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Abstract

Background: Isopods shape features are sensitive and respond to several selective pressures which may result in
variations of these features. These pressures might reflect the heterogeneity of the environment where an animal
lives. Land isopods Porcellionides pruinosus were collected from an agricultural field. Landmarks geometric
morphometrics was applied to evaluate its shape changes during two different seasons. The present work aims to
(i) assess and characterize morphological changes in body shape of P. pruinosus as a response to seasonal
variations, (i) determine differences in the body shape during ontogeny, (iii) examine the effect of intraspecific
allometry to interpret the observed variations in the species, and (iv) clarify whether the body shape of P. pruinosus
can be used as a sexual differentiating trait.

Results: Juveniles showed no seasonal variations in the body shape, which were detected among adults, females
and males as shown by PCA, DFA, and MANOVA.

The adult winter forms have large bodies, small heads, broad pereons, and short but wide telsons. The adult
summer forms have small slender bodies, slightly stretched heads, and relatively long telsons. Juveniles’ growth to
adulthood showed body shape changes in the head and pereon, that include shrank of the head in the
anteroposterior direction and its level became slightly lower than the body. The pereon becomes broader and the
two anterolateral projections of the first pereonite extend anteriorly, reaching a little beyond the posterior margin
of the eyes. Present species showed a shape sexual dimorphism which includes the broader body and more
convex pereon in females and a small waist between the second and third pleonites in males. Shape sexual
dimorphism was attributed to reproductive activity. Both allometric trajectories of juveniles and adults (ontogenetic
allometry) and of sexes (static allometry) were parallel.

Conclusions: The landmark geometric morphometric technique was able to reveal the seasonal shape variations in
terrestrial isopod P. pruinosus. Also, this method provides information about shape variations between juveniles and
adults, as well as about shape sexual dimorphism.
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Background

Body shape plays a critical role in the life of terrestrial
isopods by affecting some traits as locomotion, feeding,
reproduction, and facing challenges of desiccation, res-
piration, and risk of predation, consequently, affecting
their abundance and vertical distribution (Baliga &
Mehta, 2016; Broly, Devigne, & Deneubourg, 2015;
Csonka, Halasy, Buczko, & Hornung, 2018; Dias et al,
2013; Hornung, 2011). Furthermore, morphology still
has an essential role in their taxonomy.

Heterogeneity of the environment, where an animal
lives, results in selective pressures that lead to some
phenotypic differences among individuals of the same spe-
cies (Fusco & Minelli, 2010; Kawecki & Ebert, 2004).
Phenotypic differences may appear as a result of direct
interaction between the organism’s genetic structure and
the environment where it lives, as well as in sometimes,
with the lagged components that come indirectly from the
environmental effects on its parents and transmitted to
the offspring (Hepp, Fornel, Restello, Trevisan, & Santos,
2012; Rieseberg, Widmer, Arntz, & Burke, 2002). Thus,
morphological variations may rely on phenotypic response
to the selective environmental pressures functioning on
populations and give a better chance for individuals” adap-
tations to their environment (Ismail, 2018; Klingenberg,
Duttke, Whelan, & Kim, 2012). Phenotypic differences act
during ontogenetic development (occurred by differenti-
ation of certain tagmata during growth from juvenile to
adult stage) (Hartnoll, 2001; Shreeves & Field, 2008) or in
adults which is a major focus of evolutionary ecology
(Moczek, 2010; Monaghan, 2008).

The association of the shape change of a particular
part of an organism’s body with the body size change is
known as morphological allometry. Allometry may ac-
count for part of the morphological variability found be-
tween sexes or among all individuals. There are three
types of allometry, namely, ontogenetic allometry
(changes in the shape associated with size change during
development), static allometry (covariation between size
and shape at the same developmental stage of the same
population), and evolutionary allometry (covariation be-
tween size and shape across populations) (Klingenberg
et al,, 2012; Pélabon et al,, 2013). In isopods, the growing
from juveniles to adult stage revealed changes in size
and shape producing specific patterns of ontogenetic al-
lometry (Dangerfield & Telford, 1990; Diawol, Giri, &
Collins, 2015; Klingenberg, 2016; Montesanto, Pizzo, Ca-
ruso, & Lombardo, 2012).

Shape and size sexual dimorphism present among
many animals due to reproductive selective pressures on
females and males (Eberhard, 2009). It includes charac-
teristics other than the differences in the sexual organs
as secondary sexual characteristics, size, shape, color,
and sexual and foraging behavior. In some animals,
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reproductive success is linked to one or more of those
characteristics. Shape sexual dimorphism is important
for many animals because different body parts can do
multiple functions and subject to distinct selective
mechanisms (Berns, 2013).

In some crustacean, the shape of body parts that related
to reproduction as the carapace, chelipeds, gnathopods,
oostegites, and antennae (Briffa & Dallaway, 2007; Rufino,
Abell6, & Yule, 2004; Tsoi & Chu, 2005; Wada, Yasuda, &
McLay, 2014) showed evident morphological differenti-
ation which attributed to varied reproductive roles and in-
vestments of females and males. Therefore, the shape of
these body parts may subject to differential selection be-
tween the sexes and use to produce more offspring (Eber-
hard, 2009). On the other hand, in other crustaceans,
these secondary sexual traits being subtle and required
quantitative analyses based on comparative morphometric
techniques as in relative growth (Bertin, David, Cézilly, &
Alibert, 2002; Hartnoll, 2001; Moraes et al., 2018). Geo-
metric morphometrics approach is applied in the quanti-
tative analysis of shape variation and sexual dimorphism
(Idaszkin, Mérquez, & Nocera, 2013; Trevisan, Marochi,
Costa, Santos, & Masunari, 2012). Its importance lies in
obtaining geometric information of an object under study
and preserving it throughout the analysis (Bookstein,
1997). It is a suitable tool for discriminating shapes within
a population and hence detecting unclear morphological
variations (Zelditch, Swiderski, & Sheets, 2012).

Porcellionides pruinosus (Brandt, 1833) is a widely dis-
tributed terrestrial isopod (Lefebvre & Marcadé, 2005)
and found above ground hiding under stones, decayed
leaves, and logs; the two latter items utilized as food and
shelter. Porcellionides pruinosus individuals produce two
or more generations per vyear (Achouri, Charfi-
Cheikhrouha, & Marques, 2002) and have limited disper-
sal abilities; therefore, they may respond to environmen-
tal changes behaviourally (Morgado, Ferreira, Cardoso,
Soares, & Loureiro, 2015) or morphologically (Csonka
et al, 2018). Phenotypic reproductive variations have
been reported among some population of this species
(Achouri & Charfi-Cheikhrouha, 2005) and considered
to be forms of resistance to the environmental condi-
tions (Vandel, 1962). In the same context, several exam-
ples of environmental influence on the phenotype of P.
pruinosus and other isopods were reported (Dangerfield
& Telford, 1990; Eroukhmanoff & Svensson, 2009;
Winkler & Wallin, 1987); however, none of these studies
used geometric morphometrics.

In the present study, the landmark geometric morpho-
metrics approach was used to provided information on
the geometry of P. pruinosus shape that can aid in un-
derstanding its shape variations which may reflect the
developmental plasticity of individuals to produce the
necessary phenotype that adapts with the environment
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to avoid the selective pressures against them and to in-
crease their fitness (Conde-Padin, Grahame, & Roldn-Al-
varez, 2007; Herrel, Joachim, Vanhooydonck, & Irschick,
2006; Loy, Mariani, Bertelletti, & Tunesi, 1998; Nettle &
Bateson, 2015; Yusseppone et al., 2018).

Therefore, the present work aims to (i) assess and
characterize morphological changes in body shape of
Porcellionides pruinosus as a response to seasonal varia-
tions, (ii) determine differences in the body shape during
ontogeny, (iii) examine the effect of intraspecific allom-
etry to interpret the observed variations in the species,
and (iv) clarify whether the body shape of P. pruinosus
can be used as a sexual differentiating trait (i.e., sexually
dimorphic trait).

Methods

Site of collection and sampling

Sohag is one of the Upper Egypt governorates, charac-
terized by a desert climate and the year showed two dis-
tinct periods: a cool winter (November to April) and a
hot summer (May to October) (Ouda & Zohry, 2016).
During this work, the winter averages of the temperature
and relative humidity were 20 °C and 32% (maxima were
24.°C and 36%), while those in summer were 37 °C and
47% (maxima were 51 °C and 59%) (obtained from Shan-
daweel Agricultural Research Station, Sohag).
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Individuals of land isopods Porcellionides pruinosus
were collected from an agricultural field (specimens
were collected with a permission from the owner) situ-
ated about 6.86 km south of Sohag City, Egypt (26° 31"
20" N; 31° 43" 52" E) (Fig. 1). Sampling was carried out
on two different occasions: during winter (January) and
summer (July) 2018. The agricultural field is surrounded
by a few willow trees (Salix safsaf), where their canopies
create significant shading, reducing the amount of sun-
light, and thus aiding in the presence of many macroinver-
tebrates including isopods. The present isopod specimens
were collected from areas around the willow trees to avoid
the effects of crop rotation, soil tillage, and the use of agri-
cultural pesticides, leaving the effect of seasonal changes
on isopod body shape variation to be the prominent effect
(Souty-Grosset & Faberi, 2018).

Isopod specimens were sampled by two methods; first, spec-
imens were hand collected from fallen and decayed leaves,
logs, and under stones that were located around willow trees.
Second, from the same places, soil samples were taken using a
soil core sampler (8 cm diameter) that inserted to a depth of
5 cm in the soil. All samples were kept in plastic containers.

In the laboratory, specimens were sorted from the leaf
litter under a stereomicroscope and sexed based on the
presence of gonopores (on the 6th thoracic segment)
and oostegites for females, and gonopores (on the 8th
thoracic segment), and copulatory pleopods for males. If
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these structures were not observed, the specimens were
considered juveniles. The study species were identified
according to the guidelines of Shultz (2018).

A total of 216 individuals were chosen for the analysis, of
which 91 were non-ovigerous females (38 in winter and 53
in summer), 73 males (33 in winter and 40 in summer), and
52 juveniles (26 in winter and 26 in summer). The mini-
mum, maximum, and mean + standard deviation of the total
body length ranged between 4.42 and 11.10mm (6.12 *
1.43) for females, 4.47 and 13.88 mm (6.49 + 2.04) for males,
and 1.24 and 3.27 mm (2.27 + 0.39) for juveniles. The cuticle
of juveniles often had a white appearance, while that of
adults was dark-brown. Herein, the specimens captured in
winter will be named winter forms, while those captured in
summer will be named summer forms.

Geomorphic morphometric analysis
Data acquisition
Digital images for the dorsal view of the whole undamaged
individuals were taken using a Canon digital camera
(power shot A590) attached to a binocular zoom stereo
microscope. Before images were captured, all pereopods
and pleopods had been removed, then, specimens were
fixed between two slides to ensure that specimens were
laid flat and avoid any bending in segments. Thirty-three
anatomical landmarks, describing the left half-body of the
isopod (to avoid redundancy in information), were digi-
tized on each individual using the tpsDig. 2.22 software
(Rohlf, 2015). The used landmarks were 1-5 for cephalo-
thorax, 6-21 for pereon, and 22-33 for pleotelson (Fig. 2).
Two datasets were analyzed to cover the aims of the
present investigation. The first dataset included land-
mark coordinates of juveniles and adults (containing
both females and males) and referred to as “age.” The
second dataset included landmark coordinates of females
and males and referred to as “sex.” Both datasets were
further divided into winter and summer individuals.
Image and digitizing errors were assessed by the au-
thor for a subsample of 60 randomly selected specimens
(20 for each of females, males, and juveniles) on three
different sessions. Each specimen was photographed
twice, and each photo was digitized twice.

Size analysis
The configuration size was represented by the centroid
size (CS). In geometric morphometrics, the centroid size
(the square root of the sum of the squared distances be-
tween each landmark and body centroid) is generally
used as the measure of the overall size of an object and
its importance comes from its mathematical independ-
ence from the shape (Zelditch et al., 2012).

In the present work, CS was log-transformed to avoid
any deviation from linearity and to scale all values in the
comparisons (Bookstein, 1997). Seasonal variations in
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the size of adults and juveniles as well as between sexes
were investigated using one-way ANOVA.

Shape analysis

Landmarks of all the specimens of each dataset were en-
tered into a generalized Procrustes analysis (GPA). GPA
superimposes all configurations to remove variations
(non-shape effects) of orientation, scale, and location
and compute the Procrustes average shape. This was
followed by checking outliers’ mistakes in the landmark-
ing and correcting them. After removing non-shape ef-
fects, only geometric information of shape remained and
are known as shape variables (shape effects).

Principal Components Analysis (PCA) and Discrimin-
ant Function Analysis (DFA) were used to explore the
shape variations between the two seasons for age and
sex datasets. PCA was performed on a variance-
covariance matrix of the two datasets to reduce data and
produce new shape variables (PC scores) that allowed
exploration of the relative relationships between individ-
ual shapes. DFA was applied to maximize separation be-
tween seasons for age group and between sexes (shape
sexual dimorphism). DFA displayed the accuracy of age
and sex classification using Mahalanobis distances in
conjunction with a permutation test (10,000 randomiza-
tions). The results of the classification were cross-
validated using the Jackknife method to test the success
of assigning the specimens to their groups.

A multivariate analysis of variance (MANOVA) was
performed on PC scores of each dataset to determine
whether there were differences in isopod body shapes
between seasons, as well as between sexes. PC cores that
explained more than 90% of the total variance were used
as dependent variables, while seasons and sexes were
used as the independent variables.

Allometric trajectories

Allometric trajectories were examined for the two data-
sets (age and sex) for analyzing ontogenetic and static al-
lometries. Thus, multivariate regression analyses of
shape (using Procrustes coordinates as the dependent
variables) on size (using log centroid size as the inde-
pendent variable was performed (Klingenberg, 2011)).
The independence between shape and size was exam-
ined using the permutation test with 10,000 runs (Good,
2000; Klingenberg, 2011). Then, a multivariate analysis
of covariance (MANCOVA) was used to compare allo-
metric trends among datasets (age and sex) using the
TPSRegl 1.45 software (Rohlf, 2016). The slopes of allo-
metric trends were compared using the test for common
slopes that determined the significance of “age X size”
and “sex X size” interaction (Roggero, Giachino, & Pales-
trini, 2013). Significance of this interaction implies that
allometric trends among two datasets have different
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(See figure on previous page.)

Fig. 2 Diagrammatic drawing of the dorsal view of P. pruinosus showing the location of 33 morphological landmarks on the left-body half, which

used in the geometric morphometric analysis

directions (not parallel). In the case of insignificant
interaction, a second multivariate analysis was per-
formed after removing the interaction (i.e., controlling
the effect of allometry). Significance of the variables (age
or sex) means that age and/or sex have parallel allomet-
ric trajectories (same slopes) and share a common allo-
metric trajectory which may explain size-related shape
differences (Cardini & Thorington Jr, 2006). Also, angles
between regression vectors of juveniles and adults and
between sexes were compared. Sexual dimorphism was
illustrated as the difference between the average half-
body shape of females and males.

The statistical analyses were performed using the PAST
(V. 3.26) software (Hammer, Harper, & Ryan, 2001) and the
SPSS software (IBM Corp, N, 2013), while other geometric
morphometric analyses (GPA, outlier detection, Procrustes
ANOVA, PCA, DFA, and multivariate regression analysis)
were performed with the help of Morpho] integrated pack-
age (V. 1.07a) (Klingenberg, 2011). The Corel Draw software
was used to redraw figures for the better visualization.

Results

Measurement errors

The results of Procrustes ANOVA showed that photo-
graphing and digitizing measurement errors led to small
and negligible shape variation (0.89%), compared with
individual variations (99.11%) (Table 1).

Seasonal size variations

The present data showed that the winter and summer
forms of juveniles, adults, females, and males were differed
significantly in means of log CS, reflecting seasonal varia-
tions in their body size (juveniles, ANOVA, F, 5, = 4.78, P
= 0.03; adults, ANOVA, F ¢ = 24.31, P < 0.0001; fe-
males, ANOVA, F; g9 = 13.7, P = 0.001; males, ANOVA, F
= 172124, P = 0.001) (Additional file 1: Fig. A1).

Effect of seasonal variations on body shape

PCA of the dataset “age” showed that the first two PC axes
explained 50.62% of the total variation (Additional file 3:
Table Al, Fig. 3). The analysis showed an overlap among in-
dividuals of two seasons for each of juveniles and adults.

Table 1 Analysis of measurement errors for shape of P. pruinosus

MANOVA and DFA analyses demonstrated that the average
body shape for the winter individuals did not differ from that
of the summer individuals for juveniles, but differed for
adults (Table 2, Fig. 4a, b). Based on the body shape, DFA
correctly classified 100% of juveniles and 87.2% of adults to
the correct season. This percentage dropped after cross-
validation analysis to become 57.5% and 70.1% for juveniles
and adults, respectively (Additional file 4: Table A2).

Figure 4b illustrates the seasonal shape differences of
adults. These differences were contraction of side land-
marks at the head region (landmarks 3, 4) and widening
of landmarks around the pereon region for winter forms.
Compared with summer forms, the first three pleonites
were broader, while telson was slightly shorter and nar-
rower in winter forms. The posterior margin of the last
pereonite of the summer forms was somewhat longer
and more concave compared with the winter forms.

As for the females’ and males’ seasonal variations, both
follow the same trajectory of the adults, i.e., females and
males of the winter season were significantly varied in
their shape from summer ones (Table 2).

Ontogenetic trajectories

The multivariate regression analysis showed a significant
effect for size on the shape revealing ontogenetic allom-
etry. The variance explained by the two MANCOVA
models ranged from 13.6% (separate lines; Wilks'A =
0.01, Fep153 = 3.9, P = 3.28 x 10" Goodall’s F test =
6.6, df = 310,13020, P < 0.0001) to 13.0% (single line;
Wilks'\ = 0.03, Fgy155 = 551, P = 6.67 x 107°% Goodall’s
F test = 10.34, df = 186, 13144, P < 0.0001).

The interaction between age dataset (juveniles and adults)
and log CS (allometric patterns) was insignificant revealing
that the allometric trajectories are parallel, i.e., had the same
directions (MANCOVA, test for common slopes; Wilks'\ =
047, Fsp150 = 1.1, P = 0.26). The interaction was removed
and the MANCOVA was repeated, where the adults group
showed a significant difference between adults and juveniles
(test for intercept; Wilks'A = 0.04, Fsp15, = 3.11, P = 1.26 x
107*"; Goodall’s F test = 8.32, df = 26,13268, P < 0.001). Also,
regression analysis showed that ontogenetic allometry was
entirely related to PC2 (r = 0.67, P < 0.01), but not PC1 (r =

Shape (Procrustes ANOVA) % Explained variance SS MS df F P
Individuals 99.11 0.526702 0.54952 1798 3212 < 0.0001
Image error 0.886 0.024418 0.000271 1860 285 < 0.0001
Digit. error 0.0031 0.017228 0.000119 3720
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0.28, P > 0.05). Figure 5a reflected the results of MANCOVA
and showed that ontogenetic trajectories of juveniles and
adults are similar and in the same direction. The angle be-
tween juveniles’ and adults’ ontogenetic trajectory was 47.1°
which differed significantly (P < 0.0001) from an excepted
angle (90°) of random vectors. The size explained about
1.42% of shape change in adults, while it explained about
3.8% of shape change in juveniles.

The exploration of the thin plate spline deformation
grids of P. pruinosus resulted from multivariate regres-
sion showed that the shapes of juveniles and adults differ
in two main regions, the head and pereon (Fig. 5b). The
head region in the juveniles laid somewhat in a higher
level than the rest of the body and its surface was more
towering at the middle part than the surrounding parts
with gradual sliding toward the front edge. The pereon
of the juvenile was slim and the anterolateral projections
of the first pereonite somewhat parallel the posterior
margin of the head. All pereon segments show gradual
sliding from the middle line toward the lateral sides.

During development to the adult stage, the head shrank
anteroposteriorly, narrowed and its level became slightly
lower than that of the body. The pereon became broader,
with the two anterolateral projections of the first pereonite
extending anteriorly and reaching a little beyond the pos-
terior margin of the eyes. The pleon was laterally com-
pressed, with a slight concavity along its mid-dorsal line,
which diminished toward the end. The telson of adults be-
came wider and shorter than that of juveniles.

Sexual dimorphism

Winter and summer specimens were pooled within each
gender to study the sexual dimorphism. The mean (+
SD) log centroid size was almost equal for females and
males (females = 7.01 + 0.13, males = 6.98 + 0.16), and
consequently, univariate analysis (ANOVA) revealed no
evidence for size sexual dimorphism (F = 1.31, P = 0.21).
The first two PC axes accounted for 59% of the total
shape variation between sexes (Additional file 2: Fig. A2)
and reflected a clear overlap between them. However,

Table 2 The effect of seasons on the body shape of P. pruinosus tested by multivariate analysis (MANOVA) and discrimination

functional analysis (DFA)

MANOVA DFA
Wilks'\ df1 df2 F P P permut. test
Proc. d. D? I P Proc.d. TP
Juveniles 042 18 26 202 0.081 0.017 2.98 99.47 0.98 0.21 0.11
Adults 0.78 17 147 244 0.002 0.023 294 3505 0.02 0.01 0.02
Females 045 20 28 2.85 0.001 0.021 4.67 4828 0.01 0.01 0.01
Males 0.64 20 51 427 0.008 0.016 8.81 1403 0.02 0.01 0.02

df degrees of freedom; Proc.d. Procrustes distance; D?> Mahalanobis distance; T2 Hotteling’s T° test; P permut. test P values after permutation test (10,000 runs) for

Procrustes distance and Hotteling’s T2 test
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body shape varied significantly according to sex (Hotell-
ing’s T> test = 420.4, P < 0.001). Furthermore, Mahala-
nobis distance (measure the distance between shapes of
the female and male relative to average shape) between
sexes was significant (D* = 3.22, P < 0.001), suggesting
the presence of a shape variation between the sexes.
Nevertheless, this variation was small (Procrustes distance =
0.014, R? = 0.02), where none of the sexes formed a notable
cluster. Level of sex classification accuracy revealed that
95.1% of the individuals of the whole specimens were cor-
rectly assigned to their sex, whereas cross-validation yield
93.3% correct classification (Additional file 5: Table A3).
Deformation grids for the average shapes of females
and males illustrated shape variations between them
(Fig. 6). The heads of the females were somewhat quad-
ratic, wider than that in males, and its posterior part was
more elevated than the surrounding areas and gently

descended to the front and sides. The males’ heads were
towered at the middle part and slide forward, backwards,
and laterally. Also, males’ head showed a forward pro-
trude fronting at midline more than females that may be
due to large labrium and clypus. Females possessed a
broader pereon region than males, with the posterior
margin covered large part of the lateral sides of the first
two pleonites. Furthermore, the pleon region was wider
in females than in males, elevated along the middle line,
and slightly descended to the sides (i.e, showing convex-
ity). In males, the first two pleonites were more elevated
than the rest of pleonites and gradually descended back-
wardly, while a small waist was observed between the
second and third pleonites. The telson was broader in fe-
males than in males.

Allometric trajectories of females and males were par-
allel (test for common slope, Wilks’A = 0.86, Fgpgo =
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Fig. 6 Wireframe drawing of sexual dimorphism in body shape of isopod P. pruinosus. Deformation-based on discrimination functional analysis
between two sexes. The graph visualizes how the average body shape of female differs concerning that of male. F, female; M, male

3.81, P = 0.28; Goodall’s test F = 0.36, P = 0.36). After
removing the interaction, MANCOVA showed a signifi-
cant difference (test for intercept; Wilks'A = 0.57, Fgs 89
= 5.38, P < 0.0001; Goodall’s test F = 81.68, P = 0.000).
Females and males showed a 25.9° angle between their
allometric trajectories that significantly (P < 0.0001) dif-
fered from an excepted angle (90°) of random vectors.
The previous result revealed that the shape of the body
was affected by size in females and males but in a differ-
ent manner, where the shape of females was more af-
fected (6.6% of variance explained by allometry) than
males (5.7% of variance explained by allometry).

Discussion

Effect of seasonal variations on body shape

In the present work, juveniles of P. pruinosus showed no
seasonal variations in the body shape. Regarding the
adults (females and males) shape, the winter forms sig-
nificantly differed from those of the summer. The winter
forms have large bodies with small heads, broad pereons,
and short narrow telsons. The summer forms have
somewhat small slender body shape with slightly
stretched heads in the anterior direction and relatively
long and wide telsons. Although the phenotypic varia-
tions between winter and summer forms of P. pruinosus
adults were small and may not be detectable by eye, the
geometric morphometric analyses significantly detected
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these morphological differences. Seasonal variations in
biotic and abiotic factors result in selective pressures
and the evolutionary response to this appeared as
phenotypic plasticity (Williams et al.,, 2017). Some spe-
cies that produce two or more generations per year and
subject to an annual climatic fluctuation as Bicyclus
butterflies, may show different phenotypes that are re-
peated year after year (Roskam & Brakefield, 1999). Dif-
ferent phenotypes between generations were interpreted
as across-generations plasticity and attributed to epigen-
etic variations (Fusco & Minelli, 2010). This is agreed
with the case of P. pruinosus (produce two or more gen-
erations per year, Achouri et al., 2002); therefore, genetic
analysis for individuals of P. pruinosus in winter and
summer seasons is needed.

For most terrestrial isopods, temperature, air humidity,
and soil moisture are the main factors controlling their
vertical distribution (Hassall & Tuck, 2007; Morgado,
Ferreira, Cardoso, Soares, & Loureiro, 2015). Under
these environmental conditions, isopod individuals can
respond  eco-morphologically  and  behaviorally
(Sfenthourakis & Hornung, 2018) and the selection of
plasticity emerges as an essential strategy and can be a
significant source of phenotypic variations within a
population (Xue & Leibler, 2018). Generally, phenotypic
plasticity showed three forms, neutral, adaptive, and
maladaptive based on abiotic and biotic factors and their
interactions (Nettle & Bateson, 2015). In this context, an
organism may have one phenotype for a particular envir-
onmental condition below a threshold and another
phenotype for the same environmental condition but
above that threshold (Stearns, 1989).

Summer climate in Upper Egypt is characterized by
high temperatures (average 35-47°C) all the season.
Also, agricultural fields are irrigated by surface irrigation
methods (Strelkoff, Clemmens, El-Ansary, & Awad,
1999). Consequently, the high temperatures in summer
lead to the quick evaporation (the potential evapotrans-
piration of about 9.2 mm/day) of irrigating water and
speed the drought of the soil surface, which cracks upon
drying (Ouda & Taha, 2018; Ouda & Zohry, 2016; Paris,
1963). It is worth mentioning that the rate of plant litter
decomposition is accelerated with the increase of
temperature in summer (Krishna & Mohan, 2017;
Thongjoo, Miyagawa, & Kawakubo, 2005), and thus the
soil contained less organic matter.

Therefore, the results of the present study suggested
that the shape of adult summer forms of P. pruinosus
seem quite suitable to summer conditions, where the
stretched head and slender body may indicate their plas-
ticity for vertical migrations or burrowing into the deep
moist ground avoiding decrease water loss in the drier
air at the soil surface, as was reported for some isopod
species (Warburg, Linsenmair, & Bercovitz, 1984).
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Besides, their slender body decreased body surface area,
which in turn minimized exposure to desiccation at the
soil surface as shown in other isopods (Broly, Devigne, &
Deneubourg, 2015; Dias et al., 2013). It is also suitable
for some isopods that have to stay under the fallen and
decayed leaves at the soil surface for foraging as a result
of the low content of organic matter in deep soil layers.

In the winter, irrigation causes waterlogging of the sur-
face and in deep soil layers and even during winter closure
in Egypt (about 3 weeks in January and February, where the
irrigation system is shut down for maintenance) the deep soil
layers are still moist (because water potential evapotranspir-
ation rate is low, about 3.6 mm/day) which this leads to slow
the rates of litter decomposition resulting in increased or-
ganic matter and nutrient stocks in the soil (Isaac & Nair,
2005; Ouda & Zohry, 2016). Accordingly, isopod individuals
tend to avoid the presence in areas that contains excess of
water and/or overly humid soils, in which, they absorb water
through the cuticle of the ventral region of pleon resulting in
osmoregulation problems or drowning (Wright & Machin,
1990). Experimentally, P. pruinosus showed high mortality
rate in high moisture conditions (Ferreira et al., 2016). It can
be suggested that the present adult winter forms of P.
pruinosus may motivate to burrow and distribute deep
into the soil in winter searching for less moisture areas.
This could be achieved with help of their body shape
(wide body, compressed head, and the two lateral projec-
tions of the first pereonite) through pushing wet soil parti-
cles away and moving into deeper burrows. Usually,
terrestrial isopods, by themselves, do not dig burrows, but
usually, use other burrows or cracks and enter first their
head into the soil (Taylor & Moore, 1995). The same pat-
tern was found in isopod Ligidium japonicum (Warburg,
Linsenmair, & Bercovitz, 1984).

Ontogenetic allometry was found in P. pruinosus, al-
though the shape features that discriminate juveniles and
adults were not simply allometric because the amount of
variation explained by size was small and dropped to be-
come 1.42% in the adult stage. This can be attributed to
crustacean relative growth (Hartnoll, 2001), where more
molts occur in the early stages of life. Also, the small effect
of size on shape change in adults indicated that the size is
not a key factor in the adult morphology. The shape varia-
tions between juveniles and adults of P. pruinosus were
closely linked to some body features and may appear as a
result of some factors such as sexual maturity, as adaptive
plasticity to the differential occupied habitats and type of
diet, in addition to others (Bravi & Benitez, 2013).

Previous studies showed that isopod juveniles preferred to
hide under small stones and wet decayed leaves and logs
above ground near the trees, while adults found more in sub-
surface layers of the soil (Alikhan, 1995). The present results
proposed that the slim shape of juveniles' body may give
them a relative agility and flexibility to move over decaying
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leaves and small stones and facilitate their entry to tight and
confined areas on logs. Also, the light colored bodies of juve-
niles fit and resemble above ground microhabitats provided
by leaf litter and other decayed materials.

The growth of the juvenile to an adult form causes nar-
rowing and shortening of the head, lowering its level than
the rest of the body, and widening of the pereon and
shortening of the telson. Adults shape may show adapta-
tion to burrowing behavior down into the ground by
working as a wedge and helping by securing burrow walls
(Faulkes, 2013). This is accompanied with anterior extend-
ing of anterolateral projections of the first pereonite which
help in pushing soil particles away while moving down-
ward. Also, the wide and darkly colored bodies of adults
fit and resemble deep soil burrows and color of soil parti-
cles and decomposed litter (Lovei & Sunderland, 1996).
Thus, morphological patterns and background matching
minimize predation risk in both stages.

Difference in diet between juveniles and adults generally
reflects ontogenetic changes. Head shape variation in adults
may be attributed to development of mouthparts, especially
mandibles and their corresponding attached muscles (Lour-
eiro, Sampaio, Branddo, Nogueira, & Soares, 2006). Gener-
ally, food preference varied among terrestrial isopods;
however, the soft leaves with low polyphenolic concentra-
tions and high nitrogen content were considered the best for
majority of isopods including P. pruinosus (Lavy, Van Rijn,
Zoomer, & Verhoef, 2001; Loureiro et al., 2006). Juveniles of
Armadillidium vulgare, Oniscus asellus, and Porcellio scaber
showed high growth rates associated with high-quality diet
that is rich in nitrogen content, while diets with low nitrogen
content was found to increase mortality rate among juveniles
(Faberi, Lopez, Clemente, & Manetti, 2011; Rushton & Has-
sall, 1983). Based on the results presented here, changes in
the head size and shape and consequently mandible force
are important morphological characters helping in litter de-
composition through mechanical and chemical breakdown
soil (Krishna & Mohan, 2017).

Moreover, the widening of pereon and pleon in adults of
P. pruinosus reflected internal growth (as alimentary canal,
muscles, and gonads) and agonistic behavior (mostly during
feeding of adults) (Diawol, Giri, & Collins, 2015). Further-
more, widening of pleon region may be explained by the re-
quirements of large gills-surface area for ventilation and
respiration (Faulkes, 2013), where the adults live in a deep
soil layer wherever low oxygen level are found.

Another explanation for the changes in the morph-
ology of juveniles and/or adults may be as a response to
presence of some crustacean predators or their kairo-
mones (as Daphnia sp. and Chthamalus anisopoma bar-
nacles), while in the absence of the predators, they
developed to a typical form (Ghadouani & Pinel-Alloul,
2002; Lively, 1986; Maurone, Suppa, & Rossi, 2018).
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Sexual dimorphism

The present results showed no size sexual dimorphism for
P. pruinosus. This may result from the similar size of col-
lected specimens. Generally, sexual dimorphism of iso-
pods and other crustaceans, mainly lies in size variation
between sexes that has been attributed to sexual selection
(Bertin et al., 2002) and to reproduction or reproductive
strategy (Anastasiadou, Liasko, & Leonardos, 2009).

On the other hand, the present results demonstrated
the existence of a shape sexual dimorphism in P. pruino-
sus, although it was relatively small. Geometric morpho-
metrics determined the shape of sexual dimorphism in
females of P. pruinosus as widening of pereon and pleon
regions. The allometric growth of females appeared to
affect more the pereon region (because of the pereon
widening). The wide and convex pereon of the present
females may reflect the role of this region in reproduct-
ive activity and sex selection as reported in other crusta-
ceans (Shinozaki-Mendes & Lessa, 2019), where the
wide pereon is positively associated with enlargement of
paired ovaries and the relative space allocated for the
distended marsupium to fit the incubated eggs (Appel,
Quadros, & Araujo, 2011; Rufino, Abell6, & Yule, 2004)
and increase the fecundity (Ismail, 2018; Moraes et al,,
2018; Shinozaki-Mendes & Lessa, 2019). Also, the
growth of pereon in females creates a biomechanical
reply to support body weight increase during egg incu-
bation (Marochi, Costa, Leite, Da Cruz, & Masunari,
2019).

The similar allometric pattern between present fe-
males and males of P. pruinosus considered as an evolu-
tionary limitation that lessens the extent of shape
variation that subjected to evolutionary change. How-
ever, as an advantage, it may reduce the risk of selective
predation, if present. Although the allometric trajectory
of juveniles and adults, as well as that of females and
males, showed similar directions, the angle of trajectory
in the first case (47.1°) was larger than in the second one
(25.9°). This indicates that allometric trajectories are
more divergent between juveniles and adults, as previ-
ously mentioned because of more molts occur in the
early stages of life.

Conclusion

A landmarks geometric morphometric approach was
applied on P. pruinosus to investigate both size and
shape variations. Seasonal variations and habitat
preferences could be responsible for patterning
phenotypic variation in adults. Data revealed that ju-
veniles undergo shape change during development
into adulthood. Shape sexual dimorphism was not
found for juveniles. Adult shape sexual dimorphism
could be related to reproductive activity, sex selec-
tion, allometry, and/or using of habitats differently.
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All the previous information about P. pruinosus re-
flects the animal’s phenotypic plasticity, its relation
to the habitat during life span and would be helpful
in future population studies.
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