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Abstract

Aim: Increasing threats to freshwater biodiversity are rapidly changing the distinctiveness of
regional species pools and local assemblages. Biotic homogenization/differentiation processes
are threatening the integrity and persistence of native biodiversity patterns at a range of spatial
scales and poses a challenge for effective conservation planning. Here, we evaluate the extent
and determinants of fine-scale alteration in native freshwater fish assemblages among stream
reaches throughout a large river basin and consider the implications of these changes for the

long-term conservation of native fishes.
Location: Guadiana River basin (South-Western Iberian Peninsula).

Methods: We quantified the magnitude of change in compositional similarity between observed
and reference assemblages and its potential effect on natural patterns of compositional
distinctiveness. Reference assemblages were defined as the native species expected to occur
naturally (in absence of anthropogenic alterations) and were reconstructed using a Multivariate
Adaptive Regression Splines predictive model. We also evaluated the role of habitat

degradation and introduced species as determinants of biotic homogenization/differentiation.

Results: We found a significant trend towards homogenization for native fish assemblages.
Changes in native fish distributions led to the loss of distinctiveness patterns along natural
environmental gradients. Introduced species were the most important factor explaining the
homogenization process. Homogenization of native assemblages was stronger in areas close to

reservoirs and in lowland reaches where introduced species were more abundant.

Main conclusions: The implementation of efficient conservation for the maintenance of native
fish diversity is seriously threatened by the homogenization processes. The identification of
priority areas for conservation is hindered by the fact that the most diverse communities are
vanishing, which would require the selection of broader areas to adequately protect all the
species. Given the principal role that introduced species play in the homogenization process and
their relation with reservoirs, special attention must be paid to mitigating or preventing these

threats.
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Introduction

Human activities are increasingly threatening freshwater biodiversity and altering natural
patterns of biotic distinctiveness (Olden et al., 2010, Strayer & Dudgeon, 2010). The
combination of species introductions and extinctions are causing changes to spatial patterns of
compositional similarity at a range of scales (Olden et al., 2004; Rahel, 2010). These changes
translate into homogenization or differentiation of biodiversity. Taxonomic homogenization is
defined as an increase in the similarity of the pools of species found among a set of assemblages
over time (McKinney & Lockwood, 1999; Olden et al., 2004). This process is rapidly leading to
a global diminution of distinctiveness in terrestrial and aquatic biotas and causing the
reorganization of natural patterns in species richness and their spatial turnover (Marchetti et al.,
2006). On the other hand, taxonomic differentiation (i.e. decrease in compositional similarity)
can occur as a result of the idiosyncratic nature of species introductions. The extent of
homogenization/differentiation observed can also depend on the spatial scale of examination

and the temporal stage of the faunal alteration process (Olden et al., 2008; Rahel, 2010).

Freshwater fish are the biological group most frequently addressed in studies of
taxonomic homogenization. Changes in similarity of fish faunas have been examined at
different spatial scales across different continents (see Rahel, 2010). Overall, the results of such
studies report a consistent pattern towards increasing homogenization (Rahel, 2002; 2010;
Marchetti et al., 2001; Olden et al., 2008). To date, researchers have made little progress in
elucidating the key ecological and environmental determinants and consequences of biotic
homogenization (Olden & Rooney, 2006, Olden et al., 2010). Environmental change (e.g.
through habitat degradation) and species introductions promotes the geographic expansion of
some species and the reduction in others, ultimately leading to biotic homogenization (e.g.,
Walters et al., 2003; Taylor, 2004; Marchetti et al., 2006, Olden et al., 2008). Introduced fishes
are recognized as one of the major causes of the worldwide decline of aquatic fauna (Cowx,
1998; Clavero & Garci-Berthou, 2005; Helfman, 2007) and their spread is generally associated
with loss of native biodiversity (Collares-Pereira et al., 2002; Clavero et al., 2004; Hermoso et
al., 2011). In addition, native fish species loss and faunal homogenization have been attributed
to deterioration of habitat quality associated with urbanization, changes in land uses and
sedimentation (Walters et al., 2003; Marchetti et al., 2006; Smart et al., 2006), and more
predominantly to river damming (Rahel, 2002; Gido et al., 2004; Gido et al., 2009).

Determining the relative role of different threats in the biodiversity alteration process is
an essential step for the development and implementation of efficient and effective management
actions to minimize or reverse these threats (Didham et al., 2005). The spatial co-occurrence of
different threats makes it difficult to discriminate the relative contribution of each perturbation

factor to the change in native communities (Kennard et al., 2005; Light & Marchetti, 2006;



Clavero et al., 2010; Hermoso et al., 2011). The consideration of
homogenization/differentiation processes is of special concern for conservation since changes in
patterns in species turnover can be harbingers of conservation failures (Whittaker et al., 2005).
Homogenization will make conservation practitioners struggle in the already difficult task of
finding the best combination of places that maximize the representation of regional biodiversity
while minimizing economic, political, or social costs of effective management actions. This will
be in detriment to the success of conservation practice. In a recent paper on biotic
homogenization and conservation prioritization, Rooney et al. (2007) posed an important
guestion on how can we best evaluate biotic homogenization so it reflects changes in biota that
are relevant for conservation purposes. They pointed out that quantitative studies of biotic
homogenization can provide useful insights into conservation problems when used
appropriately, but can be dangerously misleading when they are not. For example, biotic
differentiation can be led by the loss of native species, while biotic homogenization can be
hidden by the substitution of native species by new introduced species. It is for this reason that
the study of biotic homogenization with a conservation aim must be cautiously taken. By
separating the concept of biotic homogenization at the global scale from the study of biotic
homogenization at spatially- and temporally-explicit scales, researchers can avoid many of the
subtle pitfalls inherent in homogenization studies (Rooney et al., 2007).

Here we aim to address two of the main challenges highlighted in previous reviews on
conservation biogeography, such as how to best analyze homogenization/differentiation with a
conservation aim (Rooney et al., 2007) and the need to discern the role of the different
determinants of such processes (Olden, 2006). We quantify the extent of changes in
compositional similarity of freshwater fish faunas among stream reaches of a Mediterranean
basin (Guadiana River) and whether this has led to homogenization or differentiation processes.
We also explore if these potential changes have altered natural patterns in compositional
similarity. In order to guide future conservation management we analyze the role of different
determinants, such as habitat degradation and introduced species, in this process. We address
Rooney’s et al. (2007) question by evaluating fish faunal alteration at the reach scale within a
single river basin as this is the basic management unit in freshwater conservation planning
(Abell et al., 2007). In addition, to avoid the effect of introduced species in the estimates of
homogenization/ differentiation rates we focus our attention on native species only. To our
knowledge, this is the first attempt to study changes of compositional similarity of native

freshwater fish at this fine scale across a whole catchment.

Methods

Study area



The Guadiana River basin is located in the South-Western Iberian Peninsula draining a
total area of 67,039 km? to the Atlantic Ocean (Fig. 1). It features a typical Mediterranean
climate, with high intra and interannual variation in discharge and severe floods and droughts
(Gasith & Resh, 1999).

Nearly half of the basin (49.1%) is currently being used for agriculture with about 25%
farmed intensively. Due to the large agricultural water demand, about 13000 GL of water is
stored in 88 large (>1 GL) and more than 200 smaller (<1 GL) reservoirs causing major
alterations to natural surface flow regimes. Substantial groundwater extraction occurs in some
areas of the basin, from thousands of legal wells and an unknown number of illegal ones, with
potentially severe consequences for the main aquifers. Other common human perturbations
include direct modification of river channels, the degradation of the riparian forests and the

deterioration of water quality (Hermoso et al., 2010b).

Fish community and habitat characterization

Fish communities were characterized in 239 localities across the basin (Fig. 1) during
spring in 2002, 2005, and 2006. Fish sampling at each location was carried out along 100 m
long stream reaches whenever possible using single-pass electrofishing without block-nets. The
sampling stretch covered all habitats available following the recommendations of the FAME
Consortium (2004) for European rivers. Saly et al. (2009) and Betrand et al. (2006)
demonstrated this method to be adequate to characterize spatial and temporal trends in fish
abundance and composition. Fish abundances were standardized as catch per unit of effort by
the total length of stream surveyed and time devoted [CPUE=number of fish/(stream length (m)
x time (hours)]. Rare species (< 5% prevalence) were deleted from the analyses, because they
are more likely to occur randomly in samples and may not represent true differences in
assemblage structure across space or time (Falke & Gido, 2006). Only sites with at least one

native species were considered for further analyses (n=156).

Habitat was characterised by 59 environmental variables, covering three different spatial
scales: site, reach (buffer area of 500 m around the sampling point) and basin (upstream area
draining to the sampling point). They included i) in situ measures, which described micro and
mesohabitat characteristics at each sampling location; and ii) remotely collected data, using
geographic information systems (GIS) (Table S1). All variables were checked for normality and
transformed when necessary prior to analysis (arcsine for land-cover variables -expressed as

proportion- and log (x+1) for the remaining variables).

We performed two Principal Components Analyses (PCA) on the variables listed in Table
S1 to summarize the major natural and anthropogenic environmental gradients in the basin. The

first PCA was carried out on environmental variables not affected by human perturbation (Table



1), so the gradient extracted reflected natural changes. The first two Principal Components
(PCs) retained the 44.4 % of the original variance and mainly described a climatic gradient
(PC1,4) of decreasing temperature, decreasing seasonality of precipitation, increasing
temperature seasonality and increasing elevation and a river size gradient (PC2,,) of increasing
river width, distance to headwater and catchment area (Table 1). The second PCA was
performed on variables describing human impairment to obtain gradients of perturbation.
Distances to reservoirs were not included in this second PCA, in order to use them as
independent variables in further analyses. The first two PCs explained the 44.7 % of the original
variance and were related to the degree of land transformation at the basin and reach scale and
perturbation of the riparian forest (PC1 4), and a water quality and human density gradient
(PC24¢q) (Table 1). Potential covariation issues between PC,,; and PCqyeq Were ruled out for

further analyses (Pearson’s R?<0.1 in all cases).

Reference assemblages

To quantify the potential homogenization/differentiation that native fish assemblages
might have experienced we compared observed assemblages against those expected to occur in
the absence of major perturbations (reference scenario hereafter, sensu Reynoldson, 1997). The
original database was split into two sub-sets: non-perturbed (n=65) and perturbed (h=91)
localities. Non-perturbed sites were defined following the approach proposed by Hermoso et al.
(2009b). They were characterised by minimal degradation due to urban or agricultural land use
upstream or adjacent to each site. Furthermore, bank and channel structure and the riparian zone
were in natural condition (see Hermoso et al. 2009b for more details). To ensure that freshwater
fish communities at non-perturbed sites were not seriously impacted by introduced fish, all sites
where non-native species accounted for more than 5% of total fish abundance were also

discarded from the non-perturbed dataset (Kennard et al., 2006).

The probability of occurrence of ten native species under the reference scenario was
modelled using Multivariate Adaptive Regression Splines (MARS, Leathwick et al., 2005) on
the observed presence-absence at non-perturbed localities and using only predictor variables
describing natural environmental gradients (i.e. not influenced by human activities; see Table
S1). MARS is a method of flexible non-parametric regression modelling (Elith & Leathwick,
2007). It is useful for modelling complex non-linear relationships between response and
explanatory variables with similar levels of complexity to that of a Generalized Additive Model
(GAM) (Hastie, 1991). Model performance was evaluated using two complementary
approaches: deviance explained and the area under the receiver operating characteristic curve
(ROC) (Fielding & Bell, 1997). The area under the ROC curve (AUC) was assessed through a

k-fold cross validation procedure (Hastie et al., 2001). In this process the data set is randomly



divided into 10 exclusive subsets and model performance is calculated by successively
removing each subset, re-fitting the model with the remaining data, and predicting the omitted
data. The average error when predicting occurrence in new sites can then be calculated by
averaging the AUC across each of the subsets (Leathwick et al., 2005). An AUC>0.6 is usually
defined as an acceptable model performance (Fielding & Bell, 1997). Deviance complements
AUC because it expresses the magnitude of the deviations of the fitted values from the
observations. The MARS model fitted on the non-perturbed data set was used to predict the
probability of occurrence of native species at all sites, so two different assemblages were

available for each sampling site: observed and reference composition (modelled).

Probabilities of occurrence were transformed into presence-absence data for posterior
analyses using the optimal threshold obtained from the cost method in the presence-absence
package in R. This objective method finds the optimal threshold for each species that balances

the relative cost of false positive and false negative predictions (Fielding & Bell, 1997).

Quantifying the extent of biotic homogenization and differentiation

We quantified the magnitude of alteration native freshwater fish assemblages of the
Guadiana River basin at the reach scale by measuring the change in compositional similarity
(CS) between the reference and observed scenarios. We used the difference in the Bray-Curtis
similarity index (Legendre & Legendre, 1998) of each pair of sites under the observed and
reference scenarios (ACS= CSgpserved- CSreference) @S an indication of the extent of alteration
(homogenization or differentiation). A positive ACS value indicates higher present pairwise
compositional similarities than under reference conditions and hence homogenization, while
negative values indicate differentiation (Olden and Rooney, 2006). To test the null hypothesis of
no significant change in compositional similarity between the reference and the observed
scenarios we used the test for homogeneity of multivariate dispersions (Anderson, 2006; Olden
et al., 2008). Multivariate dispersion is an estimate of beta-diversity based on the average
dissimilarity from individual observation units to their group centroid in the multivariate space
defined using a dissimilarity measure (Bray-Curtis in our case) (Anderson et al., 2006). This test
was used to account for the lack of independence of individual dissimilarities between pair of
sites that would bias the estimate of p values (Anderson et al., 2006). The observation units
corresponded to sampling sites in our study, and groups were defined as reference or observed
data. The test calculates an F statistic to compare the average distance of each sampling site to
their centroid across groups. Statistical significance was estimated by permuting least-squares
residuals 999 times. If native communities had not followed a significant homogenization
process we would expect the average multivariate dispersion values in the reference and

observed scenarios not to differ significantly.



Quantifying natural patterns in compositional dissimilarity

To test the null hypothesis of not significant differences in compositional dissimilarity
across the Guadiana River basin we measured the average compositional dissimilarity (Bray-
Curtis) across groups of sites defined on the natural environmental gradients. We split PC1,
and PC2, into five groups containing a similar number of sites (n=31, for groups 1-4 and n=32
for group 5) and ran independent tests on the reference and observed datasets. To address the
lack of independence in the comparison of dissimilarity values across groups we applied the test
of homogeneity of multivariate dispersion as explained above but using the environmental
gradients as a grouping factor. The analyses on the reference data set will help to find out
whether freshwater fish faunas in the Guadiana River basin showed any significant natural rate
of change in compositional dissimilarity along natural gradients or were naturally
homogeneous. If natural patterns in compositional dissimilarity existed and changes in fish
assemblages over time had altered them we would expect to find different results in the

reference and observed analyses.

Quantifying potential determinants of biotic homogenization and differentiation

To evaluate the relative roles of multiple potential determinants of compositional
similarity change over time and their interactions in a single analysis we used structural
equation modelling (SEM) (Bollen 1989). We tested the role of the distance to the nearest
reservoir (log transformed), the abundance of introduced species [log(CPUE+1)] and the first
two PCs of the perturbation analysis as determinants of the homogenization/differentiation
process in the SEM analyses. We also incorporated the natural gradients (PC1,,; and PC2,,,) to
study the effects of the other determinant factors in the environmental context where they occur.
As an indicator of homogenization or differentiation for each sampling point we used the
difference in compositional similarity of each site between the observed and reference
scenarios. To avoid the lack of independence due to pseudoreplication, instead of using all the
pairwise comparisons we used a single composite estimate of change in compositional
dissimilarity for each site. This composite value (D;) was a weighted average of all the pairwise
comparisons for each site (Formula 1). Pairwise comparisons were weighted by the standardized
environmental distance between each pair of sites. In this way, environmentally similar sites
contributed more to the compositional similarity value than those that were environmentally
dissimilar. Pairwise environmental distances were estimated as Bray-Curtis similarity from an

environmental matrix that included the same variables as in PCA, analyses.

k
j=154j * dij

Di: k



Formula 1

where S; is the difference in compositional similarity (observed - reference) and dj is the
standardized environmental distance between sites i and j respectively, and k is the number of

pairwise comparisons for site i.

SEM is a statistical technique used to analyse the interacting effects of different
determinants of ecological change, being a useful technique in situations where the direct and
indirect linkages among factors might be too complex to test experimentally (Wootton 1994,
Didham et al., 2005). Within SEM, interaction hypotheses are translated into a series of
regression equations that can be solved simultaneously to generate estimated covariance
matrices. Then each estimated matrix is evaluated against the observed covariance matrix by
means of a goodness-of-fit index to determine whether the hypothesized model is an acceptable

representation of the data.

We tested all the potential SEM models combining our set of candidate determinants.
These models included a complete model where all the determinants and their interactions
where introduced (Fig. 4), a simple model with only natural gradients as independent variables
and all the intermediate combinations of determinants. We used two measures to estimate the
importance of each determinant explaining our data. First, we used the Chi-square and P values
from a likelihood ratio test. This test measures the probability that the observed and expected
covariance matrices differ by more than would be expected because of random sampling errors
(Mitchell, 1993, Shipley, 2000). If the data are consistent with the model specified, no
significant differences between the observed and expected covariance matrices are expected.
However, the likelihood ratio test cannot be used to compare different models, since it fails to
compensate for model complexity. This would inevitably lead to rank highly the most complex
models, even when much simpler models fit the data nearly as well. For this reason, we also
ranked the models using the Akaike Information Criterion (AIC) which penalizes for model
complexity. Lower AIC values indicate better fit (Burnham & Anderson, 2002). We expect
models that did not include important determinants not to fit our data (significant Chi-square
test) and be low ranked by AIC.

All the statistical analyses were run in the free statistical software R, Version 2.1.1 (R
Development Core TEAM, 2004).

Results

The predictive model of fish species occurrences exhibited a high degree of predictive

accuracy for the ten native species that we modelled (Table 2). The high deviance explained by



the model (mean across species = 40%) and high AUC values (mean = 0.77) indicates that the
predictive model should be suitable for predicting the native fish species expected to occur at all

sampling sites prior to human perturbations.

Overall, we found that the observed native freshwater fish fauna in the Guadiana River
basin has experienced homogenization in relation to the reference scenario. When considering
only native species, in more than 70% of the possible pairwise comparisons (n=12,090)
similarity was higher in the present scenario (i.e. more species are shared among sites) than it
had been in the reference situation (ACS> 0; Fig. 2). Almost one fifth of the comparisons
(19.5%) showed ACS values over 0.5, which indicates an increase in compositional similarity
by 50% (50% more species in common), while in 5.5% of comparisons ACS values were over
0.8 (increase in 80%). On the other hand only 2.3% of comparisons showed a differentiation
over 0.5 (ACS< 0.5; Fig. 2). Changes in fish faunal similarity were slightly different when the
entire observed assemblage (including introduced species) was considered in the analyses.
Overall, the extent of differentiation was slightly lower and the extent of homogenization was
slightly higher when introduced species were included in the analyses (Fig 2). The test of
multivariate dispersions of compositional similarity supported these results showing that
observed native faunas are more similar across the basin than in the reference scenario (F=
24.98, P< 0.001). Using the same test, we found significant differences in native compositional
similarity along both natural gradients under reference conditions (F= 4.44, P=0.004 and F=
4.22, P=0.009 for PC1,, and PC2,, respectively), and no significant differences in observed
assemblages (F= 1.90, P=0.11 and F= 1.53, P= 0.17 for PC1,, and PC2,, respectively) (Fig. 3).
Compositional similarity tended to increase along the climate gradient and decrease along the
river size gradient in the reference scenario. These spatial differences were much less

pronounced in the observed scenario (Fig 3).

When testing the role of multiple potential determinants of change in compositional
similarity using SEM (Fig. 4), we found that the abundance of introduced species was essential
to explain the observed changes. Almost none of the models where the abundance of introduced
species was dropped were consistent with our data (significant Chi-square in Table 3). In
addition, the best model according to AIC was the one that included the abundance of
introduced species as the only determinant. The next models in the ranking are different
combinations of the abundance of introduced species and other determinants (Table 3). These
results are also consistent with the estimates of standardized regression coefficients from the full
model, since none of the determinants except the abundance of introduced species had a
significant effect on the change of compositional similarity (Fig. 4). Moreover, the distance to
reservoirs and the natural gradients were the only variables that had significant effects on the
abundance of introduced species, which was higher in areas close to reservoirs, and in larger

river reaches (Fig. 4).



Discussion

There is a growing agreement among ecologists about the importance that species
composition (and not simply species richness) plays in maintaining ecosystem function and
ultimately the maintenance of biodiversity. Rooney et al. (2007) called for conservation
biologists to consider biodiversity homogenization as an important threat to the conservation of
biological diversity. Biodiversity distinctiveness is a character worth preserving when attending
to criteria such as the maintenance of population genetics or functional ecosystems (Olden et al.,
2004, 2010; Rahel, 2010), but also an important attribute used in some of the most common
conservation planning strategies (Margules & Pressey, 2000; Ferrier, 2002). Homogenization
will make conservation practitioners struggle in the already difficult task of finding the best
combination of places that maximize the representation of regional biodiversity while
minimizing economic, political, or social costs. This will be in detriment to the success of

conservation planning and implementation.

One of the key questions when addressing homogenization/differentiation problems from
a conservation point of view is how we can best evaluate the process so it reflects changes in
biota that are relevant for conservation purposes (Rooney et al., 2007). Here, we have addressed
this question from two different points of view. First, we have restricted the analyses to native
species for the estimates of the magnitude of change. In this way we could quantify shifts in
compositional dissimilarity and evaluate the implications of these changes for the conservation
of native biodiversity more accurately. Although usually done in previous studies (e.g. Falke &
Gido, 2006; Olden et al., 2008; Gido et al., 2009), the inclusion of introduced species in the
estimates of change in compositional dissimilarity can obscure the underlying homogenization
process of native assemblages and the identification of the role that different determinants might
be playing. For example, the substitution of native species by introduced ones can lead to
maintenance of compositional dissimilarity at the local scale or even led to differentiation
processes at broader scales (e.g., catchments) (Rahel, 2010). It may also be unclear whether
changes in faunal dissimilarity are due to losses of native species, gains in introduced species, or
both. Second, we compared the observed compositional dissimilarity with the expected in
reference conditions. Given the constraints imposed by the lack of knowledge on historical
species distributions at fine spatial scales (e.g. river and stream reaches) we used predictive
models to estimate probabilities of occurrence of native species in reference (i.e., pre-
disturbance) conditions. By comparing observed compositional similarity values against those
expected in reference conditions we accounted for natural spatial patterns of species turnover

and were able to better discriminate the determinants of native assemblage homogenization.



Our analyses showed that, in most of the sites examined, compositional similarity of
native freshwater fish assemblages in the Guadiana River basin have exhibited a clear
homogenization. This pattern was stronger in areas close to reservoirs where introduced species
were also more abundant. However, distance to reservoirs did not have significant direct effects
on the observed change of compositional dissimilarity, but indirectly through their relationship
with introduced species. A similar role of reservoirs as centres of homogenization had been
reported before, for both within reservoirs (Clavero & Hermoso, 2011) and in upstream river
reaches. Gido et al. (2009) found distance to downstream reservoir to be a significant (although
weak) predictor of fish faunal homogenization patterns in three river basins in the Great Plains
in USA and that the relative position in the stream network (a natural longitudinal upstream-
downstream gradient) was the most important predictor of homogenization. The preeminent role
of this natural gradient could be related to the lack of consideration of natural compositional
dissimilarity patterns among sites. Here, we accounted for major natural sources of variation
from the analyses (as explained above) so we were able to isolate more accurately the changes
in compositional similarity caused by degradation/ introduced species and evaluate the role of
these non-natural determinants of change. It is well known that river damming promotes
invasions by increasing colonization opportunities for non-indigenous species and by enhancing
their subsequent establishment success (Clavero et al., 2004; Havel et al., 2005; Johnson et al.,
2008). The favourable and more stable environment conditions in reservoirs facilitate the
establishment of introduced species (Moyle & Light, 1996; Ribeiro et al., 2008), which are a
common target of stocking practices (Falke & Gido, 2006; Gido et al., 2009). Propagule
pressure is also a major factor predicting the success of invaders in colonizing new ecosystems
(Kolar & Lodge 2001) and reservoirs are stepping-stones favouring their dispersion through
larger areas in the basin (Havel et al., 2005). In this way a localized habitat perturbations that
could not have more implication on native assemblages beyond the area occupied by the
reservoir (see Clavero & Hermoso, 2011, for more details on within reservoir homogenization

issues) becomes a more serious problem that affects whole basins.

The important role of introduced species in the decline of native freshwater fish
populations in Mediterranean freshwater environments is well known. Light and Marchetti
(2006) found introduced species to be the main determinants of native freshwater fish diversity
loss in Californian basins at the catchment scale. Hermoso et al. (2011) also confirmed this
prevalent role of introduced species in the Iberian Peninsula at a finer scale within the Guadiana
River basin. Some other studies in Mediterranean climate areas support the idea that modified
habitats continue holding native species in the absence of invasions (Baltz & Moyle, 1993;
Moyle, 2002). These findings suggest that Mediterranean freshwater fish communities could be
resistant or resilient to some forms of habitat perturbation, but be very sensitive to predation or

competition interactions with introduced species (Hermoso et al., 2009a). Our results reveal an



additional effect of introduced species as important determinants in the loss of natural patterns
in native species turnover or compositional dissimilarity. We show how the patterns in the
distinctiveness of fish assemblages along natural gradients (altitude-climatic and upstream-
downstream) were obscured in the observed scenario. This could be mainly due to the loss of
some native species in areas colonized by introduced species, such as areas close to reservoirs or
lowland reaches. Although predation and competition between native and introduced species are
supposed to be the main mechanisms responsible for the loss of native species in highly invaded
freshwater systems, we understand little of the interacting mechanisms that lead to native
species loss and homogenization (e.g., is it an abundance-mediated process? Which are the more
harmful introduced species for native assemblages?). Further studies on these issues are needed
to better understand the process of taxonomic homogenization presented here and improve our

capacity to respond to this threat.

Olden et al. (2004) emphasized the importance of identifying observed patterns of biotic
homogenization and understanding their implications for establishing conservation goals aimed
at reducing its future ecological effects. The loss of natural patterns in species turnover has
important implications for conservation beyond the obvious reduction in the extent of
occurrence of particular species and the consequent increase in their risk of extinction. Species
contribute individually and collectively to the functional stability of communities and
ecosystems (Hooper et al., 2005; Villeger et al., 2010). Taxonomic homogenization usually
results in functional homogenization as well due to the loss of ecological specialist and
persistence or appearance of spread generalists (Olden et al., 2004). These homogenized
assemblages are simplified versions of the original ones that we do not fully understand. For
example, we do not know if homogenized assemblages can maintain the impoverished native
species over the long term or if the loss of particular species is especially important.
Furthermore, we do not know how homogenization processes in certain areas can imperil the
future maintenance of native populations at larger (regional and global) scales, so further
research is needed. This is especially concerning in the Guadiana River basin where
homogenization affects predominantly the areas that formerly supported the most diverse
assemblages in the basin. The implementation of efficient conservation for the maintenance of
native fish diversity is seriously threatened by the homogenization processd. The identification
of priority areas for the conservation is hindered by the fact that the most diverse communities
are diminishing, which requires the inclusion of more areas to adequately protect all the species
(under reference conditions it was easier to find a set of areas that complemented each other to
represent all the species). Given the predominant role that introduced species play in the
homogenization process and their relation with reservoirs, particular attention must be paid to

mitigating or preventing these threats.



Acknowledgements

The fieldwork for this study was funded by the Guadiana River basin management
authority. We also thank the URS team and Gemma Urrea for their invaluable support in the
field.



References

Abell, R., Allan, J.D. & Lehner, B. (2007) Unlocking the potential of protected areas for

freshwaters. Biological Conservation, 134, 48-63.

Anderson, M.J. (2006) Distance-based tests for homogeneity of multivariate dispersions.
Biometrics, 62, 245-253.

Anderson, M.J., Ellingsen, K.E. & McArdle, B.H. (2006) Multivariate dispersion as a measure
of beta diversity. Ecology Letters, 9, 683-693.

Baltz, D.M. & Moyle, P.B. (1993) Invasion resistance to introduced species by a native

assemblage of California stream fishes. Ecological Applications, 3, 246-255.

Bertrand, K.N., Gido, K.B. & Guy, C.S. (2006) An evaluation of single-pass versus multiple-
pass backpack electrofishing to estimate trends in species abundance and richness in prairie

streams. Transactions of the Kansas Academy of Science, 109, 131-138.

Bollen, K. A. 1989. Structural equations with latent variables. John Wiley, New York, New
York, USA.

Burnham, K. P. & Anderson, D. R. (2002) Model selection and multimodel inference: a
practical information-theoretic approach. Springer-Verlag, New York, New York, USA.

Clavero, M. & Garcia-Berthou, E. (2005) Invasive species are a leading cause of animal

extinctions. Trends in Ecology & Evolution, 20, 110.

Clavero, M. & Garcia-Berthou, E. (2006) Homogenization dynamics and introduction routes of

invasive freshwater fish in the Iberian Peninsula. Ecological Applications, 16, 2313-2324.

Clavero, M., Blanco-Garrido, F. & Prenda, J. (2004) Fish fauna in Iberian Mediterranean river
basins: biodiversity, introduced species and damming impacts. Aquatic Conservation:

Marine and Freshwater Ecosystems, 14, 575-585.

Clavero, M., Hermoso, V., Kark, S. & Levin, N. (2010) Geographical linkages between threats
and imperilment in freshwater fish in the Mediterranean Basin. Diversity and Distributions,
16, 744-754.

Clavero, M. & Hermoso, V. (2011) Reservoirs promote the taxonomic homogenization of fish

communities within river basins. Biodiversity and Conservation, 20, 41-57.

Collares-Pereira, M.J., Cowx, 1.G. & Coelho, M.M. (eds) (2002) Conservation of freshwater

fishes: Options for the future. Oxford: Fishing News Books, Blackwell Science.

Cowx, 1.G. (ed.) (1998) Stocking and Introduction of Fish. Oxford: Fishing News Books,
Blackwell Science, 456 pp.



Didham, R.K., Tylianakis, J.M., Hutchinson, M.A., Ewers, R.M. & Gemmell, N.J. (2005). Are
invasive species the drivers of ecological change? Trends in Ecology & Evolution, 20, 470-
474,

Elith, J. & Leathwick, J. (2007) Predicting species distributions from museum and herbarium
records using multiresponse models fitted with multivariate adaptive regression splines.
Diversity and Distributions, 13, 265-275.

Falke, J.A. & Gido, K.B. (2006) Spatial effects of reservoirs on fish assemblages in Great Plains

streams in Kansas, USA. River Research and Applications, 22, 55-68.

FAME Consortium. (2004) Manual for application of the European Fish index—EFI. Version
1.1, January 2005, pp. 66.

Fielding, A.H., Bell, J.F. (1997) A review of methods for the assessment of prediction errors in

conservation presence/absence models. Environmental Conservation, 24, 38-49.

Gasith, A. & Resh, V.H. (1999) Streams in Mediterranean climate regions: abiotic influences
and biotic responses to predictable seasonal events. Annual Review of Ecology and
Systematics, 30, 51-81.

Gido K.B., Schaefer, J.F. & Pigg, J. (2004) Patterns of fish invasions in the Great Plains of
North America. Biological Conservation, 118, 121-131.

Gido, K.B., Schaefer, J.F. & Falke, J.A. (2009) Convergence of fish communities from the

littoral zone of reservoirs. Freshwater Biology, 54, 1163-1177.

Hastie, T. (1991) Generalized additive models. In: Statistical Models, Chambers S, JM, Hastie
TJ. (eds),. Wadsworth and Brooks/Cole Advanced Books and Software, California; 249-
308.

Hastie T., Tibshirani R.J. & Friedman J.H. (2001) The elements of statistical learning: data

mining, inference and prediction. Springer-Verlag, New York.

Havel, J.E., Lee, C.E. & Vander Zanden, M.J. (2005) Do reservoirs facilitate invasions into

landscapes? Bioscience, 55, 518-525.

Helfman, G.S. (2007) Fish conservation: A guide to understanding and restoring global aquatic

biodiversity and fishery resources. Washington, DC.: Island Press.

Hermoso, V., Clavero, M., Blanco-Garrido, F & Prenda, F. (2009a) Assessing freshwater fish
sensitivity to different sources of perturbation in a Mediterranean basin. Ecology of
Freshwater Fish, 18, 269-281.



Hermoso, V., Linke, S. & Prenda, J. (2009b) Identifying priority sites for the conservation of
freshwater fish biodiversity in a Mediterranean basin with high degree of threatened
endemics. Hydrobiologia, 623, 127-140.

Hermoso, V., Clavero, M., Blanco-Garrido, F. & Prenda, P. (2010) Assessing the ecological
status in species-poor systems: a fish-based index for Mediterranean Rivers (Guadiana
River, SW Spain). Ecological Indicators, 10, 1552-1561.

Hermoso, V., Clavero, M., Blanco-Garrido, F. & Prenda, J. (2011) Invasive species and habitat
degradation in Iberian streams: an explicit analysis of their role and interactive effects on

freshwater fish biodiversity loss. Ecological Applications,21,175-188.

Hooper, D.U., Chapin, F.S., Ewel, J.J., Hector, A., Inchausti, P., Lavorel, S., Lawton, J.H.,
Lodge, D.M., Loreau, M., Naeem, S., Schmid, B., Setalg, H., Symstad A.J., Vandermeer, J.
& Wardle, D.A. (2005) Effects of biodiversity on ecosystem functioning: A consensus of
current knowledge. Ecological Monographs, 75, 3-35.

Johnson, P.T.J., Olden, J.D. & Vander Zanden, M.J. (2008) Dam invaders: Impoundments
facilitate biological invasions into freshwaters. Frontiers in Ecology and the Environment,
6, 357-363.

Kennard, M.J., Arthington, A.H, Pusey, B.J. & Harch, B.D. (2005) Are alien fish a reliable
indicator of river health? Freshwater Biology, 50, 174-193.

Kennard, M.J., Harch, B.D., Pusey, B.J., Arthington, A.H. (2006) Accurately defining the
reference condition for summary biotic metrics: a comparison of four approaches.
Hydrobiologia, 572, 151-170.

Kolar, C.S. & Lodge, D.M. (2000) Freshwater nonindigenous species: Interactions with other
global changes. Invasion Species in a Changing World. (ed. by H.A. Mooney and R.J.
Hobbs), pp 3-30. Washington DC: Island Press.

Leathwick, J.R., Rowe, D., Richardson, J., Elith, J. & Hastie, T. (2005) Using multivariate
adaptive regression splines to predict the distribution of New Zealand’s freshwater
diadromous fish. Freshwater Biology, 50, 2034-2052.

Legendre, P. & Legendre, L. (1998) Numerical ecology, 2nd English edition. Elsevier Science
BV, Amsterdam, The Netherlands.

Light, T. & Marchetti, M.P. (2006) Distinguishing between invasions and habitat changes as
drivers of biodiversity loss among California’s freshwater fishes. Conservation Biology, 21,
434-446.

Margules, C.R. & Pressey, R.L. (2000) Systematic conservation planning. Nature, 405: 243-
253.



Marr, S.M., Marchetti, M.P., Olden, J.D., Garcia-Berthou, E., Morgan, D.L., Arismendi, I., Day,
J.A., Griffiths, C.L. & Skelton, P.H. (2010) Freshwater fish introductions in mediterranean-
climate regions: are there commonalities in the conservation problem? Diversity and
Distributions, 16, 606-619.

Marchetti, M.P., Lockwood, J.L. & Light, T. (2006) Effects of urbanization on California’s fish
diversity: differentiation, homogenization, and the influence of spatial scale. Biological
Conservation, 127, 310-318.

Marchetti, M.P., Light, T., Felicano, J., Armstrong, T., Hogan, Z. & Moyle, P.B. (2001)
Homogenization of California’s fish fauna through abiotic change. In Biotic
homogenization. (ed. by J.L. Lockwood and M.L. McKinney), pp 259-278. Kluwer

Academic/Plenum Publishers, New York..

Mitchell, R.J. (1993) Path analysis: Pollination. Pages 211-23lin S.M. Scheiner & J.G.
Gurevitch, editors. Design and analysis of ecological experiments. Chapman and Hall, New
York.

McKinney, M.L. & Lockwood, J.L. (1999) Biotic homogenization: a few winners replacing

many losers in the next mass extinction. Trends in Ecology & Evolution, 14, 450-453.

Moyle, P.B. (2002) Inland fishes of California, revised and expanded. University of California
Press, Berkeley, California.

Moyle, P.B. & Light, T. (1996) Biological invasions of freshwater: empirical rules and
assembly theory. Biological Conservation, 78, 149-61.

Olden, J.D. (2006) Biotic homogenization: a new research agenda for conservation

biogeography. Journal of Biogeography, 33: 2027-2039.

Olden, J.D. & Rooney, T.P. (2006) On defining and quantifying biotic homogenization. Global
Ecology and Biogeography, 15, 113-120.

Olden, J.D., Kennard, M.J. & Pusey, B.J. (2008) Species invasions and the changing
biogeography of Australian freshwater fishes. Global Ecology and Biogeography, 17: 25—
37.

Olden, J.D., Poff, N.L., Douglas, M.R., Douglas, M.E. & Fausch, K.D. (2004) Ecological and
evolutionary consequences of biotic homogenization. Trends in Ecology & Evolution, 19,
18-24.

Olden, J.D., Kennard, M.J., Leprieur, F., Tedesco, P.A., Winemiller, K.O. & Garci-Berthou,

W. (2010) Conservation biogeography of freshwater fishes: recent progress and future
challenges. Diversity and Distributions, 16, 496-513.



R Development Core Team. (2004) A language and environment for statistical computing. R
Foundation for Statistical Computing, Viena, Austria. ISBN 3-900051-07-0, URL
http://www.R-project.org.

Rahel, F.J. (2002) Homogenization of freshwater faunas. Annual Review of Ecology and
Systematics, 33, 291-315.

Rahel, F.J. (2010) Homogenization, differentiation, and the widespread alteration of fish faunas.

American Fisheries Society Symposium, 73, 311-326.

Reynoldson, T.B., Norris, R.H., Resh, V.H., Day, K.E. & Rosenberg, D.M. (1997) The
reference condition; a comparison of multimetric and multivariate approaches to assess
water-quality impairment using benthic macroinvertebrates. Journal of the North American
Benthological Society, 16, 833-852.

Ribeiro, F., Elvira, B. Collares-Pereira, M.J.& Moyle, P.B. (2008) Life-history traits of non-
native fishes in Iberian watersheds across several invasion stages: a first approach.
Biological Invasions, 10, 89-102

Rooney, T.P., Olden, J.D., Leach, M.K. & Rogers, D.A. (2007) Biotic homogenization and

conservation prioritization. Biological Conservation, 134, 447-450.

Sély, P., Er6s, T., Takacs, P., Specziar, A., Kiss, I. & Bird, P. (2009) Assemblage level
monitoring of stream fishes: The relative efficiency of single-pass vs. double-pass
electrofishing. Fisheries Research, 99, 226-233.

Shipley, B. (2000) Cause and correlation in biology: a user’s guide to path analysis, structural
equations, and causal inference. Cambridge University Press, Cambridge, United Kingdom.

Smart, S.M., Thompson, K., Marrs, R.H., Le Duc, M.G., Maskell, L.C. & Firbank, L.G. (2006)
Biotic homogenization and changes in species diversity across human-modified

ecosystems. Proceedings of the Royal Society B, 273, 2659-2665.

Strayer, D.L. & Dudgeon, D. (2010) Freshwater biodiversity conservation: recent progress and

future challenges. Journal of the North American Benthological Society, 29, 344-358.

Taylor, E.B. (2004) An analysis of homogenization and differentiation of Canadian freshwater
fish faunas with an emphasis on British Columbia. Canadian Journal of Fisheries and
Aguatic Sciences, 61, 68-79.

Villeger, S., Miranda, J.R., Hernandez, D.F. and Mouillot, D. (2010) Contrasting changes in
taxonomic vs. functional diversity of tropical fish communities after habitat degradation.
Ecological Applications, 20, 1512-1522.



Walters, D.M., Leigh, D.S. & Bearden, A.B. (2003) Urbanization, sedimentation, and the
homogenization of fish assemblages in the Etowah River Basin, USA. Hydrobiologia, 494,
5-10.

Whittaker, R.J., Araudjo, m.b., Jepson, P., Ladle, R.J., Watson, J.E.M. & Willis, K.J. (2005)
Conservation Biogeography: assessment and prospect. Diversity and Distributions, 11, 3—
23.

Wootton, J.T. (1994) Predicting direct and indirect effects: an integrated approach using
experiments and path analysis. Ecology, 75, 151-165.

Supporting information

Additional Supporting information may be found in the online version of this article:

Table S1. Complete list of environmental variables used to characterize habitat in the Guadiana
River basin.

Biosketchs

Virgilio Hermoso is a postdoctoral Research Fellow at the Australian Rivers Institute (Griffith
University, Australia). His research interest focuses on the study of threats to the conservation
of freshwater biodiversity, especially on the interactive effects of habitat degradation and
introduced species, as a way to better inform conservation decision making.

Miguel Clavero is a Research Fellow at the Donana Biological Station (CSIC, Spain). He is
interested in the influences of environmental gradients on the ecology of populations and
communities in mediterranean ecosystems, including invasive species and their impacts on
biodiversity. He has worked with freshwater fish, birds and semiagquatic mammals.

Mark Kennard is a Senior Research Fellow at the Australian Rivers Institute (Griffith
University, Australia). His research interests include the ecology of freshwater fish,
environmental flow management, river bioassessment and conservation planning for freshwater
biodiversity.



Figure captions

Figure 1. Location of 239 sampling sites in the Guadiana River basin (indicated with white
circles). The spatial distribution of dams is indicated with black triangles and the extent of
reservoirs is shown in black shading.

Figure 2. Change in compositional similarity measured as the difference in the Bray-Curtis
index of each pair of sites under the current and reference scenarios (ACS= CSyrrent —CSreference)
for native species only (white bars) and including introduced species (black bars). Positive
values indicate increase of compositional similarity or homogenization. The proportion of
pairwise comparisons with ACS>0 (homogenization) for the reference and observed scenarios
are also shown (upper right corner).

Figure 3. Average compositional similarity (Bray-Curtis) along natural environmental gradients
under the reference and observed conditions. Groups were defined using the natural
environmental gradient described in Table 1 to contain the same number of sampling sites. Bar
errors indicate standard error.

Figure 4. Scheme of Structural Equation Models (SEM) used to test different conceptual
pathways of interaction among the change in multivariate dispersions and distance to reservoirs-
abundance of introduced species. Standardized coefficients based on the correlation matrix for
each path are showed. Dotted lines represent non significant effects. The Chi-squared statistic,
degrees of freedom (d.f.), p are also shown.



Table 1. Principal Component Analysis (PCA) used to summarize the set of environmental
variables included in Table 1. Only variables not affected by human perturbations were included
in PC,, While PC,. summarizes perturbation variables. Only variables with a score >[0.5| are
shown here. R denotes variables measured at the reach scale, while B indicates basin scale
variables (Table 1).

Pclnat PCZnat

Variable (29.6%) (14.8%)
Coldest temperature (R) -0.92

Mean temperature (B) -0.91

Mean temperatura (R) -0.90
Precipitation seasonality (R) -0.81
Precipitation seasonality (B) -0.78
Temperature seasonality (B) 0.71
Temperature seasonality (R) 0.71

Maximum elevation (B) 0.82

Maximum elevation (R) 0.92

Mean elevation (B) 0.94

Relative position 0.77
River width 0.84
Distance to headwater 0.93
Basin area 0.93

PClpert PCZpen
(29.1%)  (15.6%)

Intensive agriculture (B) 0.92
Intensive agriculture (R) 0.87
QBR -0.51
Natutal (R) -0.85
Natural (B) -0.91
POs> (mg/L) 0.89
NH," (mg/L) 0.81
Human footprint (B) 0.61
CI" (mg/L) 0.61

Population density (R) 0.56




Table 2. MARS-GLM model performance. Deviance explained (%) indicates the reduction in
deviance for each species with respect a null model. The discriminatory power of the model for
each species is given through the AUC of the ROC curve (calculated by k-fold re-sampling with
its SD in parenthesis). The probability of occurrence of the remaining three species found in the
Guadiana River basin (Anguilla anguilla, Luciobarbus guiraonis and Alosa alosa) could not be
modeled due to their extremely low prevalence (two, one and one occurrences respectively).

Species Deviance ROC
explained
(%)

Anaecypris hispanica (Steindachner, 1866) 0.67 0.78 (0.03)
Luciobarbus comizo (Steindachner, 1864) 0.55 0.85 (0.05)
Luciobarbus microcephalus (Almaca, 1967) 0.51 0.88 (0.03)
Luciobarbus sclateri (Gunter, 1868) 0.30 0.80 (0.07)
Iberochondrostoma lemmingii (Steindachner, 1866) 0.14 0.63 (0.06)
Pseudochondrostoma willkommii (Steindachner, 1866) 0.40 0.73 (0.06)
Cobitis paludica (Buen, 1930) 0.23 0.70 (0.06)
Salaria fluviatilis (Asso, 1801) 0.71 0.87 (0.07)
Iberocypris alburnoides (Steindachner, 1866) 0.23 0.75 (0.03)
Squalius pyrenaicus (Glinter, 1868) 0.25 0.69 (0.04)

Average 0.40 0.77 (0.05)




Table 3. Summary of the 16 models tested in the Structural Equation Modeling analysis. The
Chi-square statistic and P values measure the probability that the observed and expected
covariance matrices differ by more than would be expected because of random sampling errors
(Mitchell, 1993). Significant differences stand for models that do not fit the structure of the data
being analysed. Models are ranked according to their AIC.

Land uses Human/_water Distanc_e Abundance df Chi- P AlC
quality reservoir introduced square

X 7 8.3 0.31 0.340

X X 6 8.0 0.24 0.351

X X 6 8.1 0.23 0.352

X X 6 8.2 0.22 0.353

X X X 5 7.8 0.17 0.363

X X X 5 8.0 0.16 0.365

X X X 5 8.0 0.15 0.365

X X X X 4 7.7 0.10 0.367

X 7 12.8 0.07 0.370

X 7 12.9 0.07 0.371

X 7 13.0 0.07 0.371

X X 6 12.6 0.05 0.383

X X 6 12.8 0.04 0.383

X X 6 12.8 0.04 0.384

X X X 5 12.6 0.02 0.396

8 75.3 <0.01 0.779
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