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Abstract
1. Understanding the main drivers of species distributions is one of the main goals

of ecology. However, the relationships between traits and elevational and lon-
gitudinal distributions in inland fishes, as well as their underlying evolutionary
processes, have been less investigated. Thus, we aimed to quantify and assess
the relationships among several types of traits resulting from species’ evolution-
ary histories by measuring their phylogenetic signal across inland fishes of the
Iberian Peninsula. We also aimed to test for correlated evolution of these traits
with elevation and stream size (i.e. stream order), to test whether a species’ suite

of traits and their elevational and longitudinal niche tend to evolve together.

. We compiled data on 23 fish biological and ecological traits for 30 inland fish

species present in the Iberian Peninsula. We quantified their phylogenetic signal
using four complementary indices (Pagel’s 1, Blomberg’s K, and Abouheif's C, ..
for continuous and -D + 1 for binary traits). We used both phylogenetic and
non-phylogenetic methods to evaluate the relationship among traits and their

relationship with elevation and stream order.

. We found a significant phylogenetic signal for 65% of the studied traits.

Phylogenetic signals were quite variable, but we did not detect clear differences
between continuous and binary traits or among trait types (i.e. morphological,
trophic, reproductive, and habitat use). Evolutionary models revealed that eleva-
tional and longitudinal distribution showed little evidence for directional trends
of evolution. Hence, species elevational and longitudinal niches tend to resem-

ble to those of the common ancestor.

. Many fish traits were inter-correlated as revealed by phylogenetic methods, in-

dicating correlated evolution of pairs of traits. For example, reproductive traits
such as maximum longevity, fecundity and age at maturity tended to evolve to-
gether with fish maximum length. Consequently, certain orders of fish showed

shared suites of traits.
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1 | INTRODUCTION

Understanding the main drivers of species distribution patterns
and the mechanisms of coexistence is the central goal of ecology.
Competition for resources and other ecological interactions often
lead to the divergence of clades into multiple niches and the appear-
ance of novel traits (Gilbert et al., 2018; Riber et al., 1999). Over the
course of evolution, some taxonomic groups accumulate morpholog-
ical and ecological variation among their constituent species, others
produce more similar species, and others can show parallel evolution
(Ruber et al., 1999; Sidlauskas, 2008). However, closely related taxa
tend to show similarities in many characteristics, including morpho-
logical, trophic, reproductive, behavioural, or ecological traits, due to
common ancestry (Harvey & Pagel, 1991; Kamilar & Cooper, 2013).
This phylogenetic relatedness can be measured by the phylogenetic
signal (PS), defined by Blomberg and Garland (2002) as the “tendency
for related species to resemble each other more than they resemble
species drawn at random from the tree”. Previous studies found that
the PS varies substantially across trait types (Blomberg et al., 2003a;
Freckleton et al., 2002; Kamilar & Cooper, 2013). Most but not all
traits display significant PS, which tends to be strongest in morpho-
logical traits such as body size, intermediate in life-history and phys-
iological traits, and low in behavioural traits (Blomberg et al., 2003a;
Kamilar & Cooper, 2013). For instance, in primates, dietary traits
and climatic niche were among the variables with lowest PS (Kamilar
& Cooper, 2013). Comte et al. (2014) found that fish traits related
to morphological attributes and trophic position showed stronger
phylogenetic clustering than other reproductive and habitat use
characteristics.

The retention of niche-related ecological traits over time,
causing that closely related species are more ecologically similar
than would be expected based on their phylogenetic relationships
(Losos, 2008), is termed phylogenetic niche conservatism (PNC)
and strong PS has often been interpreted as evidence of it (Wiens
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5. Comparative methods revealed a significant positive relationship of parental
care with elevation and stream order. By contrast, non-phylogenetic analyses
and multivariate analyses indicated positive relationships between elevation and
rheophily and lithophily, and a negative relationship between stream order and
invertivory and rheophily.

6. Overall, our results point to a notable phylogenetic signal in many traits of inland
fishes and a strong phylogenetic structure in their functional traits along their
elevational and longitudinal gradients. Thereby, our results contribute to an im-
proved understanding of species’ adaptations to environmental changes with

important conceptual and practical implications for minimising further species

evolutionary models, fish traits, freshwater fish, Iberian Peninsula, phylogenetic generalised

et al., 2010). Some degree of PNC is likely in many species and its
understanding is important to inform potential responses to global
warming or species introductions in new areas (Wiens et al., 2010;
Wiens & Graham, 2005). For instance, species with little tolerance
to encompass the new environmental conditions and with strong
PNC must either migrate or go extinct, while species with more evo-
lutionarily labile traits could potentially adapt (Holt, 1990; Wiens
et al., 2010). Nevertheless, strong PS can result from PNC or from
Brownian motion (BM)-like evolutionary change (e.g. due to genetic
drift or randomly fluctuating natural selection) (Losos, 2008; Wiens
et al., 2010). So, PS is seen as a necessary but insufficient condi-
tion for PNC (Losos, 2008) and their relationship is complex (Revell
et al., 2008; Wiens et al., 2010). So far, there is no universal test
for PNC (Wiens et al., 2010) but a recent, promising approach is to
compare the relative fit of different evolutionary models to the data,
including the BM model and models of stasis or stabilising selection
such as Ornstein-Uhlenbeck (OU) models (Kozak & Wiens, 2010;
Losos, 2008; Wiens et al., 2010). The BM model assumes that the
correlation structure among trait values is proportional to the extent
of shared ancestry for pairs of species (Felsenstein, 1973), and works
reasonably well as a model of trait evolution (Beaulieu et al., 2012).
The OU models incorporate both selection and drift and are more
general than pure drift models based on BM (Butler & King, 2004).
They have been proved useful in a variety of contexts as they can
capture the heterogeneity in the evolutionary process (Beaulieu
et al., 2012; Pennell et al., 2015). In fact, several OU models with dif-
ferent degrees of complexity have been proposed, allowing to trans-
late hypotheses regarding evolution in different selective regimes
into explicit models (see Beaulieu et al., 2012; Butler & King, 2004;
Hansen, 1997).

If traits have PS, it is often useful to apply phylogenetic meth-
ods (i.e. comparative methods), which have become a standard
ecological tool in recent decades (Losos, 2008). When used in com-
bination with trait-based approaches, phylogenetic analysis can
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strengthen hypothesis testing and generate new insights (de Bello
et al., 2015), as these methods account for the non-independence
of species in statistical analyses due to shared evolutionary history
(Felsenstein, 1985; Revell et al., 2008). For instance, it can prove use-
ful to consider phylogeny when assessing evolutionary mechanisms
underlying present trait-environment patterns (de Bello et al., 2015).
However, non-phylogenetic analyses answer questions at different
evolutionary scales (de Bello et al., 2015) and are also informative,
particularly when well-resolved phylogenies are not available for
study taxa (Losos, 1999). Comparing the results of comparative and
non-phylogenetic analyses can also inform about the existence of
PNC and thus, as a rule of thumb, it might be useful to apply both
techniques to trait data (de Bello et al., 2015).

Elevational and longitudinal gradients (i.e. stream size or
upstream-downstream) are well-studied in river ecosystems. Both
spatial gradients covary and display variation in many environmen-
tal variables such as water temperature, stream flow, habitat fea-
tures, and productivity (Jones et al., 2017; Vannote et al., 1980).
They are also well known to shape fish communities, with changes
in fish abundance, richness, species composition and traits (e.g.
Cook et al., 2004). Several studies have already analysed the
trait-environment relationships of freshwater fishes along these
spatial gradients (Jones et al., 2017; Kennedy et al., 2003; Pease
et al., 2012). For instance, some studies revealed that species from
uppermost reaches have more fusiform bodies, larger egg sizes
and longer spawning seasons, but smaller body sizes and smaller
clutches than species from lower river reaches (Jones et al., 2017,
Pease et al., 2012; Winemiller & Rose, 1992). Similarly, Kennedy
et al. (2003) also revealed a significant intraspecific trait variability
across the elevation gradient. However, few studies have addressed
this issue from a phylogenetic perspective (Comte et al., 2014).
Therefore, little is known about which traits or groups of traits (e.g.,
morphological, trophic, reproductive, and habitat-use traits) are the
most conserved in inland fishes, and how their evolution correlates
with their elevational and longitudinal distributions.

The Iberian Peninsula is well suited to study the evolutionary
assembly of fish species and traits along spatial gradients because
of its complex orography, diverse climate, and particular ichthy-
ofauna. This region is a mountainous territory with a broad range
of elevation rising from the sea level, over a large central plateau
(Meseta Central) to the peaks of over 3000 m (e.g. Bayon & Vila,
2019; Sabater et al., 2009). Moreover, Iberian freshwaters are inhab-
ited by 68 native fish species, of which 41 are endemic and they have
been subjected to very prolonged isolation and speciation processes
(Doadrio, 2001), but they are also inhabited by 32 alien species,
some of them widespread throughout the planet.

Our main objectives were: (1) to compare the PS of several mor-
phological, trophic, habitat use, and reproductive traits in inland
fishes (i.e. species from freshwater ecosystems, including diadro-
mous fishes and a few marine species that enter rivers); and (2) to
test for correlated evolution of these traits with elevational and lon-
gitudinal distribution (i.e. if traits and species niche tend to evolve
together) under three models of niche evolution (i.e. BM, OU stasis,

and OU trend models). We hypothesised that the majority of traits
would show PS (Johnson & Stinchcombe, 2007) but its magnitude
would vary among trait types (i.e. morphological, trophic, reproduc-
tive, or habitat use). Specifically, we predicted that fish body size
and other morphological traits would show higher PS than repro-
ductive or habitat traits as in other taxonomic groups (Blomberg
et al., 2003a; Comte et al., 2014; Kamilar & Cooper, 2013). Finally,
we hypothesised that fish traits would display correlated evolution
with elevational and longitudinal gradients, since the functional trait
composition of fish assemblages is known to change across the river
continuum (Pease et al., 2012).

2 | METHODS

2.1 | Trait dataset and swimming performance
estimation

We obtained 23 fish biological and ecological traits (traits hereafter,
see Table S1) data of inland fishes present in the Iberian Peninsula
from two recently published databases (Cano-Barbacil, Radinger,
Argudo, et al., 2020; Cano-Barbacil, Radinger, & Garcia-Berthou,
2020), which contain trait information for the 100 inland fish species
present in this territory. In total, we analysed 30 species (12 native
and 18 alien species) that had complete data on traits (Cano-Barbacil,
Radinger, Argudo, et al., 2020; Cano-Barbacil, Radinger, & Garcia-
Berthou, 2020). Of all traits considered, seven were described as con-
tinuous and 16 as binary variables. Traits considered were related to
fish morphology (n = 3), trophic position (n = 3), reproduction (n = 6),
and habitat use (n = 11) and were selected for their ecological rel-
evance (i.e. features commonly used in trait-based approaches that
are known to influence the reproductive success, individual survival
and fitness; see Table S1 for further details). Specifically, species-

specific critical swimming speed (U_..), a measure of a species’ swim-

crit
ming performance, was estimated from a recently compiled dataset
of 196 experiments (Cano-Barbacil, Radinger, Argudo, et al., 2020)
for all species considered in this work. U is a standard experi-
mental measure of prolonged swimming performance, which me-
diates fitness, survival and habitat selection of fish (Cano-Barbacil,
Radinger, Argudo, et al., 2020; Plaut, 2001). We used random forests
(RF) with the R-package ‘party’ (Hothorn et al., 2017) to estimate a
standard U_;, value for each species (see results in Figure S1) while
accounting for effects of experimental setups (water temperature,
time step interval between velocity increments, and individual fish
total length). RF were built based on optimal hyperparameters cal-
culated using the R-package ‘mlr’ (Bischl et al., 2016), involving 550
trees with three variables randomly sampled at each split.

Finally, we calculated the relative mean elevational distribution
(i.e. mean elevational distribution of each species divided by the
maximum elevation of the Iberian Peninsula) and the mean longitu-
dinal distribution (i.e. using Strahler’s stream order; Strahler, 1957)
for 28 out of the 30 inland fish species considered in this study
(see also Figure 1 and Figure S2, and Table S2). These means were
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calculated using the presence data available from the Instituto da
Conservacao da Natureza e das Florestas (Portugal) and the Global
Biodiversity Information Facility (GBIF) (GBIF.org, 2019), with a grid
resolution of 10 x 10 km UTMs (Universal Transverse Mercator,
i.e. 100 km?, n = 6142 total cells). The full ranges of elevation and
stream orders studied were sampled fairly uniformly with respect
to effort, as the majority of the occurrence data came from stan-
dardised samplings on which the fish atlases of Spain and Portugal
are based (Doadrio, 2001; Doadrio et al., 2011; Ribeiro et al., 2007).
Even though elevation is not a factor that directly determines fish
distribution, it is considered a well suited proxy of important vari-
ables such as water flow velocity or temperature (see Figure S3) and
has been previously used to evaluate and summarise inland fish dis-
tribution (Comte et al., 2014). For our dataset, elevation was weakly,
but significantly correlated with stream order (see Figure S4).
Specifically, we used the relative mean elevational distribution be-
cause using the absolute mean elevational distribution could lead to
incorrect conclusions if species occupy different relative niches in
different geographic regions (e.g. headwater species of the Iberian

Peninsula might be lowland species in other regions).

2.2 | Phylogenetic signal in species’ traits and
elevational distribution

For the comparative analyses, we first obtained the phylogenetic
tree of the studied Iberian species from a recent phylogeny of ray-
finned fishes (Rabosky et al., 2018), using the function fishtree_phy-
logeny of the R-package Fish Tree (Chang et al., 2019). We then
estimated the PS of single traits using different, complementary
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indices (Minkemdtiller et al., 2012). For continuous traits and eleva-
tional and longitudinal distribution, we used Pagel’s 1 (Pagel, 1999),
Blomberg’s K (Blomberg et al.,, 2003b), and Abouheif’s C
(Abouheif, 1999) and their associated tests. Values of 1, K,and C_ ..,
with larger deviations from zero all indicate stronger relationships

mean

between species traits and phylogeny (Minkemidiller et al., 2012).
Under a BM model, Pagel's 4 and Blomberg's K are expected to be
equal to 1, i.e. where trait evolution follows a random walk along
the branches of the phylogeny (Miinkemdiiller et al., 2012) and spe-
cies inherit their features from ancestors but randomly and slowly
vary at a constant rate through time (Comte et al., 2014). For both
statistics, values of 1 and K equal to O indicate that there is no PS in
the studied trait, while values between 0 and 1 suggest some level
of trait lability (Comte et al., 2014), i.e. change of traits during evolu-
tion. The upper limit of Pagel's 1 is close to one, while Blomberg's K
can take higher values that indicate stronger trait similarity among
related species than expected under BM (Munkemdiller et al., 2012).
By contrast, Abouheif's C

based on any evolutionary model (Minkemiiller et al., 2012), with

mean IS @n autocorrelation index that is not
larger deviations from zero indicating stronger PS. We used these
three measures of PS because they are complementary since their
performance depends on the underlying evolutionary model, sam-
ple size, and the possible existence of errors in the topology of the
phylogeny (Miinkemdiller et al., 2012). For proper interpretation, we
tested whenever possible if these estimates of PS were significantly
different from O (p,) and from 1 (p,).

To measure the PS of binary traits we calculated the D sta-
tistic (Fritz & Purvis, 2010). D ranges within the interval (-eo, ),
with values lower than 1 indicating trait conservatism. To allow
comparison with Blomberg's K statistic, D was transformed to

Barbus meridionalis —AT
Salmo trutta —(1 I =emmee o
Aphanius iberus —( T .
Salvelinus fontinalis 1T +—
Anguilla anguilla —L I }——eee o .
Gasterostéus aculeatus —( [+ o=
Barbatula barbatula —{ e
Dicentrarchus labrax — .
Salmo salar —L T o
Pseudochondrostoma duriense — L ——emses
ncorhynchus mykiss — I F—— e
Luciobarbus bocagei B B ]
Pseudochondrostoma polylepis. — =
Gambusia holbrooki — (I F———ese oo .
Platichthys flesus, — LT ——o J
Pseudochondrostoma willkommii — L= oo
.. Carassius auratus —( I ——°» . .
Scardinius erythrophthalmus —L{r
yprinus carpio — ([ ———®ee¢ oo .
utilus rutilus —Irt+—
. Lepomis gibbosus —L T e
Micropterus salmoides —L T ——o
Fundulus heteroclitus —{r
Perca fluviatilis —{T 1+
Esox lucius —L L +—
Alburnus alburnus ——L T F——+ oo
Ictalurus /Junctatus —{T
Sander lucioperca e
0 2 4 6

Strahler's stream order

FIGURE 1 (a)Elevation and relative mean elevation, and (b) Strahler’s stream order associated with the presences of 28 inland fish
species in the Iberian Peninsula (see Table S2 for further details). Elevation and Strahler’s stream order were calculated with a grid resolution
of 10 x 10 km UTMs (Universal Transverse Mercator, i.e. 100 km?, n = 6142 total cells). Relative mean elevation was calculated as the mean
elevational distribution of each species divided by the maximum elevation of the Iberian Peninsula (3479 m)
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-D + 1 (Goberna & Verdd, 2016), as an indicator of: (1) no signif-
icant signal (-D + 1 ~ 0); (2) traits more conserved than expected
by chance but less than expected under BM (0 < -D + 1 < 1); (3)
traits conserved as expected under BM (-D + 1 ~ 1); or (4) traits
more conserved than expected under BM (-D + 1 > 1) (Fritz &
Purvis, 2010). Pagel's 2 and Blomberg's K were calculated with
the R-package phytools (Revell, 2012) and the C
adephylo (Jombart et al., 2010). Prior to all statistical analyses,

mean Statistic with
continuous trait data were log,,-transformed to comply with the
assumptions of parametric tests. D statistic was calculated with
the R-package caper (Orme et al., 2018). As results using K and 1
were very similar, and K also informs about trait variation that is
more similar than expected under BM and is easily comparable to
-D + 1 when using binary traits, we used K value for further anal-
yses of continuous traits.

To analyse the effects of trait measurement scale (i.e. continu-
ous or binary) and trait type (i.e. morphological, trophic, reproduc-
tive, and habitat use) on PS measure, we used a two-way ANOVA.
In the ANOVA, we also calculated 172, which is a measure of effect
size based on the proportion of the total variance in the dependent
variable that is associated with each individual factor or source of
variation in the design (Richardson, 2011), and in the case of a sin-
gle quantitative predictor is identical to the coefficient of determi-

nation r?.
We used the BM model (Felsenstein, 1973) and two different
OuU (0U,,,;. and OU,_.,) models to evaluate how elevational and

longitudinal distribution have evolved in fish. The OU model fits

stasis
a random walk with a central tendency equal to the root value (Z,)
with an attraction strength proportional to the parameter « (Butler
& King, 2004). The OU, 4 model also includes an evolutionary
trend, i.e. the optimum () is not the same as the root value (Z,), with
a single optimum for all species (see Beaulieu et al., 2012; Blomberg
et al., 2020 for more mathematical background of the BM and OU
models). We applied the function fitContinuous of the package geiger
(Pennell et al., 2014) to fit the BM model, and the OUwie function of
the package OUwie for the OU models.

2.3 | Trait correlation with elevation and tests of
correlated evolution

To identify the main fish life-history strategies and to visualise
possible correlations among fish traits, we performed a principal
coordinate analysis (PCoA), using the wcmdscale function of the
vegan R-package (Oksanen et al., 2017) and log-transformation of
continuous traits. To analyse if these ordination axes were related
to elevation and stream order, we fitted two smooth surfaces using
the ordisurf function of vegan. To test for PS of the set of traits,
we also computed Pagel’s 4, Blomberg’s K and Abouheif's C_ . of
these two axes.

To test for the relationship of species traits (as response vari-
ables) with mean elevation and stream order (as predictors), we

performed phylogenetic generalised least squares (PGLS) using the

pgls function for continuous traits, and the brunch function for bi-
nary traits, both in the caper package (Orme et al., 2018). The max-
imum likelihood estimate of 1 was incorporated as a parameter in
the PGLS model for continuous traits, thus controlling for phylo-
genetic dependence in the data in a manner that is optimal for the
data set (Freckleton et al., 2002). We also used generalised linear
models (GLMs) without considering phylogenetic information (de
Bello et al., 2015), with y and binomial distributions for continu-
ous and binary traits, respectively. In order to analyse and evalu-
ate differences between non-phylogenetically and phylogenetically
corrected analyses, we reconstructed the ancestral state of those
significant traits using the contMap function in the phytools R-
package (Revell, 2012, 2013).

Finally, to test for correlated evolution among fish traits, we
performed PGLS using the pgls function for continuous traits and
binary phylogenetic generalised linear mixed model with binomial
error structure using the binaryPGLMM function of the ape pack-
age (Paradis & Schliep, 2019) for binary traits (Gilbert et al., 2018).
For the non-phylogenetic analyses, we also used Pearson and
Spearman correlation analyses, for continuous and binary traits,
respectively. All statistical analyses and modelling tasks were per-
formed with the software R, version 3.5.1 (R Development Core
Team, 2019).

3 | RESULTS

3.1 | Phylogenetic signal in species’ traits and
elevational and longitudinal distribution

We found statistically significant PS in relative mean elevational
distribution using Pagel's 4 (4 = 0.904, p, = 0.004, p, = 0.115),
Blomberg's K (K = 0.538, p, = 0.035, p, = 0.123) and Aboubheif's
Crean (C
ary models on elevational distribution of inland fishes revealed that
the OU

(Table 1). However, the BM model was just slightly worse, show-

= 0.343, p, = 0.007). Moreover, results of evolution-

mean

model was preferable, with an AIC_ weight of 0.475

stasis

ing an AIC_ weight of 0.405, whereas the OU, _ , model was less
likely. The best model (i.e. OU
evational distribution of fish species tended to resemble to that of

<tasis) Suggested that the current el-
the common ancestor, showing a stabilising selection around a fixed
elevation root value (Z, = 331.7 m). The attraction strength to this
root value, i.e. the strength of niche selection, was proportional to
a=0.007. The rate of divergence, i.e. the rate of stochastic evolution
away from the root value, was proportional to o? = 0.003. By con-
trast, we did not find statistically significant PS in longitudinal distri-
bution using Pagel's 1 (1 < 0.001, p, > 0.999, p, < 0.001), Blomberg's
K (K = 0.337, p, = 0.064, p, = 0.006), or Abouheif's C (Crrean
=0.071, p, = 0.266). In addition, we found that the OU evolu-
tionary model was preferable for longitudinal distribution, with an
AIC_weight of 0.786 (Table 1). This suggested that the evolutionary
pattern of longitudinal distribution was similar compared with that of

mean

stasis

elevational distribution. It showed stabilising selection around fixed
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TABLE 1 Results of three evolutionary models of niche evolution (Brownian motion, Ornstein-Uhlenbeck stasis, and Ornstein-Uhlenbeck
trend models) to understand how elevational and longitudinal distributions have evolved in Iberian inland fish

Variable Model AIC, AIC_weight ¢° Z, a (2]
Relative mean Brownian motion 23.362 0.405 0.002 353.0 - -
elevation OV, 23.044 0.475 0.003 3317 0.007 -
OU,ong 25.783 0.120 0.003 8.8 0.007 1033.5
Strahler’s stream Brownian motion -91.695 0.015 27x107 2.146 = =
e oU,,... -99.662 0.786 7.4 %107 2.154 0.025 -
ou -96.922 0.200 7.4 %107 1.007 0.025 2.168

trend

Note: The adjusted Akaike information criterion (AIC_) and model weight are shown. o2 = rate of divergence (i.e. the rate at which taxa diverge from
each other through time; it is unit dependent and cannot be compared); Z, = root value (i.e. starting value of the common ancestor of the species
studied); a = attraction strength (i.e. strength of trait selection); © = optimum (i.e. evolutionary optimal value); - indicates parameters not considered

by the model.
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stream order root value (Z, = 2.154) with an attraction strength pro-
portional to a = 0.025, and a rate of divergence o2 = 7.4.10°.
Continuous species traits showed different levels of PS, with the
three indices used yielding highly consistent results (Figure 2a-c).
We also found clear PS in 5 and 6 out of 7 continuous traits using
Pagel's 2 and Blomberg's K, respectively (Figure 2a,b). By contrast,

reproductive span was not clearly related to phylogeny, as indicated
by both measures (1 = 0.105, p, = 0.764; K = 0.185, p, = 0.465).
Critical swimming speed (U_,,,) showed clear PS using Blomberg's K
(K=0.415, p, = 0.006) but not with Pagel's A (1= 0.851, p, = 0.172).
Blomberg's K varied widely across traits, most of them showing val-
ues between 0 and 1. Only form factor had K > 1, indicating that
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this morphological trait is more phylogenetically conserved than
expected under BM. Using Abouheif's C

ited significant levels of PS (Figure 2c). For example, species within

mean all s€Ven traits exhib-
salmonids, perciforms (e.g. Micropterus salmoides, Sander lucioperca,
or Dicentrarchus labrax), and cypriniforms (Cyprinus carpio or Abramis
brama) tended to show larger body sizes (i.e. maximum length),
while the cyprinodontiforms (e.g. Gambusia holbrooki and Aphanius
iberus) showed small body sizes (Figure 3). A similar pattern can be
observed for form factor and fecundity, whereas this is less the case

for reproductive span and U_ .., which are more labile traits.

crit?
Of the 16 considered binary traits, nine showed significant PS
(Figure 2d). Seven traits (i.e. lithophily, potadromy, rheophily, pisciv-
ory, omnivory, long migration, and parental care) even had -D + 1
> 1, indicating that these traits are more conserved than expected
under BM. Figure 4 shows how traits with a high PS have been con-
served throughout the phylogeny. For instance, lithophilic spawning
has been conserved in all salmonid species, all species of the genus
Pseudochondrostoma and in two closely-related cyprinid species
(Luciobarbus bocagei and Barbus meridionalis); and potamodromy has
been conserved only in some cypriniform species. However, PS did
not clearly depend on trait type (;72 =0.077, F3’ 16 =0.523,p=0.673),
measurement scale (7> = 0.016, Fy 16 = 0.329, p = 0.574), or their
interaction (> = 0.106, F, ,, = 1.075, p = 0.365; Figure S5).

3.2 | Trait correlation with elevation and tests of
correlated evolution

The PCoA results showed that Iberian inland fishes vary in their
trophic, morphological, habitat,and reproductive traits (Figure 5). The
fitting of the smooth surface showed that changes in the fish traits
were related to elevation (Figure 5a; r2adj = 0.228, F3411, o = 0.887,
p = 0.048) and stream order (Figure 5b; rzadj =0.379, FS%’9 =0.887,
p = 0.005). The first principal axis summarised approximately 26.0%
of overall variation in the trait dataset, and described an ecological
and life-history gradient. Species with negative scores on the first
PCoA axis were rheophilic, lithophilic, piscivorous, and large-sized
species often migratory and with high swimming performance (i.e.
higher U
and other upland species). By contrast, species with positive scores

i Values) and fewer spawning bouts (mostly salmoniforms
were lowland, limnophilic, phytophilic, tolerant species with large
reproductive span and high parental care (Figure 5c). The second
axis (15.8% of explained variation) distinguished among lowland spe-
cies: with negative scores, large-sized, omnivorous species with late
maturity and high fecundity and longevity (mostly lowland cyprin-
ids); with positive scores, small, short-lived species with the oppo-
site suite of traits (e.g. cyprinodontiforms; Figure 5c). Specifically,
cypriniforms showed more diverse life-history strategies than other
fish orders such as salmoniforms or cyprinodontiforms. Some cy-
priniforms are rheophilic, lithophilic, and with high swimming per-
formance (e.g. Barbus meridionalis), whereas other species have high
fecundity and water quality tolerance, and a phytophilic reproduc-
tion (e.g. C. carpio; Figure 5 and Figure S6).

The first (1 = 0.999, p, < 0.001; K = 0.698, p, = 0.001;
Cirean = 0.517, p, = 0.001) and second axes (1 = 0.552, p, = 0.015;
K =0.408, p, = 0.007; C =0.354, p, = 0.003) of the PCoA also

showed significant PS for the three statistics used, indicating that

mean

closely related species tended to exhibit a similar suite of fish life-
history traits (Figure S7).

Using PGLS, we observed a significant positive relationship of pa-
rental care with both elevation and stream order (Table 2). However,
in other PGLS models, a large amount of the variation of elevational
distribution was explained by traits (e.g. potamodromy, benthic, and
lithophily). Results obtained without considering phylogenetic infor-
mation (i.e. GLMs) indicated several significant present-day relation-
ships. For instance, we found a negative correlation between stream
order and invertivory. Similarly, rheophily was positively related with
elevation but negatively with stream order, whereas lithophily was
also positively associated with elevation (Table 2). Ancestral state
reconstruction of these four traits showed that their evolution fol-
lowed a pattern of multiple independent character gains (and losses).
We found five gains of the invertivory trait with one subsequent
reversal (Figure S8a), three gains of parental with one subsequent
reversal (Figure S8b), four gains of rheophily (Figure S8c), and three
gains of lithophily (Figure S8d).

Moreover, using PGLS we found that several continuous traits
were positively inter-correlated (e.g., maximum total length, maxi-
mum longevity, maximum fecundity, and age at maturity; Table S3).
Reproductive span was negatively correlated with maximum longev-

ity, age at maturity, and U__. (Table S3). For binary traits, we found

crit
positive correlations between intolerance and invertivory, rheophily
and lithophily, and limnophily and phytophily, and a negative correla-
tion between lithophily and tolerance (Table S4). Using conventional
correlation analyses, we found similar correlation patterns among

fish traits (Figure S9 and S10).

4 | DISCUSSION

4.1 | Phylogenetic signal in species’ traits and
elevational and longitudinal distribution

In our study, we measured the PS of several morphological, trophic,
habitat use, and reproductive traits in inland fishes and tested for
correlated evolution of these traits with elevational distribution.
In agreement with our first hypothesis, most of the studied traits
showed significant PS. Form factor and maximum length were the
continuous traits with the highest PS detected. This is in accord-
ance with previous studies in fish and other species groups that also
showed that morphological traits often have strong PS (Blomberg
et al., 2003a; Kamilar & Cooper, 2013; Sternberg & Kennard, 2014).
Although PS was quite variable, we did not find clear differences
among types of traits, in contrast to previous works (Blomberg
et al., 2003a; Kamilar & Cooper, 2013). These potential discrepan-
cies might be due to different reasons. For instance, because of
smaller differences in PS among trait types in freshwater fishes
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FIGURE 3 Phylogenetic tree annotated
with a matrix of continuous traits (circle
size represents the standard deviate)
associated with each species
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compared with other taxa, or because of low statistical power due
to high PS variability combined with lesser data availability and
lower diversity of traits in freshwater fishes. Regarding trophic
traits, we found significant PS in two (omnivory and piscivory) of
the three traits considered. Previous phylogenetic findings regard-
ing trophic traits were rather inconsistent. For instance, Comte

- Anguilla anguilla
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Parental care
Single spawning @ @ -
Limnophilia
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Tolerance ® - @@
Intolerance T
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Rheophilia
Long migration @ @ -

Fusiform shape
Water column

etal. (2014) found that trophic position showed strong phylogenetic
clustering in 32 European inland fishes, while Wagner et al. (2009)
found an opposite pattern for 32 Tanganyikan cichlid species. The
latter could be due to the rapid radiation observed in cichlid species
accompanied by trophic diversification (Riber et al., 1999). With
respect to other traits, for example, we found that sensitivity to
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FIGURE 5 Principal coordinate
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degradation of water quality and habitat (i.e. tolerance and intoler-
ance traits) did not show clear PS. Similarly, a previous study on fish
sensitivity to toxicants revealed that the PS was only significant for
24% of the chemicals analysed (Hylton et al., 2018). Finally, some
reproductive traits such as parental care appeared to show also

o Pleuronectiformes
v Gasterosteiformes ¢ Salmoniformes
A Siluriformes

strong PS, which is in agreement with previous findings (Sternberg
& Kennard, 2014).
Results of our evolutionary analysis of elevational and longitu-

dinal distribution revealed OU as the best performing model.

stasis
However, in the case of elevational distribution, the parameter
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TABLE 2 Relationship of fish traits with relative mean elevation and mean Strahler's stream order

Phylogenetic generalised least squares

Generalised linear models

Measurement
Trait (and Type) scale P ame o r P ame o r?
Morphological
Max. total length (cm) Continuous 0.007 0.112. 0.112 0.057 0.013 0.070
Form factor Continuous 0.089 0.003 0.089 0.001 0.051 0.052
Fusiform shape Binary 0.147 0.068 0.147 0.004 4.5x 107 0.004
Trophic
Invertivory Binary 0.001 0.641. 0.650 0.010 0.299 0.309
Omnivory Binary 0.015 0.004 0.021 0.003 2.8%x107° 0.003
Piscivory Binary 0.458 0.301 0.616 6.7x107° 0.029 0.029
Reproductive
Max. longevity (years) Continuous 0.003 7.3x 107 0.004 0.001 0.003 0.004
Reproductive span Continuous 0.065 0.002 0.069 0.066 0.010 0.076
(months)
Max. fecundity Continuous 21x107™ 0.049 0.053 1.5x 107 0.063 0.063
(number of eggs)
Age at maturity (years)  Continuous 0.006 0.107. 0.135 0.008 1.0x 107 0.008
Parental care Binary 0.974* 0.966* 0.991 0.011 0.130. 0.141
Single spawning Binary 0.117 0.106 0.141 0.147. 0.002 0.149
Habitat use
U, (cm/s) Continuous 0.000 0.043 0.005 0.017 0.010 0.027
Rheophily Binary 0.309 0.842. 0.849 0.252* 0.280* 0.532
Limnophily Binary 0.145 0.060 0.169 0.045 0.003 0.048
Potamodromy Binary 0.400 0.119 0.541 0.032 0.009 0.041
Long migration Binary 0.470 0.768 0.786 0.029 0.142. 0.171
Benthic Binary 0.624 0.325 0.635 0.005 0.011 0.017
Water column Binary 0.361 0.019 0.366 0.014 0.046 0.060
Tolerance Binary 3.5x 107 0.422. 0.425 0.023 0.023 0.046
Intolerance Binary 0.131 0.863. 0.863 0.005 0.678. 0.683
Lithophily Binary 0.676 0.226 0.920 0.263* 0.253. 0.516
Phytophily Binary 0.338 5.0x10™* 0.338 0.052 0.021 0.073

Note: For phylogenetically corrected analyses, we used phylogenetic generalised least squares for continuous traits and the brunch function for
binary traits, both from the caper package (Orme et al., 2018). For non-phylogenetically corrected analyses, we used generalised linear models with y
and binomial distributions for continuous and binary traits, respectively. Partial r? for each predictor and their p values expressed as asterisks (*<0.05;
. <0.1), and r? of the full model are shown. RME = relative mean elevation; SSO = Strahler’s stream order. Note that predictors and continuous traits
were log-transformed for the phylogenetic generalised least squares. Significant values are highlighted using bold format. The values showed in the

table correspond to r2.

a, which measures the strength of selection in OU models, was
very close to zero, suggesting that the deterministic part of the
OU model was negligible and that the model might be simplified
to the BM model of pure drift (Butler & King, 2004). Thus, we can
conclude that elevational and longitudinal distributions showed
little evidence for directional trends of evolution and that the eco-
logical niche of fish species tends to resemble to those of ances-
tors. Similarly, previous studies showed that the evolution of other
traits such as trophic position or body size in diadromous and non-
diadromous Clupeiformes fit much better to OU models than BM
models (Bloom et al., 2018), as OU models can capture the hetero-
geneity in the evolutionary process and reflect the variability of

the trait value among species (Miinkemdiiller et al., 2015; Pennell
et al., 2015).

Evaluating trait lability and the relationship of traits with the en-
vironment is essential for managing biodiversity and minimising fur-
ther species losses. Our results and further work could be helpful to
understand the possible responses of inland fishes to environmental
change. This study reinforces previous findings suggesting that in a
scenario of ongoing climate change, the consequences on the inland
ichthyofauna could be detrimental, especially in freshwater fishes
with limited dispersal capacity (Markovic et al., 2014). Additionally,
our results suggest that the majority of traits studied and the eleva-
tional niche could not be able to evolve as fast as the changes of the
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environment, as revealed by the strong PS. Although there is some
evidence of local adaptation to temperature changes in fishes (Jensen
et al., 2008), our results suggest that fish species tend to retain their
ancestral niche characteristics. Hence, those species inhabiting
closer to their thermal limits would be likely to face increased extinc-
tion risk (Comte et al., 2014). Accordingly, Markovic et al. (2014), for
example, suggested that eight European fish species are predicted to

experience total range loss under future climate change.

4.2 | Trait correlation with elevation and tests of
correlated evolution

Our results also indicate that several traits show correlated evolu-
tion, i.e. pairs of traits tend to evolve together because of processes
such as natural selection or mutation. In addition, we found that the
variation in some fish traits was correlated to their elevational and
longitudinal distributions, especially when using non-phylogenetic
methods. This suggests suites of traits that covary along the eleva-
tional and longitudinal river gradient (Vannote et al., 1980) and cor-
related evolution of traits less related to this environmental gradient.
Some relationships are rather unsurprising and likely to be related to
well-known co-occurring characteristics of riverine ecosystems (i.e.
higher flow velocities are typically found in high elevation gravel-
bed streams, while vegetated areas are more often associated with
lowland lentic habitats). Thus, species inhabiting upstream stretches
are typically rheophilic, lithophilic, and intolerant, whereas those
from lower reaches are more frequently limnophilic, phytophilic, and
tolerant (Belliard et al., 1999). Specifically, GLMs revealed positive
relationships between elevation and traits such as rheophily and
lithophily, and negative relationships between stream order and
invertivory and rheophily. However, the relationship of these traits
with elevation and stream order became non-significant after ac-
counting for phylogenetic relatedness. This disagreement observed
between phylogenetic and non-phylogenetic methods could result
from small sample sizes, which might be insufficient to reject the
null hypothesis after correcting for phylogenetic relatedness, as
evidenced by the ancestral state reconstructions (i.e. few transitions
between character states). However, it might also be due to the ab-
sence of an evolutionary relationship between elevation and stream
order and these fish traits. In fact, we were not able to distinguish
between both causes and, therefore, these results should be taken
with due caution.

In agreement with previous studies (see Barneche et al., 2018;
Blanck & Lamouroux, 2007), our results also showed evolutionary
correlations among several reproductive traits (e.g. maximum lon-
gevity and fecundity, and age at maturity) and fish maximum length.
For instance, PCoA revealed that salmoniform species showed
large size, long longevity, and late maturity, which corresponds well
to the periodic life-history strategy as defined by Winemiller and
Rose (1992), while cyprinodontiforms species have opportunistic
traits such as small body size, early sexual maturation, or continuous
reproduction (Vila-Gispert et al., 2005; Winemiller & Rose, 1992).

The periodic strategy seems to be dominant in temperate and
tropical lotic ecosystems, while the opportunistic strategy is more
common in productive lowland habitats subjected to disturbances
such as intermittent streams, ephemeral pools, or salt marshes
(Winemiller, 2005). Cypriniforms are the most diverse order of the
fish species studied, showing different strategies and a considerable
morphological, physiological, and swimming performance diver-
sity as seen in previous studies (Cano-Barbacil, Radinger, Argudo,
et al, 2020; Cano-Barbacil, Radinger, Garcia-Berthou, 2020;
Howes, 1991).

As already explained, we consider the Iberian Peninsula as a good
case study to evaluate the evolutionary process of fish traits along
spatial gradients, due to strong elevational and climatic gradients
and a particular fauna. Our study area is representative of rivers with
relatively low fish richness but with many threatened endemisms
and invasive species. Our results constitute a solid base on which to
develop future studies, showing an overview of the fish trait lability
and its evolutionary relationship with elevational and longitudinal
distribution. However, we note that there are some limitations that
might have affected our results, related to both methodological is-
sues (e.g. small sample size due to low trait data availability of Iberian
species) and uncertainties associated with trait data (e.g. low reliabil-
ity of some categorical traits and lack of information on intraspecific
variability; Cano-Barbacil, Radinger & Garcia-Berthou, 2020) as al-

ready discussed.

5 | CONCLUSIONS

Overall, we found significant phylogenetic signal for 65% of the stud-
ied traits but no clear differences between continuous and binary, or
among morphological, trophic, reproductive, and habitat-use traits.
Evolutionary models revealed that elevational and longitudinal dis-
tributions showed little evidence for directional trends of evolution,
and thus that the ecological niche tends to resemble that of the com-
mon ancestor. Phylogenetic methods showed that several traits such
as maximum length and some reproductive traits are inter-correlated,
reflecting that those traits have evolved together. We also found a
significant positive relationship of parental care with elevation and
stream order, using PGLS. However, we found a positive relationship
between elevation and traits such as rheophily and lithophily, and
a negative relationship between stream order and invertivory and
rheophily when using non-phylogenetic methods. In sum, our study
suggests that the well-known evolutionary relationship among fish
species traits and distribution, and the strong phylogenetic signal
observed for some features could have important implications for
adaptation to global change, since many species would not be able to
evolve and adapt to the new environmental conditions.
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