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A B S T R A C T

To understand the effect of metal pollution on the speciation process, we conducted comparative analyses of six
populations of the gastropod Melanoides tuberculata, which dominated the Manzala lagoon (Nile Delta, Egypt).
Geometric morphometric analysis was implemented to quantify the phenotypic plasticity of the species. The
results from both Canonical Variate Analysis and Relative Warp indicated an overall decrease in the morpho-
logical breadth ofM. tuberculata in the polluted sites. The favored phenotypes in the polluted sites have moderate
whorl section, moderate ovate aperture, less-prominent radial ornament, and overall moderate-spired shells.
Lack of morphological variations and dominance of intermediate phenotypes in the polluted sites indicate that
stabilizing selection is driving the morphological pattern of this species. Moreover, analysis by using the partial
least square model confirmed that metal pollution is the major predictor of the observed shape variations,
whereas other biotic/abiotic traits are a minor predictor.

1. Introduction

Understanding the mechanisms underlying the origin and main-
tenance of biodiversity is a central goal of modern ecological research
(Vonlanthen et al., 2012; Tan et al., 2013). Morphological variation has
become an interesting topic in evolutionary ecology (Debat and David,
2001; Mcnulty and Vinyard, 2015). Variation in animal morphology is
influenced by environmental effects and genetic mutations (Debat and
David, 2001). The interactions between genetic variations within a
specific population and the environment play a pivotal role in the
natural selection process, in which the environment determines the
favorable characters that must exist (Debat and David, 2001). Because
of the dynamic nature of the environment, genetically variable popu-
lations will be able to adapt to these changes compared to those that
have no or little genetic variation (Monteiro and Nogueira, 2009). In
general, environmental changes are usually accompanied by the ap-
pearance of new phenotypes within populations of the same taxon
(adaptive radiation; Neubauer et al., 2013; Monteiro and Nogueira,
2009).

Coastal ecosystems are vulnerable to both natural and

anthropogenic hazards (Pérez-Ruzafa et al., 2013). Anthropogenic ac-
tivities highly control the coastal ecosystems, and this may result in
habitat shifts. Therefore, coastal ecosystem taxa can provide the op-
portunity to understand the consequence of the pollution on the spe-
ciation process (Vonlanthen et al., 2012; Abdelhady, 2016; Márquez
et al., 2011, 2017). Vonlanthen et al. (2012) found that genetic and
functional distinctiveness among fish species was the result of eu-
trophication, and thus, conservation efforts should not only target
threatened species but also identify and protect the ecological processes
that generate and maintain these species.

The biological processes of speciation and evolution have been
continuously assessed by using shape analysis (see Hollander et al.,
2006; Frederich et al., 2008; Berner et al., 2008; Monteiro and
Nogueira, 2009; Zelditch et al., 2012; Neubauer et al., 2013, 2014). The
shell geometry in gastropods is one of the most important biotic factors
that determine the ability of the animal to live, feed, and avoid pre-
dations. According to laboratory and field observations, abiotic factors
such as temperature, current, and salinity have major influences on the
shell morphology (see Britton and McMahon, 2004; Rundle et al., 2004;
Dillon and Herman, 2009; Márquez et al., 2015; Farani et al., 2015).
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Therefore, coastal gastropods have often been used as a model organism
for analyzing the phenotypic plasticity and highlighting the role of
environmental pollution (e.g., Abdelhady, 2016; Márquez et al., 2011,
2017). Abdelhady (2016) and Márquez et al. (2011) highlighted the
role of environmental perturbations on driving or shifting the mor-
phological variation within a given population, a phenomenon that is
well generalized in Márquez et al. (2017). Consequently, phenotypic
plasticity can provide information on the biodiversity trend in addition
to environmental changes.

The gastropod Melanoides tuberculata is one of the most dominant
freshwater gastropods worldwide. This species has successful invasion
strategies and was reported to prevail in different environments (Lau
et al., 1998; Vogler et al., 2002; Farani et al., 2015). In addition, qua-
litative observations demonstrated that this invasive species shows
much more morphological variations than others (Pointier et al., 1993).
Herein, we aim to quantify the phenotypic variation in M. tuberculata as
a model for understanding the ecological consequences of environ-
mental pollution. The main research question to be addressed is how
the patterns of variations differ between polluted and unpolluted sites
within the Manzala lagoon. Quantification of the morphological var-
iations under stressful conditions in reference to a stable environment
should draw a clear idea about the current biodiversity threats, which
may result in evolutionary changes.

Manzala lagoon, the largest of the Nile Delta, is an important re-
source for fisheries in the Nile River Delta and accounts for> 30% of all
commercial and recreational fish landed and consumed in Egypt.
However, Manzala lagoon has been classified as one of the most pol-
luted lakes in Egypt (Wahab and Badawy, 2004; Elkady et al., 2015).
Trace metals entering the system are expected to accumulate with time
(Gu et al., 2011). Environmental pollution in the Manzala lagoon and
its main drainage channels has previously been documented by mea-
suring the concentrations of selected trace metals in fish and sediment
samples (Wahab and Badawy, 2004; Gu et al., 2013). Authman et al.
(2008) used Oreochromis niloticus as a model for biomonitoring and
found that the concentrations of heavy metals exceeded the tolerance
level for human consumption. Sources of contaminants in the Manzala
lagoon include untreated sewage, atmospheric deposition, as well as
agricultural and industrial wastes, which may have an impact on
human health when fish are consumed (Elkady et al., 2015).

2. Materials and methods

2.1. Sampling and measurements

The Manzala lagoon was scanned and sampled during winter 2016.
The lagoon is located 170 km north of Cairo between Port Said on the
East and Damietta on the West (Fig. 1). The lagoon is connected to the
Mediterranean Sea through three outlets, namely, El-Gamil 1, El-Gamil
2, and New El-Boughas. It is also connected to the Red Sea through the
Suez Canal by the El-Qabouti Canal (Fig. 1). Recently, intense agri-
culture runoff has been found to enter the lagoon through many drains
(e.g., Bahr El-Baqar, Bahr Hadus, Ramses, Mandesi, El-Sherw, and El-
Inaniya; see Abdelhady et al., in review; Fig. 1). The depth of the water
in the lagoon varies from 4m to less than half a meter. Eutrophication
and pollution are the main threats to the lagoon (El-Kholy et al., 2012).
The sediment of post Aswan High Dam of these lakes, occasionally in
the Manzala lagoon, is polluted by many metals, especially Mn, Pb, Zn,
and Cd, because of the direct human input from neighboring mega-
cities, where the petrochemical industry is thought to be a major source
(Gu et al., 2011). Aridity and low precipitation disable the flushing out
of these heavy metals to the sea as in the case of humid lakes (Gu et al.,
2013; Elkady et al., 2015).

Sediments and benthic macrofauna were sampled using a 20× 20-
cm Ekman grab sampler. Six sampling sites represented two main
transects: the first transect was located at the southernmost part near
the agricultural drains (sites 1 and 2; Fig. 1) and the second transect

was located at the north near the Mediterranean outlets (reported as
unpolluted; El-Kholy et al., 2012). Conductivity, pH, and water depth
were measured at each site during sampling using the Xplorer GLX PS-
2002 data analysis tool (Table 1). Conductivity was used as an ap-
proximation for water salinity (EC/10001.0878∗0.4365).

2.2. Laboratory analyses

In the laboratory, shells that were alive were separated from those
that were dead, and specimens with life were identified down to the
species level (mainly from Barash and Danin, 1982; Galil, 2004; Lotfy
and Lotfy, 2015). Diversity indices (i.e., Dominance, Evenness, and
Simpson) were calculated and compared among the study sites. Sedi-
ment grain size analysis was conducted by following the method given
by Quintino et al. (1989). Sieving was done using an electric shaker for
a sediment sample of 100 g (sieve opening size: 2, 1, 0.5, 0.25, 0.125,
and 0.063mm). The percentages of the different size classes were cal-
culated. The percentage of fine-grained sediments (silt and clay) ob-
tained by wet sieving through 0.125- and 0.063-mm sieves was also
calculated (Table 1). M. tuberculata shells were picked from the washed
and sieved (0.5 mm) samples. The shells with life were separated from
those that were dead, and the specimens with life were used for geo-
metric morphometric analyses.

Eight major and trace elements (Zn, Cd, Cr, Pb, Cu, Fe, Mn, and Al)
were analyzed using inductively coupled plasma optical emission
spectrometry (ICP–OES) at the Institute of Geology and Geophysics,
Chinese Academy of Sciences (Beijing, China). Sediment samples were
dried at room temperature and then ground and screened through a
0.64-mm sieve to obtain the fine-grained proportion. A dried sediment
aliquot of 0.2 g was taken in a 50-ml beaker, and then, 3ml of a con-
centrated mixture of HNO3 and HCl (1:1) was added. Subsequently, all
the treated samples were diluted to 10ml with ultra-pure water (Milli-
Q). The samples were then filtrated for 5min using a centrifuge to split
the solid and trace metals. Analytical efficiency was checked using a
standard reference material. The analytical values of the reference
material were within the range of the certified values (< 5%). Samples
were collected in triplicate and analyzed.

2.3. Geometric morphometric analysis

Many studies adopted landmark-based morphometric approaches
for addressing a variety of questions in evolutionary biology (Reyment
and Elewa, 2002; Elewa, 2003, 2005; Abdelhady and Elewa, 2010;
Mcnulty and Vinyard, 2015). A landmark-based geometric morpho-
metric analysis was implemented for morphological analyses of M. tu-
berculata, which dominates all the studied sites. Images of each in-
dividual were captured using a LEICA stereomicroscope and Nikon D50
digital camera. The procedure same as that described in Abdelhady
(2016) for minimizing error associated with capturing 2D image from
the 3D object was followed. Twenty-four landmarks were digitized
using TPSDig Package (http://life.bio.sunysb.edu/morph/, Rohlf, 2006;
Fig. 2). Generalized Procrustes Analysis (GPA) was applied to the co-
ordinate data by the method of Rohlf and Slice (1990). Landmark
configurations were translated, scaled, and rotated until the distances
among homologous landmarks are minimized according to the partial
least square (PLS) criteria. The resulting data were considered with
regard to shape only (Appendix A).

2.4. Multivariate data analyses

The Procrustes residual data were projected to Canonical Variate
Analysis (CVA), which maximizes the differences among populations,
and Thin plate spline (TPS), which visualizes the shape changes when
one specimen is deformed into another one (i.e., displacement/de-
formation of the landmarks relative to the mean shape; for details see
Zelditch et al., 2012; Klingenberg, 2013). The Relative Warp (RW)
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scores of each specimen are used to map their location on RW axes
(Rohlf, 1996; Hammer and Harper, 2006). The plots from ordinations
such as CVA and RW in addition to the TPS grid deformation provide a
graphical representation of the shape changes and have been widely
implemented (Klingenberg, 2013).

Previous studies argued that shape variation was due to different
biotic factors (e.g., abundance, the challenge for food/space, and ge-
netic diversity) and abiotic factors (e.g., wave energy, substrate type,
and water depth; see Abdelhady, 2016). The PLS model was employed
to quantify the effect of each environmental/biological parameter. PLS
is more reliable than other techniques when identifying relevant vari-
ables and their magnitudes of influence, especially in cases of small
sample size. Chord transformation has been performed before PLS
analysis. The two blocks of the data are the mean shell shape at each

site (observations) and the biotic/abiotic parameters (predictors; Ap-
pendix B). Then, we correlated the first significant components between
the two datasets. The sum of the covariance of the two significant
components gives us the total explanatory capacity of the PLS models
(Q2, 0 means no correspondence and 100 is complete correspondence).
Loadings or the Variable Importance for the Projections (VIPs), which
are linear coefficient plots between the particular predictor (herein, the
biotic/abiotic variables) and the observations (shell shape) across all
the model components, were used to quickly identify the explanatory
variables that contribute the most to the models (i.e., the weight of each
predictor; for details, see Zelditch et al., 2012).

To test whether our data are adequate for quantitative analyses, the
dataset was evaluated with rarefaction, a technique to assess species
richness (see Sanders, 1968; Hurlbert, 1971). This curve is a plot of the

Fig. 1. Satellite image of the Manzala lagoon and the position of sampling sites. Note the difference in water quality between the stagnant, plant-rich, muddy water of
Transect A (sites 1 and 2), and the flowing water of Transect B (Sites 2, 4, 5, and 6). White arrows indicate the agricultural drains, which are the major source of
pollution in the lagoon.
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number of species as a function of the number of specimens. A steep
slope of the curve to the right indicates that a large fraction of the
species diversity remains to be discovered. A flattening curve to the
right that more or less resembles a plateau indicates that a reasonable
number of individual samples have been sampled, and hence, more
intensive sampling will yield only a few additional species (see
Abdelhady and Fürsich, 2014). Rarefaction curves of all the measured
sites are flattened to the right (Fig. 3), which means that the sampling is
sufficient and additional faunal sampling will have no or little effect on
the results. All data were analyzed using PAST version 2.17 (Hammer
et al., 2001).

3. Results

3.1. Shape variation

3.1.1. Canonical Variate Analysis
We analyzed 300 individuals from six sites. For discrimination

among the different populations, the CVA was applied. The CVA plot
shows a weak morphological overlap between the two transects and a
strong overlap among populations from the same transects (Fig. 4). The
CVA plot shows a satisfying shape gradient along the first CV axis (CV1
axis), which explains 54.9% of the total variability among the different
populations. Few shell shape attributes can be changed along the CV1
axis. Indeed, positive CV1 values are associated with much wider body
whorls, whereas negative CV1 values are associated with narrower
body whorls. Although no more specific shell attributes can be

distinguished along the CV1 axis, populations from the polluted
transect have positive values and are plotted to the left most area,
whereas populations from the unpolluted transect loaded negatively
and were plotted to the right (Fig. 4). The low variability within the
populations from polluted sites compared to that from the unpolluted
ones is the most conspicuous feature along the CV1 axis.

The population of site 3, which share the same (at least similar)
habitat settings with the other population of the same transect (un-
polluted), was plotted near populations of the polluted sites. In addi-
tion, it has a slight narrower variation/scatter and resembles transect
A's populations (Fig. 4). Herein, it is important to refer to the relatively
high Cd level (above Effects Range Low [ERL]) of the sediments of this
site (Table 1). The second axis (CV2) represents 27.3% of the total
variance and arranges the individuals according to specific shape
characteristics. Individuals with higher axis two values have a more
slender shell shape and rounded aperture, whereas individuals with
wider shells and ovate apertures have lower axis two values (Fig. 4).

3.1.2. Thin Plate Spline
The morphological differences between and within the two trans-

ects (interspecific and intraspecific variations) obtained by the CVA
agree with the shape analysis of the TPS (Fig. 5), which is expected.
Note that the TPS deformation results can be used in statistical analyses
like the coordinates obtained by Procrustes and like Bookstein shape
coordinates (Zelditch et al., 2012). The deformation/transformation
from the original shape of all populations to the shape of a specific
population shows a general trend toward increasing variability, where

Table 1
Species diversity, environmental data, and metal concentrations in the studied sampling sites.

Sampling sites

1 2 3 4 5 6

Species Melanoides tuberculata (Müller, 1774) 261 127 51 118 104 52
Theodoxus niloticus (Reeve, 1856) 5 9 0 0 0 0
Theodoxus michonii (Bourguignat, 1852) 22 0 0 0 37 0
Unio terminalis Bourguignat, 1852 19 5 30 60 0 0
Coelatura aegyptiaca (Cailliaud, 1827) 10 26 0 0 0 0
Bellamya unicolor (Olivier, 1804) 9 13 26 0 0 23
Planorbis planorbis (Locard, 1883) 23 17 22 34 0 0
Biomphalaria alexandrina (Ehrenberg, 1831) 15 2 0 0 0 3
Haitia acuta (Draparnaud, 1805) 0 0 0 0 10 0
Mactra lilacea Lamarck, 1818 9 11 0 17 0 52
Neverita didyma (Röding, 1798) 0 0 0 0 0 10
Ceratoderma glaucum (Bruguière, 1789) 0 4 0 0 0 7
Fulvia fragilis (Forsskål in Niebuhr, 1775) 0 0 0 42 11 105
Pirenella conica Blainville, 1829 37 9 18 0 87 0
Corbicula fluminalis (Müller, 1774) 7 18 8 5 74 0

Diversity Individuals 417 318 155 238 323 252
Species 12 12 7 7 7 8
Dominance 0.4 0.3 0.2 0.3 0.2 0.3
Simpson 0.6 0.7 0.8 0.7 0.8 0.7
Evenness 0.4 0.5 0.9 0.7 0.8 0.7

Physical parameters Gravel 13.0 12.0 58.8 55.7 60.4 27.0
Coarse sand 23.5 2.8 24.6 26.8 25.1 9.9
medium sand 9.5 10.0 2.2 0.0 1.8 36.5
Fine sand 22.5 23.0 4.7 14.9 4.5 23.0
Silt 12.0 32.2 5.9 2.1 5.2 3.3
Clay 19.6 20.2 3.8 0.5 3.1 0.3
TDS 8.7 12.7 21.3 21.3 20.2 23.0
pH 8.0 8.0 8.1 8.3 7.7 8.2
Water depth 2.3 2.7 3.2 3.5 3.4 2.5

Major and trace metals Pb (μg/Kg) 371.49 231.07 3.00 3.00 1.52 0.85
Zn (μg/Kg) 215.82 155.27 12.67 9.21 8.14 4.58
Cr (μg/Kg) 56.15 12.99 5.89 4.28 3.82 2.60
Cu (μg/Kg) 62.24 23.16 7.72 14.05 8.93 3.05
Cd (μg/Kg) 1.62 1.51 1.22 0.98 0.75 0.26
Al (g/Kg) 25.54 26.15 24.65 11.83 11.66 5.15
Fe (g/Kg) 64.68 44.44 56.41 39.63 28.54 10.90
Mn (g/Kg) 2.60 1.90 2.01 3.34 3.06 1.36

Bold indicate that metal concentration is above the Effective Range Low/Median (Long and Morgan, 1990).
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the deformation pattern becomes more complicated in populations
from unpolluted sites (Fig. 5). The high variation within these popu-
lations indicates the occurrence of many phenotypes, and thus, the
mean shape of a specific population deviated much more from the mean

shape of all populations. By contrast, the mean shape of populations
from unpolluted sites deviated less from the mean original shape of all
populations, and this can be indicated by a minor (site 1) or low (site 2)
deformation of the grids (Fig. 5). Furthermore, the deformation (dif-
ferences) is mainly high for aperture and whorl section (occasionally at
the juvenile/mature boundary) but is less cauterized in body whorls.
This high deformation is presented by dark red spots on the heat map of
the landmarks (Fig. 5).

3.1.3. Relative Warp
As the transformation grid of the TPS represents only a method for

visualization, which does not represent a complete biological meaning,
RW analyses were also implemented (Fig. 6). RW1 (10.6%) explained
the variation in individuals that loaded positively with an increase in
shell height/shell width ratio (low spired vs. high spired; Fig. 6). The
populations from the polluted sites have intermediate values on this
axis (Fig. 6). The dense cloud of the specimens of the polluted sites
(Fig. 6) indicates limited morphological diversity along both axes of the
RW, which confirms the CVA and TPS results. By contrast, the speci-
mens from the second transect are highly scattered (i.e., high mor-
phological variability/diversity). RW2 (7.7%) explained the variation
with regard to a combination of morphological characteristics such as
aperture roundness, apex (juvenile) length, body whorl width, and
whorl section. Positive RW2 values represent individuals with a quad-
rate whorl section, rounded aperture, wide body whorl, and elongated
apex. By contrast, individuals with an elongated whorl section, oval
aperture, narrow body whorl, and short apex loaded negatively (Fig. 6).
Although the first components explain the low proportion of the total
variance, PLS regression (not shown here) indicate that RW1 is the only
major evidence for the shell shape variation. The phenotypic variation
within and among different populations is well illustrated by the box
plot for the RW1 scores (Fig. 7).

The two ordination plots indicated that populations from the “pol-
luted” transect A (sites 1 and 2), which plotted mainly on central po-
sitions, must have a moderate slender shell shape, moderate apical
angle, moderate whorl section, and less prominent radial ornament
(low variation). By contrast, populations from the “unpolluted” transect
B (sites 3:6) have a characteristic of smooth-to-prominent radial orna-
ment (based on qualitative comparison, see Fig. 7) and high or low (but
not moderate) apical angle, quadrate-to-elongate whorls, rounded-to-
elongated aperture, and low- to high-spired shell shape.

3.2. Environmental and biological traits

Physical parameters (e.g., electric conductivity, pH, and salinity)
and substrate type represent the major differences among sites. High
water salinity and coarse grain substrates characterize the unpolluted
sites of the lagoon, whereas the polluted sites located to the south are
characterized by lower salinity and fine-grained substrate (Table 1). In
addition, metal concentrations agree with our expectations based on
the previous investigations (e.g., Gu et al., 2013; El-Kholy et al., 2012).
Metal concentrations indicate unpolluted conditions of the studied
metals at the northern sites near the Mediterranean outlets, where the
concentrations of the metals fall below the levels of concern (Long and
Morgan, 1990; Table 1). By contrast, concentrations of Cd and Zn in the
southern sites near the agricultural drains fall above the ERL) and those
of Pb fall above Effects Range Median (Long and Morgan, 1990;
Table 1).

Fifteen mollusk species were identified (11 gastropods and 6 bi-
valves; Table 1). Species richness at the six sites varied from 7 to 12
species. Abundance also varies from 155 to 417 individuals (Table 1).
Although species richness is higher at polluted sites (sites 1 and 2;
Fig. 4) than at unpolluted areas, diversity (Simpson) and evenness are
low, and dominance is very high in the polluted sites compared to other
unpolluted sites (Table 1). M. tuberculata is the only species recorded
from all sites. As it occurs with high abundance, it was selected for

Fig. 2. Shell morphology of Melanoides tuberculata showing the position of the
24 landmarks analyzed.

Fig. 3. Rarefaction curves show the diversity of the benthic mollusks at the
studied sites. All curves flatten to the right, which suggests adequate sampling
of the analyzed populations.
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further morphological analyses as we mentioned above.
The PLS model was employed to determine the effect of the biotic/

abiotic traits on shell morphology. The models are well fitted (the first
three components explain 99% of the covariance between the two da-
tasets), and the cumulated Q2 corresponding to this model reaches
40.12% (Fig. 8). Plots of the loadings (VIPs) in Fig. 8 indicate that metal
pollution (occasionally Pb and Zn) is the first major predictor of the
total variability in shell shape (i.e., a good predictor, 0.48 and 0.46,
respectively; Fig. 8). The shale percentage is the second main con-
tributor to the shell shape (0.38). However, the latter can be attributed
to the well-known association between metal concentrations and fine-
grained sediments (i.e., this result is related to the collinearity between
the metals and the shale content; Whitney, 1975). Therefore, the shape
variation and the stabilizing selection mentioned above can be argued
without bias to the metal pollution.

4. Discussion

4.1. Ecological remarks

M. tuberculata is an epifaunal gastropod that is dominant in shallow
slow-flowing water bodies on soft mud or sand substrates (Da Silva
et al., 1994). It grazes on algae and diatoms in addition to fine organic
materials of the substrate (i.e., generalist/detritivore; Dudgeon, 1989).
It exhibits clear phenotypic plasticity, and it has been reported to pre-
vail under a wide range of environmental conditions (Lau et al., 1998;
Vogler et al., 2002). M. tuberculata also adapts under different salinity
conditions (Farani et al., 2015) and shows high resistance to pollution
and other harsh conditions (Pointier et al., 1993). In addition to salinity
tolerance, it has resistance to high pH levels and low oxygen saturation
levels. The shell is characterized by weak-to-prominent vertical ribs,
occasionally in the upper whorls of the shell. The adult shell length

Fig. 4. The CVA scatter plot of Melanoides tuberculata shows a gradient on the distribution of the populations, where those from the polluted sites were plotted at the
right most area. The main findings are the less variability in shape in the populations from the polluted sites.

Fig. 5. Shape change in Melanoides tuberculata depicted by thin plate spline. The deformation heat map shows the mean shape of each population when projected
against the mean shape of all populations.
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varies between 30 and 36mm; females have a wider body whorl than
males, and both sexual and asexual modes of reproduction were re-
ported (Heller and Farstay, 1989). The juvenile protoconch size is<
4mm, which is represented by the first two whorls. Low mortality
rates, high population densities, and long lifespan in addition to low
intraspecific competition enable M. tuberculata to live in stable and
harsh environments (Pointier et al., 1991). Consequently, this species
has been used continuously as a bioindicator for pollution (see Qarooni
et al., 2012).

According to Genner et al. (2004b), M. tuberculata may have two
different clades. One clade is a recent introduction into Lake Malawi
and has Southeast Asian ancestry and the other clade is widespread
throughout East Africa and the Middle East (i.e., two cryptic species;
Genner et al., 2004a; Dillon, 2014). Sørensen et al. (2005) indicated
that three different clades occur in Lake Malawi; one clade consisted of
invasive M. tuberculata, another clade of native M. tuberculata, and the
third complex one of Melanoides polymorpha. The diversity of pheno-
types within the genus Melanoides in Lake Malawi was attributed to the
divergence of the genetic clones instead of species differentiation. Fi-
nally, we conclude on the basis of these previous investigations that the
variation among the studied populations may be generated by the fol-
lowing: (1) sexual dimorphism (males vs. females), (2) reproduction
type (i.e., sexual vs. asexual), or (3) cryptic species. However, none of
these scenarios can explain the variation observed in the Manzala la-
goon. First, all these three possible scenarios (if they exist) should be
reproducible and observed at all sites, which is not the case in the
Manzala lagoon. Second, all these scenarios adequately produced two
or more different, distinctive phenotypes (See Dunithan et al., 2012;
Morais et al., 2014; Neubauer et al., 2013, 2014; Abdelhady, 2016;
Márquez et al., 2017), which is also not the case herein. Although there
is a gradient in shape variability on the morphospace between two
extreme phenotypes, this is limited to the unpolluted sites and not seen
in any of the polluted ones. Therefore, there must be another scenario,
and this should explain the limited morphological variability of the

populations of M. tuberculata on the polluted sites.

4.2. Stabilizing versus directional selection

M. tuberculata has a large morphological variation in its shell, which
ranges from individuals with a less ornament, relatively high spire,
ovate aperture, and an elongated whorl section to individuals with a
prominent radial rib, rounded aperture, low spire, and a quadrate whorl
section. This difference in the shell shape point to the phenotypic
plasticity in response to habitat heterogeneity. This morphological di-
versity may be related to the occurrence within different geographic
areas. Svanbäck and Eklöv (2006) found a clear positive correlation
between morphological and geographical distances within the same
drainage. However, herein, the two transects are at a distance of<
10 km and located within the same environment with minor physico-
chemical differences.

The polluted sites show low variability and thus occupy a restricted
intermediate region of the available morphospace (Figs. 4 and 6). These
plots show that individuals from both polluted and unpolluted sites
(interspecific) can be separated by the shape analysis (separation along
ordination axes). The distinct morphological shift does not occur be-
tween the polluted and unpolluted sites (i.e., intraspecific) but occurs in
the variation among individuals belonging to the same population (i.e.,
interspecific), where populations from polluted sites has less variability.
The latter points to the beginning of the divergence of phenotypes
within this microhabitat (distance of< 10 km). Stabilizing selection is
indicated when the population of the polluted sites occupies the in-
termediate position on the plots, have low variability, and deviated less
from the mean shape.

The extreme phenotypes, which are most common at the unpolluted
sites, are decreased significantly at the polluted sites, where the in-
dividuals do not vary greatly regarding apical angle, whorl sections,
aperture, and overall shape. This is shown as a dense cloud in the CVA
(Fig. 4) and RW (Fig. 6). As habitat heterogeneity is expected to

Fig. 6. Plot of the Relative Warp axes 1 and 2. Deformation grids represent individuals at axis extremes.
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increase the genetic variations (Debat and David, 2001) and fluctuating
environments favor phenotypic plasticity (Svanbäck and Eklöv, 2006),
environmental data cannot explain the major decrease in the pheno-
typic diversity of the populations on the polluted transect; hence, it is

argued that the phenotypic variation may be due to the pollution in-
tensity. Although Abdelhady (2016) and Márquez et al. (2017) noted
that pollution produces a globular shell shape, an effect that probably
allows gastropods to isolate themselves from the external adverse en-
vironment, this was not the case in the Manzala lagoon. There is no
specific phenotype characterizing the polluted sites; instead, there is a
general decrease in the phenotypic diversity. Therefore, stabilizing se-
lection, as the main mechanism of natural selection, rather than phe-
notypic divergence is indicated.

The morphological shift (ecological speciation) in stabilizing selec-
tion started with the disappearance of the extreme phenotypes, and the
descendant species occupy narrow intermediate peaks corresponding to
favorable ecological niches, which is the case in the polluted sites. Note
that in stabilizing selection, the dominant mechanism for natural se-
lection, the population mean stabilizes on a particular nonextreme
value (Schmalhausen, 1949; Mitchell-Olds et al., 2007), and this re-
sulted in a general decrease in the variation within the population
(Lemey et al., 2009). As the pollution intensity represents the major
differences among the examined sites (Table 1) and PLS model con-
firmed that the pollution is the major predictor of shape (Fig. 8), we can
conclude that metal pollution has a major influence on the adaptive
radiation of the gastropod M. tuberculata.

In agreement with our results of the phenotypic plasticity of M.
tuberculata in the Manzala lagoon, Gilinsky (1981), based on morpho-
metric data from fossil and modern Archaeogastropoda data, revealed
that there has been a progressive reduction in the shell morphologies
with time, i.e., a trend toward a decrease in high/low-spired individuals
and increase in equidimensional forms. He argued that this macro-
evolutionary trend is necessary for stabilizing species selection. He
added that stabilizing selection has been burdened by the emphasis on
differential mortality in microevolution rather than a macroevolu-
tionary change. Similarly, based on shell morphology (mainly height
and width), Moreno-Rueda (2009) highlighted the hybrid effect of both
disruptive selection, caused by predation, and stabilizing selection,
caused by other unknown mortality sources, on gastropod populations
with the same strength. He found that the two selective forces acting in
opposite directions resulted in an absence of appreciable selection on
shell height.

Our results also agree with those of Neubauer et al. (2014), who
found that the gastropod Microcolpia parreyssii exhibited a tremendous

Fig. 7. Box plot of the RW axis 1 scores for each population. The main phe-
notypes from different populations illustrating their morphological variability
are also presented. The low variability among the populations from polluted
sites points to the stabilizing selection mechanism of natural selection.

Fig. 8. Plot of the VIPs (Variable Importance for the Projection) of the PLS model between the biotic/abiotic parameters and the shell shape ofMelanoides tuberculata.
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diversity of shapes during the earlier Holocene, although the recent
assemblage includes only a single phenotype. They argued that the
latter was due to the high eutrophication level (increased input of or-
ganic matter) in the small swamp environment, which marginalized the
melanopsid gastropod and reduced its population size.

5. Conclusion

We used geometric morphometric and multivariate analyses to
quantify the phenotypic plasticity of the gastropod M. tuberculata in the
Manzala lagoon. The results indicated a decreased morphological
breadth in the polluted sites compared to that in the unpolluted ones.
Stabilizing selection may favor the intermediate individuals on the
morphospace, thereby resulting in a general decrease in the noise
around the peak of the favored phenotype. As pollution intensity re-
presents the major difference between the examined sites (Table 1) and
PLS confirmed that metal concentrations are the main predictor of shell
shape (Fig. 8), the pollution-induced stabilizing selection is responsible
for the pattern of low phenotypic diversity of the gastropod M. tu-
berculata at least in the study area. Future analyses integrating mole-
cular and morphological data are urgently needed to obtain a robust
conclusion on the impact of pollution on the genetic variation and the
speciation process of the aquatic gastropods.

Supplementary data to this article can be found online at https://
doi.org/10.1016/j.marpolbul.2018.06.026.
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