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Abstract We conducted a fish survey in 40 lakes in
western and central Turkey. Fifty species (one to
eleven per lake) were recorded, including eighteen
endemic and seven alien species. We investigated
which local geo-climatic and other environmental
variables shaped the fish assemblages. Altitude and
temperature turned out to be the most important
factors for total species richness as well as richness of
omnivorous and zooplanktivorous species and the
Shannon—-Wiener diversity index, with more species
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and higher diversity occurring in the warmer lowland
lakes. Altitude may affect the fish assemblage directly
through dispersal limitation or indirectly by creating a
gradient in temperature with which it was strongly
correlated. Cyprinidae was the most species-rich and
widespread family. Atherinidae, Gobiidae, and
Mugilidae (families of marine origin) were mainly
found in the lowland regions, while Salmonidae
exclusively appeared in the high-altitude lakes. The
presence of widely distributed translocated native and
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alien species revealed a large human impact on the fish
assemblages, potentially threatening the rich endemic
fish fauna in lakes in this region.

Keywords Altitude - Alien species - Endemic
species - Feeding functional groups - Temperature -
Total phosphorus

Introduction

Studies worldwide indicate that species richness
(including fish) and diversity in lakes increase with
decreasing latitude [for fish: e.g., in Europe (Griffiths,
2006; Brucet et al., 2013); North America Barbour &
Brown, 1974; and South America (Cussac et al.,
2009)], though such gradients are weaker in freshwa-
ter than in marine or terrestrial environments (Hille-
brand, 2004). Fish assemblages in warmer regions also
exhibit higher abundance and richness of omnivorous
species (Winemiller, 1990; Teixeira-de Mello et al.,
2009) and the proportion of omnivorous species
increases with decreasing latitude (Gonzélez-Ber-
gonzoni et al.,, 2012). Like latitude, altitude also
provides gradients in environmental conditions,
including temperature and precipitation, and creates
geographical barriers to colonization (Drakou et al.,
2009). Species richness is typically reduced with
increasing altitude (Zhao et al., 2006; Volta et al.,
2011), reflecting a combined effect of physical barriers
(colonization restrictions) and climatic factors, such as
potential evapotranspiration, with the latter likely
being the most important (Zhao et al., 2006). More-
over, larger lakes typically host more fish species than
smaller ones (Amarasinghe & Welcomme, 2002;
Brucet et al., 2013), although the effect is sometimes
less important than the altitude effect (Zhao et al.,
2006).

Turkey forms a crossway between Asia, Africa, and
Europe and is thus placed between the mid-latitude
temperate and the subtropical climate zone, and due to
its topography and orography the country exhibits
large differences in local climate (Iyigun et al., 2013).
There are thirteen freshwater ecoregions in Turkey
(Abell et al., 2008) and the country has a rich
freshwater fish fauna with 248 native species in inland
waters (Fricke et al., 2007), including more than 70
endemic species (Kiigiik, 2006; Fricke et al., 2007)
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that belong, among others, to the genera Aphanius,
Cobitis, Pseudophoxinus, and Squalius (Balik, 1995;
Erk’akan et al., 1999; Wildekamp et al., 1999; Freyhof
& Ozulug, 2009a, b, 2010; ('jzulug;y & Freyhof, 2011).
Actually, the number of species is most likely higher
as several new species have been identified and
described in recent years (e.g., Turan et al., 2009;
Ozulug & Freyhof, 2011). The Turkish freshwater
fauna is, however, threatened by various anthro-
pogenic alterations, including alteration of hydrology
(e.g., irrigation and damming), eutrophication, and
introduction of new species (Fricke et al., 2007;
Sekercioglu et al., 2011).

Despite the remarkable differences in climate and
topography within Turkey and the country’s high
biodiversity, there is a lack of studies evaluating
whether the key drivers of fish assemblage composi-
tion from other parts of the world also apply to the
endemic-rich fish assemblages in Turkish lakes. We
investigated how fish richness and diversity in 40 lakes
located in the western half of Turkey were related to
geo-climatic gradients, i.e., geographical and climatic
gradients such as latitude, longitude, altitude, lake
area, temperature, and precipitation as well as other
environmental variables. Besides total and native
species richness and diversity, our study encompassed
information on introduced and endemic species, and
feeding functional groups of fish.

Our hypothesis was that fish species richness and
diversity would be lower in highland lakes, largely
because of physical barriers and low temperatures
compared to the lowland lakes where connectedness
and low temperature are not an obstacle to fish
colonization. We further hypothesized that the number
of omnivorous fish species would be higher in the
warmer lowland lakes, while the density of zooplank-
tivorous fish species would be related to the abundance
of vegetation since many of them are small-bodied and
may find refuge against piscivores within macrophyte
beds (Persson & Eklov, 1995; Meerhoff et al., 2007).

Methods
Study sites
Our study included 40 lakes, widely distributed across

the western half of Turkey (Fig. 1) and covering five
latitudes (36° 70’ to 42° 01’), nine longitudes (27° 22
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Fig. 1 Map showing Turkey and the distribution of the 40 lakes
included in the study. The Freshwater Fish Ecoregions from
Abell et al. (2008) are shown and the names of these freshwater
ecoregions in the western part of Turkey are given as
abbreviations: LD Dniester-Lower Danube, Th Thrace, NA
Northern Anatolia, CA Central Anatolia, WA Western Anatolia.
Lake names (1) Sartkum, (2) Erikli, (3) Mert, (4) Pedina, (5)
Hamam, (6) Saka, (7) Gici, (8) Tatli, (9) Serin, (10) Biiyiik, (/1)

to 36° 16’), and several climatic ecoregions. The
westernmost part of the study area, including the
freshwater ecoregions of Thrace, Western Anatolia,
the Turkish part of Dniester-Lower Danube (Fig. 1),
as well as the coastal lowland along the Mediterranean
Sea, has a warm temperate climate with dry and hot
summers according to the Koppen—Geiger classifica-
tion system (Kottek et al., 2006). Northern Anatolia,
situated along and close to the coastline of the Black
Sea, with the Northern Anatolian Mountains, has a
warm temperate and fully humid climate with warm
summers in the highland and hot summers in the
coastal lowland. South of these mountains the Anato-
lian Plateau stretches out, covering parts of the
Northern and Central Anatolian freshwater ecoregions
(Fig. 1) before it reaches the Taurus Mountains along
the Mediterranean Sea in Southern Anatolia. The
climate of this central part of the Anatolian Plateau is
not only mostly warm temperate with dry and warm
summers, but it also includes areas with an arid
climate dominated by cold arid steppe (Kottek et al.,
2006).

The altitudinal positions of the lakes ranged from
0.3 to 1423 m (median 982 m) with lowland lakes
located in the coastal areas along the Black and the

Derin, (1/2) Ince, (/3) Nazli, (/14) Koca, (/5) Poyrazlar, (16)
Keci, (17) Gerede, (18) Golciik (B), (19) Cubuk, (20) Karagol
(B), (21) Kaz, (22) Eymir, (23) Mogan, (24) Seyfe Goleti, (25)
Gélcuk (S), (26) Emre, (27) Gok Gol, (28) Karagol (1), (29)
Kaya, (30) Balikli, (31) Golciik (0), (32) Egri, (33) Sarp, (34)
Yayla, (35) Barutcu, (36) Gebekirse, (37) Sakli, (38) Karagol
(D), (39) Golhisar, (40) Baldimaz

Aegean Seas and highland lakes in the mountains as
well as in the mid-Anatolian Plateau. The large
geographical area and large altitude gradients covered
imply great differences in local climate. Climate data
(30 arc-seconds resolution) obtained from World-
Clim-Global Climate Data (www.worldclim.org)
showed that the annual average air temperature in the
lake areas ranged from 8.3 to 17.7°C (median 11.2°C).
Seasonality, measured as the temperature difference
between mean temperature in the coldest (January)
and the warmest (July) months, ranged from 15.8 to
22.4°C (median 19.2°C); lowland and highland lakes
having a seasonality of <19.4 and >18.2°C, respec-
tively. Average annual precipitation ranged from 355
to 1017 mm with a median of 611 mm. The lakes
ranged in size from 0.1 to 635 ha (median: 12 ha),
only five of them were >100 ha. The lakes were
mostly shallow with a median maximum depth of
3.3 m. Maximum lake depth ranged from 0.6 to
15.2 m, and only seven lakes were deeper than 6 m.

Fish survey

The lakes were sampled once in summer (July and
August) during the period from 2006 to 2012. For the
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fish surveys, we used Nordic benthic multi-mesh-size
gillnets, each containing 12 sections with different
mesh sizes including 5.0, 6.25, 8.0, 10.0, 12.5, 15.5,
19.5, 24.0, 43.0, and 55.0 mm. Each section had a
length of 2.5 m, yielding a total length of the survey
net of 30 m with a height of 1.5 m. The survey nets
were placed at the bottom in both the littoral and
pelagic zones of the lakes and parallel to the shore.
Half of the nets were placed in the littoral and the other
half in the pelagic zone and left overnight for 12 h
from dusk to dawn. The number of nets per lake
depended on the lake area and was two (one littoral
and one pelagic) in lakes <2 ha, four in lakes between
2 and 20 ha, six in lakes between 20 and 100 ha, and
eight in the five largest lakes (>100 ha).

The fish removed from the nets were identified to
species level, weighed, and the fork length measured.
For fish without forked caudal fin, such as Cobitidae
and Cyprinodontidae, total length was used. The
number per unit effort (NPUE) and biomass (g) per
unit effort (BPUE) were calculated as catch per net per
night.

We divided the fish species into size classes—small
(<10 cm), medium (>10-20 cm), or large
(=20 cm)—based on fork/total length and feeding
preference for each of these size classes was deter-
mined for each species based on the information found
in the literature (Unver & Erk’akan, 2011; Yal¢in-
Ozdilek et al., 2013), the Fish-Base database (Froese
& Pauly, 2013), and the Atlas of Danish Freshwater
Fish (Carl & Mgller, 2012). Based on the dominant
feeding preferences for each of the three size classes,
fish were roughly divided into feeding functional
groups as omnivorous, zooplanktivorous, piscivorous,
and benthivorous. If the different size classes were
attributed to different feeding functional groups, they
were classified to these groups, but each fish species
was only counted once in each feeding functional
group even if the species had the same dominant
feeding preferences in two or three size classes.
Omnivorous fish species were defined as those
including plant or algal material as a substantial part
of their diet, benthivorous species as those mainly
feeding on benthic invertebrates, and zooplanktivo-
rous species as those mainly feeding on zooplankton,
i.e., many small-sized fish. The piscivorous species
included species and size classes that mainly feed on
fish, i.e., medium- or large-sized individuals of Perca
fluviatilis L. 1758, Sander lucioperca (L. 1758), Salmo
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abanticus Tortonese 1954, Omncorhynchus mykiss
(Walbaum 1792), and Squalius spp.

Information on the current status of each fish
species was evaluated from the available literature on
endemic species (Balik, 1995; Erk’akan et al., 1999;
Wildekamp et al., 1999; Kuru, 2004; Ozulug> &
Freyhof, 2011), and alien and translocated species
(Innal & Erk’akan, 2006; Innal, 2012; Tarkan et al.,
2015). How the introduced species are defined varies
(Gozlan et al., 2010), but in this study “alien” refers to
species whose natural distribution range is outside
Turkey and “translocated” species are native species
that are translocated within Turkey. For example, S.
abanticus is endemic to Turkey and native only to
Lake Abant but has been translocated to other lakes
(Innal, 2012). For this reason, S. abanticus was
considered as translocated as Lake Abant was not
among the 40 study lakes. It is unclear whether
Carassius carassius (L. 1758) is introduced (Innal,
2012; Tarkan et al., 2015) or translocated (Innal &
Erk’akan, 2006) in Turkey, but in the current study it
was considered translocated. The natural distribution
range of Atherina boyeri Risso 1810, Cyprinus carpio
L. 1758, Tinca tinca (L. 1758), P. fluviatilis, and S.
lucioperca was roughly estimated based on the maps
of Tarkan et al. (2015), and the species were consid-
ered translocated outside this range. Liza ramada
(Risso 1827) and Mugil cephalus L. 1758 are also
being translocated in Turkey (Innal & Erk’akan, 2006;
Innal, 2012), but we considered them as native in lakes
placed in close connection to the sea.

Other variables

Various environmental variables (total phosphorous
(TP), total nitrogen (TN), chlorophyll a, Secchi depth,
submerged macrophytes, and salinity) were sampled
in each lake at the same time (July and August) and
year as the fish survey. Details of the sampling
procedure and environmental data can be found in
Cakiroglu et al. (2014) and Levi et al. (2014). Several
of the lakes are subject to anthropogenic eutrophica-
tion so the trophic state of the lakes ranged from
mesotrophic with a TP concentration of 18 pg/l to
hypereutrophic with a TP of 402 pg/l. Median TP was
72 ng/l. Total nitrogen ranged from 264 to 3250 pg/l
(median 964 pg/l) and chlorophyll a ranged from 4.7
to 181 pg/l (median 16.5 pg/l). The clearest lake had a
Secchi depth of 4.1 m. However, median Secchi depth
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was only 0.9 m and the most turbid lakes had Secchi
depths of only 0.2-0.3 m. Macrophyte coverage and
average macrophyte height were measured in the field
at several points on transects across each lake (Levi
et al., 2014). Based on these measurements and lake
depth, the percentage of a lake’s total volume inhab-
ited by macrophytes (PVI) was subsequently calcu-
lated (sensu Canfield et al., 1984). Submerged
macrophytes were abundant in some lakes, with PVI
reaching a maximum of 80%, while other lakes were
without submerged macrophytes. Median PVI across
all lakes was 6.9%. Six lakes had salinities >3.0%o, the
highest being 14.5%o0. The rest of the lakes had
salinities <1.5%o; the lowest value measured was
0.06%o and median salinity was 0.30%eo.

Statistical analyses

From an initial set of relevant geo-climatic and other
environmental variables (i.e., those mentioned above),
a subset of explanatory variables was selected using
Spearman correlation matrix (Table 1) and the vari-
ance inflation factor (VIF). This procedure was used to
avoid including redundant (strongly correlated) vari-
ables in the models. A correlation factor >0.6 was
considered strong, and from each correlation pair only
the variable with the lowest VIF was used in the
analyses. Each subset included latitude, longitude,
lake area, max depth, Secchi ratio, salinity, PVI, and
either of the correlated pairs: altitude or temperature
and precipitation or seasonality. As chlorophyll a was
strongly correlated with both TP and TN, each subset
included either chlorophyll a or both TP and TN.
Before the analysis, explanatory variables with a
skewness >1 were log-transformed [i.e., lake area,
max depth, salinity, TN, TP, and chlorophyll a:
logo(x); PVI: log o(x + 1)]. The remaining variables
had skewness values in the range from —0.57 to 0.73
and were not transformed.

Generalized linear models (GLM) (McCullagh &
Nelder, 1989) were applied to assess the effect of the
selected variables on fish assemblages, i.e., species
richness, Shannon—Wiener diversity index (H’), and
number of species belonging to each feeding func-
tional group. The Shannon—Wiener diversity index
was calculated based on data on total fish density
(NPUE) using the ‘vegan’ R package (Oksanen et al.,
2013) and was analyzed using GLM with a Gaussian
error distribution and an identity link function. For

data on species richness (i.e., the total number of
species in each lake) as well as the number of species
belonging to each feeding functional group, Poisson
error distribution and a logarithmic link function were
used in the GLMs.

For each fish assemblage variable, the full model
was used and the variation explained by each GLM
was given as either adjusted R” or adjusted pseudo R>.
For the Shannon—Wiener diversity index, which
showed a Gaussian error distribution, we calculated
the adjusted R”. For models assuming Poisson error
distribution, the variation explained by each GLM was
estimated by calculating an adjusted pseudo R*:
1-((residual deviance + k x ¢)/null deviance), where
k is the number of explanatory variables and ¢ is the
dispersion parameter. This pseudo R” calculation is
adjusted for potential over- or under-dispersion in
accordance with Heinzl & Mittlbock (2003). The
dispersion parameter, ¢, can be estimated by the
generalized Pearson statistic, y%, divided by the
degrees of freedom, i.e., ¢ = y*/(n — k — 1) (Heinzl
& Mittlbock, 2003). Furthermore, to evaluate the
relative importance of each explanatory variable in
explaining the variation in each fish assemblage
variable, Akaike information criterion modified small
sample size (AICc) (Burnham & Anderson, 2002) was
used. AICc was calculated for each submodel derived
from the full model of each fish assemblage variable.
Subsequently, the relative importance of explanatory
variables was estimated by summing the normalized
model likelihoods (‘Akaike weights’) for each
explanatory variable across all submodels in which
the respective variable occurred. Thus, the larger the
sum, the more important was the variable compared to
other variables (Burnham & Anderson, 2002). Calcu-
lations were done by the use of the R package
‘MuMIn’ (Barton, 2015). All statistical analyses were
carried out using R version 3.2.0 (R Core Team, 2015).

Results

Fifty fish species from 33 genera and 13 families were
caught in the 40 lakes. NPUE ranged between 1.5 and
1425 ind./net (median 53 ind./net), and BPUE ranged
between 116 and 6251 g/net (median 1119 g/net).
Cyprinidae was clearly the most species-rich, com-
prising 28 species of which 11 were endemic, and the
most widespread family, occurring in 39 lakes

@ Springer
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Table 2 Total number of species belonging to each fish family as well as the number of lakes in which each fish family occurred

Family Alien Translocated Endemic Other native Total species Number of
species species species species richness lakes
Atherinidae - 1 - - 1 11
Centrarchidae 1 - - - 1 1
Cichlidae 1 - - - 1 1
Cobitidae - - 3 1 4 5
Cyprinidae 3 3 11 11 28 39
Cyprinodontidae - - 2 - 2 6
Gasterosteidae - - - 1 1 1
Gobiidae - - - 3 3 3
Mugilidae - - - 2 2 3
Nemacheilidae - - 2 - 2 3
Percidae - 1 - 1 2 5
Poeciliidae 1 - - - 1 4
Salmonidae 1 1 - - 2 5
Total 7 6 18 19 50 -

Also shown are the number of alien, translocated, endemic, and other native species belonging to each fish family. The total number

of lakes was 40

(Table 2). We found four species, including three
endemic species, belonging to Cobitidae and three
species to Gobiidae, while Cyprinodontidae, Mugili-
dae, Nemacheilidae, Percidae, and Salmonidae were
represented by two species each. The rest of the fish
families included only one species each (Table 2).
Some fish families, such as Mugilidae, Gobiidae, and
Cichlidae, were only found in lowland lakes, while
others, for instance Salmonidae, were only found in
high-altitude lakes.

Eighteen (without S. abanticus) of the 50 species
recorded are endemic to Turkey (Table 3). Some of
these species [Cobitis simplicispina Hanké 1925,
Cobitis turcica Hankd 1925, Capoeta baliki Turan,
Kottelat, Ekmek¢i & Imamoglu 2006, Chondrostoma
meandrense Elvira 1987, Gobio gymnostethus Ladiges
1960, Gobio sakaryaensis Turan, Ekmek¢i, Luskova
& Mandel 2012, Oxynoemacheilus kosswigi (Erk’akan
& Kuru 1986) and Squalius fellowesii (Glinther 1868)]
were only found in one lake each, and none of the
endemic species occurred in more than four of the
lakes (Table 3). A total of six translocated native
species were found, but—apart from C. carpio, and T.
tinca—only in relatively few lakes (Table 3). The
species found in the largest number of lakes (24 lakes)
was C. carpio, while T. tinca was found in 12 lakes.
Atherina boyeri was found in 11 lakes but was
considered native in eight of them. Another seven

species were alien. Among these, Carassius gibelio
Bloch 1782 was found in the largest number of lakes
(16 lakes), while the remaining species, including
Carassius auratus (L. 1758), Pseudorasbora parva
(Temminck & Schlegel 1846), Gambusia holbrooki
Girard 1859, Lepomis gibbosus (L. 1758), Tilapia zillii
(Gervais 1848), and O. mykiss, were found in one to
five lakes each (Table 3).

Total species richness ranged from one to eleven
species per lake (median 3.5). Two lakes supported
eleven species. These two lakes were situated in the
lowland coastal area (Northern Anatolia) (Fig. 2) and
held four alien species, while the rest of the lakes had
zero to two alien species. Three lakes supporting seven
species each, including two alien species, were
situated near the Black Sea in the lowland coastal
area in the Dniester-Lower Danube ecoregion, while
one lake in the lowland coastal area in the south
(Western Anatolia) supported eight species, including
one alien (Fig. 2). The rest of the lakes each held six or
fewer species (Fig. 2). The richness of native species
ranged from zero to seven (median 1) species per lake.

In five of the seven models, either altitude or
temperature was selected as the most important
variable. The Shannon—Wiener diversity index ranged
from O to 1.9 (median 0.62), altitude being the most
important explanatory variable with a negative effect,
while precipitation, TP, and longitude had a positive
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Table 3 A total of 50 fish species were found in the 40 study lakes. In this table endemic, translocated, and alien fish species are
shown (in total 33 spp.)

Species

Endemic species  Cobitidae Cobitis kurui Erk’akan, Atalay-Ekmekc¢i & Nalbant 1998 (2), Cobitis simplicispina Hanké 1925 (1),

Cobitis turcica Hanké 1925 (1)

Cyprinidae Alburnus demiri Ozulug & Freyhof 2008 (2), Alburnus escherichii Steindachner 1897 (4), Alburnus
istanbulensis Battalgil 1941 (3), Capoeta baliki Turan, Kottelat, Ekmekc¢i & Imamoglu 2006 (1),
Chondrostoma meandrense Elvira 1987 (1), Gobio gymnostethus Ladiges 1960 (1), Gobio sakaryaensis Turan,
Ekmekgi, Luskova & Mandel 2012 (1), Pseudophoxinus crassus (Ladiges 1960) (3), Pseudophoxinus
elizavetae Bogutskaya, Kiiciik & Atalay 2006 (2), Squalius fellowesii (Giinther 1868) (1), Squalius pursakensis
(Hanké 1925) (2)

Cyprinodontidae Aphanius anatoliae (Leidenfrost 1912) (3), Aphanius danfordii (Boulenger 1890) (3)

Nemacheilidae Oxynoemacheilus kosswigi (Erk’akan & Kuru 1986) (1), Seminemacheilus lendlii (Hanko 1925)

2
Translocated Atherinidae Atherina boyeri Risso 1810 (3/11)
species Cyprinidae Carassius carassius (L. 1758) (1/1), Cyprinus carpio L. 1758 (24/24), Tinca tinca (L. 1758) (11/12)

Mugilidae Liza ramada (Risso 1827) (0/3), Mugil cephalus L. 1758 (0/2)
Percidae Perca fluviatilis L. 1758 (0/1), Sander lucioperca (L. 1758) (1/4)
Salmonidae Salmo abanticus Tortonese 1954 (4/4)

Alien species Centrarchidae Lepomis gibbosus (L. 1758) (1)
Cichlidae Tilapia zillii (Gervais 1848) (1)

Cyprinidae Carassius auratus (L. 1758) (1), Carassius gibelio (Bloch 1782) (16), Pseudorasbora parva
(Temminck & Schlegel 1846) (4)

Poeciliidae Gambusia holbrooki Girard 1859 (4)
Salmonidae Oncorhynchus mykiss (Walbaum 1792) (5)

Native non-endemic species or non-translocated species are not shown. Numbers in parentheses show the total number of lakes in
which each species was found. For translocated species, the parentheses show the number of lakes in which a species occurred
outside of its natural distribution range and the total number of lakes with the species present. Salmo abanticus is endemic to Turkey
but has been translocated to the four lakes where we found it

28°0'E 32°0'E 36°0'E 40°0'E 44°0'E
1 1 1 1 1

42°0'N

40°0'N

-38°0'N

K & M Alien spp. O Other native spp.

| ,o kT Mediterranean Sea M Translocated native spp. [ Endemic spp. -36°0'N
Fig. 2 The bars and the numbers show the total number of translocated species, black number of alien species. Abbrevi-
species found in each lake. For each bar, the colors show: white ations for freshwater ecoregions are as in Fig. 1: LD Dniester-
number of endemic species, light gray number of native species Lower Danube, Th Thrace, NA Northern Anatolia, CA Central

(non-endemics and non-translocated), dark gray number of Anatolia, WA Western Anatolia
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effect as the second, third, and fourth most important
variable, respectively (Table 4). Likewise, altitude
was clearly the most important variable and PVI the
second most important variable in explaining the
number of zooplanktivorous species with a negative
and positive effect, respectively (Table 4). Tempera-
ture was the most important explanatory variable for
species richness followed by latitude, lake area, and TP
in that order. All four variables had a positive effect on
the number of species (Table 4). For native species
richness, the GLM analysis showed that temperature
again had a positive effect followed by TP, latitude,
and PVI, all having a positive effect as well. Also,
temperature was clearly the most important variable in
explaining the number of omnivorous species and,
again, with a positive effect (Table 4). For the number
of piscivorous fish species, chlorophyll a and salinity
were the two most important variables in the GLM,
both having a negative effect on the number of species
(Table 4). Latitude and longitude were the most
important variables explaining the number of benthiv-
orous species, both having a positive, though weak,
effect (Table 4). All variables included in each model
had VIF values <4.

Adjusted R* revealed a 28% explanation of the
variation in the Shannon—Wiener diversity index
(Table 4). The adjusted pseudo R> values for the
GLMs assuming Poisson error distribution ranged
from 0.03 for a number of benthivorous species to 0.70
for the species richness of native species (Table 4).
Altitude and temperature were the strongest correlated
explanatory variables (r;: —0.79, Table 1). Exchang-
ing them in the final models changed the pseudo R*
value by less than 1% (results not shown), exceptions
being richness of native species and number of
omnivorous species where pseudo R? values increased
from 0.70 to 0.75 and from 0.38 to 0.42, respectively,
when including altitude instead of temperature (results
not shown). The pseudo R” value for the number of
omnivorous species increased from 0.38 to 0.45 when
excluding the most widespread species, C. carpio,
from the data (results not shown).

Discussion
Including 40 lakes located from north to south in the

western and central parts of Turkey, the current study
is the most comprehensive analysis of the role of geo-

@ Springer

climatic and other environmental factors affecting fish
assemblages in Turkish lakes. Fifty fish species were
caught, comprising 18 endemic and 13 alien or
translocated species. It is possible that the number
and biomass of species might be underestimated,
especially in the deep and large lakes, as we only used
benthic nets and also a limited number of nets
compared to the recommendations by CEN for such
lakes (CEN, 2005). Moreover, gillnets may not be
fully effective in catching all species present (e.g.,
Menezes et al., 2013).

The models explained a substantial part of the
variation in total and native species richness as
indicated by high pseudo R* scores. Especially tem-
perature and/or altitude (being highly correlated) were
important explanatory variables for these two models
with the highest species richness being found in the
warmest/lowland lakes. Altitude was also the most
important variable in the model for the Shannon-
Wiener diversity index, although this model only
explained a smaller proportion of the total variation as
indicated by the adj. R* of 0.28. Other studies from
various parts of the world have also identified altitude
as a primary predictor of fish species richness, for
instance Argentina (Amarasinghe & Welcomme,
2002) and China (Zhao et al., 2006), while lake area
emerged as the primary predictor in studies of lakes in
North America and Africa (Barbour & Brown, 1974,
Amarasinghe & Welcomme, 2002), as well as Asian
and American tropical lakes (Amarasinghe & Wel-
comme, 2002). For European lakes, most of which
were lowland lakes, lake area and temperature were
the best predictors of both fish species richness and
diversity (Brucet et al., 2013). Due to the strong
correlation between altitude and temperature, it was,
however, not possible to clearly disentangle the
relative effect of altitude and temperature in our study.

Altitude may have a direct effect on the fish
assemblage by setting dispersal limitations (Hestha-
gen & Sandlund, 2004; Drakou et al., 2009; Volta
et al., 2011), leading to a low natural richness of fish
(Hesthagen & Sandlund, 2004) or, as we found, lower
diversity in high-altitude lakes. Fish assemblages in
Turkish lakes may, however, also be influenced by
past dispersal limitation caused by the rise of the
Anatolian Plateau and the barrier effect of the
mountains, which may have promoted speciation and
thus endemism in the lakes (Kosswig, 1955). Indeed,
we found many endemic species, although not
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restricted only to the highland lakes but in all
ecoregions. Each of these endemic species was
restricted to one or a few lakes, indicating current
dispersal limitation [e.g., C. meandrense restricted to
one river system (Ozcan, 2008) and Pseudophoxinus
elizavetae Bogutskaya, Kiiciik & Atalay 2006
restricted to the Central Anatolian marshes (Bogut-
skaya et al., 2007)]. The high number of endemic
species recorded in our study is consistent with results
from the nearby Balkan Peninsula (Oikonomou et al.,
2014), with Cyprinidae contributing most of the
endemic species pool in both places.

The altitude effect may be further enforced by the
fact that the coastal ecoregions generally include more
fish species from families of marine origin than does
Central Anatolia (Abell et al., 2008). In accordance
with this, we found species belonging to the marine
fish families Mugilidae and Gobiidae only in the
lowland lakes, while the euryhaline species A. boyeri
(Atherinidae) was found also in highland lakes, likely
due to translocation.

Temperature differences along the altitude gradient
may also be of importance as temperature differences
like altitude potentially have strong effects on species
assemblages (Magnuson et al., 1979). We found cold-
water salmonids only in the highland, i.e., lakes in the
Northern Anatolian Mountains (though influenced by
stocking), while cyprinids dominated by warm-water
fish species mainly occurred in warmer areas, e.g., in
lowland lakes. Cyprinidae is the most species-rich fish
family in the Thrace region and in Northern, Western,
and Central Anatolia (Abell et al., 2008) as well as in the
nearby Balkan Peninsula (Oikonomou et al., 2014) and
other parts of Europe (Reyjol et al., 2007) where this fish
family accounts for more than 50% of the total number of
species. Many cyprinids are omnivorous and omnivory
is expected to increase with increasing temperature
(Gonzalez-Bergonzoni et al., 2012). Accordingly,
omnivorous fish species richness increased with tem-
perature in our study lakes, although the pseudo R* value
of the model was low. The weak relationship may in part
reflect that omnivorous C. carpio, one of the first
translocated fish species in Turkey (Innal & Erk’akan,
2006), is spread throughout the country and is one of the
most important fish in Turkish inland fisheries (Har-
lioglu, 2011). Removing this species from the analyses
increased pseudo R? by 7%.

The observed positive effect of lake area on species
richness is well established (MacArthur & Wilson,

1967) and reflects that larger lakes provide higher
habitat heterogeneity and therefore more available
niches. A comparative analysis of European lakes
showed species richness and diversity to be the highest
in large and deep lakes in warmer areas (Brucet et al.,
2013). Furthermore, Brucet et al. (2013) found that
both high TP concentration and agriculture in the
catchment contributed significantly to an increase in
fish species richness and diversity when taking into
account the most important geographical, climatic,
and morphometric differences between the lakes.
Accordingly, we found that TP had a positive effect
on Shannon-Wiener diversity and species richness.
However, a study of Danish lakes covering a wider
gradient in TP revealed a unimodal relationship of fish
species richness and diversity with TP (Jeppesen et al.,
2000).

The number of zooplanktivorous species was
strongly negatively related to altitude and positively
to PVI, the latter likely reflecting that the plants may
act as a refuge against predation by piscivores
(Persson & Eklov, 1995) as well as a foraging area.
Aggregation of small-bodied fish species among
submerged plants has been observed in other studies
of warm lakes (Teixeira-de Mello et al., 2009). Our
model failed to reveal any pattern in the distribution of
benthivores (very low pseudo R?), while we found
chlorophyll a to be the most important variable for
piscivorous species whose abundance declined with
increasing chlorophyll a, as also recorded in other
studies (Jeppesen et al., 2000), though with low
pseudo R?, perhaps because of translocation or stock-
ing of alien species. Such stockings may have drastic
effects on the otherwise rich endemic fish fauna of
Turkish lakes. By way of example, the introduction of
S. lucioperca has led to a strong population decline of
endemic and non-endemic species in the Lakes Egirdir
and Beysehir (Innal & Erk’akan, 2006; Kiiciik et al.,
2009) as well as to the extinction of at least two
endemic species (Kiiciik, 2012). Not only piscivorous
species are stocked, but our study also clearly revealed
that the present-day fish assemblages in Turkish lakes
are strongly exposed to human-induced introduction
of both native (translocated) and alien species. The
majority of alien (C. auratus, C. gibelio, G. holbrooki,
O. mykiss, and L. gibbosus) and translocated (C.
carpio and S. lucioperca) species observed in our
study are among the most frequently introduced
species in the Mediterranean region (Ribeiro &
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Leunda, 2012) and in European freshwaters (Savini
et al., 2010). Such non-native species may have a
negative impact on the endemic fish species through
competition for habitat and food, predation on fish,
larvae, and eggs, hybridization, habitat alterations, and
spread of parasites and diseases (Crivelli, 1995;
Ribeiro & Leunda, 2012). The most widespread of
the alien species in our study, C. gibelio, has invaded
freshwaters in several Mediterranean countries
(Ribeiro & Leunda, 2012) and should be a species of
concern due to its various impacts and evident
eurytopy (Savini et al., 2010). Both C. gibelio (Aydin
et al., 2011) and P. parva (Ekmek¢i & Kirankaya,
2006) are considered to be invasive in Turkey.

In many of the lakes, C. carpio was found in
domesticated forms as mirror carp or tall-bodied forms
(pers. obs.) and thus constitutes a threat to the
genetically pure populations of wild carp (Memis &
Kohlmann, 2006), which generally show greater
genetic variability than the domesticated forms
(Kohlmann et al., 2005). Furthermore, C. carpio is
known to cause resuspension of sediment and thus
influence water turbidity, nutrient mobilization, and
algae growth (e.g., Fischer et al., 2013) and to reduce
macrophyte abundances (Miller & Crowl, 2006), with
major ecosystem impacts (Matsuzaki et al., 2009).
Thus, translocation of native fish species to other lakes
may also threaten endemic species through habitat
destruction (Gozlan et al., 2010). The impact of
translocated species such as C. carpio, seems critical
considering that our results showed plant PVI to be
one of the most important predictors of the richness of
native fish species in Turkish lakes.

In conclusion, our study emphasized the impor-
tance of altitude and temperature in shaping fish
assemblages in Turkish lakes, which is in agreement
with key drivers detected to shape lake fish assem-
blages in other parts of the world (e.g., Zhao et al,,
2006; Brucet et al., 2013). The warm lowland lakes
supported higher species richness and diversity as well
as more omnivorous and zooplanktivorous species
than the highland lakes. Several endemic fish species
were recorded in our study, but, unfortunately, the
study also revealed a wide distribution of translocated
and alien species, some of which are also invasive, in
the western and central parts of Turkey. The potential
threat of translocated native species and introduced
alien species should be a subject of concern when
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preparing plans for the management and conservation
of the rich endemic fish fauna in the Turkish lakes.
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