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Figure 2. A dendrogram of hierarchical cluster analysis based on the similarities of 13 environmental
factors. The dotted line indicates the clustering point. Presence/Total (%) indicates the number of sites
with presence of Limnodrilus hoffmeisteri among the number of sites assigned in each group, and the
percentage is the proportion of the number of sampling sites with presence of L. hoffmeisteri.

Figure 3. Distribution of sampling sites in each group defined from hierarchical cluster analysis.
(a) group 1, (b) group 2, (c) group 3, and (d) group 4.

The results of NMDS (the stress in the first two axes was 0.034) analysis were consistent with
those of HCA (Figure 4). Group 1 was arranged on the left side of the NMDS ordination, group 2
was in the center, group 3 was on the upper right, and group 4 was on the lower right. Axis 1 was
highly correlated with altitude (r = 0.80, p < 0.05) in geography, current velocity (r = 0.97, p < 0.05) in
hydrology, and DO (r = 0.75, p < 0.05) in physicochemistry, whereas axis 2 was highly correlated with
water width (r = 0.96, p < 0.05) and water depth (r = 0.97, p < 0.05) in hydrology and turbidity (r = 0.95,
p < 0.05) in physicochemistry. The occurrence of L. hoffmeisteri was plotted on the NMDS ordination
of 13 environmental factors based on the correlation coefficient between coordinates of the NMDS
ordination and occurrence of species, showing that the occurrence of L. hoffmeisteri characterized
groups 3 and 4.

The RF model showed the high probability of predicting the presence or absence of L. hoffmeisteri
with 1.0 of AUC (area under the curve), which is generally used to evaluate prediction models with
presence or absence output. Therefore, we used this model to evaluate the importance of environmental
variables affecting the distribution of oligochaetes. Turbidity, velocity, DO, and conductivity were
accordingly identified as the most influential factors (Figure 5a). We evaluated the changes in oligochaete
occurrence in response to changes in the two most important factors (the physicochemical factor
turbidity and the hydrological factor velocity) based on a surface map using a smooth regression method
(Figure 5b). As the velocity increased, the occurrence probability of oligochaetes decreased. In contrast,
as turbidity increased, there was an increase in occurrence probability. Therefore, the highest occurrence
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probability of oligochaetes coincided with a low velocity and a high turbidity, whereas occurrence
probability was low at very low turbidity with high velocity.

Figure 4. Nonmetric multidimensional scaling (NMDS) ordination of sampling sites based on
the similarities of 13 environmental factors. The stress in the first two axes was 0.034. Occ_freq:
occurrence frequency of Limnodrilus hoffmeisteri.

Figure 5. (a) The importance of environmental factors affecting the occurrence of Limnodrilus hoffmeisteri
based on a random forest model. (b) Relationship between the two most important factors
(water velocity and turbidity) and the occurrence of L. hoffmeisteri based on the random forest model.

4. Discussion

We investigated the distribution patterns of aquatic oligochaetes L. hoffmeisteri in relation to
environmental factors in three categories. Sampling sites were classified according to altitude, and this
geographical factor influenced hydrological and water quality factors. Our results showed that
L. hoffmeisteri was mostly present at sites with low altitude and slope, wide water width, and a low
velocity. In addition, on the basis of an RF model, current velocity and turbidity were identified as the
most important factors influencing the distribution of L. hoffmeisteri. Therefore, local environmental
conditions are important in determining the distribution of L. hoffmeisteri in our study even though
large-scale environmental conditions (e.g., altitude) are also influential to its occurrence, supporting
the environmental filtering theory for the distribution of species [55,56].
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The habitat conditions for oligochaetes can be explained in terms of their ecological traits.
Aquatic oligochaetes are negatively phototactic [57]. The rear end of the body burrows in the
water, whereas the front of the body remains buried in the sediment [57,58]. Moreover, they are
deposit-feeders, so they eat soft bottoms which are mainly present in the most lowland section of
rivers, where water velocity is low with high turbidity and Chl-a. In addition, it is well known that
oligochaetes can resist to oxygen depletion [59] and sediment contamination. Therefore, they can
survive at sites with high anthropogenic contamination (e.g., high turbidity, high organic matter and
presence of toxic substances).

The particle size of substrates is assumed to play a major role in the distribution and abundance of
tubificids [16]. Generally, aquatic oligochaetes prefer silt clay, which has the smallest sediment particle
size [60], and tubificid species in particular have preference for a particle size of less than 63 μm [61,62].
In a study on the hydrological and substrate determinants of oligochaete distribution, Verdonschot [7]
showed that hydro-morphological parameters explained differences in the major distribution patterns.

On the basis of the aforementioned properties, aquatic oligochaetes, including L. hoffmeisteri,
are used for bioprocessing ability in the restoration of organic-polluted freshwater habitats [16–19],
and for the improvement of water quality [21,22]. Tubificid species are useful for the denitrification
of NO3

− [18] and the reduction of sludge [16,19] in the overlying water. In terms of water chemistry,
major changes in the structure of oligochaete assemblages have been shown to be related to water
mineralization. Martínez-Ansemil and Collado [12] reported that substrate and water velocity are the
most important factors influencing the distribution of oligochaetes, but that water mineralization is
also positively related to oligochaete distribution. Marchand [63] has also reported that DO and organic
matter affect the distribution of oligochaetes. Organic matter and dissolved minerals are components
of turbidity [64], and whereas oligochaetes are affected by water mineralization, these worms in turn
also have an influence on water mineralization [18].

L. hoffmeisteri is one of the cosmopolitan oligochaetes [47] because it has tolerance to both organic
and inorganic pollution, and exhibits variation in life history (duration of breeding period) characteristics
according to the gradients of variously scaled environmental conditions [65,66]. Furthermore,
unlike other tubificids, L. hoffmeisteri does not have a preference for silt and clay substrates [16],
which accordingly contributes to this species’ widespread distribution and abundance [65].

5. Conclusions

L. hoffmeisteri is distributed throughout South Korea, widely applied as biological indicators
and a highly recommended candidate to mitigate organic-enriched freshwater ecosystem. However,
up to now there has been limited studies on their ecological traits and favorable environmental
conditions. In our study, we found out that its distribution is mainly determined by local conditions
such as turbidity and water velocity based on the results of HCA, NMDS and RF. Our study, based on
a nationwide scale database, showed that other local environmental factors such as water quality are
also important. However, further studies including local to large scaled surveyed dataset are necessary
to figure out its ecology and ecological traits deeply.
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Abstract: This study aimed to identify the biogeographical and environmental factors affecting the
biodiversity of endemic aquatic species (i.e., Ephemeroptera, Plecoptera and Trichoptera; EPT). We used
data collected from 714 sampling sites combined with 39 environmental factors. Ten EPT endemic
species were identified. The sampling sites grouped into four clusters based on the similarities of the
endemic EPT assemblages using a hierarchical cluster analysis. Non-metric multidimensional scaling
(NMS) revealed the differences among the four clusters, with the first three axes being strongly related
to annual average, August, and January temperatures, as well as altitude. The random forest model
identified geological and meteorological factors as the main factors influencing species distribution,
even though the contributions of environmental factors were species-specific. Species with the lower
occurrence frequency (i.e., Pteronarcys macra, Kamimuria coreana, and Psilotreta locumtenens) mainly
occurred in the least-disturbed habitats. P. macra represents a priority conservation species, because it
has a limited distribution range and is highly vulnerable to anthropogenic disturbance. Our results
support the need for an environmental management policy to regulate deforestation and conserve
biodiversity, including endemic species.

Keywords: aquatic insects; endemic species; EPT taxa; species conservation; random forest model;
nonmetric multidimensional scaling; stream ecosystem; biodiversity

1. Introduction

Endemic species generally inhabit a geologically limited area, and are highly vulnerable to small
environmental changes [1]. Therefore, we must strive to conserve and manage such endemic species
from loss and extinction. However, knowledge remains limited on the biodiversity of endemic species
in freshwater ecosystems, along with the key factors that influence their distribution. Severe pressures
from various anthropogenic disturbances are continuously causing changes to original habitats and
threatening the continued existence of endemic species [1,2].

Freshwater habitats cover just 0.8% of the Earth’s surface and comprise around 0.01% of the
world’s water bodies [3,4]. However, freshwater habitats contain disproportionally high biodiversity
of organisms [5]. Freshwater organisms tend to inhabit smaller geographic ranges [6], resulting in high
levels of endemism evolving. Severe anthropogenic disturbances have been further shrinking their
potential distribution ranges, as well as individual home ranges. Dudgeon et al. [7] listed five major
factors that threaten freshwater biodiversity: overexploitation (e.g., [8]); water pollution (e.g., [9]);
flow modification (e.g., [10]), and; the destruction and degradation of habitat and invasion of exotic
species (e.g., [11]). The impacts of these factors, both separately and in combination, have caused the
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populations of freshwater organisms to decline, along with their distributions, and the homogenization
of freshwater ecosystem worldwide. These factors threaten the survival of endemic species, which are
highly adapted to the environmental factors within their specific ranges [12].

Research on the endemism, diversity, distribution, and conservation efforts of endemic species
remains limited, especially with respect to endemic macroinvertebrates at nationwide scales. Most
literature on endemic species focuses on single species (i.e., Lednia tumana, [13]). Other studies have
been conducted within specific areas or under specific environmental conditions, such as with respect
to the effects of glacial melting [13], deforestation [14], and the introduction of invasive plants [15].

Among various ecologically similar species, rare species tend to have smaller populations that
are more likely to be vulnerable to environmental events, resulting in a greater extinction risk than
common species [16]. Therefore, the degree of rarity of endemic species should be the first criterion
used to determine conservation priorities and conservation responsibilities [17]. Among aquatic
insects, species in Ephemeroptera, Plecoptera, and Trichoptera (EPT) exhibit sensitive responses to
physical environmental factors at broad scales, in addition to water quality factors at small scales.
The diversity of EPT represents one of the most important biological indices for evaluating the status
of freshwater habitats [18]. However, few studies have focused on the rarity and distribution of EPT
endemic species [19], despite their high vulnerability to future environmental change [1,20–23] and
their ecological impacts and roles in ecosystem functioning [24]. To our knowledge, even though
several studies have investigated the endemism of EPT species, they mainly focus on how climate
change or temperature related factors influence the vulnerability of ETP species [13,19].

In this study, we evaluated two hypotheses: first, endemic species diversity becomes higher
in the least disturbed areas, and; second, large scale factors, such as meteorological and geological
factors (e.g., temperature, latitude, and longitude) are important determinants of the distribution and
occurrence of endemic species, even though habitat preference and environmental tolerance differ
among endemic species. Our results are expected to provide baseline information on which to build
suggestions to advance the conservation efforts of endemic species.

2. Materials and Methods

2.1. Ecological Data

Data on endemic EPT species were obtained from the database of the National Aquatic Ecological
Monitoring Program (NAEMAP), supported by the Ministry of Environment and National Institute of
Environmental Research, Republic of Korea [25]. From the NAEMAP database, we selected a dataset
consisting of samples collected at 717 sampling sites of 371 streams in five major river basins at a
national scale in South Korea from 2008 to 2013. South Korea has a temperate climate with an annual
mean temperature of 12.8 ◦C and an annual mean precipitation of 1589 mm/year [26]. The Han River
basin (basin area: 41,957 km2) runs through Seoul, the capital of South Korea, and is the largest basin
in South Korea (covering approximately one third of the country). The basin is located in the northern
part of South Korea, and flows westward into the Yellow Sea. The Nakdong River basin (31,785 km2)
is located in the southeastern part of South Korea, and flows into the South Sea. The Guem River basin
(17,537 km2) is in the mid-western part of South Korea and the Yeongsan River basin (12,833 km2) is in
the southwestern part of the country. Both basins flow into the Yellow Sea. The Seomjin River basin
(4914 km2) is located between the Nakdong and Yeongsan river basins, and flows into the South Sea.
The Yeongsan and Seomjin rivers were treated as one river system (hereafter, the Yeongseom River)
for management purposes, because their catchments are in quite close proximity and share similar
geographical conditions [23].

At each sampling site, three replicate sampling surveys were conducted in riffle zones within a
200 m reach of the river using a Surber net (30 × 30 cm2, 1 mm mesh size), based on the guidelines
of the National Survey for Stream Ecosystem Health in South Korea [27]. All specimens collected
during sampling were sorted and identified to the lowest level (mostly species level) under the
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microscope based on the published literature [28–32]. We used 39 environmental factors from seven
different categories (including meteorology, geography, land use, hydrology, flow type, substrate,
and physicochemical water quality) to evaluate how these factors affect EPT endemic species.
The factors of hydrology, flow type, substrate, and physicochemical water quality were obtained
from the NAEMAP database [33]. Meteorological factors were obtained from the Korea Meteorological
Administration. Geographical and land use factors were extracted from digital maps in ArcGIS
(Ver. 10.1) [34] based on the coordinate information of each sampling site [25].

2.2. Data Analysis

We conducted data analyses in four steps to characterize the rarity, abundance, and distribution of
endemic EPT species. First, we evaluated the rarity of endemic EPT species by considering the number
of sampling sites where endemic EPT species were found and the number of endemic EPT species
recorded at each individual sampling site at nationwide and basin scales. Second, a hierarchical cluster
analysis (CA) based on the endemic EPT assemblage was conducted to define the pattern of similarity
of the endemic EPT assemblage structure. CA was calculated based on the Ward's linkage method [35]
with the Bray-Curtis distance measure. Then, a Kruskal Wallis test (KW) was conducted to compare
the differences of endemic EPT assemblage structure among the clusters defined in the CA. When there
were significant differences in KW (p < 0.05), multiple comparison tests were performed to compare
the differences between clusters. Multi-response permutation procedures (MRPP) were conducted to
check for significant differences among the clusters. CA and MRPP were conducted with a function
hclust and mrpp, respectively, in the package vegan [36] in R [37]. KW and multiple comparison tests
were carried out with the function kruskal in the package agricolae [38] in R [37].

Third, non-metric multidimensional scaling (NMS) was conducted using the Bray-Curtis distance
as the dissimilarity measure for the endemic EPT assemblage to determine the distribution pattern of
endemic EPT species. NMS is a non-linear method that is suitable for zero-inflated ecological data sets
with unknown data distribution [39]. We used a metaMDS function to determine the best solution
(i.e., the lowest stress value) in the package vegan [36] in R. The relationship between endemic EPT
species and environmental factors was determined using a function envfit in the package vegan [39,40].

Finally, the occurrence probability of endemic species was predicted using a random forest (RF)
model, using the 39 environmental factors as independent variables [41]. RF is an ensemble machine
learning technique that is based on a combination of a large set in decision tree. Each tree is trained
to select a random sample (i.e., the calibration data set) from a random set and the training dataset
of variables [42]. After building the RF model, the relative importance of environmental factors
influencing the occurrence of endemic species was calculated from a mean decrease in accuracy,
and was then rescaled from 0 to 100. In this study, RF was computed using the package random
Forest [43] in R with three training parameters (such as mtree, mtry, and node size) at the default
setting. The abundance of each species and some of the environmental factors with high variation
(i.e., distance from source, water width, average depth, and average velocity) were log transformed
before the data analysis.

3. Results

3.1. Characteristics of Endemic EPT Species

Ten endemic EPT species were identified in the dataset, including five, three, and two species
belonging to Ephemeroptera, Plecoptera, and Trichoptera, respectively (Table 1). Out of these 10 species,
Rhoenanthus coreanus (Ephemeroptera) was the most widely distributed, with 42.2% occurrence
frequency (301 sites), and was found within all four basins (Figure 1 and Table 1). However, most
species had very low occurrence frequencies. Pteronarcys macra (Plecoptera) was only recorded at eight
sites (1.1% of the occurrence frequency) in only one basin (the Han River basin) in the northern part of
South Korea (Figure 1, Table 1). Only four species (i.e., R. coreanus, Drunella aculea, Potamanthus yooni,
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and Kamimuria coreana) had more than 10% occurrence frequency. Out of these four species, only two
(R. coreanus and K. coreana) were observed in all four basins, even though the occurrence frequency of
K. coreana was extremely low in the Geum and Yeongseom basins (3.1% in both cases). In addition,
out of six species with less than 10.0% of the occurrence frequency, only one (Neoperla coreensis) was
recorded in all basins. Overall, the majority of sites did not have any endemic species (i.e., 277 sites,
38.6%) or just one endemic species (i.e., 219 sites, 30.5%) (Figure 2).

Figure 1. Sampling sites (a) and occurrence patterns of endemic EPT species (b) in South Korea.

Figure 2. Number of sampling sites for endemic EPT species.
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Table 1. Occurrence frequency of endemic Ephemeroptera, Plecoptera and Trichoptera (EPT) species
recorded in South Korea from 2008 to 2013.

Order Species Abbreviation
River Basin (%)

Total Han Nakdong Guem Yeongseum

Ephemeroptera

Procloeon halla Proc 14 (2.0) 0 (0.0) 1 (0.8) 1 (0.8) 12 (9.0)
Potamanthus yooni Pota 86 (12.0) 67 (20.9) 4 (3.1) 15 (11.5) 0 (0.0)

Rhoenanthus coreanus Rhoe 301 (42.2) 112 (35.0) 57 (43.8) 59 (45.4) 73 (54.5)
Ephemera separigata Ephe 36 (5.0) 23 (7.2) 2 (1.5) 0 (0.0) 11 (8.2)

Drunella aculea Drun 151 (21.1) 135 (42.2) 10 (7.7) 0 (0.0) 6 (4.5)

Plecoptera
Pteronarcys macra Pter 8 (1.1) 8 (2.5) 0 (0) 0 (0.0) 0 (0.0)
Kamimuria coreana Kami 75 (10.5) 56 (17.5) 11 (8.5) 4 (3.1) 4 (.03)
Neoperla coreensis Neop 69 (9.7) 33 (10.3) 13 (10.0) 14 (10.8) 9 (6.7)

Trichoptera Psilotreta locumtenens Psil 25 (3.5) 24 (7.5) 1 (0.8) 0 (0.0) 0 (0.0)
Ceraclea armata Cera 11 (1.5) 1 (0.3) 9 (6.9) 0 (0.0) 1 (0.0)

3.2. Relationships between Endemic EPT Species and Environmental Factors

The sampling sites were classified into four clusters (1 to 4) based on the similarities of the endemic
EPT assemblage composition (Figure 3). MRPP identified significant differences in the endemic EPT
assemblage among the four clusters (A = 0.09, p < 0.05). Cluster 1 was characterized by D. aculea,
P. macra, K. coreana, N. coreensis, Psilotreta locumtenens, and Ceraclea armata (KW, p < 0.05, Table 2).
Cluster 2 was characterized by R. coreanus. Cluster 3 was characterized by P. yooni. Cluster 4 was
characterized by Procloeon halla.

Differences in the composition of the endemic EPT assemblage were also reflected in NMS
(Figure 4). In NMS ordination, the first three axes (stress value = 7.32) had the highest relationship
with annual average temperature (R2 = 0.598, p < 0.05), followed by August temperature (R2 = 0.561,
p < 0.05), January temperature (R2 = 0.503, p < 0.05), latitude (R2 = 0.445, p < 0.05), and altitude
(R2 = 0.373, p < 0.05) (Table 3). The sampling sites with high values for latitude, water velocity,
and altitude were located on the left parts of axis 1, whereas sites with relatively high values for (Chl-a),
poor water quality (i.e., high conductivity, biological oxygen demand (BOD), total phosphate (TP),
and chlorophyll a (Chl-a)) were on the right part of axis 1 (Figure 4). Species such as P. halla, were
located on the right part of axis 1. These species mainly inhabit the lowland areas of the southern
parts of South Korea, where the sampling areas were mostly characterized as having high conductivity,
BOD, TP, and Chl-a. Species, such as P. locumtenens, K. coreana, P. macra, and D. aculea, were located
on the left part of axis 1. These species were mainly found in the least disturbed freshwater habitats
(e.g., with good water quality, high water velocity, and altitude), such as mountain areas.

Table 2. Differences in the abundance of endemic EPT species among four clusters from a cluster
analysis. The values in parenthesis are the standard deviation. Different alphabets indicate significant
differences of variables among clusters based on the multiple comparison tests (p < 0.05).

Order Species
Cluster

1 2 3 4

Ephemeroptera Procloeon halla 0.00 (0.00) b 0.03 (0.10) a 0.00 (0.00) b 0.32 (2.26) a

Potamanthus yooni 0.42 (2.52) b 0.16 (0.49) b 8.22 (15.28) a 0.00 (0.00) c

Rhoenanthus coreanus 0.46 (1.23) c 25.24 (39.77) a 9.47 (19.77) b 0.88 (0.68) b

Ephemera separigata 0.13 (0.48) a 0.09 (0.52) ab 0.02 (0.11) b 0.04 (0.16) ab

Drunella aculea 11.83 (16.3) a 0.06 (0.32) b 0.03 (0.13) b 0.04 (0.14) b

Plecoptera Pteronarcys macra 0.35 (2.62) a 0.00 (0.00) b 0.00 (0.00) b 0.00 (0.00) b

Kamimuria coreana 2.51 (6.35) a 0.12 (0.65) b 0.01 (0.05) b 0.02 (0.08) b

Neoperla coreensis 0.19 (0.63) a 1.23 (3.56) a 0.02 (0.09) b 0.03 (0.12) b

Trichoptera Psilotreta locumtenens 1.13 (4.57) a 0.00 (0.00) b 0.00 (0.00) b 0.00 (0.00) b

Ceraclea armata 0.09 (0.56) a 0.00 (0.04) b 0.00 (0.00) b 0.00 (0.04) ab
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Table 3. Relationship between environmental factors and NMS ordination based on endemic EPT
assemblages. The environmental factors of the 10 highest R2 are presented as boldface letters.

Environmental Factor Abbreviation NMS1 NMS2 NMS3 R2 p

Geology
Latitude Lati_X −0.81 0.56 0.20 0.45 0.001
Longitude Longi_Y_ −0.89 −0.46 −0.06 0.24 0.001
Altitude (m) −0.85 −0.08 0.51 0.37 0.001
Slope (◦) −0.82 −0.43 0.39 0.19 0.001
Distance from source DFS 0.85 0.45 0.29 0.08 0.001

Meteorological factors
Annual average temperature (◦C) Ave_temp 0.93 −0.15 −0.34 0.60 0.001
August temperature (◦C) Aug_temp 0.95 0.09 −0.29 0.56 0.001
January temperature (◦C) Jan_temp 0.84 −0.37 −0.40 0.50 0.001
Thermal range (◦C) Thermal_range −0.20 0.91 0.37 0.20 0.001
Precipitation (mm) −0.09 −0.90 −0.42 0.05 0.002

Land use (%)
Urban 0.36 0.47 −0.81 0.10 0.001
Agriculture 0.86 0.47 0.20 0.09 0.001
Forest −0.78 −0.54 0.33 0.20 0.001
Grass 0.48 0.25 −0.84 0.01 0.281
Bareland 0.98 0.19 0.04 0.02 0.044

Hydrology
Stream order Str_order 0.87 0.46 0.20 0.23 0.001
Water width (m) W_width 0.84 0.53 0.09 0.12 0.001
Average depth (cm) Ave_depth 0.62 0.75 0.24 0.12 0.001
Average velocity (cm/s) Ave_velocity −0.93 0.26 0.25 0.35 0.001

Flow type
Riffle −0.95 −0.26 0.19 0.29 0.001
Run 0.84 0.42 −0.35 0.08 0.001
Pool 1.00 −0.02 0.10 0.07 0.001

Substrate (%)
Silt 0.67 0.31 −0.68 0.02 0.037
Clay 0.66 0.70 −0.28 0.10 0.001
Sand 0.44 0.68 −0.59 0.22 0.001
Small pebble 0.84 −0.54 −0.04 0.04 0.003
Pebble −0.12 −0.80 0.59 0.04 0.002
Cobble −0.61 −0.46 0.64 0.22 0.001
Boulder −0.73 −0.63 0.28 0.18 0.001

Physicochemical water quality
Biological oxygen demand (mg/L) BOD 0.78 0.57 −0.27 0.33 0.001
Total nitrogen (mg/L) TN −0.03 1.00 −0.09 0.15 0.001
Ammonia nitrogen (mg/L) NH3N 0.55 0.82 −0.16 0.05 0.002
Nitrate nitrogen (mg/L) NO3N 0.23 0.97 0.12 0.13 0.001
Total phosphate (mg/L) TP. 0.83 0.49 −0.25 0.31 0.001
Phosphate-phosphorus (mg/L) PO4P 0.91 0.40 −0.12 0.21 0.001
Chlorophyll a (mg/L) Chl.a 0.88 0.43 −0.22 0.38 0.001
Dissolved oxygen (mg/L) DO −0.68 0.58 0.46 0.19 0.001
pH pH 0.80 0.46 0.39 0.10 0.001
Conductivity (um/S) Conductivity 0.73 0.63 −0.269 0.32 0.001
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Figure 3. Dendrogram of cluster analysis based on the endemic EPT assemblages.

Figure 4. Non-metric multidimensional scaling (NMS) ordination based on endemic EPT assemblages
with fitted vectors of environmental factors. Black circles with four letters represent species, and others
without letters indicate sampling sites. The direction and length of arrows represent the strength of
the relationship between the environmental variables and the ordination axes. Only 10 environmental
factors with R2 values > 0.3 are displayed in the figure. Abbreviation s for species and environmental
factors are presented in Tables 1 and 3, respectively. Cluster 1: square with green color; cluster 2: circle
with red color; cluster 3: triangle with blue color, and; cluster 4: triangle with orange color.
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3.3. Influential Environmental Factors on the Occurrences of Endemic Species

The distribution of each endemic species was predicted well in the range from 0.990 to 0.998
based on environmental factors through the RF learning process (Figure 5). Overall, geographical
and meteorological factors represented the main factors influencing species distribution, even though
different species responded differently to various environmental factors. For example, altitude was the
most important (100) for the occurrence of R. coreanus, which had the highest occurrence frequency in
the dataset, followed by pebbles (90.4), longitude (83.1), distance from source (77.4), and annual average
temperature (64.7). Meanwhile, D. aculea, which was the second highest occurrence frequency species,
was characterized by January temperature (100) and annual average temperature (95.9). P. macra,
which rarely occurred, was influenced by the ratio of agriculture area in land use (100), followed by
the run ratio in flow type (86.8), forest ratio (85.7), phosphate-phosphorus (PO4P) (84.0), and average
depth (52.0).

Figure 5. Relative importance in the occurrence of endemic EPT species based on the Random Forest
model. Abbreviations of environmental factors are presented in Table 3.

4. Discussion

4.1. Priority Species for the Conservation

Endemic species are characterized by their limited spatial distribution and poor dispersal,
resulting in their being rare. The rarity of endemic species is a major causal factor of their going extinct
in both ecological and geological timeframes [44]. Therefore, endemic species are likely to be the first
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candidates for extinction. In our study, out of the 10 endemic EPT species, the occurrence frequency
of six species was less than 10.0%. The frequency of C. armata (1.5%) and P. macra (1.1%) was lower
than 2.0%. The species that were widely distributed across several basins might lose their conservation
priority when compared with species that are only found within a certain basin and with a limited
distribution [12]. In this sense, both species should have high conservation priority. In particular,
P. macra should be considered as priority species of conservation concern, because it was only found
in a limited northeastern area of the Han River, which has a low annual temperature. P. macra is a
cold-adapted species, making it vulnerable to global warming and anthropogenic disturbances, which
threaten its existence in their original habitat [23].

4.2. Influential Environmental Factors Related to the Existence of Endemic Species: Conservation Implications

We should be aware of increasing threats to the existence of endemic species. Not surprisingly,
endemism is an important criterion for determining national conservation responsibilities [17].
However, measurements for the future extinction of species are hindered by the lack knowledge
of the life history, traits, niche, resource requirements, and suitable criteria of endemic species making
it difficult to determine their rarity [45,46]. The current study showed that the factors influencing
the differentiation of endemic EPT species included geology (i.e., latitude and altitude), meteorology
(especially temperature-related factors), hydrology (water velocity), and water chemistry (BOD, TP,
Chl-a, and conductivity).

Our results support the environmental filtering hypothesis, which proposes that environmental
drivers act as hierarchical filters constraining assemblages [47]. Large-scale factors, such as geological
and meteorological factors, strongly influence the local habitat and biological diversity of streams
and rivers [48,49]. These factors are closely connected with the diversity and composition of endemic
EPT species [6]. Strayer [6] suggested that some range boundaries are set by the climate and other
ecological patterns, even though the current distribution patterns of endemic EPT species is based on
the history of drainage connections [50]. Freshwater fauna are particularly sensitive and vulnerable to
the impacts of climate change, because they usually have limited dispersal abilities [51]. Consequently,
current and future changes caused from human activities are likely to have a stronger influence on their
diversity than past anthropogenic alterations [52]. Global warming especially threats the potential
future distribution and persistence of the sensitive habitats used by endemic Plecoptera [13,53], even
though this phenomenon was not directly considered in our study. Several studies have also shown
that land use is an influential factor in determining species distribution, even though, in our study, this
influence was relatively weak based on NMS. Flather et al. [54] found that forests and rangelands are
important factors for differentiating endangered species “hot spots.”

When the suitable habitats and their climatic refuges are degraded, the existence of endemic taxa
becomes threatened (e.g., [55]). Since the 20th century, intensive alterations of hydrology have been
closely related with the massive constructions of reservoirs and dams, as well as the disappearance
of streams and springs, due to human actions [56]. Dams and impoundments alter the hydrological
regimes of rivers, resulting in reduced water flow (water level fluctuations), the accumulation of
silt, and the loss of habitat diversity. These alterations induce changes of life cycles, block of species
dispersal, and reduce the abundance of freshwater fauna [57–59]. If these threats align within the zone
containing high endemic species richness and if there are no conservation actions in that zone, it would
accelerate the further homogenization of these habitats and the simplification of the macroinvertebrate
community, which, in turn, would precipitate the loss of rare endemic species.

In addition, we found that endemic species with the lower occurrence frequency (i.e., P. macra,
K. coreana and P. locumtenens) were mainly observed in the least-disturbed habitats, such as mountain
areas (northerneast part of the Han River catchment). Certain factors (such as low temperature, high
altitude, high ratio of forest land use, rapid water velocity, high ratio of riffles, and good water quality)
strongly influenced the distribution of these three species based on RF. These three species primarily
inhabit zones with little urbanization and extensive forest watersheds. However, the forest area in
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South Korea has gradually declined (i.e., 6.406 × 106 ha in 2003 and 6.335 × 106 ha in 2015) because
of the construction of convenience facilities for humans. Furthermore, the ratio of private forests is
high (4.25 × 106 ha, 67.1% of the total forest area); thus, such forest areas are likely to be quickly lost
due to potentially disruptive activities by the owners. Therefore, a strict environmental management
policy is required to minimize the deforestation of such areas to conserve biodiversity, including
endemic species.

5. Conclusions

The conservation, protection, and management of freshwater biodiversity are the ultimate
conservation challenge because multiple human stakeholders continue to threaten biodiversity. Various
efforts to maintain and protect biodiversity should be conducted globally through establishing a system
of protected areas. We suggest that endemic invertebrates should be priority candidate species of
conservation concern based on their rarity and the types of environmental factors that determine their
diversity and distribution. Out of the 10 species that were found as endemic species in South Korea,
P. macra had an occurrence frequency of just 1.1% with an extremely limited distribution (i.e., found
in one catchment, especially the least disturbed area), indicating the high conservation priority of
this species. RF showed that the distribution of the endemic species was mainly influenced by
geographical and meteorological factors. Benthic macroinvertebrates play an important role in many
freshwater ecosystems, and are useful for evaluating biological integrity and water and habitat quality.
Furthermore, the high diversity of endemic EPT species is a valuable predictor of the diversity of other
aquatic invertebrates. Therefore, conservation efforts of sites containing endemic EPT species also
guarantee the conservation of other freshwater taxa.

Acknowledgments: We thank the National Aquatic Ecological Monitoring Program (NAEMP) operated by the
Ministry of Environment and National Institute of Environmental Research, Korea for providing part of the dataset
used. This work was supported by the Nakdonggang National Institute of Biological Resources (Project: Studies
on Freshwater Biodiversity in Headwater Streams of the Nakdong River Basin) and by the National Research
Foundation of Korea (NRF) funded by the Korean government (MSIP) (grant number NRF-2016R1A2B4011801).

Author Contributions: M.-J.B. and Y.-S.P. conceived the study. M.-J.B. conducted the statistical analysis and
interpretation of the data. M.-J.B. and Y.-S.P. wrote and revised the manuscript.

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Brown, B.L. Habitat heterogeneity and disturbance influence patterns of community temporal variability in
a small temperate stream. Hydrobiologia 2007, 586, 93–106. [CrossRef]

2. Winterbourn, M.J.; Cadbury, S.; Ilg, C.; Milner, A.M. Mayfly production in a New Zealand glacial stream and
the potential effect of climate change. Hydrobiologia 2008, 603, 211–219. [CrossRef]

3. Gleick, P.H. Water resources. In Encyclopedia of Climate and Weather; Schneider, S.H., Ed.; Oxford University
Press: Oxford, UK, 1996; pp. 817–823.

4. Geist, J. Integrative freshwater ecology and biodiversity conservation. Ecol. Indic. 2011, 11, 1507–1516. [CrossRef]
5. Hawksworth, D.L.; Kalin-Arroyo, M.T. Magnitude and distribution of biodiversity. In Global Biodiversity

Assessment; Heywood, V.H., Watson, R.T., Eds.; Cambridge University Press: Cambridge, UK, 1995; pp. 107–192.
6. Strayer, D.L. Challenges for freshwater invertebrate conservation. J. N. Am. Benthol. Soc. 2006, 25, 271–287.

[CrossRef]
7. Dudgeon, D.; Arthington, A.H.; Gessner, M.O.; Kawabata, Z.-I.; Knowler, D.J.; Lévêque, C.; Naiman, R.J.;

Prieur-Richard, A.-H.; Soto, D.; Stiassny, M.L.J.; et al. Freshwater biodiversity: Importance, threats, status
and conservation challenges. Biol. Rev. 2006, 81, 163–182. [CrossRef] [PubMed]

8. Cowx, I.G.; Collares-Pereira, M.J.; Coelho, M.M. Freshwater Fish Conservation: Options for the Future; Fishing
News: Oxford, UK, 2002; pp. 443–452.

9. Xu, M.; Wang, Z.; Duan, X.; Pan, B. Effects of pollution on macroinvertebrates and water quality
bio-assessment. Hydrobiologia 2014, 729, 247–259. [CrossRef]

132



Water 2017, 9, 833

10. Nilsson, C.; Reidy, C.A.; Dynesius, M.; Revenga, C. Fragmentation and flow regulation of the world’s large
river systems. Science 2005, 308, 405–408. [CrossRef] [PubMed]

11. Koehn, J.D. Carp (Cyprinus carpio) as a powerful invader in Australian waterways. Freshw. Biol. 2004, 49,
882–894. [CrossRef]

12. Burlakova, L.E.; Karatayev, A.Y.; Karatayev, V.A.; May, M.E.; Bennett, D.L.; Cook, M.J. Endemic species:
Contribution to community uniqueness, effect of habitat alteration, and conservation priorities. Biol. Conserv.
2011, 144, 155–165. [CrossRef]

13. Muhlfeld, C.C.; Giersch, J.J.; Hauer, F.R.; Pederson, G.T.; Luikart, G.; Peterson, D.P.; Downs, C.C.; Fagre, D.B.
Climate change links fate of glaciers and an endemic alpine invertebrate. Clim. Chang. 2011, 106, 337–345.
[CrossRef]

14. Benstead, J.P.; Pringle, C.M. Deforestation alters the resource base and biomass of endemic stream insects in
eastern Madagascar. Freshw. Biol. 2004, 49, 490–501. [CrossRef]

15. Samways, M.J.; Sharratt, N.J.; Simaika, J.P. Effect of alien riparian vegetation and its removal on a highly
endemic river macroinvertebrate community. Biol. Invasions 2011, 13, 1305–1324. [CrossRef]

16. Flather, C.H.; Sieg, C.H. Species rarity: Definition, causes and classification. In Conservation of Rare or
Little-Known Species; Island Press: Washington, DC, USA, 2007; pp. 40–66.

17. Schmeller, D.S.; Gruber, B.; Budrys, E.; Framsted, E.; Lengyel, S.; Henle, K. National responsibilities in European
species conservation: A methodological review. Conserv. Biol. 2008, 22, 593–601. [CrossRef] [PubMed]

18. Couceiro, S.R.M.; Hamada, N.; Forsberg, B.R.; Pimentel, T.P.; Luz, S.L.B. A macroinvertebrate multimetric
index to evaluate the biological condition of streams in the Central Amazon region of Brazil. Ecol. Indic.
2012, 18, 118–125. [CrossRef]

19. Brown, L.E.; Céréghino, R.; Compin, A. Endemic freshwater invertebrates from southern France: Diversity,
distribution and conservation implications. Biol. Conserv. 2009, 142, 2613–2619. [CrossRef]

20. Céréghino, R.; Lavandier, P. Influence of hypolimnetic hydropeaking on the distribution and population
dynamics of Ephemeroptera in a mountain stream. Freshw. Biol. 1998, 40, 385–399. [CrossRef]

21. Santoul, F.; Figuerola, J.; Mastrorillo, S.; Céréghino, R. Patterns of rare fish and aquatic insects in a
southwestern French river catchment in relation to simple physical variables. Ecography 2005, 28, 307–314.
[CrossRef]

22. Li, F.; Chung, N.; Bae, M.J.; Kwon, Y.S.; Park, Y.S. Relationships between stream macroinvertebrates and
environmental variables at multiple spatial scales. Freshw. Biol. 2012, 57, 2107–2124. [CrossRef]

23. Li, F.; Chung, N.; Bae, M.J.; Kwon, Y.S.; Kwon, T.S.; Park, Y.S. Temperature change and macroinvertebrate
biodiversity: Assessments of organism vulnerability and potential distributions. Clim. Chang. 2013, 119,
421–434. [CrossRef]

24. Wagenhoff, A.; Townsend, C.R.; Matthaei, C.D. Macroinvertebrate responses along broad stressor gradients
of deposited fine sediment and dissolved nutrients: A stream mesocosm experiment. J. Appl. Ecol. 2012, 49,
892–902. [CrossRef]

25. Bae, M.J.; Kwon, Y.; Hwang, S.J.; Chon, T.S.; Yang, H.J.; Kwak, I.S.; Park, J.H.; Ham, S.A.; Park, Y.S.
Relationships between three major stream assemblages and their environmental factors in multiple spatial
scales. Ann. Limnol. Int. J. Limnol. 2011, 47, S91–S105. [CrossRef]

26. Lee, K.S.; Wenner, D.B.; Lee, I. Using H-and O-isotopic data for estimating the relative contributions of rainy
and dry season precipitation to groundwater: Example from Cheju Island, Korea. J. Hydrol. 1999, 222, 65–74.
[CrossRef]

27. MOE; NIER. The Survey and Evaluation of Aquatic Ecosystem Health in Korea; The Ministry of Environment and
National Institute of Environmental Research: Incheon, Korea, 2008. (In Korean)

28. Quigley, M. Invertebrates of Streams and Rivers: A Key to Identification; Edward Arnold: London, UK, 1977.
29. Pennak, W. Freshwater Invertebrates of the United States; John Wiley and Sons, Inc.: New York, NY, USA, 1978.
30. Brighnam, A.R.; Brighnam, W.U.; Gnika, A. Aquatic Insects and Oligochaeta of North and South Carolina;

Midwest Aquatic Enterprise: Mahomet, IL, USA, 1982.
31. Yun, I.B. Illustrated Encyclopedia of Fauna and Flora of Korea. Aquatic Insects; Ministry of Education: Seoul,

Korea, 1988.
32. Merritt, R.W.; Cummins, K.W. An Introduction to the Aquatic Insects of North America; Hunt Publishing

Company: Dubugue, IA, USA, 2006.
33. WAMIS. Available online: http://www.wamis.go.kr (accessed on 21 August 2014).

133



Water 2017, 9, 833

34. Environmental Systems Research Incorporated (ESRI). ArcGIS 10.0. Environmental Systems Research
Incorporated: Redlands, CA, USA, 2011.

35. Ward JHJ. Hierarchical grouping to optimize an objective function. J. Am. Stat. Assoc. 1963, 58, 236–244.
36. Oksanen, J.; Kindt, R.; Legendre, P.; O’Hara, B.; Simpson, G.L.; Stevens, M.H.H.; Wagner, H. Vegan:

Community Ecology Package. R Package Version 1.15-0. Available online: http://vegan.r-forge.r-project.org
(accessed on 26 October 2017).

37. R Development Core Team. R: A Language and Environment for Statistical Computing, 3-900051-07-0;
R Foundation for Statistical Computing: Vienna, Austria, 2011; Available online: http://www.R-project.org
(accessed on 26 October 2017).

38. De Mendiburu, F. Agricolae: Statistical Procedures for Agricultural Research R Package Version 1.0-9.
Available online: http://CRAN.R-project.org/package=agricolae (accessed on 1 April 2017).

39. Minchin, P.R. An evaluation of the relative robustness of techniques for ecological ordination. Vegetatio 1987,
69, 89–107. [CrossRef]

40. Virtanen, R.; Ilmonen, J.; Paasivirta, L.; Muotka, T. Community concordance between bryophyte and insect
assemblages in boreal springs: A broad-scale study in isolated habitats. Freshw. Biol. 2007, 54, 1651–1662.
[CrossRef]

41. Breiman, L. Random forests. Mach. Learn. 2001, 45, 5–32. [CrossRef]
42. Vincenzi, S.; Zucchetta, M.; Franzoi, P.; Pellizzato, M.; Pranovi, F.; De Leo, G.A.; Torricelli, P. Application of a

Random Forest algorithm to predict spatial distribution of the potential yield of Ruditapes philippinarum in
the Venice lagoon, Italy. Ecol. Model. 2011, 222, 1471–1478. [CrossRef]

43. Liaw, A.; Wiener, M. Classification and regression by random Forest. R News 2002, 2, 18–22.
44. Dobson, F.S.; Yu, J.; Smith, A.T. The importance of evaluating rarity. Conserv. Biol. 1995, 9, 1648–1651.

[CrossRef]
45. Kuussaari, M.; Bommarco, R.; Heikkinen, R.K.; Helm, A.; Krauss, J.; Lindborg, R.; Ockinger, E.; Pärtel, M.;

Pino, J.; Rodà, F.; et al. Extinction debt: A challenge for biodiversity conservation. Trends Ecol. Evol. 2009, 24,
564–571. [CrossRef] [PubMed]

46. Pimm, S.L.; Russell, G.J.; Gittleman, J.L.; Brooks, T.M. The future of biodiversity. Science 1995, 269, 347–350.
[CrossRef] [PubMed]

47. De Bello, F.; Lavorel, S.; Lavergne, S.; Albert, C.H.; Boulangeat, I.; Mazel, F.; Thuiller, W. Hierarchical effects
of environmental filters on the functional structure of plant communities: A case study in the French Alps.
Ecography 2013, 36, 393–402. [CrossRef]

48. Allan, J.D. Landscapes and riverscapes: The influence of land use on stream ecosystems. Annu. Rev. Ecol. Syst.
2004, 35, 257–284. [CrossRef]

49. Allan, J.D.; Flecker, A.S. Biodiversity conservation in running waters. BioScience 1993, 43, 32–43. [CrossRef]
50. Van der Schalie, H. The value of mussel distribution in tracing stream confluence. Mich. Acad. Sci. Arts Lett.

1945, 30, 355–373.
51. Woodward, G.; Perkins, D.M.; Brown, L.E. Climate change and freshwater ecosystems: Impacts across

multiple levels of organization. Philos. Trans. R. Soc. B 2010, 365, 2093–2106. [CrossRef] [PubMed]
52. Döll, P.; Zhang, J. Impact of climate change on freshwater ecosystems: A global-scale analysis of ecologically

relevant river flow alterations. Hydrol. Earth Syst. Sci. 2010, 14, 783–799. [CrossRef]
53. Li, F.; de Figueroa, J.M.T.; Lek, S.; Park, Y.S. Continental drift and climate change drive instability in insect

assemblages. Sci. Rep. 2015, 5, 11343. [CrossRef] [PubMed]
54. Flather, C.H.; Knowles, M.S.; Kendall, I.A. Threatened and endangered species geography. BioScience 1988,

48, 365–376. [CrossRef]
55. Deacon, J.E.; Williams, A.E.; Williams, C.D.; Williams, J.E. Fueling population growth in Las Vegas:

How large-scale groundwater withdrawal could burn regional biodiversity. BioScience 2007, 57, 688–698.
[CrossRef]

56. Søndergaard, M.; Jeppesen, E. Anthropogenic impacts on lake and stream ecosystems, and approaches to
restoration. J. Appl. Ecol. 2007, 44, 1089–1094. [CrossRef]

57. Petts, G.E. Impounded Rivers: Perspectives for Ecological Management; Wiley: Chichester, UK, 1984; p. 285.

134



Water 2017, 9, 833

58. Vaughn, C.C.; Taylor, C.M. Impoundments and the decline of freshwater mussels: A case study of an
extinction gradient. Conserv. Biol. 1999, 13, 912–920. [CrossRef]

59. Watters, G.T. Freshwater mussels and water quality: A review of the effects of hydrologic and instream habitat
alterations. In Freshwater Mollusk Symposium Proceedings; Tankersley, R.A., Warmolts, D.I., Watters, G.T.,
Armitage, B.J., Johnson, P.D., Butler, R.S., Eds.; Ohio Biological Survey: Columbus, OH, USA, 2000;
pp. 261–274.

© 2017 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

135





water

Review

Evolutionary Toxicology as a Tool to Assess the
Ecotoxicological Risk in Freshwater Ecosystems

Marianna Rusconi 1, Roberta Bettinetti 2, Stefano Polesello 1 and Fabrizio Stefani 1,*

1 Water Research Institute, National Research Council (IRSA-CNR), via Mulino 19, 20861 Brugherio, Italy;
rusconi@irsa.cnr.it (M.R.); polesello@irsa.cnr.it (S.P.)

2 Department of Theoretical and Applied Sciences, University of Insubria, Via Valleggio 11, 22100 Como, Italy;
roberta.bettinetti@uninsubria.it

* Correspondence: stefani@irsa.cnr.it; Tel.: +39-039-2169-4232

Received: 17 October 2017; Accepted: 11 April 2018; Published: 17 April 2018

Abstract: Borrowing the approaches of population genetics, evolutionary toxicology was particularly
useful in assessing the transgenerational effects of a substance at sublethal concentrations, as well as
evaluating genetic variation in populations exposed to pollutants. Starting from assays in controlled
conditions, in recent years this approach has also found successful applications multi-stressed
natural systems. It is also able to exploit the huge amount of data provided by Next Generation
Sequencing (NGS) techniques. Similarly, the focus has shifted from effects on the overall genetic
variability, the so-called “genetic erosion”, to selective effects induced by contaminants at more
specific pathways. In the aquatic context, effects are usually assessed on non-model species, preferably
native fish or macroinvertebrates. Here we provide a review of current trends in this specific discipline,
with a focus on population genetics and genomics approaches. In addition, we demonstrate the
potential usefulness of predictive simulation and Bayesian techniques. A focused collection of field
and laboratory studies is discussed to demonstrate the effectiveness of this approach, covering a range
of molecular markers, different endpoints of genetic variation, and different classes of chemical
contaminants. Moreover, guidelines for a future implementation of evolutionary perspective into
Ecological Risk Assessment are provided.

Keywords: genetic variability; adaptation; freshwater pollution; risk assessment

1. Introduction

In recent years, many genetic approaches have been adopted to investigate the effects of contaminants
on gene transcription and evolutionary change. Among these approaches, gene expression (either
surveying a set of traditional candidate genes or undertaking a genome-wide analysis) has been widely
applied [1], whereas the potential of quantitative genetics and population genetics have only been partially
explored [2,3].

In this context, evolutionary toxicology, despite being described more than 20 years ago [4],
has only recently been proposed for ecotoxicological assessment [5–8]. In its original definition,
the term borrows from the approach of population genetics and aims to identify causal links between
toxicant pressures and changes in genetic variability at the population level [9] by applying the
approaches and indicators that have proven to be informative in sister disciplines, such as conservation
genetics [10,11].

Under this vision, evolutionary toxicology not only fills a gap in the scale of ecotoxicological
assessment, but also introduces a novel vision to estimate long-term extinction risk with the awareness
that contemporary evolutionary changes are common, widespread, and detectable after only a few
generations of contaminant exposure. Evolutionary toxicology, taking into account multigenerational
effects, can reveal the effects of substances (or mixtures of substances) at sublethal environmental
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concentrations and over long-term, chronic exposure, both of which are high-priority concerns in
making an ecological risk assessment. In fact, effects can accumulate over generations and lead to
reductions in fitness and, potentially, to population extinction. In one of the milestone manuscripts
of evolutionary toxicology [7], four main research areas were inferred from the existing literature
(i.e., the four cornerstones). Contaminants were divided in two main categories: those with a direct
effect on nucleic acids (genotoxicants) and those with indirect effects on genetic variability mediated
by fitness traits (non-genotoxicants) (Figure 1). Basically, non-genotoxic contaminants may reduce
reproductive success, which can increase genetic drift and drive genome-wide changes in genetic
diversity, which is referred to as genetic erosion. Additionally, toxicant effects on specific targets
or fitness-related traits may determine changes in the allelic or genotypic frequencies as a result of
selection at survivorship loci, not involving genome-wide changes but eventually producing side
effects, such as increased susceptibility to other contaminants or to other environmental perturbations
(fitness trade-offs). Finally, non-genotoxic substances may have cascade effects on behavioral traits,
e.g., by limiting or altering the pattern of gene flow among populations. In this case, inbreeding or
genetic drift may increase in an isolated population, leading to a loss of gene diversity and creating
further fitness-related issues.

Genotoxic substances may have a direct effect on the genome by increasing the mutation rate and
altering the balance between purifying the selection and the onset of novel alleles. This effect can be
more significant in the case of mildly deleterious alleles, which are less severely purged by selection.
The accumulation of deleterious mutations over generations in a population may lead to a mutational
load: the negative additive effect of many slightly disadvantageous alleles on fitness traits [9].

Just six years after Bickham’s pillar paper [7], Brady et al. [12], introducing a special issue
on evolutionary toxicology, provided a paradigmatic analysis of recent trends in this discipline,
which clearly set up more ambitious aims and targets thanks to the routine application of Next
Generation Sequencing (NGS) techniques in this field. Indeed, the different research areas of
evolutionary toxicology have recently coalesced into the characterization of evolutionary patterns,
processes, and consequences of adaptation to toxicant exposure (Figure 1). This approach has benefited
from the comparative investigation of exposed and control populations of potentially any species
on the whole-genome scale as well as from quantitative genetics and epigenetics. In this context,
top-down approaches, which aim at identifying the mechanisms underlying chemical resistance or the
genomic regions impacted without any a priori knowledge, become prevalent [13]. Moreover, a strong
tendency toward the integration of genomic analysis with different experimental approaches, including
transcriptomics, proteomics, metabolomics, quantitative genetics, and environmental chemistry, was
clearly demonstrated. The intention is to maximally exploit the potential of the NGS data, but more
importantly, to better describe the relationships between the exposure of populations to contaminants
and their long-term risk of impairment, which is the basis for an effective risk assessment. This task
now appears less challenging than just a decade ago because, for example, the direct or indirect fitness
costs of adaptation can now be demonstrated by integrating an analysis of phenotypic plasticity
(e.g., through transcriptomics scans) with the genomic characterization of exposed and reference
populations [14].

Regrettably, evolutionary changes can be evaluated only at a multigenerational scale, limiting
their application as a routine effects-based method, as reviewed and discussed in a recent European
Guideline [15]. Nevertheless, it is now a common scientific view that evolutionary toxicology will
have a role in filling a gap that traditionally exists in ecotoxicological assessments, namely the scarcity
of approaches for assessing population effects. By employing population genetic studies, evolutionary
toxicology can potentially fill a void that exists between traditional ecotoxicity testing on individual
organisms and the assessment of chemical effects on community structure and function.

This paper aims to evaluate the strengths and limitations of evolutionary toxicology as a tool
to assess the ecotoxicological risk in freshwater ecosystems by reviewing the existing case studies
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and referring to novel analytical and statistical approaches that have been tested and developed in
molecular ecology.

Figure 1. The four main cornerstones of evolutionary toxicology [7], derived from the exposure of
populations to non-genotoxicant and genotoxicant contaminants, are presented in light blue. The white
blocks represent the main processes leading to the four major responses on an evolutionary scale,
which are relevant in the framework of an Ecological Risk Assessment procedure. In the dark blue
blocks, the main approaches available to investigate these processes are listed. The techniques
specifically discussed in this review are presented in bold yellow. The relevance of contamination for
a population may first be evaluated by comparing the sensitivity of the target species with the severity
of the expected exposure, and considering the phylogenetic affinity to model species and the potential
for physiological compensation. The dynamics of adaptation, genetic erosion, or behavioral alterations
may be revealed by a wide range of molecular techniques, including population genetics and genomics,
and advanced statistical tools, such as approximate Bayesian computation (ABC). Finally, effects at
an evolutionary scale, expressed as fitness trade-offs, can be demonstrated by exposing contaminated
populations to singular or multiple stressors.
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2. The Implementation of Population Genetics and Genomics in Evolutionary Toxicology:
Markers, Techniques, and Data Analysis

The use of genetic techniques to evaluate chemical impacts is relatively recent, and the number of
studies in the literature that have applied these techniques to the assessment of freshwater systems is
limited, although it is continually growing. Since the first papers conceptualized this discipline [6,16],
no more than a few dozen studies specifically addressing the issue of evolutionary toxicology
have been published. Moreover, it is only since 2011, with the publication of a special issue of
the journal Ecotoxicology on evolutionary toxicology (Reference [5], and papers within the same
issue), that this term has been cited and used as keyword. Because a single review with a complete
and in-depth discussion of all available approaches to evolutionary responses (e.g., population
genetics and genomics, transcriptomics, quantitative genetics, quantitative trait loci, genome-wide
association studies, epigenetics) is not possible, we focus primarily on population genetics and
genomics, considering the integration with the other approaches where possible. We feel that because
evolutionary toxicology is a young discipline, there is still the need to discuss, adapt, and transfer
experiences and practices from sister disciplines, such as population genetics and genomics, to this
specific field of study. We also consider population genetics and genomics to be one of, if not the most,
relevant approaches to address evolutionary responses to contaminants. Specific reviews dealing with
the integration of other approaches to ecotoxicology are available [2,17–20].

Signals of genetic alterations (i.e., reduced genetic variability) congruent with toxicant-induced
stress were more frequently found in aquatic ecosystems than in terrestrial systems, probably because
gene flows are subject to lower interference in aquatic drainages than in open spaces [21]. To date, fishes
and macroinvertebrates have been preferably selected as model organisms. Generally, as in traditional
toxicological tests, the ecology of the model organisms and their tolerance to toxicants, at least in
terms of acute toxicity, should be well characterized and at least a partially sequenced genome should
be available, particularly when applying genomic approaches. The molecular markers used for
evolutionary toxicology surveys were those typically employed in traditional population genetic
studies. Among them, microsatellites have been widely applied. Microsatellite loci are not expected
to be under direct selection, although they might be linked to loci that are involved in resistance
mechanisms [22–24]. More likely, these markers sample across the genome in a random way, making
them useful for measuring the effects of pressures on overall genetic diversity. For organisms with
an unknown genome, other versatile techniques such as Amplified Fragment Length Polymorphism
(AFLP) [25] have been employed. In fact, these approaches were primarily used in the pre-NGS era,
when the focus was on genome-wide genetic erosion, a target that is congruent with their neutral
nature and the random location within the genome.

More recently, novel markers (i.e., single nucleotide polymorphisms, SNPs) derived from the
application of “omics” techniques, such as restriction site associated DNA sequencing (RAD-seq) or
whole-genome sequencing, have been used in evolutionary toxicology and provide a finer resolution
for the detection of contaminant-induced selection [26–28]. A specific review on the pros and cons
of “omics” techniques in evolutionary toxicology has recently been published [13]. Nevertheless,
the potential applications of SNPs in this field are still only partially exploited. One of the main
strengths of genomic approaches in comparison with microsatellites is the possibility to better
investigate adaptive genetic variation by scanning for contaminant-induced selection. The common
endpoints of genetic variation employed in evolutionary toxicology are the same as those used in
conservation and population genetics, including heterozygosity, allele richness, Hardy-Weinberg
deviations, and fixation indices. Interesting reflections are possible concerning the transferability of
these endpoints to the assessment of contaminant-induced effects. The temporal and spatial scales in
ecotoxicological assessments are usually more restricted than in classical population genetics studies,
where the divergences are commonly evaluated in tens or hundreds of generations or on spatial
distances related to relevant natural barriers. Therefore, in many cases, evolutionary toxicological
responses, when detectable, can be described only as rapid changes in relation to the expected inertia
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of classic population genetics variations. Even if scientists now agree that contemporary evolutionary
changes occurring in a few generations are not occasional but are widespread under natural or
human-induced pressures [12,29], the detection of such changes using conventional experimental
designs and markers is still challenging, even in the “omics” world.

In this review, we used a simulation approach to evaluate the suitability of standard experimental
designs employed in population genetics and genomics with specific reference to rapid evolutionary
changes. From this perspective, the implementation of powerful statistical approaches, such as
approximate Bayesian computation (ABC) [30], coupled with the increase in polymorphic markers
warranted by next-generation sequencing (NGS) techniques, may prove useful either in the planning
phase of the assessment or in the inference of processes [31,32]. Indeed, as an example, we verified
whether ABC is able to discriminate a scenario of rapid bottleneck with respect to stationarity by
creating experimental designs commonly employed in population genetics and genomic surveys.
We simulated genetic variability in a large population (Ne = 3000) subject to a strong (Ne = 100) or
soft (Ne = 1000) bottleneck occurring abruptly in 14 generations by using DIYABC 2.1.0 [33] (details
in Supplementary Material 1). Then, we verified the confidence in the scenario choice on the basis
of the variability provided by 20 or 50 microsatellite loci and 2000 SNP loci. The results, expressed
as type I (the probability of incorrectly assigning stationarity in the case of a true bottleneck) and
type II (the probability of incorrectly assigning a bottleneck in the case of true stationarity) errors,
are reported in Table 1, and indicate unexceptional performances of ABC in both strong and soft
bottlenecks with both marker typologies. Only type II errors showed a clear reduction with increasing
loci and the magnitude of the bottleneck, and achieved acceptable values. We also simulated the
less common case of repeated temporal samples across the 14 generations (50 loci in seven replicate
samples) of bottleneck and, under these conditions, both type I and type II error rates were lower, and
ABC appeared to be a potentially suitable tool for optimizing the design of evolutionary toxicology
studies (Table 1).

Table 1. Type I and type II error rates of scenario choices performed by approximate Bayesian
computation analysis, as obtained by comparing two simulated scenarios of variable bottleneck
intensity with respect to a stationary population. Different combinations of marker typology, number
of loci and the availability of temporally repeated samples were evaluated.

Markers
Errors

Low Bottleneck High Bottleneck

Microsatellites

20 loci
Type I 0.36 Type I 0.43
Type II 0.36 Type II 0.34

50 loci
Type I 0.43 Type I 0.35
Type II 0.31 Type II 0.09

50 loci (rep. samples) Type I 0.20 Type I 0.18
Type II 0.13 Type II 0.12

Single nucleotide polymorphisms (SNPs) 2000 loci
Type I 0.38 Type I 0.46
Type II 0.17 Type II 0.14

We also performed a non-Bayesian simulation analysis by using the online optimization tool
SPOTG developed by Hoban and colleagues [34] by choosing the temporal module, which allows
testing the reliability and resolution of the statistics when past (pre-bottleneck) and present
(post-bottleneck) samples are available. We tested the response of statistics, such as the number
of polymorphic loci, number of alleles, and heterozygosity in the same bottleneck scenarios, described
above by varying the number of microsatellite loci (10, 20, and 50) and the number of specimens
for each of the two samples (20, 50, and 100). The final analysis indicated a “power” of detection
for each tested experimental design expressed as the percentage of simulated bottleneck datasets
that fall within the lowest 5% of the distribution of a simulated constant population. The simulation
results indicated a positive relationship between the magnitude of the bottleneck and the power of
detection (Supplementary Materials Tables S1–S3). Regardless of the experimental design employed,
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the soft bottleneck could barely be discriminated, with a maximum power of 69% when considering
the combination of the maximum number of loci and samples. More specifically, the number of
markers were inversely correlated with the variance of the statistics; hence, at least 50 microsatellite
loci were necessary to achieve low variance and high power (<90% for the strong bottleneck scenario).
The number of samples was a less influential variable provided that at least 50 specimens per
sample (particularly for contemporary samples) were genotyped. Among the statistics, the number
of alleles was generally the most informative variable, but whenever the sample dimension between
temporal samples was unequal, normalization by means of a rarefaction analysis was strongly
recommended [35].

Here, we have provided only rough guidelines that can be finely tuned for each specific case and
used to optimize the experimental plan. For example, the initial Ne may have a significant influence on
the capacity for discriminating a bottleneck (i.e., genetic erosion) because large, stable populations
with larger Ne are better able to buffer genetic bottlenecks than small, inbred ones. Nevertheless,
two main conclusions can be drawn from this set of simulations. First, the experimental design
required to properly analyze a typical, rapid change in genetic variability due to contaminant effects
on fitness is demanding, even given the availability of hundreds or thousands of markers available
through NGS. In many cases where changes in genetic variability due to contaminant exposure could
not be detected, the lack of power or resolution of the chosen experimental design is a likely cause.
Second, the availability of temporally repeated samples significantly enhances the performance of the
experimental design.

When the research focus is more stringently narrowed towards the detection of adaptation to
contaminants, specific molecular analyses such as whole-genome sequencing or RAD-seq become
the current gold standard [13,36] and overcome most of the limitations of neutral or nearly neutral
markers. In this regard, it is worth mentioning that loci under selection by contaminants usually
represent a small proportion (1–6%) of the scanned genome [37–39], a fact that encourages the use
of a wide genomic scan to identify true selected loci, particularly in natural multi-stressed systems.
Nevertheless, scanning for the presence of genome regions involved in adaptation is still a challenging
task [40–44]. There are still technical limitations on the capacity of genomic approaches to cover all of
the regions involved in adaptation [44]. For example, it has been estimated that a RAD-seq coverage
with SNPs occurring every ~5000 bp would provide a maximum coverage of ~5% of the genome [41].
Moreover, approaches that imply the enrichment of preferentially coding regions potentially increase
the probability of detecting a selected region, and usually discard repetitive regions and enhancers
from analysis or do not properly consider duplication events. These elements are typically the basis of
gene regulation, a functional property on which adaptation to pollution may often depend [14,43,45].

Other limitations may arise from the incorrect choice of a null population model, on which the
detection of selected loci is based in many available approaches and software programs. Demographic
properties and events, such as highly structured populations, spatial autocorrelation of allele
frequencies, or rapid range expansion, may determine deviations from the models employed by some
of the most commonly used software, amplifying their error rates [41]. Moreover, background selection
is known to mimic and confound the identification of positive selection [40]. Thus, the possibility of
background selection should be taken into account [46], together with the structure and demographic
history of a studied population, in the definition of ad hoc null models [40]. Different approaches
that attempt to mitigate or overcome these issues have been proposed (see an exhaustive review in
Reference [41]). Among those approaches commonly adopted in evolutionary toxicology, genetic
differentiation outlier tests aim to distinguish outlier divergent loci from the average divergence
of all loci, most of which are assumed to be neutral [28,47], under the assumption that different
environmental conditions (i.e., stressed vs. non-stressed) enhance divergence in loci that determine
sensitive phenotypes.

Genetic-environment association tests seek atypically high correlations between allele frequencies
and the occurrence of contaminants (or other stressors) in exposed and non-exposed populations [36].
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Specific software packages that allow, as much as possible, the shaping of null models to mirror real
case studies are now available, either by adopting genetic differentiation outlier tests (e.g., [48,49]) or
appropriate null models (e.g., [50,51]).

Approaches are also available that allow the simulation of datasets, taking into account different
demographic events, structures, recombination maps, and different models of selection [52,53].
As in the case of a bottleneck, genotype datasets based on different experimental designs can be
simulated and the conditions favoring the detectability of rapid adaptation can be assessed. To date,
specific analyses from this perspective have not been published. Moreover, the implementation of
selective effects on genetic variability in the framework of tools such as ABC is possible [54,55], even if
it is not yet easy to standardize.

3. Paradigmatic Case Studies

3.1. Application in the Field

Early in the history of evolutionary toxicology, an extensive review of a large set of studies
in aquatic environments was published in 2001 [16], emphasizing the promising perspectives for
evolutionary ecotoxicology as well as warning about the need for a careful experimental setting to
disentangle real patterns among the many co-occurring factors that shape genetic variability. Eighteen
years later, with the increasing productivity of NGS techniques and the improved computational
power of modern processors, many of the limits highlighted in that review have been scaled down.
Nevertheless, many suggestions and precautions remain valid. First, although the implementation
of NGS techniques has tremendously increased the information available from genetic datasets, the
influence of many other factors that naturally act on genetic variability and structure, such as mutation,
recombination, selection, and the genetic architecture of adaptive traits, is still not easily managed,
either because of insufficient coverage of the genome or the lack of suitable data analysis techniques that
are able to manage such a complexity of variables [56]. Consequently, in some cases a narrower focus
on an a priori selected set of candidate genes can be justified to limit the effects of confounding factors.

Another basic approach of field studies is to complement genetic data with a careful and
comprehensive assessment of exposure to ensure a representative number of reference and
contaminated sites, which allows improved statistical representativeness, and to measure other life
trait endpoints, biomarkers, or DNA damage descriptors. Moreover, a precise spatial characterization
of stressors (including contaminant distribution and concentrations) is as fundamental as a wide
coverage of the genome because the association between exposure to stressors and genome properties
is the basis of most of the inferences in evolutionary toxicology [41].

Indeed, differences in genetic variability between impacted and non-impacted populations may
not be solely due to contamination. Such changes may be induced by other, often predominant, factors,
such as gene flow, random genetic drift, inbreeding, population density, habitat complexity, natural
selection, and mutation [57–59]. The condition, not easily fulfilled, to infer a concordant pattern of
changes in genetic variability (e.g., selection on specific pathways) in replicated cases of populations
exposed to the same contaminants would certainly strengthen the identification of a causative role of
contaminants in this regard. A complete list of all published papers on this topic is outside the scope of
the present review; therefore, we focus on a few case studies that we consider paradigmatic in this field
of study and that have been extensively investigated from multiple perspectives. The choice of these
cases allows us to provide a survey of the potential for evolutionary toxicology to implement a risk
assessment procedure (Table 2). Many other similar and equally sound studies have been conducted
in the field of aquatic evolutionary toxicology.
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Different approaches were used by Bourret et al. [10] and by Belanger et al. [28] to determine
the effects of copper and cadmium on yellow perch (Perca flavescens) populations. In the first study,
the authors used microsatellites to investigate whether there were significant differences in levels
of genetic diversity in yellow perch populations inhabiting lakes with contrasting metal levels and
whether individual genetic diversity was associated with the concentration of accumulated metals
within individual fish. Microsatellites were applied to individuals collected from lakes in Canadian
mining regions representing a gradient of metal (copper and cadmium) contamination. The patterns
of contamination within lakes and the effects on major life traits and physiological responses in
yellow perch have been previously characterized in detail [67–69], with the finding that regional
and seasonal factors, together with contamination, acted to shape responses. The authors not only
found genetic differences between individuals from different lakes, but also found that the overall
genetic diversity decreased along a gradient of increasing cadmium contamination and that copper
contamination may be involved in reducing genetic diversity. Moreover, they also found that although
long-term exposure to metals resulted in genetic erosion at the population level, individual genetic
diversity was higher in more tolerant individuals, suggesting that less inbred individuals may be
favored by selection regardless of the trend in genetic variation within a population. Five years later,
Belanger-Deschenes and co-authors used an SNP genome scan to demonstrate the adaptation to Cd
at two candidate loci in the same exposed populations of P. flavescens [28], which was reflected in
a faster lifecycle leading to early sexual maturation as well as the mitigation of Cd inhibition for
at least one Cd-dependent pathway. Together, these results indicated that a selective response to
contamination had been sufficiently influential to reduce genetic diversity and that the long-term
capacity of populations to respond to future environmental change was likely compromised.

More recently, a transcriptomics analysis of the same populations of yellow perch revealed
different responses when an exposed population was transferred to a clean environment, or vice
versa [60]. The analysis highlighted that specific biochemical pathways in fish were activated by
contaminants when passing from clean to polluted lakes, including the under-transcription of genes
involved in aerobic metabolism, the over-transcription of genes involved in protein folding, and the
inhibition of the immune system. In contrast, the absence of transcriptional responses in fish moving
from a polluted lake to a clean environment suggests that adaptation rather than phenotypic plasticity
is the basis of their increased tolerance. Finally, the long-term potential of adapted populations to cope
with other stressors, particularly infectious diseases, can be compromised.

Another noteworthy case study involved killifish (Fundulus heteroclitus) populations that had
adapted to heavy pollution in some northern American estuaries [70]. A detailed review of this
case has already been published (Reference [62] and the literature cited therein). Briefly, this study
represents a fruitful integration of different approaches. Some approaches, such as quantitative genetics,
physiology, and development biology, primarily contributed to the identification of adaptation and the
main target of selection, which was located in the aryl hydrocarbon receptor (AHR) pathway. Other
approaches, such as transcriptomics and genomics, confirmed the inferences and detected a wide range
of other pathways implied in adaptation, often population-specific, which may represent responses to
local stressors as well as compensatory effects acting differently in each population. Overall, this case
study demonstrated that in the presence of high genetic diversity (i.e., large size and high stability
of populations) and strong selective pressures, convergent adaptation toward the most influential
phenotypic traits is likely.

The case of continuous acid mine drainage (AMD) on a reservoir in Portugal (Chança River
Reservoir, Portugal), which carries high concentrations of many trace elements, was studied to test
the presence of genetic erosion and selection on Daphnia longispina by comparing local reference
and impacted populations (see Ribeiro et al. for a comprehensive review [11]). The integration of
quantitative genetics, an assessment of many fitness endpoints and population genetics based on
AFLP and microsatellites, allowed fine discrimination of the main genetic impacts and the pattern of
responses of the exposed population. Specifically, genetic erosion due to the elimination of the two
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genotypes most sensitive to a 3% AMD pulse, and due to the avoidance of contaminated areas by the
most sensitive genotypes was demonstrated in laboratory testing. A quantitative genetics approach
was also employed to demonstrate the genetic basis of tolerance to lethal levels of AMD in genotypes
sampled from the contaminated areas, indicating the presence of microevolution. A confirmation of this
pattern of genetic erosion (i.e., the disappearance of less resistant lineages in exposed populations) was
further demonstrated in the field, allowing the authors to exclude the alternative hypothesis of a spread
of newly originated genotypes that conferred resistance. Interestingly, resistance was demonstrated
only for the lethal concentration of AMD, but not for sublethal concentrations. Indeed, an analysis
of reproductive or feeding life-traits failed to highlight significantly higher fitness in contaminated
populations after exposure to sublethal concentrations of AMD or copper. A characterization of neutral
genetic diversity in exposed and reference populations failed to prove genetic erosion, even when
a significant divergence was detected between them. Gene flow from un-impacted areas of the reservoir
and increased mutation or sexual reproduction were among the factors considered to be responsible
for this pattern. A later study found mutagenic effects (micronuclei and chromosomal breaks) at 0.1%
AMD [71].

Another study performed in a contaminated estuarine environment was conducted by Guinand
et al., who applied a microsatellite approach to young-of-the-year sole (Solea solea) [61]. Sole was
selected as the test organism because flatfish exploit estuaries as nursery habitats over long periods
during their juvenile phase, and juveniles fail to escape pollution conditions because they are sedentary.
Populations sampled at reference sites were compared with three populations sampled in estuaries
contaminated by complex mixtures of pesticides and organic pollutants derived from agricultural land
drainages. Using 15 genetic markers, the authors demonstrated that in heavily polluted estuaries,
most of the variables were significantly different. Genetic variation was shown to be linked to selective
and adaptive variation, implying a limited number of loci. Locus-specific heterozygosity-fitness
correlations were found for two loci, one of which is implied in heavy metal detoxification, which was
indicative of ongoing adaptive selection in sole in response to contamination. These results highlight
one of the conceptual pillars of evolutionary toxicology, namely that human activities impact not only
the ecological responses of species but also their evolutionary potential to cope with contamination.

Microsatellites were also used also by Inostroza et al. [63] to test the loss of biodiversity in an
aquatic ecosystem impacted by mutagens from wastewaters, weirs, and other stressors. In this study,
the test organism was Gammarus pulex, sampled along a single river that possessed several chemical
sources and man-made barriers. Exposure to chemical pollution alone and in combination with the
presence of weirs resulted in a depression of allelic richness in native populations. The input of
mutagenic compounds resulted in a strong increase in private alleles across the affected populations,
and the presence of weirs along the river disrupted migration along the river and thus the gene flow
between up- and downstream individuals. This study demonstrated two of the four cornerstones
of evolutionary toxicology [7] in a single case: genetic erosion due to the synergistic effect of habitat
fragmentation and contaminant exposure, and an increased mutation rate mirrored in the high
frequency of private alleles. The trade-off between these two counteracting drivers is intriguing, and
deserves specific in-depth investigations into the genes, particularly by evaluating the relative role of
standing genetic variation vs. de novo mutations in the adaptation to contaminants.

Finally, a recent study demonstrated the power of the genomic approach coupled with
advanced statistical treatments to infer the effects of contaminants acting on a polygenic base [36].
This is a primary strength of this work because the detection of polygenic adaptation is a challenging
task [72]. Genomic RAD-seq assays were employed to test for the presence of polygenic selection in
North Atlantic eels, two species that are considered to have a high extinction risk worldwide [73].
The two species, Anguilla anguilla (the European eel) and Anguilla rostrata (the American eel) were
used as test replicates and a Random Forest search identified a total of 142 and 141 co-varying loci,
respectively, that discriminated “polluted” from “control” populations. Overall, subtle allelic frequency
changes were found to be associated with the bioaccumulation of PCB153, pp’-DDE, and selenium.
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Moreover, the authors succeeded in annotating the discriminant markers and concluded that the
regulation, absorption, and transport of sterols appeared to play a major role in the differential survival
of eels in polluted environments.

3.2. Laboratory Applications

Regarding the application of genetic assays in laboratory tests, few works have evaluated long
multigenerational exposures. Indeed, in the environment, organisms are often exposed to substances
over a time scale that is typically impossible to mimic in the laboratory. To capture population genetic
effects, the exposure time must be extended over multiple generations, which is a significant challenge
in laboratory ecotoxicological studies. Multigenerational tests can be successfully conducted in only
a few species that are easy to breed. However, a well-planned multigenerational test may significantly
accelerate processes, such as selection, adaptation, or inbreeding, accomplishing in the laboratory
what requires a relatively long time in the field. A multigenerational test, as explained below, can be
significantly more realistic from an ecological perspective than normal single generation tests. Indeed,
as in the traditional ecotoxicological approach, the controlled conditions of the laboratory test could
favor a univocal data interpretation, whereas field studies can be affected by all of the (uncontrolled)
variables that are present in a natural ecosystem. Finally, the ability to analyze repeated temporal
samples collected during the experiment can significantly improve the resolution of the experimental
design, as described in Section 3.1.

Most of the multigenerational experiments published to date are relatively recent and all
employ the microsatellite technique. Athrey et al. [64] applied the technique to the least killifish
Heterandria formosa to assess the loss of genetic variation in laboratory populations after eight
generations of strong selection for an increased resistance to cadmium. The authors compared genetic
variation between three selected and three control laboratory populations and between these laboratory
populations and the source population by maintaining the same number of breeders (60 specimens)
and sex ratio (1:1) between replicates and across generations. A previous analysis found a rapid
six-fold increase in resistance and specific fitness costs associated with this adaptation to lethal Cd
concentrations. Heterozygosity was lower in each selected population than in its paired control
population, and this difference was statistically significant in two of the three comparisons. Using this
genetic approach, the authors demonstrated that adaptation to environmental contaminants can
result in an overall loss of genetic variation, and they related this loss to an increased variance in
reproduction in exposed populations due to a probable differential survival of families in response
to Cd exposure. This study emphasized that adaptation to lethal levels of a contaminant can induce
overall genetic erosion in the absence of external factors counterbalancing the loss of genetic variability.
Nevertheless, specific investigations focusing on the genes involved in the adaptation to Cd were
not possible based only on seven microsatellite loci. This study also addressed one of the critical
points of multigenerational studies: the unavoidable loss of genetic variation in all test populations
due to the genetic effective population size imposed by the experimental setting and the absence of
external gene flow. In this specific case, the genetic effective population size was estimated to be
~20% of the census population size in all treatments after eight generations, and the loss of genetic
variability due to rearing conditions was significant. Indeed, in all experimental lines, only about two
alleles/loci were left and heterozygosity was strongly reduced (32.11% and 37.8% for controls and
exposed lines, respectively).

The loss of genetic variation resulting from breeding populations in the laboratory demonstrates
that it is important to maintain a large population size and that the potential loss of genetic variation
in laboratory populations should be taken into consideration when extrapolating from laboratory
to natural populations. Again, the use of simulation approaches could assist in determining the
experimental conditions suitable to maintain sufficient genetic variability despite genetic drift,
generating a null scenario of random mating, and thus enabling exposed and unexposed populations
to be compared.
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Whereas adaptation to lethal levels of contaminants was the focus of the work by Athrey et al.,
other authors have adopted the multigenerational (12 generations) approach to simulate a long-term
chronic and sublethal exposure and to investigate gradual population phenotypic responses to the
stressor. In this regard, an interesting case study was proposed by Vogt and Novak [65,66]. In their
works, the midge (Chironomus riparius) was used as a freshwater model organism to investigate
the effects of the highly toxic biocide tributyltin (TBT) at two different sublethal, environmentally
relevant concentrations. The study aim was to monitor changes in the population genetic structure as
a response to a toxic stress due to adaptation processes or the reduction of neutral genetic variation.
In addition to the investigation of genetic variation in the stressed population, fitness-relevant
parameters (e.g., mortality and reproduction) were also monitored across all generations. Regarding
genetic diversity, it is interesting that the authors found different patterns of response in populations
depending on the contaminant concentrations. In the case of milder exposure (4.46 μg Sn kg−1

sediment, dw), no significant differences were found in the level of heterozygosity or allele richness
at five microsatellite loci between the exposed and the control populations, but deviations from
the Hardy-Weinberg equilibrium accumulated at two loci over the generations in the TBT-exposed
populations, suggesting possible selective effects. Moreover, considerable evidence for ongoing
adaptation processes was suggested by a significant tolerance to TBT in an acute test and a simultaneous
increase in reproductive output in later generations.

This study was preliminary to a second study, which investigated the effects of a nearly doubled
concentration of TBT [65]. The experimental plan was the same: a 12-generation test was performed
on the same model organism (C. riparius) with the aim of revealing and measure genetic variation in
relation to life trait responses. In this second study, a significantly higher decrease in overall genetic
variation, in terms of heterozygosity and allele richness, was detected in TBT-exposed populations.
No evidence for selection processes was detected, as no significant time trend in any life-history
trait was observed, and tolerance towards TBT did not significantly change over time. However,
reproductive impairments (increased mortalities and a reduced number of fertile clutches) in most
generations were associated with TBT exposure.

Overall, both of the studies appeared to indicate that different intensities of the same stressor
modulate the reciprocal balance between selection and genetic drift. Unfortunately, the experimental
design did not allow a detailed evaluation of whether the pool of genes under selection varied
significantly in the two cases or under the same experimental conditions regardless of the presence of
the contaminant. Indeed, it must be remembered that microsatellites are typically neutral markers
except when linked to selected traits, which is a highly improbable event given that toxicant-induced
selection usually occurs in a very low percentage of loci within the genome.

The results of these studies were fundamental for ratifying the differences between
single-generation and multigeneration tests. Indeed, two main lines of evidence emerged against
the significance of short-term assays. First, there was high, apparently stochastic, variability in
responses linked to life traits, often indicating opposite and contrasting inferences about the toxicity of
contaminants from one generation to another [65]. Second, long-term significant effects on genetic
variability were present despite the absence of clear phenotypic responses, which appeared to indicate
that the traditional tools employed for ecological risk assessment may in many cases underestimate
the long-term risk of extinction for resident populations.

In another case study, a different response at the genetic level was found by Stefani and
co-workers [31], who aimed to identify the long-term effects of perfluorinated compounds (PFAS),
which are very persistent contaminants of emerging concern. According to the experimental framework
of Nowak et al. [58], the authors exposed some populations of C. riparius to 10 μg L−1 PFOA, PFOS,
or PFBS (two replicates per treatment) for 10 generations, together with two contaminant-free controls.

For the tested substances other than PFOS, low acute toxicity was found for test organisms
with standard end-points, indicating toxic concentrations significantly above the levels found in the
environment. Genetic analysis demonstrated the maintenance of heterozygosity and allelic diversity in
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PFOS- and PFBS-treated populations with respect to the controls across generations, whereas no effects
for PFOA-treated samples were detected despite a general loss of genetic diversity in all treatments
due to the experimental design. The results obtained were not indicative of genetic erosion caused by
PFASs. On the contrary, a pattern of increased mutation rates emerged as the main transgenerational
effect, as demonstrated by the integration of the coalescent simulation approach and the availability of
temporally repeated samples and the absence of gene flow. A possible explanation is that an increased
mutation rate may have been caused directly by exposure to the contaminant [6] because of the
chemical properties of the sulphonate groups carried by PFOS and PFBS, or indirectly by physiological
stress [74]. Indeed, exposure to PFOS and PFBS may have induced worse physiological conditions
than those observed in the absence of toxicants, and thus generated an increase in mutation rate.
A genetic characterization of wild populations of a caddisfly inhabiting a site highly impacted by
PFOA demonstrated significant effects (i.e., an altered genetic structure) as well [75].

4. Potential Role of Evolutionary Toxicology in Ecological Risk Assessments

The introduction of an evolutionary perspective to the ecological risk assessment (ERA) of
chemical contaminants has received limited attention to date, although the integration of evolutionary
toxicology with regulatory procedures has been recommended since the dawn of the discipline [5,7,16].
Indeed, although a long-term risk for populations linked to the alteration of genetic properties was
considered plausible, disentangling this detrimental process from other co-occurring stressors has
nevertheless been challenging in many cases [76]. This was in part due to the awareness that the
available genetic approaches were scarcely standardizable, often requiring relevant analytical and
time resources, and their output was challenging to convert to a risk scale. Here, we illustrate the
potential for ABC simulations to optimize the design of population genetic studies to detect chemical
impacts, including both bottlenecks and selection [30,34,52,53,77] (Figure 1). This would allow testing
the feasibility of population genetics or genomic surveys in specific contexts to evaluate and quantify
the costs necessary to reach significant and acceptable inferences and, at the end of the assay, to provide
responses by testing alternative scenarios [31] based on a set of the most informative statistics.

Recently, thanks to the improvement in genetic techniques, more and more studies have
succeeded in demonstrating a fundamental role of evolutionary dynamics in determining responses to
environmental stressors, including chemical pollution [78,79]. A paradigmatic case study involves the
adaptation of Atlantic killifish (Fundulus heteroclitus) to a wide range of toxicants, particularly PCBs,
in northern American estuaries [62]. In addition to demonstrating a rapid convergent adaptation that
favors the inhibition of the AHR pathway, the primary target of dioxine-like compounds, this study
provided the opportunity to draw useful, general guidelines that can be extended to other potential
cases and introduced to an ERA framework. First, the intrinsic properties of the exposed populations,
such as a high population size, short generation time, and high genetic diversity, increase the probability
of a rapid adaptation to toxicants, whereas the opposite conditions could be related to a higher
stochastic extinction risk [46,72,80]. One might assume (often incorrectly) that species with a higher
probability of adaptation would likely be of less concern for protection, whereas rare and endangered
taxa would be more prone to extinction when they confront a relevant chemical contamination.
Nevertheless, it should be considered that even if adaptation apparently acts as a rescue strategy, it often
carries fitness costs, particularly in terms of a decreased resistance to other stressors, which could
indirectly impair the long-term persistence of even abundant and prolific species [81–83]. Moreover,
abundant species often play a key role in maintaining ecosystem functionality, and their reduced fitness
or demographic contraction may significantly impair the provision of ecosystem services [84]. Overall,
this guideline can have resounding relevance for conservation prioritization and risk assessment
optimization, aiding the choice of suitable and sensitive model taxa for evaluating either short-term
risks (i.e., extinction risks via population viability analysis) in the case of endangered and small
populations, which likely have limited potential to adapt rapidly, or long-term risks (i.e., fitness costs
to adaptation) in the case of abundant and prolific populations.
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Moreover, adaptations to a single or a few prevalent compounds were more likely, more rapid, and
less demanding than to a wider mixture of less concentrated pollutants in terms of energetic trade-offs.
For example, exposure to pulsed, highly concentrated, specific target toxicants (e.g., pesticides) likely
drives the selection of simple phenotypes related to a single or a few physiological targets, whereas
chronic exposure to sublethal mixtures of contaminants with multiple modes of action requires the
selection of complex, multidimensional phenotypes, which is a less likely process that requires a long
time to evolve [62]. In the latter case, further investigations of evolutionary implications may be
focused primarily on the first category of contaminants in the context of the process of prioritization of
substances for surveillance monitoring.

A corollary of this principle is that the severity of the exposure influences the complexity of
genes involved in adaptation. Whenever the intensity of an environmental stressor exceeds the upper
tail of the sensitivity distribution of phenotypes within a population, few genes with large effects
are typically involved in adaptation. In the case of a milder, prolonged, and gradual intensity of
perturbation, polygenic adaptation becomes more likely. Again, it is worth noting that adaptation to
a simple complex of genes does not imply that long-term risks may be less relevant than those under
polygenic adaptation. Indeed, pleiotropy is a common property of genomes [85], and the indirect
effects of selection on numerous phenotypic traits, even those related to a single gene, are frequent,
often leading to compensatory adaptations in other genes (assuming that physiological adjustments
have failed to restore homeostasis) [86,87].

It is now evident that the long-term adaptation to toxicants is a common phenomenon in
nature, and effective mechanisms of resistance and detoxification are often shared between related
phylogenetic lineages [88]. This awareness has raised the possibility that the sensitivity of taxa
to contaminants could be in some way be predicted by their phylogenetic affinity. For example,
some authors [85] provided evidence of a significant correlation between the sensitivity of taxa to
chloride, a typical natural stressor that organisms have faced since the transition from marine to
freshwater habitats, and their phylogenetic relatedness. Hence, the possibility of estimating toxicity
thresholds for untested taxa by extrapolating from the available estimates of related species appears a
reasonable approach in ERA to increase ecological realism and to escape from the intrinsic limits of the
model species approach [89].

Even the short-term adaptation to toxicants by resident species may have a relevant influence on
the ERA. It is well known that the current normative approach has limits in assessing long-term effects,
which can persist after the exposure has ceased, particularly under multiple stressor conditions [8,76].
Indeed, adaptation to toxicants by wild populations may provide sensitivity to the selective factor
or to other stressors, which can be significantly different from that estimated in laboratory assays,
which are the basis for the derivation of toxicological thresholds. For example, variation in the response
to chloride exposure by adapted and non-adapted conspecific wild populations of two amphibians
was large, and exceeded the range of variability estimated among other amphibian species [85].
Consequently, a reasonable improvement in the ERA should not overlook the probability of adaptation
by resident populations to pre-existing stressors (Figure 1), and precautionary approaches should be
adopted whenever specific assays are not available or conducted.

5. Conclusions

Evidence that chemical contaminants may have direct or indirect impacts on the genetic variability
of exposed populations is now growing. Moreover, thanks to the integration of NGS approaches,
mechanisms and processes of adaptation have been revealed. The negative impacts on the long-term
probability of survival of adapted populations are no longer described only as theoretical possibilities,
but rather can be tested and hopefully predicted (see examples in References [62,90]).

As demonstrated in the studies reviewed above, the use of a genetic approach can highlight the
differences between exposed and reference populations both in laboratory tests and in field research,
raising concerns about contaminant effects and the fate of the populations involved. Nevertheless,
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there is also some evidence of a relevant counteracting effect of natural dynamics, such as migration
and gene flow, or different synergistic, neutral, or antagonistic interactions of adaptation with other
stressors. This is probably one of the most important aspects that should be addressed in the
immediate future, with the ultimate aim of improving the predictability of the long-term fate of
exposed populations. This consideration should not, however, be assumed to be indicative of a limited
relevance of evolutionary changes in the context of ecotoxicological risk assessment. Indeed, the
reviewed case studies demonstrated that the investigation of adaptation to contamination, with its
intrinsic drawbacks, is greatly improved by the implementation of genomic scan techniques, which are
just starting to be massively employed in this discipline.

As suggested by Bourret et al., our review highlights several examples indicating that evolutionary
change may occur more rapidly in our lifetime [10] and provides more evidence that human activities
are not only affecting the demography and the ecology of wild species, but also their evolutionary
trajectory [76,79]. This statement alone should be considered sufficient to integrate evolutionary
approaches into environmental assessment procedures.

Supplementary Materials: The following are available online at http://www.mdpi.com/2073-4441/10/4/490/
s1.
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