities in different river branches are separated by large overland bar-
riers (e.g. high and pronounced hillslopes, see Tonkin et al., 2017).
Therefore, we expected a higher contribution of species sorting to the
structuring of metacommunities in the Mountain Range ecoregion than
in the Transition ecoregion because landscapes in the former are
characterised by isolated steep valleys in contrast with the low hills
found in Transition. Our results indicate that while By dominated beta
diversity in both ecoregions, Bnygs component was two-fold higher in
Transition. This might reflect more accessible stream reaches within
Transition landscapes facilitating individual dispersal and increasing
the probability for nested metacommunity structure.

Turnover is expected to increase with spatial extent as a
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Fig. 1. Beta diversity of benthic invertebrate communities at the catchment scale in five rivers of Tierra del Fuego, Argentina. Pairwise-Bsor as a function of spatial
(A) and environmental distance (B); pairwise-Bsp as a function of spatial (C) and environmental distance; (D); pairwise-Bngs as a function of spatial (E) and
environmental (F) distance. Pearson correlation coefficient and its p value (Mantel test) are shown. The line in A and C represents the significant correlation between

variables.

consequence of larger environmental gradients, which in turn results in
increased environmental filtering of species (Heino et al., 2015a). Si-
milarly, nestedness is also expected to increase with spatial extent
(Soininen et al., 2018) because farther locations are less likely to be
reached thus promoting ordered extinction. However, Soininen et al.
(2018) found that the nestedness component of beta diversity did not
vary with spatial extent. Our results showed that turnover beta diversity
increased with spatial extent while the nestedness component remained

10

invariant. While species sorting and mass effects have been most often
identified as the predominant models, metacommunities rarely fit a
single model (Logue et al., 2011).We believe that the pattern in the
nestedness component is caused by a more complex interaction of
processes (Soininen et al., 2018). Although turnover represented the
highest contribution of total beta diversity, both indexes (total diversity
and turnover component) related with spatial distance at the catchment
scale, suggesting the importance of spatial processes over
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Fig. 2. Beta diversity (pairwise-Bsor) as a function of environmental and spatial distance in upstream (A, B), mid-stream (C, D) and downstream (E, F) river segments.
The correlation coefficient and its significance (Mantel test) are shown on each panel. The line in A and C represents the significant correlation between variables.

environmental filtering. In this sense, the significant spatial signal ob-
served at different spatial scales may indicate strong dispersal limita-
tion in shaping macroinvertebrate metacommunity structure
(Sarremejane et al., 2017).

The dendritic condition along with flow uni-directionality in fluvial
systems (Allan and Castillo, 2007) make headwater areas more isolated
in comparison to other fluvial segments within the network. Headwater
isolation and higher environmental heterogeneity, in combination with
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higher channel density, result in higher beta diversity here than in other
segments of the river (Brown et al., 2011; Brown and Swan, 2010; Finn
et al., 2011; Gomi et al., 2002). These features should also favor species
sorting in headwaters in contrast to the more connected and less het-
erogeneous downstream extensions where higher dispersal and massive
colonization events are likely to occur (Brown and Swan, 2010; Finn
et al., 2011; Sarremejane et al., 2017; Tonkin et al., 2015b). Beta di-
versity in our study rivers showed no relationship with position in the
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network, contrary to our expectations. This lack of difference in beta
diversity among river segments can be caused by a similar connectivity
and dispersal (hence the pattern is real) along the network. In this re-
gard, headwater streams may not necessarily be the most isolated
segments in a river network as, due to its dendritic nature, they can be
either close to or far from each other (Schmera et al., 2018). On the
other hand, we found that total beta diversity did relate to spatial
distance in upstream and midstream segments, indicating the im-
portance of spatial factors. Moreover, the relationship between spatial
distance and beta diversity in our upstream segments was more pro-
nounced that in midstream ones reflecting higher dispersal limitation
among headwaters. In contrast, no spatial relationship was found in
downstream segments. Such findings are similar to those of
Sarremejane et al. (2017). In their recent study comprising headwater
and mid-stream systems, they highlighted that dispersal limitation and
randomness also structure beta diversity, with varying importance ac-
cording to connectivity, ultimately leading to mass effects in more
connected mid-size streams. Our results suggest a shift on the prevailing
mechanism from dispersal limitation in upstream segments to the pre-
dominance of mass effect in downstream ones. However, as beta di-
versity was similar among river segments (see above) it is likely that
other processes not assessed in this study interplay to yield the observed
patterns. For example, groups with different dispersal traits may have
different associated mechanisms (Gronroos et al., 2013), thus obscuring
the patterns of this metacommunity.

The higher importance of turnover at our contrasting spatial scales
indicates that conservation efforts should be focused on preserving
streams and rivers with different environmental conditions at least at
scales larger or equal to the ecoregion. Our results are valuable for
management decisions as they provide information to identify valuable
streams to protect or restore the biodiversity in river networks. Recent
advances in our understanding of community structure across land-
scapes and riverscapes and their environmental/spatial drivers offer
complementary ecological information to help designing protected
areas for preserving or restoring ecosystems and their biota (Gouhier
et al., 2013). However, the formal implementation of such concepts in
conservation biology has yet to be done.
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