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ARTICLE INFO ABSTRACT

Human-mediated introductions of exotic species and extirpations of native species have modified the compo-
sition of biotic communities throughout the world, but the consequences of introductions and extirpations on
local phylogenetic diversity (alpha-diversity) and on phylogenetic distinctiveness between sites (beta-diversity)
remains poorly investigated. Here we analyze the long-term impacts of extirpations and invasions on both
phylogenetic and taxonomic alpha and beta diversity of fish assemblages in Chinese isolated lakes. Data of fish
assemblages in 15 lakes were grouped into three periods spanning the last 75 years: historical, intermediate and
current periods. We partitioned phylogenetic beta diversity into turnover and nestedness component, and ex-
amined how introductions and extirpations led to temporal changes in alpha and beta diversity using linear
regression and multiple regression models on distance matrices, respectively. Introductions and extirpations
caused an increase of phylogenetic diversity (A™) and phylogenetic unevenness (A*) within the lakes, but the
phylogenetic dissimilarity between lakes declined. Such trend, resulting from 60 years introductions and ex-
tirpations, was mainly due to a decline of the phylogenetic turnover, indicating that the replacement of native
endemic species by widespread exotic species was the main driver of the observed phylogenetic homogenization.
Temporal changes in phylogenetic and taxonomic dissimilarities were positively correlated, and taxonomic
homogenization causes phylogenetic homogenization in ca. 60% of the lake pairs. Nevertheless, taxonomic
homogenization turns to phylogenetic differentiation in one third of lake pairs due to the extirpation of the
closely-related species and the introduction of distinct exotic species belonging to different lineages among lakes.
Therefore, measuring phylogenetic diversity changes provides complementary information to taxonomy, and
gives support to the Darwin’s naturalization hypothesis stipulating that species distantly related to natives easily
establish in their introduction range. Our results demonstrate that half a century of anthropogenic disturbance
was sufficient to blur the phylogenetic distinctiveness among lakes that resulted from the last 5 million years
evolutionary history of the Yun-Gui plateau.
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1. Introduction

Human activities, such as harvesting, habitat degradation, pollu-
tion, land conversion, or biotic exchanges have modified faunas and
floras throughout the world, resulting in a rapid and dramatic loss of
global biodiversity, often coined as “the sixth mass extinction”
(Barnosky et al., 2011; Wake and Vredenburg, 2008). Two fundamental
processes, namely introductions of non-indigenous species and
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extirpations of indigenous species, are the result of all human dis-
turbances and lead to the current biodiversity crisis (Sax and Gaines,
2008; Toussaint et al., 2018). Those two processes caused an alteration
of local species richness (alpha diversity; Ceballos et al., 2017; Leprieur
et al., 2008), but are also responsible from an increase in species si-
milarity between species assemblages, called biotic homogenization
(Liu et al., 2017; Rahel, 2000; Villéger et al., 2011). Nevertheless, to
which extent those invasion and extirpation processes, affect others
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facets of biodiversity, such as functional or phylogenetic diversities
remain little documented (e.g. Sobral et al., 2016; Villéger et al., 2014).

Phylogenetic diversity, which represents the evolutionary history of
species within communities, is increasingly used in biodiversity studies
because it reflects the diversity of a complex set of intrinsic (e.g. mor-
phological, physiological and reproductive) and extrinsic (e.g. beha-
vioral, growth and environmental tolerance) traits (Graham and Fine,
2008; Webb et al., 2002). Considering that functional traits of the
species are conserved across the phylogeny, phylogenetic diversity has
also been considered as an overall measure of the functional char-
acteristics of species assemblages and has therefore been used to in-
vestigate ecosystem functioning and the associated provision of eco-
system services (e.g. Huang and Roy, 2013; Sol et al., 2017; Winter
et al., 2013). Moreover, integrating phylogenetic information into
community ecology frameworks has provided new insights on the roles
of ecological and evolutionary processes in shaping assemblage struc-
ture (Safi et al., 2011). Indeed, species identity within a community
largely depend on evolutionary history, reflecting adaptation to chan-
ging environmental conditions across ecological and evolutionary time
scales (Ricklefs, 1987).

Human disturbances, by causing extirpations and invasions, are
known to affect the phylogenetic structure of assemblages since ex-
tirpations and invasions are often non-random from a phylogenetic
point of view (McKinney and Lockwood, 1999). Thus the loss of native
species belonging to evolutionarily distinct or unique clusters (e.g.
species-poor higher taxa) triggers phylogenetic diversity losses
(Thuiller et al., 2011; Vamosi and Wilson, 2008). On the other hand,
the gain of exotic species can also significantly alter the phylogenetic
structure of local communities, as those successful invasive species
usually from different lineages and exhibit distinct functional traits
than the native species (Winter et al., 2009). Such phenomena of in-
vasions are often coined as Darwin’s naturalization hypothesis, which
proposed that exotics distantly related to native species would be suc-
cessful invaders because they compete little with the native species
(Daehler, 2001; Strauss et al., 2006b).

In addition to the changes in phylogenetic structure of local as-
semblages (alpha diversity), the gain and loss of species can also cause
changes in phylogenetic dissimilarity among assemblages, also coined
as phylogenetic beta-diversity. (Graham and Fine, 2008; Morelli et al.,
2016). Therefore, declines of phylogenetic distinctiveness between sites
through extirpation and invasion trends indicate a regional loss of
phylogenetic diversity (Cavender-Bares et al., 2009; Ives and Helmus,
2010). The changes in phylogenetic diversity experienced by ecosys-
tems across exotic species introductions and native species extirpation
trends had been reported over large scales. For instance, D’agata et al.
(2014) reported a loss of phylogenetic diversity in the Pacific coral reef
fish assemblages, and Winter et al. (2009) revealed a decline of the
phylogenetic distinctiveness among European floras. Moreover, it has
also been demonstrated that exotic species introductions do not com-
pensate for phylogenetic losses for native species extinctions in bird
assemblages (Sobral et al., 2016; Sol et al., 2017). Such phylogenetic
changes through extirpation and invasions are often triggered in iso-
lated ecosystems (islands, isolated lakes and endorheic rivers) which
support high native species endemism rates due to their isolation that
promoted species divergence. Moreover, such isolated communities are
often closely related from a phylogenetic point of view because the
restricted size of these ecosystems limits environmental heterogeneity
(MacArthur and Wilson, 1967; Si et al., 2017), resulting in an im-
balanced phylogeny (Ali and Huber, 2010). These isolated ecosystems
faunas were little constrained by predation and competition and are
often vulnerable to the introduction of exotic predators or competitors
(Strauss et al., 2006a), leading to the extirpation of some native species
and then to phylogenetic losses (Jiang et al., 2015; Sobral et al., 2016).
Moreover, the pool of introduced species is limited to a few species (e.g.
see Toussaint et al., 2016 for freshwater fish), leading to the in-
troductions of the same species in all isolated ecosystems, which
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promotes taxonomic (and therefore probably phylogenetic) homo-
genization between isolated ecosystems (Ding et al. 2017).

Although those processes are documented for oceanic islands, our
knowledge of isolated freshwater environments, such as isolated lakes
and endorheic rivers is much less developed. To our knowledge, only
Jiang et al. (2015) examined the changes in phylogenetic and func-
tional alpha diversity in an isolated lake and Ding et al. (2017) in-
vestigated the changes in dissimilarity between freshwater isolated
environments due to extirpations and invasions. Ding et al. (2017)
demonstrated that fish extirpations and invasions that occurred during
the last 60 years profoundly modified the taxonomic distinctiveness
between fish faunas across a set of 15 isolated plateau lakes in South-
west China. Here we go further and investigate, in the same 15 lakes,
how the last 60 years taxonomic changes modified the phylogenetic
diversity of fish assemblages as well as the among-lake phylogenetic
distinctiveness. To this aim, we compared the phylogenetic diversity
across three time periods corresponding to the historical fauna before
human mediated invasions and extirpations (1940-1957), an inter-
mediate (1970-1985) and a current situation (2000-2015). Those three
periods account for an increasing gradient in human disturbances and
thus in introduction and extinction processes. We first quantified the
relative effect of species introductions and the loss of native species on
the changes of phylogenetic diversity patterns across the three time
periods. We then examined how phylogenetic dissimilarity between
isolated lakes was affected by species introductions and extirpations
and to which extent those phylogenetic changes correlate with the
taxonomic homogenization reported by Ding et al. (2017) on the same
sites.

2. Materials and methods
2.1. Study area and lakes

Yun-Gui Plateau is one of the five lake regions in China. Located in
the southwest of China, this plateau supports dozens of natural isolated
lakes. The fish fauna inhabiting these lakes is characterized by a high
level of endemism and considerable faunal dissimilarity between lakes
(Kottelat and Whitten, 1996; Li, 1982). These isolated lakes supported
species flocks of endemic congeneric fishes (Chu and Chen, 1990).
During the past 60 years, fish assemblages in these lakes experienced
dramatic changes due to two intensive successive waves of non-native
fish introductions and native fish extirpations (Chen et al., 1998; Jiang
et al., 2015). The first introduction wave occurred from 1958 to 1965,
with the widespread introductions of fast-growing fish species, e.g.
silver carp (Hypophthalmichthys molitrix), bighead carp (Aristichthys
nobilis), grass carp (Ctenopharyngodon idella) and black carp (Mylo-
pharyngodon piceus), for fisheries purposes. Those species were accom-
panied by unintentionally introduced small fishes such as top-mouth
gudgeon (Pseudorasbora parva), gobies (Rhinogobius giurinus, Rhinogo-
bius cliffordpopei, and Micropercops swinhonis), and mosquitofish (Gam-
busia affinis) (Chen et al., 1998). The second introduction wave oc-
curred from the late 1970s to the late 1980s, mainly with the
introduction of icefish (Neosalanx tangkahkeii) for fish farming and the
unintentional introduction of bitterlings (e.g. Rhodeus ocellatus, Rhodeus
sinensis) (Xiong et al., 2015). In addition to the pressures of exotic in-
troductions, other human disturbances such as over-harvesting (Chen
et al., 1998) and water eutrophication (Liu et al., 2012) also negatively
affected the fish fauna, causing the extirpation of the most sensitive
native species.

We here focused on 15 lakes with sufficient data on fish fauna dy-
namics since the 1940s. Those lakes include the 13 larger lakes from
the in Yun-Gui Plateau, with a surface greater than 10 km? They are
located in an elevational range from 1284 to 2691 m above sea level,
the lake surface area ranged from 5.7 to 297.9 km?, with lake depth
varying from 2.4 to 89.6m and lake volume from 0.17 x 10% to
189 x 108m>. These isolated lakes historically supported 103 native
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fish species. More than half native species were restricted to a single
lake. Those lakes acted as species flocks cradles, and are colonized by
congeneric endemic species, with for instance, 5 species of Cyprinus and
4 species of Schizothorax in Erhai Lake; 3 species of Yunanilus and 2
species of Liobagrus in Dianchi Lake; 3 species of Discogobio and 3
species of Yunanilus in Fuxian lake; and 3 species of Schizothorax in
Lugu Lake (Li, 1982; Yang et al., 1994).

2.2. Data collection and time periods

Fish occurrence data for the 15 lakes were collected from published
fish surveys, including scientific reports, books, online data and grey
literature since 1940s (see details in Table S1). Fish taxonomy was
updated using FishBase (Froese and Pauly, 2016). As in Ding et al.
(2017), data were then grouped into three periods: (i) historical period
(1940-1957), (ii) intermediate period (1970-1985), and (iii) current
period (2000-2015). The three periods all included about 15 years fish
sampling, and were separated by 10-15year intervals during which
sampling was scarcer. On each period, there were several surveys for
these lakes by the Chinese fisheries institutes (see Table S1 for details).
Based on these species lists, we distinguished between native and non-
native fish species and considered a non-native species as present in the
lake only when it was established.

2.3. Measuring phylogenetic alpha and beta diversity

Due to the absence of a true phylogeny for the studied fish species,
taxonomic distance based on the path lengths in the Linnaean taxo-
nomic tree was used as a proxy of the phylogeny. This approach has
been used in many studies dealing with phylogenetic diversity (Cai
et al., 2018; Heino and Tolonen, 2017; Winter et al., 2013; Zhang et al.,
2018). Higher taxonomic levels for each fish species were checked ac-
cording to Nelson et al. (2016). As a result, there were 11 taxonomic
levels (species, genus, subfamily, family, superfamily, suborder, order,
series, superorder, subdivision and division) for our data.

We first calculated two indices of phylogenetic alpha diversity,
namely average taxonomic distinctness (A*, measuring the average
taxonomic or phylogenetic distance between all pairs of species within
an assemblage) and variation in taxonomic distinctness (A ™, reflecting
the unevenness of the taxonomic tree for a given assemblage) (Clarke
and Warwick, 1998), for fish faunas in the 15 lakes and the 3 time
periods. Simple linear scaling was used in the calculations. The max-
imum distance through the tree is set at @ = 100. As some taxonomic
levels were not defined to all species (e.g. the subfamily level does not
exist for some species), we weighted the branch lengths by the pro-
portion of species at a given taxonomic level, following Tolimieri and
Anderson (2010) and Jiang et al. (2015) (Table S2). The two indices
were computed using the following equations:

A = [ZZ; i) /[S(S— 1)/2]
A = [2Zicj(w; — A)?]/[S(S-1)/2]

where wy; is the weight given to the path length linking species i and j in
the hierarchical taxonomic tree, and S is the number of species.
Phylogenetic beta diversity of fish fauna was measured using
PhyloSgr beta diversity index, a derivation of the Sgrensen dissimilarity
index, that measures the proportion of shared branch length among
communities (Leprieur et al., 2012). Then we used an additive parti-
tioning framework of phylogenetic beta diversity among these lakes to
decompose beta diversity into two independent components: turnover
(PhyloSim) and nestedness component (PhyloSne) (Baselga, 2010;
Baselga, 2012). The turnover component accounts for phylogenetic
turnover between assemblages induced by distinct combinations of
phylogenetic lineages, whereas the nestedness component reflects
phylogenetic dissimilarity caused by the difference in phylogenetic di-
versity between assemblages (Leprieur et al., 2012). We then calculated
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the relative contribution of turnover (turn%) and nestedness (nest%)
components to dissimilarity since the relative importance of those two
components provide insights on the different ecological processes
ruling community assembly. The dominance of turnover over nested-
ness indicate that beta diversity is due to a different combination of
phylogenetic lineages, whereas phylogenetic nestedness will dominate
when changes in phylogenetic diversity are due to a difference in
phylogenetic breadth (Heino and Tolonen, 2017).

2.4. Statistical analysis

For the 15 lakes, we first compared the differences in the phyloge-
netic alpha (A*, A%) and beta diversity (PhyloSgr, PhyloSim,
PhyloSne) of fish assemblages among three periods with repeated-
measures ANOVAs using aov, error and pairwise.t.test functions in R.
Multiple regression analyses were then used to examine the relation-
ships between changes in A*, A" and their respectively historical
value, introductions and extirpations. Due to the varied historical na-
tive species richness among lakes (from 4 to 27 species), we used the
percentage of exotic species (i.e., ratio of introduced species/entire
species) and the percentage of extirpated species (extirpated/historical
native species) as explanatory variables.

Then multiple regression on distance matrices (MRM, Lichstein,
2007) were used to disentangle the effects of historical dissimilarity
(PhyloSer, PhyloSim, PhyloSne), introductions (percentage of exotic
species in each pair of lakes) and extirpations (percentage of extirpated
species in lake pairs) pressures on temporal changes (intermediate vs.
historical and current vs. historical) in phylogenetic beta diversity. P-
values of MRM models were calculated by comparing each observed
regression coefficient with 10,000 permutations.

Finally, we assessed the relationships between temporal changes in
phylogenetic dissimilarity and temporal changes in taxonomic dissim-
ilarity. The overall taxonomic dissimilarity (Sgrensen index) and its
turnover (Simpson index) and nestedness (Nestedness) components
were calculated according to the partitioning framework proposed by
Baselga (2010, 2012), as Ding et al. (2017). We regressed the changes
in phylogenetic and taxonomic dissimilarities, and the changes in
turnover and nestedness components separately. The significance of the
Pearson correlations were calculated using Mantel tests on 9999 per-
mutations (Nekola and White, 1999).

We ran all calculations and analyses in R (R Developement Core
team, 2017). R packages vegan, betapart and ecodist were used to
compute A* and A™ (taxondive in vegan), Mantel tests (mantel in vegan),
dissimilarities and MRM analyses, respectively. All analyses were run
on both the fish assemblages (i.e. native and exotic species) and only
the native fish assemblages. Considering only native fish assemblages
allowed measuring to which extent phylogenetic changes were due to
native species extirpations, whereas considering entire fish assemblages
mixed non-native species introduction and native species extirpation
processes.

3. Results

3.1. Temporal changes in phylogenetic alpha diversity and their
determinants

In historical period, before human mediated introductions and ex-
tirpations, 103 fish species belonging to 42 genera, 10 families, 5 orders
and 2 subdivisions occurred across the 15 lakes. Among them,
Cypriniformes (89 species) and Cyprinidae (72 species) were the spe-
cies-richest order and family, respectively (Table 1). In the intermediate
period, there were 117 species (including 27 non-native species), be-
longing to 59 genera (17 non-native), 16 families (6 non-native), 7
orders (2 non-native) and 2 subdivisions. In the current period, 78
species (including 34 non-native), 49 genera (21 non-native), 18 fa-
milies (9 non-native), 8 orders (3 non-native) and 3 subdivision (1 non-
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Table 1

Ecological Indicators 101 (2019) 388-398

List of families, order and subdivision, and number of genera and species within each families in the 15 studied lakes during historical (1940-1957), intermediate
(1970-1985) and current (2000-2015) periods. Introduced taxa are bolded and indicated by “+”; Extirpated taxa are italicized and indicated by “—"

Historical period

Intermediate period Current period

Subdivision Order Family No. genera No. species No. genera No. species No. genera No. species
Ostarioclupeomorpha Cypriniformes Cyprinidae 27 72 38 (111) 84 (18%,67) 28 (10*,97) 48 (174, 417)
Balitoridae 4 15 4 11 (47) 2(27) 5(107)
Cobitidae 2 2 2 2 201, 17) 2(1%,17)
Siluriformes Bagridae 3 4 3 3(17) 2(017) 2(27)
Siluridae 1 3 1 41" 1 3%, 17)
Amblycipitidae ™ 1 3 1 127) 0(17) 0(37)
Clariidae 1 1 1 2(1%) 1 2((2%,17)
Euteleostei Beloniformes Adrianichthyidae 1 1 1 1 1 1
Hemirhamphidae * - - 117" 11171 11 1a%)
Perciformes Channidae 1 1 1 1
Gobiidae™ - - 1a*) 2(2%) 1Y) 33"
Odontobutidae ™ - - 1a%) 11" 1a) 1ah
Percichthyidae™ - - 1Y) 1" - -
Cichlidae™ - - - - 1a) 2(@2h
Osphronemidae* - - - - 1% 1ah
Synbranchiformes Synbranchidae 1 1 1 1
Cyprinodontiformes™ Poeciliidae™ - - 1) 1Y 1a") 1M
Osmeriformes* Osmeridae * - - 1% 1(a%) 2(2%) 22%)
Salangidae ™ - - - - 1% 1ah)
Elopomorpha™ Anguilliformes ™ Anguillidae™ - - - - 1Y 1ah

native) were recorded (Table 1). Overall, 13 species, but no genera or
family were extirpated from the native species pool between historical
and intermediate periods. Between intermediate and current periods,
46 species, 14 genera, and 1 family were extirpated from the native
species pool.

Considering entire fish fauna, both the A™ and A* increased
through time, with highest values in current period (Fig. 1, Table S3),

100
Entire assemblages
80 b
a T
T a
+< 60 ] J_
40
20 T T . T
Historical Intermediate Current
120
Native assemblages
100 4 b
y 80 a a
= L !#l
60
40 J 1
20 . : T
Historical Intermediate Current

indicating fish assemblages became more phylogenetically diverse and
variable among lakes. For native fish species, A* and A™ did not sig-
nificantly changed between historical and intermediate periods, but A*
significantly increased and A* significantly declined between inter-
mediate and current periods (Fig. 1, Table S3). Except changes in A* in
intermediate period, temporal changes in A* and A* of entire assem-
blages were significantly predicted by historical state, fish invasion rate
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Fig. 1. Box plots of average taxonomic distinctness (A™) and variation in taxonomic distinctness (A*) for the entire fish fauna (top panels) and only on the native
species (bottom panels) of the 15 studied lakes during historical (1940-1957), intermediate (1970-1985), and current (2000-2015) periods. Different letters indicate
significant differences (p < 0.05) among periods (see Tables S3 for detailed results of repeated-measures ANOVA and paired-t test).
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Table 2

Results of multiple regression models for changes in average taxonomic dis-
tinctness (A ™) and variation in taxonomic distinctness (A ) of intermediate and
current periods based on entire assemblages and native assemblages. Std b:
standardized regression coefficient.

Std b t P Model Stats
Entire assemblages
Intermediate  Change in A"
Historical A* —0.619 —2.784 0.018
Invasion —0.184 —-0.831 0.424 F = 3.387,
P =0.058
Extirpation —0.100 —0.460 0.655 Adj. R? = 0.337
Change in A*
Historical A* —0.131 —0.418 0.684
Invasion —-0.027 —0.089 0.931 F = 0.086,
P = 0.967
Extirpation 0.095 0.309 0.763 Adj. R? = -0.244
Current Change in A*
Historical A* -0.745 -7.138 < 0.001
Invasion 0.619 5.382 < 0.001 F=28.17,
P < 0.001
Extirpation -0.320 -2.749 0.019 Adj. R? = 0.853
Change in A™
Historical A —0.756 —7.277 < 0.001
Invasion 0.085 0.780 0.452 F = 3212,
P < 0.001
Extirpation 0.308 2.716 0.020 Adj. R? = 0.870
Native assemblages
Intermediate  Change in A"
Historical A™ —-0.439 —-1.999 0.069 F = 4.397,
P = 0.037
Extirpation 0.504 2.293 0.041 Adj. R? = 0.327
Change in A™
Historical A" 0.028 0.100 0.922 F = 0.478,
P =0.632
Extirpation 0.264 0.924 0.374 Adj. R* = -0.081
Current Change in A*
Historical A™ 0.170 0.652 0.527 F =1.661,
P =0.231
Extirpation —0.402 —1.542 0.149 Adj. R? = 0.086
Change in A*
Historical A" -0.377 -1.864 0.087 F = 8.039,
P =0.006
Extirpation —0.805 —3.982 0.002 Adj. R? = 0.501

The models of entire assemblages included historical value, percentage of in-
vasion and percentage of extirpation as explanatory variables, while the models
of native assemblages included historical value and percentage of invasion only.
Significant variables are bolded.

and extirpation rate (Table 2). Historical state had a significant negative
effect, indicating that lakes with low A* and A* became more phylo-
genetically diverse and variable across time. In contrast, invasion
pressure had a positive effect on changes in A* and A* between his-
torical and current periods, meaning that the lakes which received more
exotic fishes experienced higher increase in phylogenetically average
distance and unevenness. Moreover, the percentage of extirpated native
species had no effect between historical and intermediate period,
whereas it caused a decline of A™ and an increase of A™ between
historical and current periods (Table 2).

For native fish assemblages, only the change in A" in intermediate
period and change in A™ in current period were significantly explained.
The historical values of A* and A™ both had a marginally significant
negative effect, but the extirpation rate had a positive effect on change
in A* but a negative one on change in A* (Table 2).

3.2. Temporal changes in phylogenetic beta diversity and their determinants
Historical phylogenetic dissimilarity (PhyloSgr, with an average

value of 0.425) among isolated lakes resulted from a balanced con-
tribution of turnover (PhyloSim, average = 0.203; turn% = 50.4%) and
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nestedness (PhyloSne, average = 0.222; nest% = 49.6%). For the en-
tire fish assemblages, the overall dissimilarity and turnover component
both significantly declined from the historical to the subsequent per-
iods, whereas nestedness component did not significantly changed
through time (Fig. 2, Table S3). For native fishes, overall dissimilarity
did not significantly changed, but turnover significantly decreased and
nestedness increased (Fig. 2, Table S3). During the phylogenetic
homogenization process, the relative contribution of nestedness (nest
%) increased at the expense of contribution of turnover component
(turn%).

All but one MRM models significantly predicted temporal changes
in phylogenetic dissimilarity (PhyloSer), turnover (PhyloSim) and
nestedness (PhyloSne) for both the entire and native fish fauna, based
on historical level of dissimilarity, extirpation and/or introduction
pressures (to the exception of PhyloSim for the native fauna). For entire
fishes, the MRM models explained 32.2% (P < 0.001) and 65.8%
(P < 0.001) of the variance in changes in PhyloSgr, 32.7% (P = 0.002)
and 40.6% (P < 0.001) of the variance in changes in PhyloSim, 23.2%
(P = 0.006) and 52.7% (P < 0.001) of the variance in changes in
PhyloSne in the intermediate and current periods, respectively
(Table 3). Their respective historical values all had a markedly negative
effect, suggesting lake pairs with high levels of historical dissimilarity
tended to be more homogenized (PhyloSgr, PhyloSim) or more nested
(PhyloSne). For only native species, changes in PhyloSgr and PhyloSne
in the intermediate period were both negatively related to historical
dissimilarity, with 18.6% and 11.6% explained variation, respectively.
In the current period, changes in PhyloSgr and PhyloSne were also
negatively affected by historical dissimilarity but also positively related
to the percentage of extirpations (Table 3). Temporal changes in Phy-
loSim, however, were not significantly predicted by historical dissim-
ilarity and extirpation strength.

3.3. Relationships between changes in phylogenetic and taxonomic beta
diversity

With extirpations and invasions in the two subsequent periods,
changes in phylogenetic beta diversity (PhyloSer, PhyloSim and
PhyloSne) were all strongly correlated with their corresponding taxo-
nomic beta diversity for entire and native fishes: the correlation coef-
ficients (r) of Mantel tests range from 0.714 to 0.888 and the models
were all significant (P < 0.001). PhyloSgr and PhyloSim decreased
linearly with decreasing their taxonomic dissimilarities, whereas
PhyloSne increased with increasing taxonomic nestedness component
(Figs. 3, 4). Apart from those major trends toward taxonomic and
phylogenetic homogenization for overall change in dissimilarity and
change in turnover, for both entire assemblages and native fish fauna,
some lake pairs also differentiate both from a taxonomic and a phylo-
genetic point of view. Such a trend is rare for entire fish assemblages
(less than 10% of the lake pairs; Fig. 3a, d), but more common con-
sidering only the native fauna, particularly in the current period (ca.
28% of the lake pairs, Fig. 4d). For some lake pairs we also observed
opposite patterns between taxonomic and phylogenetic metrics. Such a
situation was rare for the natives and did not exceed 15% of the pairs,
but it was more common for the entire fauna, where a phylogenetic
differentiation and a taxonomic homogenization was detected in ca.
one third of the lake pairs (Fig. 3a,d). Such pattern was also observed
for turnover, particularly during the current period (Fig. 3e).

4. Discussion

The historical fish taxonomic structure (the number of higher taxa,
e.g. families and orders) in the Yun-Gui Plateau lakes was characterized
by a few orders and families (5 orders and 10 families), but also by high
levels of endemism compared to river-connected lakes in the Yangtze
Floodplain. Indeed, the latter lakes are historically colonized by ca. 10
orders and 20 families and do not count endemic species (Ji et al., 2017;
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test).

Liu and Wang, 2010). In the Yun-Gui Plateau lakes, some orders fre-
quently occurring in the Yangtze Floodplain, e.g. Osmeriformes, An-
guilliformes and Clupeiformes, were absent, and the Perciformes are
only represented by a single native species. Moreover, these isolated
lakes support widespread flocks of closely-related fish species (con-
generic species) due to long-term adaptive radiation evolution (Chu and
Chen, 1990; Li, 1982). The limited number of higher taxa and the high
proportion of congeneric species thus resulted in low phylogenetic di-
versity (A") and high phylogenetic unevenness (A™) of the native
fauna within each lake.

Among the 15 considered isolated lakes, phylogenetic dissimilarity
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during the historical period (i.e. before species introduction and ex-
tirpation occurred) was moderate (an average of ca. 40% dissimilarity
between lake pairs), with a balanced contribution of turnover and
nestedness components, which markedly differs from the taxonomic
beta-diversity reported by Ding et al. (2017). Indeed, historical taxo-
nomic dissimilarity between lakes was high (about 68.0%), due to a
strong contribution of species turnover (accounting for 75% of overall
dissimilarity). The low phylogenetic dissimilarity compared to taxo-
nomic dissimilarity and the low contribution of turnover to phyloge-
netic dissimilarity suggests that while species composition differed
greatly between lakes, those species belong to the same higher taxa
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Table 3
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Results of multiple regression on distance matrices (MRM) analyses for changes in overall phylogenetic dissimilarity (PhyloSer), phylogenetic turnover (PhyloSim)
and phylogenetic nestedness (PhyloSne) components. The same analyses were run for intermediate and current periods and on both entire and native only as-
semblages. Historical value, native species extirpation (percentage of extirpated species and/or exotic species introduction (percentage of introduced species) were

considered as explanatory variables.

Entire assemblages Change in PhyloSer

Change in PhyloSim

Change in PhyloSne

Intermediate Current Intermediate Current Intermediate Current

Std b P-value Std b P-value Std b P-value Std b P-value Std b P-value Std b P-value
Historical dissimilarity -0.377 < 0.001 —-0.790 < 0.001 —0.667 < 0.001 —0.891 < 0.001 —0.383 < 0.001 —-0.912 < 0.001
Introduction -0.016 0.780 -0.226 0.006 —0.034 0.751 -0.129 0.121 —0.047 0.694 -0.093 0.504
Extirpation —0.057 0.226 0.135 0.108 —0.141 0.109 0.263 < 0.001 0.060 0.542 -0.117 0.352
R? 0.322 < 0.001 0.658 < 0.001 0.327 0.002 0.406 < 0.001 0.232 0.006 0.527 < 0.001
Native assemblages Change in PhyloSgr Change in PhyloSim Change in PhyloSne

Intermediate Current Intermediate Current Intermediate Current

Std b P-value Std b P-value Std b P-value Std b P-value Std b P-value Std b P-value
Historical dissimilarity —0.228 < 0.001 —0.505 < 0.001 —-0.169 0.066 —0.340 0.072 —0.158 0.007 —0.420 0.016
Extirpation —0.074 0.102 0.240 0.014 —0.089 0.096 —0.046 0.618 0.029 0.540 0.268 0.039
R? 0.186 < 0.001 0.304 < 0.001 0.102 0.078 0.066 0.167 0.116 0.015 0.194 0.011

Std b: standard partial regression coefficient. Significant variables are bolded.

(orders and families). They therefore share a large amount of evolu-
tionary history, leading to a low phylogenetic clustering among lakes
(Graham and Fine, 2008). The isolation of Yun-Gui Plateau lakes lasts
for the late Pliocene period, and such short isolation time (< 5 million
years) permitted the differentiation of several endemic genera and
species (Li, 1982), that remain clustered in a few higher taxa (more
than 70% of the endemic species belong to the Cyprinidae family and
more than 95% belong to the Cypriniformes order). Therefore, fish
assemblages among these lakes have a large amount of shared branch
length in the phylogenetic tree, despite a strong species turnover among
lakes, resulting in low levels of both among-lake dissimilarity in phy-
logenetic composition and a low contribution of phylogenetic turnover
compared to taxonomic dissimilarity and turnover (Heino and Tolonen,
2017).

Native species extirpations and non-native species introductions
that occurred for half a century caused a marked increase in phyloge-
netic diversity in all the lakes. As shown by Jiang et al. (2015) in Erhai
lake, the loss of some congeneric native species (e.g. species from Cy-
prinus, Schizothorax Yunanilus and Liobagrus), and the introductions of
exotic distant-related species from new orders (e.g. Anguilliformes,
Osmeriformes and Cyprinodontiformes), led to a marked increase in
phylogenetic diversity. Such a trend observed in Erhai lake (Jiang et al.,
2015), also holds for the other isolated lakes of the Yun-Gui Plateau,
whatever their size or location. Moreover, the phylogenetic alpha di-
versity increased in each lake turn toward a decline of phylogenetic
beta-diversity between lakes. Such phylogenetic homogenization pro-
cess is explained by the extirpation of native endemic species and/or by
the introduction of the same exotic species in all the lakes. Here those
two processes act together since extirpation and invasion together ex-
plain phylogenetic homogenization and both processes might nega-
tively affect ecosystem structure and function. For instance, the loss of
unique species from a phylogenetic point of view will probably im-
poverish the range of functional responses of species assemblages to
environmental changes, which might in turn trigger functional homo-
genization among lakes (Jackson et al., 2015; Winter et al., 2009).

The differences in temporal changes in phylogenetic unevenness
(A™) between entire and native-only assemblages are explained by two
antagonistic processes. Introductions increased the phylogenetic un-
evenness by adding distant branches to the phylogenies, whereas native
species loss reduced unevenness by reducing phylogenetic clustering
due to the presence of congeneric species and the reduction in the
number of higher taxa (families and orders, Jiang et al., 2014; Zintzen
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et al., 2011). Therefore the loss of some cyprinid native species and the
decrease in the number of native families (5.5 vs 3.9 families per lake
on average for historical and current periods, respectively) and orders
(3.6 vs 2.7 orders per lake on average for historical and current periods,
respectively) reduced phylogenetic unevenness (decrease of A*) within
native species, but such trend was not sufficient to counteract the strong
increase of higher taxa (families, orders) due to exotic species in-
troductions, leading to an overall increase of phylogenetic unevenness
(increase of A™).

From a conservation point of view, the increase of A* has frequently
been considered as a positive change for biotic communities, since it
denotes phylogenetically diverse assemblages (Clarke and Warwick,
1998). In the same way, Helmus et al. (2010) showed that disturbed
assemblages host more related species than undisturbed ones, since
disturbance is supposed to exclude the species that cannot survive to
the disturbance. Nevertheless, in isolated environments characterized
by a reduced historical phylogenetic diversity made of closely related
species, extirpations reduce phylogenetic clustering and therefore in-
crease phylogenetic diversity. Similarly, exotic species introductions
provide phylogenetic distant species to assemblages and therefore also
increase local phylogenetic diversity. Although counterintuitive, in-
creasing phylogenetic diversity in such isolated environments cannot be
considered as a positive trend for species conservation, but contrarily,
depicts a decline of the native fauna and a replacement by non-native
exotic species. Similarly, high level of unevenness in taxonomic struc-
ture is often considered to be a result of high environmental hetero-
geneity (Leira et al., 2009). In other word, more heterogeneous habitat
should support more families and orders and enhance phylogenetic
diversity and unevenness. Thus, a decline in A" in native fishes, partly
due to the loss of some families and orders, may reflect a decline of
habitat heterogeneity in these lakes, probably due to increasingly ser-
ious lakes eutrophication (Liu et al., 2012). Overall, in isolated en-
vironments such as isolated lakes hosting closely-related species, phy-
logenetic diversity trends through extirpation and invasion are contrary
to those reported in the literature for less isolated environments
(Helmus et al., 2010). We therefore call for caution when analyzing
phylogenetic changes through time in isolated ecosystems.

Such apparent opposite trends between our study and the literature
probably lies in the “Darwin’s naturalization conundrum” (Diez et al.,
2008; Qian and Sandel, 2017), stipulating that invasion success lies in
two opposite processes called “naturalization and pre-adaptation hy-
potheses”. According to the “naturalization hypothesis”, exotic species
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Fig. 3. Change in phylogenetic beta diversity (PhyloSgr, PhyloSim, PhyloSne) vs.

isolated lakes in intermediate (A, B, C) and current (D, E, F) periods based on entire

are also given. TH = taxonomic homogenization, TD = taxonomic differentiation,

areas indicate the major trend.

distantly related to native species should be successful invaders as they
should little compete with native species (Daehler, 2001; Strauss et al.,
2006b), whereas according to the “pre-adaptation hypothesis”, exotic
species closely related to native species should be successful invaders as
close relatives share similar traits and could adapt to similar environ-
ments (Qian and Sandel, 2017; Ricciardi and Mottiar, 2006). Although
previous works often provided a balanced contribution of both hy-
potheses (Ricciardi and Mottiar, 2006), our results clearly supports the
naturalization hypothesis. Indeed, the most successful invasive species,
established in over half of the 15 lakes, belong from orders (Cyprino-
dontiformes for Gambusia affinis, Osmeriformes for Neosalanx tai-
huensis), subfamilies or genera (e.g. Ctenopharyngodon idellus, Aris-
tichthys nobilis, Hypophthalmichthys molitrix) historically absent from the
lakes. In contrast, the invasive species from genera present in the native
fauna (e.g. Acheilognathus, Cyprinus, Silurus) were less successful. The
naturalization hypothesis also stipulates that the original traits of non-
native species make them efficient predators or competitors for the
native fauna and they are therefore predicted to have deleterious effects
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changes in taxonomic beta diversity (Sgrensen, Simpson, Nestedness) among
fish fauna. The Pearson correlation (r) and significance (P value) of Mantel tests
PH = phylogenetic homogenization, PD = phylogenetic differentiation. Grey

on the native fauna (Ricciardi and Atkinson, 2004). This was for in-
stance experienced after the introduction of brown trout in New
Zealand rivers where Salmonids were historically absent (Townsend
and Crowl, 1991). We therefore encourage forthcoming studies to
quantify the impact of non-native species on the remaining endemic
fauna, to buffer the current trend towards endemic species extirpation
in the Yun-Gui Plateau lakes.

At the regional scale, phylogenetic dissimilarity of fish assemblages
decreased through time. Such trend, mainly due to a decline in phy-
logenetic turnover, indicates a loss of evolutionarily unique species in
the lakes and/or a gain of the same non-native species across the entire
region (Olden and Poff, 2004). In the Yun-Gui Plateau lakes, different
non-native species were introduced and distinct native species were
extirpated from each lake. Therefore, the loss of phylogenetic turnover
caused by native extirpations was stronger than the differentiation ef-
fect of non-native species introductions. Nevertheless, phylogenetic
differentiation was not rare, within the entire faunas but also within the
natives. Such differentiation being linked to an increase in phylogenetic
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Fig. 4. Changes in phylogenetic beta diversity (PhyloSgr, PhyloSim, PhyloSne) vs. changes in taxonomic beta diversity (Sgrensen, Simpson, Nestedness) of native fish
species in intermediate (A, B, C) and current (D, E, F) periods. See the meanings of abbreviations in Fig. 3. Grey areas indicate the major trend.

nestedness, it means that extirpating different endemic species also
modifies the evolutionary breath of assemblages (Leprieur et al., 2012),
such differential breath being responsible of a pronounced effect of
nestedness in explaining differentiation cases. Moreover, although
phylogenetic homogenization is correlated to taxonomic homogeniza-
tion, as the increase in shared species is expected to generate an in-
crease in phylogenetic overlap (Graham and Fine, 2008; Winter et al.,
2009), about a third of lake pairs phylogenetically differentiated al-
though they homogenize from a taxonomic point of view. This is due to
the interplay between the extirpation of closely-related species and the
establishment of phylogenetically distinct non-native species in the
different lakes. For instance, Anguilla japonica (Anguilliformes) only
established in two lakes. Such phylogenetic uniqueness between lakes
due to the introduction of distantly-related exotic species might turn to
homogenization in the future since introduced species will probably
spread over lakes. So the observed phylogenetic differentiation is
probably an early warning of a future phylogenetic homogenization, as
demonstrated by Toussaint et al. (2014) for taxonomic homogenization
of the global fish fauna.

396

A possibly issue in the present study is that the phylogeny of fish
fauna is based on Linnaean taxonomic distance rather not molecular
phylogenetic data. Taxonomic classification only reflects the evolu-
tionary relationships among species to a certain extent, and thus may
resulted in an imprecise calculation of true phylogenetic diversity.
However, in Yun-Gui Plateau lakes, DNA data of many endemic fish
species are sorely lacking, making the true phylogeny unavailable.
When the true phylogenetic data is not available, taxonomy is usually
considered as a reasonable surrogate for phylogeny (Saito et al., 2015)
and this approach has been successfully applied in many recent studies
(e.g. Cai et al., 2018; Zhang et al., 2018).

In summary, our study showed that intensive introductions of exotic
species and extirpations of native species in Yun-Gui Plateau isolated
lakes during the past 60 years have significantly altered the phyloge-
netic alpha- and beta-diversity, leading to a decline of lake fauna un-
iqueness, from both taxonomic and phylogenetic point of views. Half a
century of human mediated introductions and extirpations were suffi-
cient to blur evolutionary patterns resulting from the independent
evolution of the fish fauna during the last ca. 5 million years. Although
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taxonomic and phylogenetic metrics were often correlated, we here
show that the interplay between extirpation of closely-related species
and introduction of phylogenetically distant species can generate op-
posite taxonomic and phylogenetic patterns. This demonstrates that
phylogenetic diversity should be used as a complementary metric to
taxonomy. Moreover, phylogenetic diversity is often considered as a
proxy for the overall functional properties of organisms (Gerhold et al.,
2015; Vitousek et al., 1997), pending functional traits are conserved
along the phylogeny, which is often the case in freshwater fish (Comte
et al., 2014; Helmus et al., 2007). Therefore, the phylogenetic homo-
genization, mainly ruled by a loss of phylogenetic turnover, experi-
enced by the Yun-Gui Plateau lakes, suggests that the functional iden-
tity of each lake is currently declining. In the same time, the
introduction of distinct non-native species in each lake gives way to
functionally richer, but less unique ecosystems. This constitutes an ir-
remediable loss of biodiversity, since the extirpation of endemic species
is definitive. We therefore appeal to control the spread of non-native
species in those still unique ecosystems.
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