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Abstract Fish diversity is generally high in drainage
networks in perennial systems. On the other hand,
little is known about the importance of drainage
networks in semiarid regions. The scant attention
given to rivers in semiarid regions so far may in part be
explained by the high intermittency and low ramifi-
cation of these drainage networks and their incorrect
classification as systems of low diversity and produc-
tivity. In this study, we investigated the importance of
the drainage system of an intermittent river system in
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Brazil with regard to taxonomic and functional -
diversity. To do so, we evaluated the importance of
both tributaries (branches) (12 sampling points) and
the main stem (7 sampling points).We initially mod-
eled the spatial structure within the branches and the
main stem using asymmetric eigenvector maps. We
then partitioned P-diversity values between local
(biotic and abiotic) and spatial factors (positive spatial
autocorrelation). The higher p-diversity values
observed for branches were explained mainly by
predation and environmental selection. On the other
hand, in the main stem, B-diversity was best explained
by a combination of environmental conditions and
spatial factors. In general, local factors were more
important in the functional approach than in the
taxonomic approach, supporting their joint use in
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metacommunity studies. Our results suggest that fish
metacommunity structure in branches may be respon-
sible for maintaining regional patterns of B-diversity
in semiarid river systems.

Keywords Caatinga - Riverine network -
Disconnectivity - B-diversity - Functional traits -
Variation partitioning

Introduction

The structuring of local communities is commonly
assumed to be the result of the joint action of dispersal
and niche-based processes (metacommunity dynam-
ics) (Hubbell 2001; Leibold et al. 2004). Spatial
distance and local environmental conditions deter-
mine which species will colonize and eventually settle
in local communities (Heino et al. 2015). The
importance of these processes depend on the aspect
(taxonomic or functional) of the biodiversity investi-
gated (Tolonen et al. 2018). Thus, while the taxonomic
aspect is usually dependent on spatial distance and
stochasticity, the functional aspect is determined by
the biotic interactions between species and the envi-
ronment (Spasojevic et al. 2014; Gianuca et al. 2017,
Rodrigues-Filho et al. 2018a). This is the framework
adopted in many studies contrasting spatial distance
with environmental conditions (e.g., habitats) (Logue
et al. 2011). Such studies assume that local processes
are represented by environmental conditions only,
although biotic interactions (e.g., competition and
predation) may also have a direct influence on local
fish assemblage and functional attributes (Jackson
et al. 2001; Chase 2003; Spasojevic et al. 2014; Giam
and Olden 2016). For example, predators may serve as
strong biotic filters by consuming preferential prey
(species with specific functional attributes), thereby
directly impacting the local assemblage (Livingston
et al. 2017). In other words, information on predation
patterns at the metacommunity level can help under-
stand the mechanisms responsible for local biodiver-
sity and assemblage, from both the taxonomic and
functional perspective.

The dynamics of metacommunities depends on
taxonomic group (Schmera et al. 2017) and ecosystem
type (Heino et al. 2015), but must also take into
account the dynamics of adjacent ecosystems which
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directly influence in the species’ dispersal rates and
interaction with the environment. Local processes
involving environmental and biotic factors presuppose
the dispersal of individuals and the existence of local
communities. In other words, the spatial configuration
of an ecosystem can directly affect community
structure patterns by limiting or facilitating dispersal
among communities (Heino et al. 2015). In intermit-
tent aquatic ecosystems, for example, the frequent
isolation of dendritic systems generates different
levels of connectivity between the tributaries
(branches) and the main channel (main stem), ranging
from completely isolated to sporadically connected
communities (Datry et al. 2016a). To understand how
the complex dynamics of intermittent rivers affects the
organization of local communities, changes in local
biodiversity need to be broken down (B-diversity;
Socolar et al. 2016). Defined as dissimilarity in species
composition (Baselga et al. 2012) or functional
attributes (Villéger et al. 2013) between pairs of local
communities, B-diversity may be divided into turnover
and nestedness. Identifying which of these two
components is more important to B-diversity helps
understand the mechanisms responsible for local
biodiversity. For example, a high turnover rate is
evidence of large differences in composition or
functional attributes between local communities and
suggests that more locations are required to preserve
regional biodiversity. On the other hand, a high
nestedness value indicates that communities with poor
species diversity and a narrow range of functional
attributes are subsets of richer communities; thus, few
locations are required to preserve regional biodiversity
(Socolar et al. 2016).

In branches of intermittent rivers, disconnection
events compromise the dispersal of individuals,
increasing the compositional dissimilarity between
local communities (Datry et al. 2016b). Once species
have become established, adverse environmental
conditions and biotic interactions (e.g., competition
and predation) further shape the local assemblage
(Boulton 2014; Larned et al. 2010; Altermatt et al.
2011). This combination of factors tends to increase
the complexity of spatial organization and goes a long
way to explain the dissimilarity (high B-diversity)
observed between assemblages in such environments
(Datry et al. 2016b). B-diversity patterns are mainly
explained by turnover associated with isolation and
environmental and biotic filters (Brown and Swan
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2010; Finn et al. 2011). Conversely, the unidirectional
flow of the main stem favors dispersal among local
communities (mass effect mechanism), allowing
species to maintain local populations under adequate
conditions (Logue et al. 2011; Vitorino-Junior et al.
2016). This mass effect mechanism tends to homog-
enize neighboring assemblages, regardless of local
conditions, resulting in lower B-diversity and turnover
compared to branches (Strecker and Brittain 2017).
Therefore, in intermittent drainage systems the
branches and the main stem often display different
B-diversity patterns.

Functional metacommunity organization is poorly
understood and difficult to predict in systems with
intermittent dynamics (Datry et al. 2015). However,
some expectations can be made based on the hydro-
logical dynamics peculiar to intermittent rivers. For
example, the isolation of branches tends to favor small
species with high fertility rates (Winemiller and Rose
1992), a functional attribute which confers greater
resilience to ephemeral water bodies (Townsend and
Hildrew 1994). Nevertheless, a variety of morpho-
types may be expected in branches due to differential
habitat exploitation. Isolation can also lead to more
intense biotic interactions, favoring species with
efficient physical protection (e.g., barbs) (Villéger
et al. 2017). Based on this set of factors, one would
expect considerable functional dissimilarities between
local communities in different branches. However,
while environmental selection of species-specific
attributes associated with ephemerality and habitat
exploitation tends to intensify the functional dissim-
ilarity between communities (turnover), local extirpa-
tion associated with predation or competition tends to
generate nestedness (McAbendroth et al. 2005). Thus,
functional B-diversity in branches may also be
explained by turnover and nestedness. On the other
hand, the unidirectional flow of the main stem is
selective of species with high dispersal capacity
(greater size and absence of parental care) (Comte
and Olden 2018) which then tend to become widely
distributed within local communities (low functional
B-diversity). As a result, despite the high turnover
observed for B-diversity with the taxonomic approach,
small turnover rates and nestedness may be expected
in the functional approach (Virorino-Junior et al.
2016).

In view of the unique nature of intermittent systems
and the scarcity of studies on the factors determining

metacommunity structure in such systems, we evalu-
ated the metacommunity organization of an intermit-
tent riverine network in a semiarid region of Brazil. To
do so, two hypotheses were formulated: (1) greater
hydrological complexity and isolation in branches
lead to greater taxonomic and functional diversity in
relation to the main stem. Taxonomic and functional
B-diversity may be expected to be higher in branches
than in the main stem due to turnover (taxonomic
approach) or the combination of turnover and nested-
ness (functional approach). (2) Dissimilarities
between isolated locations are usually due to local
processes, while spatial processes are more important
in connected locations. Because of the adverse con-
ditions (e.g., high temperatures) and intense biotic
interactions (e.g., predation) (Larned et al. 2010)
prevalent in isolated communities in intermittent
systems, functional and compositional differences
between branches are best explained by predation
and local environmental conditions, whereas spatial
factors are more important in the analysis of main stem
dynamics.

Methods
Study site and data collection

The Jaguaribe River displays unusual dynamics for
rivers in semiarid regions (Cavalcante 2018) due to the
intensity and frequency of precipitation upon the scant
Caatinga vegetation during the 4-month long rainy
season (February to May). In addition, an abundance
of barrages have been built locally to store rainwater
and control flow. Rivers in semiarid Northeastern
Brazil tend to be shallow and slow-flowing, with
predominantly sandy bottoms (Cavalcante 2018).
Discharge rates vary greatly because of unevenly
distributed rainfalls and/or dam control, producing a
large number of sandy banks along the main river
courses. It is very common for the main stem to dry out
totally or form a small and very slow-flowing
(10 m® s permanent water course (50-90% of the
time), leaving most of the bed exposed (Cavalcante
2018; van Oel et al. 2018). This combination of events
promotes intense evapotranspiration, which in turn
increases the intermittency of the branches, discon-
necting them from the main stem (Maltchik and
Medeiros 2012). In addition, the Jaguaribe River is
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currently regulated by two very large reservoirs, Oros
and Castanhdo (Fig. 1), both of which were built
within the last 50 years.

Sampling was conducted during the rainy season
(May—April 2014 and 2015). The amount of rain
registered in these two years was comparatively small
(Fig. 2), making it possible to observe numerous
disconnection events between the branches and the
main stem. The study area included 19 sampling
points (branches n = 12; main stem n = 7) (Fig. 1),
each consisting of 50-m river stretch. After isolating
the stretch with nets, physicochemical, morphometric
and vegetation data were collected to draw an
environmental profile of the sampling location (q.v.
Mendonga et al. 2005). Temperature (°C), dissolved
oxygen (mg/L) and pH were measured once at the
downstream extremity with a Hanna HI9146 device
and a PHscan 30 device. Morphometric and vegetation
data were collected for four transects along the 50-m
stretch. Depth was measured at nine equidistant points
along each transect, starting 10 cm from the margin
(totaling 36 measurements per sampling point). Based
on black-and-white photographs taken in four direc-
tions (north, south, east and west) at each transect, the
canopy cover (%) was calculated by dividing the dark
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Fig. 2 Historical (1974-2013) average monthly rainfall (gray
area) and rainfall during the sampling period (2014-2015). The
dots represent the two months of sampling in the study area.
Source: Fundagao Cearense de Meteorologia e Recursos
Hidricos (FUNCEME 2017)

area by the total area (light 4 dark area). Using a flow
meter, the flow rate was measured once at each
transect. The readings obtained for each set of 4
transects were averaged for statistical analysis.
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Fig. 1 Study area in the Jaguaribe river basin (Northeastern Brazil). The sampling points were located in the main stem (black circles)
and in branches (gray circles). The two largest reservoirs of the basin (Orés and Castanhéo) are outlined in gray
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Immediately following the environmental profiling,
fish were sampled with a 5.3 m” trawl net (mesh size:
14 mm between opposing knots), a 0.7 m” sieve net
(mesh size: 1 mm between opposing knots) and a
1.3 m? seine (mesh size: 2 mm between opposing
knots), employing a fishing effort of two man-hours.
All the gear was used at all the sampling points
(branches and main stem). The 50-m delimitation per
sampling point was representative of the distribution
of the habitats present within and along the branches
and the main stem (backwaters, pools, macrophyte
beds and rapids) (Uieda and Castro 1999). Captured
specimens were anesthetized with a eugenol solution,
followed by fixation in 10% formaldehyde. Voucher
specimens were deposited at the Federal University of
Rio Grande do Norte (Natal, Rio Grande do Norte,
Brazil) (see Table S1).

Functional data

The functional characterization of fish community was
based on attributes related to dispersal capacity,
habitat use and defense (Table 1; see Online Appendix
2 for more details). These functional traits were
chosen due to their well-documented relationship with
abiotic, biotic and spatial factors of freshwater fish
populations (Villéger et al. 2017). For example, life
history attributes are good indicators of a species’
dispersion capacity and resistance to hydrological
changes (Winemiller and Rose 1992). This is illus-
trated by the conflicting demands of body size (the

larger the individual, the greater the dispersal capac-
ity) and parental care (the greater the energy expen-
diture, the smaller the dispersal capacity). Moreover,
morphological attributes are related to habitat prefer-
ence and locomotion in the water column, including
the position of the pectoral fin on the body (e.g.,
centrally positioned fins increase maneuverability;
Gatz 1987) and the width of the caudal peduncle (slim
peduncles facilitate permanence in locations with
constant flow) (Webb 1984). Also, agonistic interac-
tions are minimized by the presence of defense
mechanisms such as spines. Taken together, these
attributes are key to the processes considered in
metacommunity theory: dispersal, niche selection and
predation (Leibold et al. 2004).

Since some of the variables were non-continuous,
we used Gower’s distance to estimate the functional
distance between pairs of species (see Table S2). To
do so, we conducted a principal coordinates analysis
(PCoA). The position of each species on the PCoA
axis (multifunctional space) indicated the degree of
functional similarity and was used to quantify the
functional amplitude in each local community (Villé-
ger et al. 2008). The amplitude value was then used as
a proxy for functional richness (FRic) in the estima-
tions of functional B-diversity (Cornwell et al. 2006;
Villéger et al. 2013). Using the protocol of Maire et al.
(2015), a number of PCoA axes were selected to
construct the functional space. The protocol defines
the minimum number of axes representative of the
functional community structure by quantifying the

Table 1 The six functional traits measured for fish collected in the branches and the main stem of the Jaguaribe River and their

ecological implications

Trait Trait definition Ecological implications Functional
category
Maximum  Maximum standard Larger species show greater dispersal capacity (Comte and Olden 2018)  Dispersal
size length capacity
Parental Degree of investment in  Species spending more energy on parental care have lower dispersal

care individual offspring capacity (Comte and Olden 2018)
PFps Pectoral fin position Species with centrally located pectoral fins display greater maneuverability ~Habitat
(Dumay et al. 2004) exploration
Cpt Caudal peduncle Species with slim caudal peduncles (drag reduction) have greater capacity
throttling to explore habitats with continuous flow (Webb 1984)
Fecundity = Number of oocytes in the Species with high fertility rates tend to have higher rates of resistance and
clutch resilience (Winemiller and Rose 1992)
Spines Spines present Species with protective spines are more resistant to predation Defense
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mean square deviation (mSD) index. The first two axes
were maintained because they represented the mini-
mum required to preserve the quality of the functional
space (i.e., mSD < 0.01).

Taxonomic and functional diversity

Regional and local diversity was quantified based on
the number of species and the amplitude of functional
space occupation. The total number of the species
observed in the branches and the main stem was used
to define regional taxonomic diversity, while func-
tional diversity was estimated by the volume occupied
by all the species. Locally, taxonomic and functional
diversity was defined by the number of species
registered in each community and by the volume
occupied. In the functional approach, regional diver-
sity was used to standardize local diversity values so as
to make comparisons possible between communities
with different numbers of species (Villéger et al.
2008). Finally, we quantified the spatial variation in
local diversity for each region (B-diversity).

Taxonomic PB-diversity and its components were
calculated from the incidence matrix using Sgrensen’s
dissimilarity index. The latter is widely used in
ecological studies and is considered robust in [-
diversity calculations (Koleff et al. 2003). Taxonomic
B-diversity may be described thus:

b+c

taxonomic B-diversity = ———
B y a+b+c

where a is the number of species common to both
communities, b is the number of species occurring in
the first community but not in the second and c is the
number of species occurring in the second community
but not in the first. The taxonomic B-diversity was
unpacked into turnover and nestedness using the
following equation (Baselga 2010):

b+c  2xmin(b,c)
a+b+c a+2xmin(b,c)
|b— ¢l a

atbtc at2x min(b, c¢)

Taxonomic B-diversity and its components range
from O to 1 (Baselga et al. 2012). If two assemblages
have the same taxonomic composition, taxonomic [3-
diversity equals O (b = ¢ = 0). Taxonomic turnover
equals O if two assemblages have identical taxonomic
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subsets (b =c¢ =0) and 1 if no species are shared
(b =0, or ¢ = 0). Nestedness equals 0 if two assem-
blages have the same set of species (a = 0) and tends
toward 1 when one assemblage is a total subset of
another. Following a similar analytical protocol,
Villéger et al. (2013) applied the concept of taxonomic
B-diversity to functional B-diversity using convex hull
volume (FRic). As an analogy, a (species present at
both sampling points) represents the functional inter-
section between two assemblages in the multidimen-
sional space, while b (species present only at the first
sampling point) and c (species present only at the
second sampling point) represent the unique volumes
of each assemblage. Like taxonomic B-diversity and
its components, functional B-diversity and its compo-
nents range from O (identical functional volumes) to 1
(no overlap in the multidimensional space).

Predictor variables

Two sets of predictor variables for taxonomic and
functional B-diversity patterns were defined: local
(biotic and abiotic) and spatial. Local factors included
environmental conditions characterizing the morpho-
metric and physicochemical structure at each sam-
pling point and predation (Table 2). As shown by
Howeth and Leibold (2010), within metacommunities
predators are able to affect the distribution of their
prey. Despite their undeniable importance to meta-
community studies, biotic factors can be difficult to
evaluate (but see Livingston et al. 2017). To consider
the effect of predation, we used the relative abundance
of piscivorous species per community. Of all the
species sampled, only three (Hoplias malabaricus,
Serrasalmus rhombeus and Synbranchus marmoratus)
are described as piscivorous in the literature. How-
ever, in view of the phenomenon of ontogenetic diet
shift observed for many fish species, we performed
stomach content analyses to ascertain whether indi-
viduals (including juveniles) of these three species
were in fact piscivorous. This made it possible to
establish the presence of predation in local commu-
nities with greater accuracy. However, it should be
kept in mind that only 30% of individuals of H. mal-
abaricus, S. rhombeus and S. marmoratus are likely to
present any stomach content upon dissection (for more
details about stomach content analysis, see Online
Appendix 3).



Aquat Ecol

Table 2 Summary of local

. Category Variables Main stem Branches

variables (mean

values =+ standard deviation Mean SD Mean SD

[SD]) of the main stem and

branches of the Jaguaribe Biotic Relative abundance of predators (%) 0.03 0.04 0.02 0.04

river Abiotic Water velocity (m/s) 0.22 0.09 0.08 0.10
Width (m) 8.17 2.53 8.37 3.70
Depth (m) 0.35 0.19 0.53 0.35
Canopy cover (%) 0.24 0.28 0.11 0.14

Temperature (°C)

28.54 0.58 28.00 1.89

Dissolved oxygen (mg/L) 7.73 1.75 5.11 2.29

pH

8.39 0.91 7.69 0.63

The spatial distance between the communities was
evaluated with most accuracy by following the
watercourse, i.e., the dispersal routes (Vogt et al.
2013; Heino et al. 2015). Flow unidirectionality
should be considered in any aquatic system when
studying the dispersal of species among communities.
This can be achieved with spatial vectors from
asymmetric eigenvectors maps (AEM; Blanchet
et al. 2008). AEM analysis produces eigenvectors
related to dispersal and mass effect processes. For
example, eigenvectors with high eigenvalues are
associated with large spatial scales and suggest
dispersal limitation is the best explanation for the
observed spatial configuration of communities. Con-
versely, eigenvectors with low eigenvalues represent
fine scales and point to mass effects as the best
explanation for spatial configuration (Griffith and
Peres-Neto 2006). In addition, one of the advantages
of using spatial eigenvectors is that Moran’s 1
coefficients can be used to select eigenvectors with
positive spatial autocorrelation (p < 0.05) (Blanchet
et al. 2011).

Statistical analysis

We calculated the taxonomic and functional richness
for each local community in order to investigate the
dependence of spatial patterns of a-diversity on the
position in the intermittent drainage network, using the
general least squares (GLS) method to control for
heteroskedasticity. Taxonomic richness was defined
as the number of species in each local community,
while functional richness was based on the percentage
of convex hull volume occupied by all species of a
local community (FRic) (Cornwell et al. 2006;
Villéger et al. 2008). Patterns of taxonomic and

functional B-diversity (and their components) in the
branches and the main stem were determined with
permutational multivariate analysis of variance using
999 permutations (PERMANOVA) (Anderson et al.
2006).

The relative importance of local (biotic and abiotic)
and spatial factors in metacommunity research has
mainly been demonstrated with multivariate partition-
ing of variance (Cottenie 2005; Leibold and Chase
2017; Tolonen et al. 2018), although the technique has
been criticized for producing spurious correlations
(Smith and Lundholm 2010) due to the incorporation
of neutral dynamics (random events, Hubbell 2001)
into the component shared by the environmental and
spatial fractions (fraction [b] of Peres-Neto et al.
2006). Moreover, in nature species are distributed in
an autocorrelated manner which violates the basic
assumptions of independence in multivariate analysis
(Legendre 1993). To accommodate this unique distri-
bution of species, Clappe et al. (2018) proposed a new
statistical method of assessing the importance of local
and spatial factors in B-diversity patterns. Though
developed for the taxonomic approach, the framework
may also be used in the functional approach (Clappe
et al. 2018).

Thus, we used the method of Clappe et al. (2018) to
evaluate the explanatory power of local (biotic and
abiotic) factors only [a], spatial factors only [c], local
and spatial factors combined [b] and residual factors
[d]. These fractions are easily obtained from multiple
regressions of the B-diversity matrices using local
factors to obtain the fraction [ab], spatial factors to
obtain the fraction [bc], and local and spatial factors
combined (all predictors) to obtain the fraction [abc]
(Peres-Neto et al. 2006). By using association matrices
(e.g., P-diversity), the whole procedure can be
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summarized with a distance-based redundancy anal-
ysis (db-RDA). The explanatory power of each
fraction and its statistical significance were deter-
mined with the Ridj value and 999 randomizations,
respectively (Peres-Neto et al. 2006). The final model
of each multiple regression was composed only of
forward-selected local variables (p < 0.05; Blanchet
et al. 2008). We chose to use all positive spatial
eigenvectors in the model because the previous
selection did not decrease the Type I error rate for
fraction [a] (no association between B-diversity pat-
terns and local factors was detected as false when it
should be true; Peres-Neto and Legendre 2010).

Complementary analyses were performed to deter-
mine whether the difference between the branches and
the main stem with regard to the number of samples
had influenced the observed B-diversity patterns (and
their components) (Online Appendix 1). All analyses
were performed with the software R (R Core Team
2017). Functional richness and [-diversity were
calculated with Villéger’s function (multidimFD and
multidimFbetaD, http://villeger.sebastien.free.fr/
Rscripts.html), whereas PCoA and PERMANOVA
were performed with the vegan package (Oksanen
et al. 2015). The spatially constrained null model was
estimated with the script provided by Clappe et al.
(2018).

Results
Taxonomic and functional structure

Altogether, 5660 individuals were captured in this
study (main stem n = 3144; branches n = 2516),
corresponding to 34 species (branches n = 29; main
stem n = 25; shared n = 20). Piscivorous species
accounted for 3% (main stem) and 1.5% (branches)
of the captured individuals. Only four of the 19
sampling points yielded no piscivorous species. The
analyzed stomach contents confirmed the piscivorous
feeding habits of H. malabaricus and S. rhombeus
(even in individuals < 5 cm), but not of S. marmora-
tus, contradicting the literature. Despite the differ-
ences in abundance, no significant difference in
taxonomic and functional richness was observed
between the branches and the main stem (Fig. 3).
The first two axes of the PCoA explained 56.7% of
the observed variation in the functional structure of the
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local communities (Figure S1). In the functional space
defined by these two axes, the area occupied by
species was similar for the main stem and the branches
(Fig. 4). In general, the species comprising local
communities were characterized by a lack of defense-
related morphologies, low investment in parental care
and centrally located pectoral fins (negative scores in
PCoA 1; Fig. 4), all of which are associated with high
dispersal capacity.

B-diversity patterns

Regardless of the approach (taxonomic or functional),
B-diversity was greater in branches than in the main
stem or the entire drainage network (p = 0.01;
Table 3). The difference remained significant even
after controlling for the number of communities in the
branches and the main stem, suggesting that our results
were not biased by differences in the number of
samples (Figure S1.2, Online Appendix 1). The high
turnover values explained the greater B-diversity in
branches in the taxonomic approach, while nestedness
was more important in the functional approach
(p = 0.01; Table 3).

Metacommunity structure

Based on the forward selection criterion, three spatial
eigenvectors were selected to explain main stem [3-
diversity, while four eigenvectors (AEM-1, AEM-2,
AEM-3 and AEM-4) were used to explain the -
diversity of the entire drainage network (Table 4).
Taken together, these eigenvectors had little explana-
tory power (Fig. 5), but the combination of unique
local and spatial factors explained a considerable part
of the observed patterns of taxonomic and functional
B-diversity.

Six local factors were significantly associated with
B-diversity (three in the taxonomic approach and four
in the functional approach; Table 4). For example,
relative predator abundance was an important deter-
minant of community structure, but only in branches.
Regardless of the approach, local factors alone were
more explanatory of branch diversity, whereas the
combination of local and spatial factors was more
explanatory of main stem diversity (Fig. 5).
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the main stem (a) or only in the branches (b). Density curves
were defined from Kernel density calculations, in which darker
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Discussion

Using an analytical framework which excludes spu-
rious correlations between local and spatial factors
(Clappe et al. 2018), we found a clear difference in the
importance of local and spatial processes for taxo-
nomic and functional B-diversity. For instance, species

PCoA 1 (41.1%)

concentration of species. The direction of the arrows indicates
the gradients of the functional attributes within the multifunc-
tional space. Only attributes with loadings greater than 0.5 were
used (for more information, see Table S2)

distribution was strongly influenced by spatially
structured local processes [b], whereas local processes
were predictive of functional traits [a]. This may in
part be explained by environmental tolerance to
semiarid conditions (species with high fecundity)
and ability to escape from predators (Larned et al.
2010; Pelaez and Pavanelli 2019). In addition, our

@ Springer



Aquat Ecol

Table 3 Mean values =+ standard deviation of functional and taxonomic B-diversity (and its components) in the entire drainage

system, the main stem and the branches

B-diversity Entire system Main stem Branches Pseudo-F p value
Taxonomic
Total 0.72 (£ 0.13) 0.60 (£ 0.16) 0.75 (£ 0.14) 18.14 0.01
f-turnover 0.62 (£ 0.19) 0.49 (£ 0.22) 0.65 (£ 0.16) 16.18 0.01
B-nestedness 0.10 (£ 0.11) 0.11 (£ 0.10) 0.08 (£ 0.09) 1.68 0.21
Functional
Total 0.52 (£ 0.22) 0.30 (£ 0.12) 0.58 (£ 0.20) 13.07 0.01
B-turnover 0.23 (£ 0.21) 0.16 (£ 0.11) 0.20 (£ 0.19) 3.17 0.36
B-nestedness 0.29 (£ 0.25) 0.14 (£ 0.08) 0.38 (£ 0.26) 13.01 0.01

The main stem and the branches were compared by PERMANOVA with regard to functional and taxonomic B-diversity (and its
components). Bold type = significant difference between the branches and the main stem

Table 4 Forward-selected spatial and local predictors for the branches and the main stem according to approach (taxonomic or

functional)
Component Predictors Main stem Branches
Taxonomic Functional Taxonomic Functional
Rgdj (%) p value Rgdj (%) p value Ridj (%) p value Rﬁdj (%) p value
Spatial
AEM-1 15.1 0.01 0.27 11.1 0.02 <1 -
AEM-2 11.3 0.01 0.01 <1 - <1 -
AEM-3 7.7 0.09 0.37 8.4 0.04 10.8 0.02
AEM-4 <1 - - <1 <1 - 9.7 0.03
AEM-5 <1 - - <1 <1 - <1 -
Local
Predation <1 - 0.15 14.2 0.03 10.1 0.04
Water velocity 33.8 0.02 26.7 0.03 4.8 0.40 13.6 0.01
Width <1 - <1 - 7.3 0.11 17.6 0.02
Depth <1 - <1 - 12.8 0.04 14.6 0.02
Canopy 104 0.27 <1 - 3.9 0.55 42 0.43
Temperature 28.0 0.03 13.6 0.19 2.8 0.65 9.6 0.10
Oxygen <1 - <1 - 7.1 0.35 2.0 0.79
pH 16.7 0.14 27.7 0.02 2.5 0.64 6.2 0.24

Variables adding less than 0.1% to the cumulative explanation according to the forward selection were not included in the selection
criterion. AEM = asymmetric eigenvector maps used to model spatial factors. Bold type = predictors with significant values

(p < 0.05) included in the analysis of variance partitioning

findings match the predictions of Brown and Swan
(2010), according to which local factors are more
important in explaining diversity patterns in branches,
whereas the combination of local and spatial factors is
better at explaining the structure of the main stem.
However, since these two factors depended on the

@ Springer

position in the drainage network, the PB-diversity
patterns observed in the branches and the main stem
were different.

The object of this study was a dendritic system in a
semiarid region of Northeastern Brazil, with high rates
of discontinuity and low taxonomic and functional
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Fig. 5 Variation
partitioning results shown in
Venn diagrams. The circles
represent the variance

explained by local factors g

only [a], spatial factors only g

[c] or the combination of g )

. > Velocity;

local and spatial factors [b] & Temperature
g [a]=13%
2 p=.030
% Velocity; pH
2 :

richness of fish communities. In general, the ichthy-
ofauna of this ecoregion displays lower taxonomic
richness than that of other Brazilian regions. In fact,
the species sampled in a recent survey of several
aquatic ecosystems in the ecoregion (Mid-Northeast-
ern Caatinga) (Rodrigues-Filho et al. 2016) repre-
sented 60% of the taxonomic diversity of fishes
reported from the Jaguaribe River. The small diversity
is due mainly to an extensive history of adverse events
(i.e., past climate change and marine incursions;
Rodrigues-Filho et al. 2018b) compromising the
aquatic biota. These events led to functional redun-
dancy, since only the most resilient species have
managed to survive. This may explain the absence of a
significant difference in functional richness between
the branches and the main stem.

Branches constrain regional B-diversity patterns

The B-diversity values were higher for the branches
than for the main stem (Table 3). Local communities
displayed different taxonomic and functional compo-
sitions, explained primarily by turnover and nested-
ness, respectively. This scenario diverges from the
functional homogenization commonly observed in
perennial systems (Vitorino-Junior et al. 2016), which
may be explained by high functional similarity
between local communities (Logez et al. 2010) or by
allopatric speciation (Baselga et al. 2012). In our
study, we found evidence of substitution of species
with similar functions (redundancy) from one sample

Main stem

Branche

[c]<0
p=640
AEMI; AEM2

[a]=10%
p=.001
Predation;

Depth

[c]<0
p=.675
AEMI; AEM3

d]=89%

d]=93%

[a]=20% [c]<0
p=010 p=520
Predation; Velocity:) AEM3; AEM4
Width; Depth

{d]=80% [d1=79%

to another. Thus, the observed functional B-diversity is
explained by selective loss of species, producing a
nested pattern. Nestedness indicates high levels of
functional redundancy (i.e., different species with the
same function) and is therefore important in the
analysis of metacommunities of fishes and other taxa
in semiarid regions. In intermittent systems under
harsh environmental conditions, this redundancy
could act as a mechanism of resistance to hydrological
variability (Cadotte et al. 2011; Mouillot et al. 2011).
Similar results have been reported for temporary
ponds, in association with environmental severity and
reduced habitat connectivity (Brendonck et al. 2015;
Hill et al. 2017; Gianuca et al. 2017). Such biodiver-
sity patterns are considered important from the
environmental perspective because they identify the
highest concentrations of biodiversity and the areas
with the greatest potential for conservation (Voda
et al. 2016). However, patterns should be interpreted
with caution when dealing with systems in semiarid
regions, especially in view of the role branches play in
regional B-diversity patterns and the current scarcity
of research in this field.

Importance of local and spatial factors

In a seminal paper, Brown and Swan (2010) predicted
that local factors would be the most important
determinants of composition of communities isolated
in branches. When Schmera et al. (2017) tested this
claim, they found patterns to depend on taxonomic
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groups. According to the authors, in fish communities
spatial factors are as important as environmental
factors, contradicting the claim of Brown and Swan
(2010). Other authors have reported similar results
(Mykra et al. 2007; Cetra et al. 2017; Rodrigues-Filho
et al. 2018a), suggesting that dispersal processes are
also important in branches. These discrepancies
should be analyzed in light of the dispersal capacity
of the studied taxonomic group (as suggested by
Schmera et al. 2017). Moreover, branches are not
necessarily physically isolated from the main stem. In
the present study, which evaluated a drainage network
with highly disconnected branches, as predicted by
Brown and Swan (2010) local factors were very
important from both the taxonomic and functional
perspective due to the intensification of biotic inter-
actions and/or environmental filters in partially or
intermittently isolated communities. In fact, numerous
disconnection events were observed throughout the
dendritic system (Figure S2, for example). In other
words, in intermittent systems the relative importance
of local and spatial processes for the structuring of
isolated communities depends on the level of connec-
tivity with the main stem: high levels of connection
favor the colonization of communities farther away by
species with greater dispersal capacity, while low
levels of connection intensify local processes (e.g.,
high temperatures and high predation rates), favoring
hardy species. In the present study, the intensification
of local processes associated with isolation (Larned
et al. 2010) explained most of the observed patterns of
taxonomic turnover and functional nestedness.
Predation (the only local branch variable forward-
selected in both the taxonomic and the functional
approach) explained more than 10% of the taxonomic
B-diversity and 14% of the functional B-diversity,
suggesting that the isolation of communities can
intensify biotic interactions. In fact, the combination
of predator preference and adverse environmental
conditions in branches explained most of the observed
B-diversity values. In the taxonomic approach, B-
diversity was mainly explained by turnover (0.65),
which may be due to differences in predation rates
between local communities or to the fact that sampling
was performed early in the dry season, shortly after the
system had become disconnected (Chaves et al. 2008).
Contrasting with the taxonomic approach, nestedness
explained most of the observed functional B-diversity
patterns in branches. These results suggest that
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different connectivity rates can generate different
levels of mortality and colonization (Lake 2003),
favoring species with resistance traits such as high
fecundity (Larned et al. 2010). For example, local
extirpations in isolated communities promoted by
predation or environmental filters contribute to the
divergence of functional structures. Thus, width and
depth gradients may have an influence on extinction
rates because the permanence of a water body during
the dry season depends on the surface area (White
et al. 2016). On the other hand, in communities
connected with the main stem, species with functional
attributes associated with high dispersal capacity (less
parental care) are favored (Soininen et al. 2016). As
shown by the literature, environmental conditions are
strongly related to the functional characteristics (e.g.,
life history, habitat-type exploitation, defense-related
morphologies) of the species surveyed (Rodrigues-
Filho et al. 2017; Villéger et al. 2017).

In the main stem, a combination of local and spatial
factors explained the patterns of taxonomic and
functional B-diversity. In our analysis of the branches,
the first spatial eigenvectors were selected. This runs
counter to our initial hypothesis that mass effect
(selection of the last spatial eigenvectors) would be the
main determinant of main stem community structure.
The greater explanatory power of the combination of
local and spatial factors is compatible with the concept
of environment-space continuum posited by meta-
community theory and suggests localized spatial
processes are responsible for the observed metacom-
munity structure (Gravel et al. 2006). Thus, species’
differential dispersal capacity and environmental
affinities are likely responsible for the main stem (-
diversity patterns observed in intermittent rivers. Due
to the combined action of local spatial factors,
taxonomic and functional B-diversity values were
higher in our drainage network than in most perennial
systems, in which the mass effect is a predominant
limitation of over-dispersal (Aratjo et al. 2013;
Vitorino-Junior et al. 2016; Pelaez and Pavanelli
2019).

Analytical limitations

The role of environmental and spatial factors in the
organization of aquatic metacommunities depends on
taxonomic (Schmera et al. 2017) and functional
groups (Rodrigues-Filho et al. 2018a), spatial scale
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(Brown and Swan 2010; Heino et al. 2015) and
ecosystem type (Larned et al. 2010). The complexity
of these factors (and their inter-relationships) is the
main reason for the small extrapolative power of
metacommunity patterns observed in ecological stud-
ies (low Rﬁdj values; Siqueira et al. 2012; Schmera
et al. 2017). Another possible explanation is the
omission of variables important for metacommunity
structure (e.g., biotic interactions) (Legendre 2008).
However, when this important factor of community
assemblage was included, the residual variation in our
study remained high ([d] > 75%), most likely because
of the unpredictability of aquatic systems (Schmera
et al. 2017). Another possible explanation for the high
values of stochastic events ([d]) is the underestimation
of local components ([a]) and the overestimation of
spatial factors ([c]) due to the difficulty of capturing
the influence of local processes across extended spatial
scales (Smith and Lundholm 2010; Vellend et al.
2014). This problem of partitioning analysis has been
reported by several authors (Cetra et al. 2017;
Rodrigues-Filho et al. 2018a; Zbinden and Matthews
2017).

Implications for conservation

The conservation of local biodiversity is extremely
important for the maintenance of regional patterns of
B-diversity (Teshima et al. 2016). In this study, we
observed high functional and taxonomic B-diversity in
branches, suggesting that the conservation of regional
patterns depends on the preservation of these local
communities, despite the high levels of nestedness.
We also recorded a variety of anthropic impacts, such
as flow regulation (Figure S3), agriculture and pollu-
tion (Figure S4). The latter is known to influence
longitudinal gradients of B-diversity directly (Agos-
tinho et al. 2008; Aradjo et al. 2013). Such distur-
bances affect the two main forces found to regulate
biodiversity in this study: dispersal limitation and
local processes (abiotic and biotic). Changes in
environmental conditions can directly affect the
selection of functional traits (Mims and Olden
2013). For example, agricultural activities are known
to promote functional and taxonomic simplification of
the fish fauna by reducing the number of available
habitats (Casatti et al. 2015) and homogenizing the
underlying substrate via siltation (Dala-Corte et al.
2016). In addition, reservoirs can promote artificial

patterns of nested subsets because different zones
select for different species traits, which change as
distance increases (Araujo et al. 2013). These consid-
erations, along with the importance of small branches
to the main stem (Biggs et al. 2017), show how
potential local disturbances can directly affect regio-
nal patterns of fish community diversity in riverine
networks in semiarid regions. Despite claims to the
contrary in much of the literature on ecology, such
environments have crucial ecosystem functions for
both aquatic and terrestrial communities (Datry et al.
2014), including human populations (Kingsford et al.
2016). Hence, a proper understanding of the dynamics
of intermittent rivers and their drainage networks is
essential when developing conservation strategies for
specific ecosystems (Boulton 2014).

Conclusions

Branches were found to be responsible for the
observed high levels of regional taxonomic and
functional B-diversity, mainly by way of predation
and environmental selection. Although many studies
have documented the importance of adjacent water
bodies to regional biodiversity (Curry et al. 2012;
Espirito-Santo et al. 2013; Espirito-Santo and Zuanon
2016; Vitorino-Junior et al. 2016), little attention has
been given to the mechanisms regulating their diver-
sity. The complex dynamics of connections and
disconnections of adjacent water bodies (branches)
in semiarid regions have made some researchers
regard them as ecosystems of low taxonomic richness
(Datry et al. 2014). In the present study, this notion is
shown to be incorrect since functional and taxonomic
B-diversity was greater in the branches than in the
main stem. The observed pattern was explained
primarily by the combination of local and spatial
processes, making it possible to predict how future
anthropic interventions (such as agriculture, pollution
and flow regulation) might affect fish assemblages
which, despite their natural resistance to seasonal
fluctuations, are sensitive to such abrupt interventions
(Larned et al. 2010).
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