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o Richness difference drives native and
non-native fish beta diversity in pool
refuges.

e Stream fragmentation shapes native
species loss and non-native species
replacement.
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ARTICLE INFO ABSTRACT
Editor: Sergi Sabater Pool refuges are critical for maintaining stream fish diversity in increasingly intermittent streams. Yet, the
patterns and drivers of beta diversity of native and non-native fish in pool refuges remain poorly known.
Keywords: Focusing on Mediterranean streams, we decomposed beta diversity of native and non-native fish into richness
;{uirmlttent s.t:.eams difference (RichDiff) and species replacement (Repl), and local (LCBD, LCBDgichpitf and LCBDgep1) and species
etacommunities

(SCBD) contributions. We assessed the influence of environmental and spatial factors associated with drought
and damming fragmentations on beta diversity components and LCBDs, and of local species richness and oc-
cupancy on LCBDs and SCBD, respectively. Overall, non-native species showed a more limited occupancy of pool
refuges than native fish. RichDiff dominated beta diversity, though it was influenced by drought and damming
fragmentations for native fish and local environment for non-native fish. Repl for native fish was slightly
influenced by local environment, but for non-native fish was largely driven by drought and damming, albeit with
a contribution of local environment as well. LCBD and LCBDRg;chpifr increased in pools in low order streams for
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native fish and at low elevations for non-native fish, and with high or low species richness. SCBD was higher for
native species with intermediated pool occupancy, but for non-native species with low occupancy. Our results
suggest that stream fragmentation may drive native species loss and non-native species replacement in pool
refuges, and that environmental filtering may shape non-native species loss. Pools in lower order streams har-
bouring unique species-rich or species-poor assemblages should be prioritize for conservation and restoration,
respectively, and pools at low elevation with unique non-native assemblages should deserve control efforts. We
encourage the partitioning of beta diversity and individual analysis of native and non-native fish in intermittent
streams, which may be key in stressing the importance of pool refuges in safeguarding native fish diversity.

1. Introduction

Freshwater ecosystems cover <1 % of Earth’s surface but harbour
substantial and irreplaceable biodiversity (Allen and Pavelsky, 2018;
Tickner et al., 2020). However, multiple interacting threats increasingly
impact freshwater ecosystems, including changes in hydrological re-
gimes, habitat fragmentation and destruction, and biological invasions
(Reid et al., 2019; Tickner et al., 2020). Of particular concern is the
fragmentation and loss of stream habitats driven by droughts of
increasing frequency and intensity, associated with climate change and
rising water demands (Datry et al., 2018; Gido et al., 2023). Severe
droughts are causing formerly perennial streams to become intermittent
and intermittent streams to dry up permanently (Messager et al., 2021;
Pumo et al., 2016). These changes are leading to unprecedented declines
in native species diversity and alterations in community composition (e.
g., Carey et al., 2023; Gido et al.,, 2023). The situation is further
complicated by escalating dam construction, which exacerbates stream
fragmentation and flow regime changes, while also facilitating non-
native species invasion (Freyhof et al., 2020; Perkin et al., 2015; Su
et al., 2021). Addressing this crisis requires advancing understanding
about the way biodiversity is spatially organized in intermittent streams
(Rogosch and Olden, 2019), and how it is affected by fragmentations
associated with droughts and damming (Gauthier et al., 2020, 2021).

Studies of beta diversity in intermittent streams increasingly adopted
a metacommunity perspective which has proven beneficial in under-
standing the relative roles of niche-based and dispersal processes in
driving beta diversity and in conservation management (Datry et al.,
2016b; Gauthier et al., 2020; Rogosch and Olden, 2019; Vardakas et al.,
2020). Distance and network connectivity metrics consistently surpass
the influence of local environment in structuring community assembly,
which suggests a significant effect of dispersal processes, even where
strong environmental filters are in place (Gauthier et al., 2020; Sarre-
mejane et al., 2020). In addition, richness difference rather than species
replacement appears prevalent along intermittency gradients, with
species-poor communities often being subsets of species-rich commu-
nities (Datry et al., 2014, 2016a; Gauthier et al., 2020). This implies that
conservation management should prioritize species rich communities
that may act as sources within the metacommunity, instead of focusing
on a range of communities with variable compositions as when species
replacement prevails (Rogosch and Olden, 2019; Socolar et al., 2016).
However, beta diversity studies mainly centred on macroinvertebrates
and other organisms in the basis of food webs, and is uncertain whether
these assembly patterns apply to fish (Gavioli et al., 2019, 2022;
Rogosch and Olden, 2019; Vardakas et al., 2020). Moreover, the extent
to which patterns in beta diversity may differ between native and non-
native fish has been overlooked (but see Gavioli et al., 2019), though
their local richness and abundance is often driven by different factors
(Anas and Mandrak, 2021; Filipe et al., 2010; Radinger et al., 2019).
Clarifying this issue is particularly important given the increasing
introduction and spread of non-native fish and the associated risk of
faunal homogenization in intermittent streams (Clavero and Hermoso,
2011; Clavero et al., 2013; Freyhof et al., 2020; Gavioli et al., 2019).

Beta diversity research can be further complemented by recent ap-
proaches that assess variability in the way sites and species in the
landscape contribute to beta diversity (Legendre, 2014; Legendre and De

Caceres, 2013; Leibold et al., 2022). The ecological uniqueness of in-
dividual sites in terms of species composition, richness difference and
species replacement, often depends on environmental and dispersal
processes but also on local species richness (Legendre, 2014; Leibold
et al., 2022). Likewise, the relative importance of individual species in
affecting beta diversity may associate with occupancy, abundance, niche
requirements and functional traits (da Silva et al., 2018; Heino and
Gronroos, 2017; Xia et al., 2022). To date, site and species contributions
to beta diversity for native and non-native fish in intermittent streams
remain poorly examined (but see Gavioli et al., 2019, 2022; Rogosch and
Olden, 2019), though they will be key to inform conservation manage-
ment. For instance, high scoring sites may harbour rich or unique native
communities suitable for conservation or species-poor communities
suitable for restoration (Legendre, 2014), and species with intermediate
occupancy rather than rare species may contribute the most to beta
diversity (Xia et al., 2022).

Intermittent streams in Mediterranean climate regions INTMED) are
an ideal model system to explore the influence of drought and damming
fragmentations in driving beta diversity of native and non-native fish
communities. Drought is seasonally predictable in Mediterranean
streams, occurring each year in summer-early fall, but varying markedly
in intensity on a multi-annual scale (Gasith and Resh, 1999). Flow
cessation and surface drying result in significant habitat fragmentation
and loss, with water restricting to chains of residual pools embedded in
dry channels during severe droughts (Magalhaes et al., 2002a, 2007;
Vander Vorste et al., 2020). Fish are strictly dependent upon such
remnant pools, which act as refugia and function as sources of recruits
and colonists for the entire stream networks after flow resumption
(Magalhaes et al., 2002a; Pires et al., 2014). Refuge pools are thus
recognized to play a central role in shaping local richness and commu-
nity composition, and maintain local and regional stream biodiversity
(Bonada et al., 2020). However, the suitability of refuge pools for fish is
variable, with species richness increasing with pool size and the addition
of rare native species and of non-native species reflecting environmental
tolerances but also differential colonization and extinction processes
(Magalhaes et al., 2002a). Furthermore, fish community structure after
flow resumption largely associates with spatial factors rather than local
environment (Magalhaes et al., 2002b; Vardakas et al., 2020), with
similarity between local communities being associated with the distri-
bution of pool refuges and dispersal opportunities (Magalhaes et al.,
2002b). These are also significantly limited by damming, which impairs
fish movements, impacts natural flow regime, and often favours non-
native species introductions (Clavero et al., 2013; Clavero and Her-
moso, 2011; Freyhof et al.,, 2020). Therefore, clarifying how local
environment and fragmentations associated with drought and damming
cascade into beta diversity patterns of native and non-native species in
refuge pools is key for the development of a framework to better
conceptualize, conserve, and manage INTMED (but see Bonada et al.,
2020).

In this study, we integrated two partitioning approaches to disen-
tangle the contributions of local environmental and spatial factors to
beta diversity of native and non-native fish in pool refuges in INTMED.
Specifically, we partitioned beta diversity into richness difference and
species replacement as well as local and species contributions, and we
explored results to inform community assembly and conservation
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management. We predicted that:

i) richness difference is the main component of beta diversity for
both native and non-native fish, and for the former mainly relates
to dispersal limitation associated with drought and damming
fragmentations (Datry et al., 2014), whereas for the later mainly
relates to damming promoting species additions and colonization
opportunities (Clavero et al., 2013; Clavero and Hermoso, 2011;
Liew et al., 2016);

ii) replacement of both native and non-native fish mainly associates
with environmental gradients in pool refuges (Legendre, 2014;
Lopez-Delgado et al., 2020), but should be increasingly influen-
tial for non-native fish, which have not been filtered to cope with
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prevailing drought conditions, thus are more constrained by local
environment (Lennox et al., 2019; Radinger et al., 2019);

iii) local contributions to beta diversity are influenced by local
environmental gradients in pool refuges and dispersal limitation
associated with fragmentations for native and non-native fish,
and also negatively related to local species richness (Borges et al.,
2020; Xia et al., 2022);

iv) species contributions to beta diversity relate to occupancy,
showing a hump-shaped relationship (Heino and Gronroos, 2017;
Xia et al., 2022).
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Fig. 1. Map of the Lower Guadiana basin and the 28 pools sampled in July 2019. The pools are categorized as flow-connected (white circles) and isolated (black
circles), and further differentiated in below (small circles) and equal or over 50 m (large circles) in total length. Strahler’s stream order is indicated by the width of
the watercourse line, ranging from 1 (narrow blue line) to 4 (broad blue line), and elevation denoted by the grey gradient, ranging from 0 to 1021 m (a.s.l.). The map
also features the location of large dams > 15 m high or 10-15 m high and impounding > 3 hm® (black rectangle).
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2. Methods
2.1. Study area

Our study was conducted in the lower part of the Guadiana River
basin (37°33'20" N, 7°31'21" 0), in Portugal (Fig. 1). The Guadiana River
originates in Spain at 1700 m a.s.l., flows east to west for 810 km, ul-
timately discharging into the Atlantic Ocean. The Lower Guadiana flows
for 150 km between 0 and 650 m a.s.l., draining 11,700 km?, mainly of
schist-derived and highly impermeable soils with little groundwater.
Human occupation in the region is low (15 inhabitants/km?), and land
cover is dominated by dry and irrigated annual crops and pastures, holm
and oak woodlands, olive and almond groves and vineyards (Aguiar
et al., 2019). Riparian vegetation typically includes evergreen oleander
Nerium oleander, African tamarisk Tamarix africana and tamujo Flueggea
tinctoria, but there are also ash Fraxinus angustifolia and diverse willows
Salix spp. (Aguiar et al., 2019).

The climate is typically Mediterranean, with mean monthly tem-
perature ranging from 9 °C (January) to 25 °C (July-August) (SNIRH,
2023), and annual rainfall varying markedly from year to year (34-871
mm; 1990-2019 yr.) but following a predictable seasonal pattern
(SNIRH, 2023). About 85 % of annual rain occurs in October-April and
virtually none in the hottest months. The mainstem is permanent but
flow regimes in the tributaries are highly dependent on rainfall patterns,
with floods occurring in winter-early spring and low or no flows pre-
vailing in summer-early fall. In wet years, there may be major floods and
flow may persist in some tributaries. In dry years, there are no signifi-
cant floods, the drying period is extended, and surface water restricts to
a few pools scattered throughout the stream network. There are 20 large
dams >15 m high or 10-15 m high and impounding >3 hm?, including
the Alqueva in the mainstem which is the largest dam (4150 hm®) in
Europe (SNIRH, 2023).

Typical of INTMED, the regional pool of native resident fish is
reduced, including 12 resident species, 7 of which are threatened Iberian
endemics (Magalhaes et al., 2023). There are also 13 non-native resident
species, 10 of which have been introduced in the region >20 years ago,
and 3 anadromous and 4 catadromous species may also be found locally
(Collares-Pereira et al., 2021).

2.2. Fish and environment sampling

We sampled fish and environment in 28 residual pools in the tribu-
taries of the Lower Guadiana during July 2019, after flow among pools
had ceased or significantly reduced (Fig. 1). We exclusively sampled
residual pools, as they constituted the main refuges for fish during
drought in INTMED (Bonada et al., 2020), and specifically the only that
persisted in our study system. The study year was dry relative to the
long-term median (139 mm vs. 453 mm; 1990-2019) and to the previ-
ous two years (310 and 239 mm in 2017 and 2018, respectively).
Sampling was largely constrained by the natural distribution of pools
and accessibility, but an effort was made to cover variability in frag-
mentation by drought and large dams across the stream network. Sam-
pling pools were 130 &+ 105 m (mean + SD) (range: 25-402 m), 64 + 24
cm (25-150 cm) deep, located at a nearest distance of 12 + 8 km (4-37
km) from each other, and only nine remained flow connected (Fig. 1).

We sampled fish using single pass electrofishing (300-600 V, 4-6 A,
pulsed DC), wading upstream in areas up to <150 cm deep and
encompassing distinct microhabitats. Sampling covered the total length
of pools up to 50 m long, and ranged from 50 to 80 m in the remaining
pools, contingent on its length. Sample lengths were relatively small but
similar lengths have been shown to adequately capture responses of fish
communities to environmental variation in INTMED (Magalhaes et al.,
2007; Mota-Ferreira et al., 2021). Sampling was conducted from 20 to
50 min, with longer surveys in wider and deeper pools to enhance
detectability of species in local communities (Ferreira et al., 2016). We
identified fish to species, except small Luciobarbus (<10 cm TL) and
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Squalius (<4 cm TL), which are not readily identified from external
morphology (Table S1). Native fish were returned to the pools of origin,
and non-native fish were euthanized with a lethal dose of anaesthetic
(MS-222). No correlations were found between species number and
sample length (Pearson’s r = 0.03, p = 0.86) and time (Pearson’s r =
0.15, p = 0.43).

We characterized the environment at each pool using 25 variables
(Table 1), known to influence fish communities in INTMED (Ilhéu et al.,
2020; Magalhaes et al., 2007; Mota-Ferreira et al., 2021). At the mid-
points of three to five cross transects distributed across each pool, we
measured depth, temperature, dissolved O,, pH, conductivity, total
dissolved solids, and the proportions of substrata, instream cover and
riparian cover, and we collected water samples for inorganic nutrients
(NHs, NOs, P, PO4) and chlorophyll-a analyses. Substrata was catego-
rized as mud (0-1 mm), sand (>1-5 mm), gravel (>5-100 mm), block
(>100-1000 mm) and rock (>1000 mm). Instream cover was catego-
rized as debris (i.e., leaves, limbs and sticks), roots and aquatic vege-
tation. Inorganic nutrients and chlorophyll-a were analysed using UV/
Vis spectrometry and HPLC, respectively (Cereja et al., 2022 and ref-
erences therein). From Google Earth images (ca 0.15 m resolution; July
2019) we retrieved the area of each pool and characterized its isolation
using a dummy variable, coding 0 for flow connected and 1 for isolated
pools. Finally, we calculated the volume of each pool by approximation
to an ellipsoid, and determined Strahler’s stream order and elevation
from CCM 2.1 geodatabase based on a 100 m digital elevation model
(Vogt et al., 2008) in QGIS v3.12.

2.3. Data analysis

We primarily analysed variation in native and in non-native fish
diversity across the stream network using two decomposition ap-
proaches to partition beta diversity (BD) into richness difference
(RichDiff) and replacement (Repl) components, as well as local (LCBD,
LCBDgichpiff and LCBDgep)) and species (SCBD) contributions. Addi-
tionally, we evaluated the relationships of BD and LCBD and their
components with environmental and spatial predictors. Finally, we
analysed the relationships of LCBD and SCBD with the local number of
species and occupancy (i.e., the number of sites in which a species was

Table 1

Environmental conditions in pools in the Lower Guadiana basin, in July 2019.
Values are the mean + standard deviation (SD) and range (minimum-
maximum). Variables used in beta diversity analyses are highlighted in bold.

Environmental predictors Mean + SD Range

Depth cm 64.2 + 24.5 25.0-150.0
Area cm? 1815 + 1976 105-7000

Volume m® 3317.2 + 3625.1 157.6-13,321.6
Mud % 9.4 +£20.9 0.0-76.7
Sand % 13.0 + 22.8 0.0-83.3
Gravel % 6.7 + 9.3 0.0-30.0
Blocks % 26.4 + 21.6 0.0-76.7
Rocks % 19.7 + 20.3 0.0-68.3
Debris % 1.6 + 3.8 0.0-15.0
Roots % 3.0+55 0.0-20.0
Aquatic vegetation % 6.2 + 10.9 0.0-38.0
Riparian cover % 19.1 + 23.3 0.0-80.0
Temperature °C 25.5+ 3.5 19.8-32.1
Dissolved 0,% 11.2 + 5.6 2.3-24.2
pH 8.2 + 0.6 7.2-9.3
Conductivity pS/cm 803.8 + 436.3 191.7-1794.3
TDS mg/L 0.5+ 0.3 0.1-1.1
NH3 pmol/L 18.0 + 40.2 1.3-157.3
NO3 pmol/L 15.7 + 46.0 0.6-185.5
P pumol/L 3.7+ 5.6 0.6-22.8
PO4 pmol/L 2.1+ 4.6 0.1-18.6
Chlorophyl a mg/L 30.6 + 47.7 0.4-215.4
Isolation 0/1 0.7 + 0.5 0.0-1.0
Strahler’s stream order 2.7 + 0.7 1.0-4.0
Elevation m 137.2 + 70.9 17.0-280.0
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recorded), respectively. All analyses were performed using R (R Core
Team, 2021) and significance of statistical tests was assessed at p < 0.05.

2.3.1. Richness difference and species replacement components of beta
diversity

We determined BD as the total variance in the community compo-
sition matrix using Jaccard-based dissimilarity coefficient, and decom-
posed it into RichDiff and Repl components, based on indices in the
Podani family for presence-absence data (Legendre, 2014; Legendre and
De Céceres, 2013; Podani and Schmera, 2011), using the function beta.
div.comp of adespatial (Dray et al., 2021). Richness difference describes
the fact that one community may include a larger number of species than
another, and may reflect the diversity of niches available at different
sites across the study area and result from species loss or other ecological
processes, including barriers to dispersal (Legendre, 2014). Species
replacement refers to the fact that species tend to replace each other
along spatial and environmental gradients, reflecting the simultaneous
gain and loss of species due to environmental filtering, biotic in-
teractions and historical factors (Legendre, 2014).

2.3.2. Local and species contributions to beta diversity

We decomposed BD into LCBD and SCBD, following Legendre and De
Caceres (2013). LCBD indicate the degree of ecological uniqueness of the
sites, with large values corresponding to sites that have strongly
different species compositions compared with a mean site (Legendre,
2014; Legendre and De Céceres, 2013). We computed LCBD from the
community composition matrix and determined the statistical signifi-
cance of individual LCBD values through random, independent permu-
tations within the columns of the community composition matrix
(Legendre and De Caceres, 2013), using the function beta.div in ades-
patial (Dray et al., 2021). Local contributions to richness difference
(LCBDRgichpiff) and species replacement (LCBDgep]) were calculated from
the Jaccard-based dissimilarity matrices of RichDiff and Repl, respec-
tively, using the function LCBD.comp also in adespatial (Dray et al.,
2021). LCBD, LCBDgjchpiff and LCBDgep) were mapped using QGIS v3.12.

SCBD describe the degree of variation in individual species contri-
butions to beta diversity, with large values indicating species that vary
more than the mean (Legendre and De Caceres, 2013). We calculated
SCBD from the community composition matrix, using the beta.div
function (Dray et al., 2021).

2.3.3. Environmental and spatial predictors

As environmental predictors (ENV) we selected 14 out of the 25
variables measured, for having <45 % zeros and reduced collinearity
(Table 1). Prior to variable selection, we replaced oxygen and temper-
ature by their residuals on time of day, thus avoiding confounding in-
fluences in the analyses. We transformed skewed variables, using the
angular and the log( transforms for proportional and continuous data,
respectively, and we standardized all variables using z-score. We
computed Pearson’s correlation between each pair of variables and
removed, from each pair of strongly correlated variables (|r| > 0.60), the
one least associated with the response variables (BD and its components
and LCBD, LCBDgjchpiff and LCBDgep1) as judged from univariate linear
regressions.

We derived multi-scale spatial predictors using graph-based Moran’s
eigenvector maps (gb-MEM), which eigenvalues are directly propor-
tional to the Moran’s index of spatial autocorrelation. Eigenvalues were
generated from a spatial weighting matrix (SWM) describing the re-
lations between sites, obtained by the product of a connectivity matrix
defining the pairs of connected and unconnected sites by a weighting
matrix defining the strength of the connections between sites (Dray
et al., 2006). Because the specification of SWM is a crucial step in the
analysis, we built a set of candidate SWMs, as recommended by Bauman
et al. (2018). Specifically, we built four connectivity matrices based on
the Delaunay triangulation, Gabriel’s graph, relative neighbourhood
graph and minimum spanning tree schemes, using the function nb of
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spdep (Bivand et al., 2022), and removed unrealistic spatial links (i.e.,
crossing river basins in CCM 2.1, QGIS v3.12) manually. We used graph-
based rather than distance-based connectivity matrices because our sites
were irregularly distributed within the study area (Bauman et al., 2018).
We built two weighting uncorrelated matrices (r = —0.162, p < 0.05) to
describe fragmentation by drought (DRY) and damming (DAM). DRY
was based on the inverse dry distance (1-[d/dmax], where d is length of
the channel between sites that was dry as depicted from google Earth
images (ca 0.15 m resolution; July 2019) and QGIS v3.12, and dpay is the
maximum value of d in the dataset). DAM was based on the inverse
number of dams (1-[N/Npax]), where N is the number of large dams
between consecutive sites, and Npyax is the maximum number of large
dams in the dataset. SWMs obtained by the product of each connectivity
matrix by each weighting matrix with the function list.candidates of
adespatial, were double-centred and diagonalized to generate gb-MEMs,
using scores.list also in adespatial (Dray et al., 2021). We only considered
gb-MEMs with positive eigenvalues because we were primarily inter-
ested in dispersal, which is a contagious process, displaying positive
spatial autocorrelation (Bauman et al., 2018; Borcard et al., 2018).

2.3.4. Variation in beta diversity, richness difference and species
replacement

We analysed variation in BD and in RichDiff and Repl in relation to
environmental (ENV) and spatial predictors (i.e., DRY or DAM gb-
MEMs) with distance-based redundancy analysis (db-RDA), using
dbrda function of vegan (Legendre and Anderson, 1999; Oksanen et al.,
2020). We used a linear model of ordination because preliminary
detrended correspondence analysis, not presented here, showed turn-
overs <2 SD, which is the recommended criterion for choosing linear
versus uni-modal ordination models (Borcard et al., 2018). Prior to
analysis, dissimilarities for BD, RichDiff and Repl were square rooted to
account for their non-Euclidean components (Legendre, 2014; Legendre
and De Caceres, 2013). We conducted separated db-RDAs for ENV, DRY
and DAM using the following procedures. For ENV, we first test all
variables using anova.cca function (104 permutations) of vegan (Oksanen
et al., 2020) and carried to subsequent forward selection only the subset
producing significant full models. We performed forward selection using
the double stop criterion of Blanchet et al. (2008), using function
ordiR2step of vegan (Oksanen et al., 2020). When lack of significance of
the full model precluded the use of forward selection, we built db-RDAs
using the ENV predictors yielding the best univariate relationships. For
DRY and DAM, we followed the optimization procedure by Bauman
etal. (2018). We first performed a test of significance on each of the four
candidate SWMs for DRY and on the four candidate SWMs for DAM,
using the entire set of positive gb-MEMs, with anova.cca and p-value
corrected by the Sidak correction, where ps =1 — (1 — p)* with pg = the
corrected p-value, p = the uncorrected p-value, and k = the number of
SWMs. After, we conducted a forward selection with double stopping
criterion on the significant SWMs to define the best subset of gb-MEMs
for DRY and for DAM. Finally, we selected as optimal SWMs for DRY and
for DAM the ones for which the best subsets of gb-MEMs yielded the
highest adj-R? (Table S2).

We analysed variation in local contributions to LCBD, LCBDgjchpifr
and LCBDgep; in relation to ENV and DRY or DAM. Modelling of ENV was
conducted using multivariate regression analysis and applying forward
selection with the two stopping criteria (Blanchet et al., 2008) or using
univariate regression analysis in case of lack of significance of the full
model, as referred above. Following Bauman et al. (2018), we optimized
the choice of SWMs for DRY and DAM based on the four candidates for
each, using multivariate regression analysis and double stop forward
selection (Table S3).

We used variance partitioning to isolate the relative contributions of
ENV and each of DRY or DAM for variation in beta diversity and their
components, using the function varpart in vegan (Oksanen et al., 2020).
Following Borcard et al. (1992), we partitioned variation into four in-
dependent fractions: i) pure environmental, which is the fraction of
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variation explained by environmental predictors independently of any
spatial structure; ii) pure spatial, which is the spatial fraction not related
to environmental predictors; iii) spatial component of environmental
variation, or variation shared by environmental and spatial predictors,
and iv) unexplained variation. Partial analyses for BD, Richdiff and Repl
were conducted based on db-RDA, and we reported the adj-R? values
(Peres-Neto et al., 2006), and tested the statistical significance of the
pure fractions with anova.cca (10* permutations). For LCBD, LCBDgjch-
piff and LCBDgep) and its components, we conducted multiple linear
regression analyses using Im function, reported adj-R% and tested the
statistical significance using anova.

We related LCBD, LCBDR;chpiff and LCBDgep| and its components to
the local number of both native and non-native species and we related
SCBD to the number of sites in which the species were recorded using
regression analysis, and the Im function. In both cases we screened
models including linear and quadratic terms (Heino and Gronroos,
2017), and retained the one that provided the best fit to the data, as
judged from adj-R? and the Akaike Information Criteria corrected for
small sample sizes (AICc) (Murtaugh, 2009). We analysed associations
of LCBD, LCBDRichpitf and LCBDgep) between native and non-native fish
using the Pearson correlation coefficient.

3. Results

In total, 12 native and only 6 from 13 non-native species were among
9399 fish. The local number of species ranged from 1 to 8 for native fish
(mean =+ SD, 4 £ 2), and 1 to 5 for non-native fish (3 & 1). Three native
species were recorded in a high number of pools, including Cobitis pal-
udica (24), Luciobarbus steindachneri (19) and Squalius alburnoides (17),
as well as two non-natives, namely Gambusia holbrooki (26) and Lepomis
gibbosus (24). The remaining native and non-native species were recor-
ded in only 13 to 2 and 8 to 2 pools, respectively (Table S1).

3.1. Variation in beta diversity, richness difference and species
replacement

BD was higher for native (0.33) than non-native fish (0.21), but
mainly driven by RichDiff (61 % and 65 %, respectively). For native fish,
BD was associated with DRY (9 %), DAM (13 %) and ENV, specifically
conductivity (3 %), isolation (2 %) and stream order (2 %) (Fig. 2,
Table S2). Accordingly, more variation was explained by pure DAM (12
%) than pure ENV (7 %) whereas similar amounts were accounted for by
pure DRY (5 %) and pure ENV (4 %), but approximately 80 % of
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Fig. 2. Associations of beta diversity (BD), richness difference (RichDiff) and
replacement (Repl) of native and non-native fish with environmental variables
and spatial gb-MEM eigenvectors expressing the dry channel length between
pools (DRY) and the number of large dams between pools (DAM), in pools in
the Lower Guadiana basin, in July 2019. Adjus’(ed—R2 values (%) are indicated
for each variable.
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variation remained unexplained (86-80 %) (Fig. 3). For non-native fish,
BD was associated with DRY (28 %), DAM (33 %) and ENV, specifically
with elevation (13 %) and phosphorous (6 %). Correspondingly, more
variation was explained by pure DAM (21 %) and pure DRY (18 %) than
pure ENV (10-8 %) (Fig. 2).

For native fish, RichDiff was associated with DRY (27 %), DAM (25
%) and ENV, specifically with stream order (9 %) (Fig. 2, Table S2).
However, variation in RichDiff was accounted for by pure DRY (15 %)
and pure DAM (17 %) only, with pure ENV being not significant (Fig. 3).
In contrast, Repl was solely related to ENV, namely aquatic vegetation
(6 %) (Fig. 2). For non-native fish, RichDiff was only associated with
ENV, specifically with elevation (13 %) (Fig. 2). Conversely, Repl was
associated with both DRY (73 %) and DAM (83 %) and in addition with
phosphorus (22 %) (Fig. 2, Table S2). However, only pure DAM and pure
DRY were significant (p < 0.001), explaining large amounts of variation
(63 and 50 %, respectively), with contributions of approximately 20 %
of shared effects (Fig. 3).

3.2. Variation in local contributions to beta diversity

There were no significant associations between local contributions to
beta diversity of native and non-native fish. Pools with contributions
above the mean to BD, RichDiff and Repl of native (Fig. 4a—c) and non-
native fish (Fig. 4d-f) were spread across the stream network. The two
pools contributing significantly to BD of native fish, recorded the highest
species richness difference and harboured a single species
(L. steindachneri) (Fig. 4a). In contrast, the pool contributing signifi-
cantly to BD of non-native fish, recorded the highest species replacement
and harboured a single species (Australoheros facetus) (Fig. 4d).

For native fish, LCBD were associated with DRY (40 %), DAM (33 %)
and ENV, decreasing with stream order (30 %) (Fig. 5, Table S3).
Variation in LCBD was however only explained by pure DRY (16 %) and
shared effects (25 %), with both pure ENV and DAM being not signifi-
cant (Fig. 6). For non-native fish, LCBD were associated with DRY (16
%), DAM (25 %) and ENV, decreasing with elevation (22 %) (Fig. 5,
Table S3). Correspondingly, pure DAM (15 %) explained approximately
the same amount of variation than pure ENV (13 %), while pure DRY
(11 %) was less important than pure ENV (17 %) (Fig. 6).

LCBDR;chpiff and LCBDgep; of native fish, showed no association with
DAM, but similar to LCBD, were associated with DRY (28 and 23 %,
respectively) and ENV, decreasing with stream order (14 %) and
increasing with dissolved oxygen (11 %), respectively (Fig. 5, Table S3).
However, variation in LCBDgichpitf and LCBDgep] was accounted for by
pure DRY (14 and 19 %, respectively), and in the former also by shared
effects (15 %), with pure ENV being not significant (Fig. 6). In contrast,
for non-native fish, LCBDg;chpisf were solely associated with ENV,
decreasing with riparian vegetation (10 %) (Fig. 5), whereas LCBDgep)
were not associated with predictors (Fig. 5, Table S3).

The best relationships between LCBD, LCBDRjchpiff and LCBDgep] of
native and non-native fish and the local number of corresponding spe-
cies were quadratic (AAIC. = 2.5-60.8; Table S4), and strong for
LCBDRichpiff (adj-R2 =92 and 89 %, respectively), which peaked in pools
with either low or high species numbers, but weak or not significant for
LCBDgepl (Table 2). There were no significant relationships between
LCBD, LCBDg;chpiff and LCBDgep of native and the local number of non-
native, nor between LCBD, LCBDgcnpiff and LCBDgep) of non-native and
the local number of native species (Table S4).

3.3. Variation in species contributions to beta diversity

Contributions above the mean to beta diversity of native fish were
found for L. steindachneri (0.18) and also for S. alburnoides (0.12),
Squalius pyrenaicus (0.11), Luciobarbus sclateri (0.10), C. paludica (0.10)
and Anguilla anguilla (0.10). Contributions above the mean to beta di-
versity of non-native fish were observed for A. facetus (0.31) and also for
Micropterus nigricans (0.20) and Alburnus alburnus (0.18) (Table S5). The
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best relationships between SCBD and the number of pools in which
species were recorded were quadratic (AAIC, = 4.1-14.0; Table S6) and
strong for both native (adj-R2 = 78 %) and non-native fish (adj-R2 =89
%), with species recorded in an intermediated number of pools being
predicted to contribute the most to beta diversity (Fig. 7; Table S7).

4. Discussion

Understanding how beta diversity in pool refuges is structured is
increasingly important to advance understanding of metacommunity
organization and address conservation management in intermittent
streams. Here, by examining individual beta diversity components in
relation to local environment and fragmentations by drought and
damming and distinguishing between native and non-native fish in
INTMED, we exposed patterns and underlying processes that would
otherwise not have been apparent. We found that: i) drought and
damming fragmentations significantly influenced richness difference for
native fish and were key drivers of species replacement for non-native
fish; (ii) local environment significantly influenced richness difference
and replacement for non-native fish; (iii) native assemblages were more
unique in pools in low order streams whereas non-native assemblages
were more unique in low elevation pools; and (iv) species with inter-
mediated and low occupancy contributed significantly to beta diversity
of native and non-native fish, respectively. Our results confirm the pri-
mary role of stream fragmentation in driving fish metacommunities in
pool refuges and advance that beta diversity of native and non-native
fish is differently influenced by drought and damming fragmentations.

4.1. Towards an improved assessment of beta diversity

Although the amounts of unexplained variation in beta diversity of
native and non-native fish in refuge pools were similar to those found in
prior empirical studies (e.g. Li et al., 2023; Xia et al., 2023) it would be
important to further address the contributions of potentially important
unmeasured factors. Climate, large-scale catchment characteristics (e.g.,
topography), and land use have been related to fish assemblage struc-
ture in INTMED as they typify aridity, stream size and location, and

human pressure (Filipe et al., 2010; Magalhaes et al., 2002b). While
these factors may hold relevance here, except for climate, the remaining
influences might have been partially accounted for by stream order and
elevation and phosphorous, respectively (Magalhaes et al., 2002a;
Matono et al., 2013). Furthermore, it would be important to consider the
contributions of historical processes (e.g., large-scale dispersal and
immigration-extinction events) to structuring native assemblages, along
with stochastic processes, given both native and non-native fish as-
semblages are unsaturated in INTMED (Filipe et al., 2010). Acknowl-
edging biotic interactions would also improve beta diversity assessment
(Aspin and House, 2022; Garcia-Giron et al., 2020), as species compe-
tition and predation are expected to intensify in refuge pools, particu-
larly during severe droughts (Magalhaes et al., 2002b; Bonada et al.,
2020). In particular, a judicious analysis would be required to assess
whether non-native species influence beta diversity of native fish,
avoiding incorrectly link variations in species patterns to a priori ex-
pectations of species interactions. Moreover, it would be important to
improve damming characterization by including small dams and weirs,
which have been shown to affect the structure of non-native fish as-
semblages (Alexandre and Almeida, 2010), and complementing both
drought and damming fragmentations with explicit fish movement
modelling (Radinger et al., 2018). This may be particularly important,
given we have not captured the full diversity of non-native species re-
ported for the Lower Guadiana River basin (Collares-Pereira et al.,
2021), missing species with restricted distributions or recently intro-
duced that are typically associated with reservoirs (Banha et al., 2017;
Martelo et al., 2021; Ribeiro et al., 2015).

A more complete appraisal of beta diversity is often achieved
through the application of abundance-based dissimilarity measurements
that may detect nuanced variations in richness difference and replace-
ment, as well as local and species contributions to beta diversity (Heino
and Gronroos, 2017; Dai et al., 2020). However, focusing on local fish
abundances in INTMED which are more yearly fluctuating than species
richness, would likely result in context specific patterns and decrease
study generality and transferability (Magalhaes et al., 2007). Indeed,
there is a clear need for increasing the temporal frame of analysis, to
account for the effects of inter- and intra- annual variation on assembly
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processes (Datry et al., 2016a; Ruhi et al., 2017; Xia et al., 2023).
Nevertheless, by focusing on a severe drought, which may be a primary
determinant of stream community structure (Leigh and Datry, 2017), it
was possible to gain new insights into the beta diversity patterns and
processes of fish community assembly in INTMED.

4.2. Contrasting influences in richness difference and species replacement
of native and non-native fish

As we predicted, the proportion of beta diversity accounted for by
richness difference was remarkably high for native and non-native fish,
indicating that differences in species composition between refuge pools
were primarily a result of species loss. For native fish, richness difference
was better accounted for by drought and damming fragmentations than
local environment, pointing to the role of dispersal limitation, and

suggesting that the distribution of pool refuges and dams across the
stream network combined with species-specific dispersal abilities to
prevent some species to colonize pool refuges. These findings build on
an existing body of evidence emphasizing the concurrent contributions
of drought and damming, and the key role of spatial processes, in
shaping metacommunities of fish (Marshall et al., 2021; Perkin et al.,
2015; Vardakas et al., 2020) and other taxonomic groups in intermittent
streams (Crabot et al., 2020; Gauthier et al., 2020, 2021). However, this
contrasts with the dominance of environmental-related processes in
shaping fish assembly in large sub-tropical rivers during the dry season
(Xia et al., 2023). Moreover, our findings diverge from current con-
ceptual models, which propose that communities in intermittent streams
are primarily shaped by environmental filtering during drought (Datry
et al., 2016a; Perkin et al., 2021). This context-dependency supports the
need to expand the scope of intermittent streams and taxonomic groups
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2019. Adjusted—R2 values (%) are indicated for each variable. Adjusted—R2
values (%) and direction of the association (+/-) are shown for each variable.

upon which current conceptual metacommunity models are based, as
recently emphasized by Aspin and House (2022).

Contrary to our prediction, richness difference of non-native fish was
influenced by local environment only. The influence of elevation may
reflect the prevalence of less severe and unstable conditions in lowlands,
which may be more suitable for non-native species in INTMED,
considering their preference for lentic habitats (Ilhéu et al., 2020;
Magalhaes et al., 2002a; Pires et al., 2010). Furthermore, influences of
other factors that covary with elevation and have been documented to
influence local non-native species richness (e.g., land use) should not be
disregarded (Radinger et al., 2019). Nevertheless, it is also possible that
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human-driven processes, such as local species introductions, including
deliberate stockings of species such as A. alburnus and M. nigricans for
recreational fishing (Anastacio et al., 2019; Martelo et al., 2021) have
obscured the influences of drought and damming fragmentations in
richness difference, as previously suggested for local richness and
abundance of non-native fish in INTMED (Radinger et al., 2019).
Patterns of replacement for native fish partially also deviated from
our initial prediction, being only slightly influenced by local environ-
ment, whereas patterns for non-native fish showed an important asso-
ciation with phosphorous. The influence of aquatic vegetation on native
assemblages in INTMED has been previously documented (Mesquita
et al.,, 2006; Martelo et al., 2014), and likely reflects increased pool
persistence, habitat quality and protection conditions (Sabater et al.,
2017; Vardakas et al., 2017). However, our results suggest that local
environment may have lower importance in driving native species
replacement in INTMED than in other riverine systems, where dispersal
is not limited, and fish may track suitable habitat conditions (Xia et al.,
2023). Drought is likely a strong filtering pressure that has been at work
throughout the ecological history of native fish, selecting species with
adequate traits to cope with the range of environmental conditions
prevailing in pool refuges (Magalhaes et al., 2002a). The influence of
phosphorus on non-native fish replacement may be related to gradients
in agricultural practices, including intensity and type, in the Lower
Guadiana (Matono et al., 2013). This adds to previous evidence high-
lighting the influence of human pressures in shaping the distribution and
abundance of non-native fish across INTMED (I1héu et al., 2014).
Contrary to our expectations, there were remarkably high contri-
butions of drought and damming fragmentations to replacement of non-
native fish. This likely reflects dispersal limitation imposed by drought
and damming especially to recently established non-natives species,
such as A. alburnus, which despite its broad environmental tolerance
remains restricted to specific locations (Martelo et al., 2021). However,
the association with fragmentation by damming may also reflect the
facilitation of species additions and colonization opportunities, aligning
with previous evidence on the role of human-mediated dispersal in
shaping spatial turnover in non-native fish (Leprieur et al., 2009).
Taken together, our results suggest that during severe drought, beta
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Table 2

Summary results of regression models relating local contributions to beta di-
versity (LCBD), to species richness difference (LCBDgichnpiff) and to species
replacement (LCBDgcp1) and local number of species for native and non-native
species in pools in the Lower Guadiana basin, in July 2019. Regression coeffi-
cient estimates, standard errors of coefficient estimates and corresponding t, p
and adjusted-R2 values (%) are presented for the intercept and variables of each
model.

Estimate SE t p-Value Adj-R?
Natives
LCBD
Intercept 0.06 0.00 16.52 <0.001 66.87
Species richness —0.01 0.00 —5.90 <0.001
Species richness? 0.00 0.00 4.70 <0.001
LCBDgichpiff
Intercept 0.11 0.00 24.81 <0.001 92.07
Species richness —0.04 0.00 —17.24 <0.001
Species richness? 0.00 0.00 16.17 <0.001
LCBDgepl
Intercept —0.02 0.01 —1.20 0.24 47.28
Species richness 0.03 0.01 4.71 <0.001
Species richness? 0.00 0.00 —4.99 <0.001
Non-natives
LCBD
Intercept 0.13 0.03 4.99 <0.001 34.16
Species richness -0.07 0.02 -3.84 <0.001
Species richness? 0.01 0.00 3.94 <0.001
LCBDgichpiff
Intercept 0.19 0.01 16.15 <0.001 89.37
Species richness -0.12 0.01 —14.32 <0.001
Species richness? 0.02 0.00 14.84 <0.001
LCBDgep
Intercept 0.01 0.07 0.09 0.93 <0.001
Species richness 0.03 0.05 0.51 0.61
Species richness? 0.00 0.01 —0.58 0.57

diversity patterns for native and non-native fish in INTMED may be
driven by different processes. Beta diversity for native fish may result
from dispersal limitation by drought and damming leading to differ-
ences in species richness between pool refuges, but also from other
unmeasured processes influencing species replacement. In contrast, beta
diversity for non-native fish may result from environmental filtering
influencing both richness difference and species replacement, and by
dispersal limitation and species additions associated with drought and
damming further influencing replacement. Nevertheless, perceived
patterns for non-native fish should be considered cautiously, in light of
the reduced number of species detected in pool refuges, underscoring
the need to extend assessments to other permanent habitats.

4.3. Acknowledging the importance of local and species contributions to
beta diversity

As predicted, local contributions to beta diversity for native and non-
native fish were significantly explained by drought and damming frag-
mentations, but also by local environment, respectively by stream order
and elevation. This underscores the role of dispersal limitation and
species additions and colonization opportunities, but also of environ-
mental filtering in shaping ecological uniqueness of individual pool
refuges, as previously found elsewhere (Borges et al., 2020; Gavioli
et al., 2019; Xia et al., 2022). Specifically, pools contributing most to
beta diversity and to richness difference of native fish were located in
low order streams and some harboured depauperate native assemblages.
This was probably because headwaters typically experience higher
isolation, with more restricted access of fish to pools, resulting in high
differentiation of assemblages through species loss (Tonkin et al., 2018)
and low species richness (Filipe et al., 2010; Ilhéu et al., 2020).
Conversely, pools contributing the most to beta diversity of non-native
fish were located at low elevations, possibly due to less harsh and
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Fig. 7. Relationships between species contributions to beta diversity (SCBD)
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more stable conditions at lowlands, to which non-native species are
typically associated (Ilhéu et al., 2020; Magalhaes et al., 2002a; Pires
et al., 2010).

Contrary to our expectations, local contributions to beta diversity
and especially to richness difference, exhibited U-shaped relationships
with the local number of species for both native and non-native fish. The
initial decrease of ecological uniqueness from single to multiple species
assemblages was associated with the addition of common species (e.g.
C. paludica and S. alburnoides in native assemblages and G. holbrooki and
A. facetus in non-native assemblages), while the positive relationship
with local richness was driven by rare native (e.g. Anaecypris hispanica,
Salariopsis fluviatilis and Pseudochondrostoma willkommii) and non-native
species (e.g. A. melas and A. alburnus). Although negative relationships
between ecological uniqueness and local fish species richness appear to
prevail in the literature (Borges et al., 2020; Ngor et al., 2018; Xia et al.,
2022), our finding builds on previous evidence on the concurrent effects
of additions of common and of rare species to communities (da Silva
et al., 2018; Qiao et al., 2015).

As expected, species contributions to beta diversity were related to
the number of pools where species were recorded, with a peak for native
species at intermediate occupancy. This aligns with previous studies
indicating that species contributions to beta diversity can be predictable
from species occupancy (Gavioli et al., 2019; Heino and Gronroos, 2017;
Xia et al., 2022). While a similar relationship was predicted for non-
native species, no species were found to occupy an intermediate num-
ber of pools, with those contributing to beta diversity above the mean
exhibiting low occupancy (<30 %). Species niche and biological traits
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may affect species occupancy, and have been highlighted as potential
correlates of species contributions to beta diversity (Heino and
Gronroos, 2017), though little evidence supports this view. Xia et al.
(2022) have associated species contributions to beta diversity with niche
position but also with functional traits, with fish species only occurring
in certain habitats contributing the less to beta diversity. Here, native
species and non-native species with high contributions to beta diversity
(e.g., L. steindachneri and S. pyrenaicus and A. facetus and M. nigricans,
respectively) differed in habitat preferences, body size, feeding mode,
and dispersal capacity (Alexandre et al., 2016; Magalhaes, 1993; Pires
et al., 2014; Ribeiro et al., 2007, 2008). Therefore, life-traits may not
significantly influence species contributions to beta diversity, though
this requires dedicated analyses, and particularly covering a higher di-
versity of non-native species in INTMED.

4.4. Implications for conservation management

Our results have important implications for the conservation of
native species diversity and the management of non-native species in
pool refuges in INTMED, particularly in the face of increasingly drought
and damming. The dominance of species richness difference in beta
diversity patterns, indicates that pools supporting species-rich assem-
blages may act as sources for native species and should be prioritized for
conservation, and that non-native species occurring there should be
considered for control actions. Moreover, local contributions to beta
diversity of native and non-native fish were independent, indicating
there will be little or no conflicts addressing and implementing conser-
vation and management goals.

For native fish, pools with high uniqueness in assemblage composi-
tion, located in low order streams, and harbouring species with high
contributions to beta diversity (e.g. L. steindachneri and S. pyrenaicus), as
well as rare species of conservation concern (e.g. A. hispanica,
S. fluviatilis and P. willkommii) (Magalhaes et al., 2023) should be
assigned high conservation priority. Maintaining the environmental
conditions, heterogeneity and distribution of these pools is particularly
important, given more severe droughts and damming may exceed spe-
cies resistance and resilience to habitat fragmentation and loss (Driver
and Hoeinghaus, 2015). Moreover, pools with high uniqueness but
comprising single species with significant contributions to beta diversity
(e.g., L. steindachneri) should be the focus of restoration efforts. For non-
native fish, species-rich pools located at low elevations, and harbouring
species with high contributions to beta diversity (e.g. A facetus,
M. nigricans and A. alburnus) should be targeted for control and
containment efforts to help mitigate their spread across the stream
network.

Overall, our results highlight that accounting for the different com-
ponents of beta diversity and individually analysing native and non-
native fish across pool refuges reveal distinct patterns that must be
considered in conservation management actions. Notably, in the Lower
Guadiana River basin, despite non-native species exhibited a limited and
marginal occupancy, all native species sought refuge in pools at tribu-
taries. Therefore, by implementing measures to protect and restore these
pools, as well as control non-native species, it may be possible to safe-
guard the whole diversity of native fish species.
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