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Abstract: The present study is the first to examine spatio-temporal variations in the densities and
morphometrics of three shallow water Polyplacophora species (Rhyssoplax olivacea, Acanthochitona
fascicularis and Lepidopleurus cajetanus), native to the eastern Mediterranean, while also estimating
several growth parameters. Two intertidal boulder fields located in the Pagasitigos gulf (central
Aegean) were sampled monthly with SCUBA diving using quadrant sampling, to compare the spatial
and temporal (month, season) effects on their size, population density and dispersion pattern. Region
was the most significant factor influencing the abundance and size for all three species, while the
temporal scales affected mostly Rhyssoplax olivacea. The effect of a boulder under the surface was only
significant for the density of Lepidopleurus cajetanus. The standardized major axis method showed that
the three species exhibited different allometric relationships between length, width and weight, while
a slope comparison between regions yielded significant, in most cases, results. Using the standardized
Morisita index for dispersion, a clustered pattern was observed for all species seasonally, with the
exception of Acanthochitona fascicularis in Plakes in autumn and winter. To estimate the growth
parameters, a bootstrapped Electronic Frequency Analysis (ELEFAN) utilizing a genetic algorithm
was employed on pooled populations. L∞ and K varied among the three species with A. fascicularis
exhibiting the highest L∞ and L. cajetanus the lowest K value.

Keywords: abundance; allometry; dispersion; growth; boulder field

1. Introduction

Polyplacophora are mollusks typically found in midlitoral and shallow sublitoral
boulder fields [1]. They are considered grazers, possibly stabilizing the barrens created
by sea urchins [2]. Their bioerosive potential has also been established and is comparable
to other important bioeroders [3]. There is extensive literature on a variety of organisms
inhabiting this zone in the eastern Mediterranean [4,5]. Data regarding the presence of
chiton species in the eastern Mediterranean are rather scarce and no studies exist regarding
the spatio-temporal variations of distribution and abundance [6,7].

The patterns of distribution have been shown to be substantially different in a spatial
scale, ranging from some centimeters to hundreds of meters, regarding intertidal mol-
lusks [8]. Temporally, the dispersion pattern of these organisms can significantly change
seasonally, but also over longer periods of time [9,10]. A number of studies have inves-
tigated the influence of a variety of abiotic and biotic factors, mainly along the Pacific
and Atlantic coasts, where it was evident that more data would be essential for a better
understanding of the ecological aspects of Polyplacophora [11,12].

Growth parameters estimates are ecologically important in that they provide insights
regarding the trophic interactions of different trophic levels. Although most species of
chitons are relatively long-lived and exhibit slow growth (e.g., Plaxiphora aurata in Argentina
with a longevity of 6–7 years, K = 0.359), these results may be biased towards studies of
species with larger sizes [13–15]. Growth, amongst other live history features, is strongly
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influenced by temperature [16]. The plasticity of the growth parameters of Chiton articulatus
in response to global warming thermal events has already been observed [17]. Other abiotic
and biotic factors might also influence these parameters, such as depth, body condition and
latitude, thus leading to differences between populations of the same species [15,18–20].

This is the first study to examine the spatio-temporal effects on dispersion and abun-
dance and to estimate the growth parameters for three co-occurring intertidal and shallow
subtidal Polyplacophora species of the Eastern Mediterranean Sea. The present study will
serve as a steppingstone for further research, possibly on the density dependent effects of
these organisms on midlittoral and shallow sublittoral ecosystems. This will be particularly
important in the future, since these ecosystems are expected to be notably susceptible to
ocean acidification.

2. Materials and Methods
2.1. Field Sampling

The present study was carried out in two shallow subtidal boulder fields (20 m× 100 m)
in the Pagasitikos Gulf (central Aegean, Hellas), namely in the regions Agios Stefanos (AS;
39◦18′21′′ N, 22◦56′23′′ E) and Plakes (PL; 39◦20′57′′ N, 22◦57′55′′ E). These two regions
are considered semi-enclosed bights with relative protection from wave action. Monthly
samplings were performed in both regions from April 2022 to April 2023. Five replicate
quadrat plots (1 m × 1 m) were haphazardly placed at each site and all polyplacophoran
specimen were collected with SCUBA diving at depths between 1 and 2 m.

2.2. Selection of Species and Morphometric Measurements

Prior to morphometric measurements, a relaxation protocol was followed, consisting
of gradual changes of sea to fresh water (until 1:1), while also adding a few drops of 10%
ethanol [21]. Specimens were then classified to species level, using the relative literature [6,7].
The species examined in the present study were R. olivacea, A. fascicularis and L. cajetanus,
due to their constant presence (Figure 1). In Agios Stefanos, a very small number of Ischno-
chiton rissoi and Acanthochitona crinita was occasionally observed, but these species were
not included in the present study. Total length and width were measured using a vernier
caliper (±0.01) and wet weight was measured using a digital balance to the nearest 0.0001 g.
Individuals were first measured and were subsequently stored in sample containers in the
laboratory museum. ImageJ software (v 1.54d; [22]) was used to measure the undersurface of
each boulder.
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Figure 1. Photographs of the three examined species on the undersurface of boulders. (A) Rhyssoplax
olivacea, (B) Acanthochitona fascicularis and (C) Lepidopleurus cajetanus, Agios Stefanos, Pagasistikos
Gulf, Central Aegean Sea (photo by D.S. Zachos, 25 November 2022).
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2.3. Data Analysis

All statistical analyses were carried out using R studio (ver. 4.0.0, R Foundation
for Statistical Computing, Vienna, Austria. Accessed on 12 April 2023, from https://
www.r-project.org/). Morphometric relationships, i.e., Length/Width, Weight/Length and
Weight/Width, were estimated using the power function (Length = aWidthb which equals to
Log(Length) = loga + bLog(Width), Weight = aLengthb which equals to Log(Weight) = loga
+ bLog(Length) and Weight = aWidthb which equals to Log(Weight) = loga + bLog(Width))
and applying a standardized major axis estimation. Unlike in linear regression models, sma
not only determines the minimum distance between the measured value and fitted curve,
but also considers the deviation of the measured value for the fitted curve between both x
and y directions, making it more suitable for a slope estimation of the allometric scaling
equation. The association degree between the variables was calculated by the determination
coefficient (R2), while a t-test with a confidence level of 95% was applied to detect whether
the relative growth rates of the chitons’ biometric characters were isometric (Ho: b = 1 for
Length/Width or b = 3 for Weight/Length and Weight/Width) or allometric (H1: b 6= 1
for Length/Width or b 6= 3 for Weight/Length and Weight/Width). The standardized
major axis estimation was conducted using the package “smatr”, which can test for the
heterogeneity of the slopes of different equations [23].

Data were initially tested for normality (Shapiro–Wilk test) and homogeneity (Levene
test). To determine the effect of surface, season and region on the density of each species, a
two-way nested ANCOVA was employed with region (two levels) and season (four levels)
as fixed factors, month as the nested factor and surface as the continuous covariate, while
the region–season and region–month interactions were also examined. A two-way nested
ANOVA was used to determine the intraspecific differences in morphometrics with region
and season treated as fixed factors and month as a nested factor. The dispersion of each
species was determined using the vegan R package and the dispindmorisita function was
applied for the estimation of the Morisita index of dispersion combined with a chi-squared
test. The scaled Morisita index was used (−1 ≤ Imst ≤ 1), with random distribution
ranging from −0.5 to 0.5 [24].

The R package TropFishR was used to estimate the growth parameters for the three
species in each region [25]. The ELEFAN method allows for estimations of the parameters
from the von Bertalanffy growth function from the progression of LFQ modes (length-
frequency modes) through time [26]. Following the “reconstruction” of LFQ data, a boot-
strapped ELEFAN with a genetic algorithm optimization function (bootstrapped ELE-
FAN_GA) was applied, to assess uncertainties around the growth estimates [27]. Length
bins were chosen using the empirical equation length bin = 0.3 Lmax

0.6, where Lmax is the
maximum observed length [28]. The seasonally oscillating VBGF model was used, with L∞
the asymptotic length, K the annual growth rate, tanchor the time point that corresponds to
peak spawning month (0≤ tanchor ≤ 1), Φ′ the growth performance index as defined by [29],
C indicating the amplitude of seasonal growth oscillation, with 0 ≤ C ≤ 1 (C = 0 indicates
constant growth and C = 1 indicates seasonal cessation of growth) and the summer point ts,
which is the fraction of the year where growth is considered to be maximum [30]. The value
for t0 was estimated using the smallest observed length for each species, by considering it
as L0 in the von Bertalanffy equation [31]. The determination of the moving average (MA)
followed the rule of thumb, which uses the approximate number of bins spawning the
smallest length–frequency width of the LFQ data [25]. The settings for precision-optimized
ELEFAN_GA were maxiter = 50, run = 10 and popSize = 60, with 200 bootstrap runs. Values
for age corresponding to length were obtained using the VBGF function from TropFishR.
Data were then fitted in linear growth curves using the ordinary least squares method.

3. Results
3.1. Density and Morphometrics

R. olivacea was the most abundant out of the three examined species, while A. fascicu-
laris and L. cajetanus exhibited similar densities (Figure 2). The three species appear to differ
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regarding their morphometrics, with R. olivacea being largest, while L. cajetanus exhibits the
smallest values for the three variables (Table 1, Figure 2).

Diversity 2023, 15, x FOR PEER REVIEW 5 of 23 
 

 

 
Figure 2. Boxplots showing interspecific differences in density and morphometrics for the three ex-
amined species. Dots indicate outliers, while asterisks (*) denote similarities. 

3.1.1. Rhyssoplax olivacea 
Rhyssoplax olivacea was the most common species with a sampling size of 2134 speci-

mens. The length–frequency distribution ranged from 1.5 mm to 27 mm in Agios Stefanos 
and from 2.1 mm to 24.5 mm in Plakes, with modes of 15 mm and 13.5 mm, respectively. 
Width exhibited values from 1 mm to 16 mm in Agios Stefanos and from 1 mm to 14.5 mm 
in Plakes, with modes of 9 mm and 8, respectively. Weight exhibited values from 0.001 g 
to 1.8 g in Agios Stefanos with a mode of 0.45 g and from 0.001 g to 1.5 g in Plakes with a 
mode of 0.31 g (Table 1, Figure 3). R. olivacea exhibits isometry regarding the length–width 
relationship, while negative allometry was observed for weight–length. Spatial differences 
were reported for weight–width, which was isometric in Agios Stefanos and negative al-
lometric in Plakes. Spatial comparison between the slopes for the three morphometric re-
lationships indicated that only the length–width slopes were equal (Figure 3). 
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Table 1. Spatial and seasonal mean values and standard deviation regarding the morphometric
measurements and population density for the three studied species.

Length (mm) Width (mm) Weight (g) Density (ind/m2)

R. olivacea

Agios Stefanos 15.06 ± 4.43 8.88 ± 2.56 0.42 ± 0.28 33.8 ± 17.54
Plakes 13.45 ± 4.44 7.95 ± 2.62 0.31 ± 0.22 44.76 ± 18.58
Spring 14.42 ± 4.91 8.57 ± 2.91 0.37 ± 0.26 48.78 ± 20.62

Summer 13.84 ± 4.16 8.19 ± 2.43 0.31 ± 0.21 39.52 ± 18.08
Autumn 13.44 ± 4.02 7.88 ± 2.39 0.32 ± 0.24 33.35 ± 16.09
Winter 14.9 ± 4.5 8.72 ± 2.52 0.44 ± 0.29 35.63 ± 17.82

A. fascicularis

Agios Stefanos 12.08 ± 3.63 7.64 ± 2.3 0.3 ± 0.22 7.8 ± 6.64
Plakes 10.5 ± 3.29 6.93 ± 2.41 0.23 ± 0.18 4.61 ± 4.71
Spring 11.7 ± 3.64 7.45 ± 2.31 0.28 ± 0.21 11.65 ± 7.49

Summer 11.24 ± 3.46 7.45 ± 2.63 0.24 ± 0.18 7.08 ± 4.3
Autumn 11.69 ± 3.14 7.24 ± 2.17 0.29 ± 0.23 3.21 ± 3.28
Winter 10.68 ± 3.94 6.9 ± 2.28 0.23 ± 0.18 4.61 ± 4.71

L. cajetanus

Agios Stefanos 10.65 ± 2.77 5.18 ± 1.19 0.18 ± 0.09 1.56 ± 2.47
Plakes 9.6 ± 2.57 4.79 ± 1.16 0.14 ± 0.09 2.72 ± 3.85
Spring 9.7 ± 2.93 4.78 ± 1.25 0.13 ± 0.07 2.34 ± 3.33

Summer 10.01 ± 2.88 5.08 ± 1.43 0.16 ± 0.12 2.64 ± 3.09
Autumn 10.38 ± 2.36 4.98 ± 0.86 0.17 ± 0.08 2.35 ± 3.81
Winter 10.06 ± 2.43 4.96 ± 0.99 0.14 ± 0.09 2.72 ± 3.85
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3.1.1. Rhyssoplax olivacea

Rhyssoplax olivacea was the most common species with a sampling size of 2134 speci-
mens. The length–frequency distribution ranged from 1.5 mm to 27 mm in Agios Stefanos
and from 2.1 mm to 24.5 mm in Plakes, with modes of 15 mm and 13.5 mm, respectively.
Width exhibited values from 1 mm to 16 mm in Agios Stefanos and from 1 mm to 14.5 mm
in Plakes, with modes of 9 mm and 8, respectively. Weight exhibited values from 0.001 g
to 1.8 g in Agios Stefanos with a mode of 0.45 g and from 0.001 g to 1.5 g in Plakes with a
mode of 0.31 g (Table 1, Figure 3). R. olivacea exhibits isometry regarding the length–width
relationship, while negative allometry was observed for weight–length. Spatial differences
were reported for weight–width, which was isometric in Agios Stefanos and negative
allometric in Plakes. Spatial comparison between the slopes for the three morphometric
relationships indicated that only the length–width slopes were equal (Figure 3).

The results of the two-way ANCOVA indicated that the three morphometric vari-
ables are statistically different both spatially and seasonally. Population density followed
the same trend with no significant influence from boulder surface (Table 2). The mor-
phometrics of the population of Agios Stefanos exhibited significantly higher values
than the population in Plakes. Winter showed the highest values for the three variables
while summer and autumn exhibited the lowest values (Table 2). Summer was the only
season where the populations did not significantly vary, regarding their morphometrics
(Figure 4). Population density increased in spring compared to autumn and was higher in
Plakes compared to Agios Stefanos in all seasons, except for autumn, where no significant
differences were observed.

Table 2. Two-way ANCOVA and ANOVA results for the effects of region, season, month and surface
on the density and morphometric measurements of R. olivacea.

Variable Source of Variation F p

Density

Region (Re) 12.07 <0.001
Season (Se) 3.98 0.01
Month (M) 1.121 0.35

Re ×M 1.42 0.2
Re × Se 0.15 0.92
Surface 0.03 0.84

Length

Region (Re) 69.61 <0.001
Season (Se) 7.5 <0.001
Month (M) 3.027 0.001

Re ×M 3.418 <0.001
Re × Se 4.76 0.002

Width

Region (Re) 68.2 <0.001
Season (Se) 8.14 <0.001
Month (M) 2.955 0.001

Re ×M 2.501 0.007
Re × Se 4.23 0.005

Weight

Region (Re) 107.14 <0.001
Season (Se) 18.98 <0.001
Month (M) 8.161 <0.001

Re ×M 5.376 <0.001
Re × Se 6.77 <0.001
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Figure 3. (Top). R. olivacea frequency distributions with overlaid fitted normal distribution for Agios
Stefanos (AS) and Plakes (PL) for length (mm), weight (g) and width (mm). (Bottom). Morphometric
relationships, length/width, weight/width and weight/length of the populations of for the two regions.



Diversity 2023, 15, 867 7 of 20Diversity 2023, 15, x FOR PEER REVIEW 8 of 23 
 

 

 
Figure 4. Seasonal variations of morphometric measurements for R. olivacea for Agios Stefanos (AS) 
and for Plakes (PL). Error bars indicate 95% confidence intervals, while centered boxes indicate 
standard deviation. Different letters indicate significant differences in seasonal morphometrics. Dots 
indicate outliers, while asterisks (*) denote similarities. 

R. olivacea was the only species to report variations for the three morphometric meas-
urements with the effect of month. Spatial variations in length were observed for April, 
September and February, with Agios Stefanos exhibiting increased length (Figure 5). In 
Plakes, differences were reported for August with June and July and for September with 
July, whereas in Agios Stefanos February appears to vary compared to June, July, August, 
October and April 2023. Regarding width, April and September showed differences be-
tween regions, while April significantly varied with June and October in Agios Stefanos, 
whereas in Plakes August differed from June, July and January, while differences were 
also observed between September and June (Figure 5). Variations in weight were observed 
in April and September between the two regions. In Agios Stefanos, February differed 
with all months except for April, November and April 2023, November varied with April, 
June, July and October, while March showed significant differences with June and July. In 
Plakes, weight varied between September and July, December, January, March and April 
2023, August with July, December, January and March, April 2023 with August and Feb-
ruary, while April varied with January (Figure 5). 

Figure 4. Seasonal variations of morphometric measurements for R. olivacea for Agios Stefanos (AS)
and for Plakes (PL). Error bars indicate 95% confidence intervals, while centered boxes indicate
standard deviation. Different letters indicate significant differences in seasonal morphometrics. Dots
indicate outliers, while asterisks (*) denote similarities.

R. olivacea was the only species to report variations for the three morphometric mea-
surements with the effect of month. Spatial variations in length were observed for April,
September and February, with Agios Stefanos exhibiting increased length (Figure 5). In
Plakes, differences were reported for August with June and July and for September with
July, whereas in Agios Stefanos February appears to vary compared to June, July, August,
October and April 2023. Regarding width, April and September showed differences be-
tween regions, while April significantly varied with June and October in Agios Stefanos,
whereas in Plakes August differed from June, July and January, while differences were also
observed between September and June (Figure 5). Variations in weight were observed in
April and September between the two regions. In Agios Stefanos, February differed with
all months except for April, November and April 2023, November varied with April, June,
July and October, while March showed significant differences with June and July. In Plakes,
weight varied between September and July, December, January, March and April 2023,
August with July, December, January and March, April 2023 with August and February,
while April varied with January (Figure 5).

3.1.2. Acanthochitona fascicularis

Acanthochitona fascicularis was sparser than R. olivacea, with 359 specimens recorded.
The distributions of the morphometrics showed modes of 12 mm (3–23 mm) and 10.5 mm
(2–17.5 mm) for length, 7.5 mm (2–15 mm) and 7 mm (1.5–14 mm) for width and 0.3 g
(0.003–1 g) and 0.2 g (0.003–1 g) for weight for Agios Stefanos and Plakes, respectively
(Table 1, Figure 6). A. fascicularis showed spatial differences for the length–width rela-
tionship, with isometry in Agios Stefanos and negative allometry in Plakes. The same
trend was observed for weight–width. The relationship between weight and length
was isometric for both regions. Slope comparison between the two regions showed
significant differences only for the relationship between weight and width (Figure 6).
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Both the population density and the morphometrics significantly differed with region;
however, only density varied with season (Table 3). The population in Agios Stefanos appears
to have higher values compared to Plakes both for the morphometrics and density (Figure 7).
The highest density was observed in spring and lowest in autumn, while winter showed no
significant differences with summer and autumn. In Agios Stefanos, the weight of A. fascicularis
in April 2023 showed an increase compared to April 2022, July, August and January.

Table 3. Two-way ANCOVA and ANOVA results for the effects of region, season, month and surface
on the density and morphometric measurements of A. fascicularis.

Variable Source of Variation F p

Density

Region (Re) 11.13 0.001
Season (Se) 14.74 <0.001
Month (M) 0.848 0.56

Re ×M 1.79 0.09
Re × Se 1.74 0.16
Surface 2.6 0.1

Length

Region (Re) 18.06 <0.001
Season (Se) 1.92 0.12
Month (M) 1.191 0.3

Re ×M 0.732 0.67
Re × Se 2.66 0.04

Width

Region (Re) 11.18 <0.001
Season (Se) 0.5 0.65
Month (M) 0.772 0.652

Re ×M 0.617 0.782
Re × Se 1.35 0.25

Weight

Region (Re) 8.876 0.003
Season (Se) 0.61 0.6
Month (M) 2.848 0.003

Re ×M 1.233 0.273
Re × Se 2.48 0.06
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Figure 6. (Top). A. fascicularis frequency distributions with overlaid fitted normal distribution
for Agios Stefanos (AS) and Plakes (PL) for length (mm), weight (g) and width (mm). (Bottom).
Morphometric relationships, length/width, weight/width and weight/length of the populations of
A. fascicularis for the two regions.
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3.1.3. Lepidopleurus cajetanus

Lepidopleurus cajetanus was the rarest out of the three species, with 121 individuals
sampled. The morphometric distributions for Agios Stefanos ranged from 2.5 mm to
14.5 mm with a mode of 10.5 mm for length, from 1 mm to 7 mm for width with a mode
of 5 mm and from 0.005 g to 0.4 g for weight with a mode of 0.2 g. In Plakes, the length
presented a mode of 9.5 mm (2.5–18 mm), width of 5 mm (1.5–11 mm) and weight of 0.15
(0.004–0.7 g), (Table 1, Figure 8). The length–width and weight–width relationships showed
isometry for Agios Stefanos and positive allometric in Plakes, whereas weight–length was
reported to be negative allometric for both regions. Slope comparison determined that only
the slopes for weight–length did not differ with region (Figure 8).

The population of Agios Stefanos exhibited significantly higher morphometric values,
while increased density was observed in Plakes (Figure 9). None of the studied parameters
appeared to vary in any examined temporal resolution; however, boulder surface seems to
affect the population density of this species (Table 4).

3.2. Dispersion Pattern

The populations of all species deviated from a Poisson distribution (chi-squared
test) and exhibited a clumped distribution (standardized Morisita index > 0.5), with the
exception of the A. fascicularis population in Plakes in autumn and winter, where both the
chi-squared test and imst indicated a random distribution (Table 5).

3.3. Growth Parameters

The growth curves for the three examined species are superimposed on restructured LFQ
data, with black and white bars and a blue and red background corresponding to positive and
negative deviations from the moving average, respectively (Figure 10). Best fit estimates with
lower and upper margins for 95% confidence intervals for the resulting growth parameters
are presented in Tables 5–7 for R. olivacea, A. fascicularis and L. cajetanus, respectively.
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Figure 8. (Top). L. cajetanus frequency distributions with overlaid fitted normal distribution for Agios
Stefanos (AS) and Plakes (PL) for length (mm), weight (g) and width (mm). (Bottom). Morphometric
relationships, length/width, weight/width and weight/length of the populations of L. cajetanus for
the two regions.
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Table 4. Two-way ANCOVA and ANOVA results for the effects of region, season, month and surface
on the density and morphometric measurements of L. cajetanus.

Variable Source of Variation F p

Density

Region (Re) 4.78 0.03
Season (Se) 0.97 0.4
Month (M) 1.525 0.16

Re ×M 1.36 0.22
Re × Se 2.94 0.03
Surface 5.84 0.01

Length

Region (Re) 6.954 0.009
Season (Se) 0.54 0.65
Month (M) 1.65 0.11

Re ×M 0.638 0.723
Re × Se 0.79 0.5

Width

Region (Re) 6.329 0.013
Season (Se) 0.259 0.85
Month (M) 1.83 0.07

Re ×M 0.504 0.829
Re × Se 0.9 0.44

Weight

Region (Re) 11.752 <0.001
Season (Se) 1.45 0.23
Month (M) 0.88 0.53

Re ×M 0.639 0.72
Re × Se 1.16 0.32
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Table 5. Dispersion pattern of R. olivacea, A. fascicularis and L. cajetanus at each sampling site and
season. imst, standardized Morisita index of dispersion value; p, chi-square test value for each
distribution. p values in bold indicate statistical significance (p < 0.05).

R. olivacea A. fascicularis L. cajetanus

Region Season Imst p Imst p Imst p

AGIOS STEFANOS

Spring 0.512 <0.001 0.508 <0.001 0.519 0.005
Summer 0.515 <0.001 0.501 0.01 0.526 <0.001
Autumn 0.502 <0.001 0.531 <0.001 0.549 0.002
Winter 0.509 <0.001 0.528 <0.001 0.812 <0.001

PLAKES

Spring 0.501 <0.001 0.507 <0.001 0.654 <0.001
Summer 0.503 <0.001 0.511 <0.001 0.565 <0.001
Autumn 0.505 <0.001 0.149 0.21 0.528 <0.001
Winter 0.506 <0.001 −0.238 0.73 0.549 0.002

Table 6. Parameter estimates of the seasonally oscillating VBGF for R. olivacea. Estimated by a
bootstrapped ELEFAN_GA. Lower and upper denoted 95% confidence interval margins.

Species Parameter Mod Lower Upper

R. olivacea

Linf (mm) 19.89 18.13 41.5
K (y−1) 0.77 0.29 0.89
tanchor 0.69 0.59 0.83

C 0.46 0.16 0.88
Ts 0.66 0.35 0.88
Φ 2.45 2.38 2.65

Longevity 4.72

Table 7. Parameter estimates of the seasonally oscillating VBGF for A. fascicularis. Estimated by a
bootstrapped ELEFAN_GA. Lower and upper denoted 95% confidence interval margins.

Species Parameter Mod Lower Upper

A. fascicularis

Linf (mm) 26.56 23.24 32.84
K (y−1) 0.7 0.44 0.93
tanchor 0.28 0.01 0.97

C 0.48 0.27 0.84
Ts 0.64 0.34 0.95
Φ 2.74 2.22 2.85

Longevity 3.47

3.3.1. Rhyssoplax olivacea

The optimization routine for the bootstrapped ELEFAN_GA that was used to estimate
the L∞ and K values that best fit the VBGF curves tended to become trapped in a small
range of local maxima for both parameters, while a second group of L∞ and K values could
be observed, although with a substantially smaller number of observations (Figure 10). The
optimum value for tanchor suggests that the time at which length equals zero is approximately
on the 12th of September. The seasonally oscillating index C indicates a relatively strong
growth oscillation, with ts exhibiting a positive turn in growth in August, where sine wave
oscillations begin (ts = 0.5 means positive turn in growth on 1st July) [24].

Using the VBGF equation, length = 19.89 × (1 − e−0.77×(Age+0.108913)); the length–age
curve was constructed (Figure 11). The growth performance index was similar to those of
the other species (Table 6). The linear growth equation describing the pooled population
of R. olivacea was estimated as length = 4.7*age + 4.48, while longevity was approximately
4.7 years.
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Figure 10. (Left). Length frequency data and growth curves from restructure data (R. olivacea: MA = 
5, A. fascicularis and L. cajetanus MA = 3), obtained through the seasonally oscillating bootstrapped 
ELEFAN_GA. Bars represent restructured length frequency data, with black–white bars and blue–
red background indicating positive and negative picks, respectively. (Right). Scatter histogram of 
bootstrapped ELEFAN_GA for the three species. Each point represents a simple combination of L∞ 
and K, while the densities of the combinations are depicted as contours. Histograms represent mar-
ginal distributions of L∞ and K. 

Figure 10. (Left). Length frequency data and growth curves from restructure data (R. olivacea: MA = 5,
A. fascicularis and L. cajetanus MA = 3), obtained through the seasonally oscillating bootstrapped
ELEFAN_GA. Bars represent restructured length frequency data, with black–white bars and blue–
red background indicating positive and negative picks, respectively. (Right). Scatter histogram of
bootstrapped ELEFAN_GA for the three species. Each point represents a simple combination of
L∞ and K, while the densities of the combinations are depicted as contours. Histograms represent
marginal distributions of L∞ and K.
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Figure 11. Growth curve of R. olivacea constructed using the optimum growth parameters from
the bootstrapped ELEFAN_GA. Asymptotic length (L∞) and time at which length equals zero (t0)
are annotated.

3.3.2. Acanthochitona fascicularis

Bootstrapped ELEFAN_GA estimations for the L∞ and K values for this species appear
to be constricted around 23.24–32.84 mm and 0.44–0.93 y−1, respectively. The time corre-
sponding to zero length is expected in mid-April, as suggested by tanchor (Figure 10). The
strength of growth oscillation was similar to that of the other two species, while a positive
turn in growth is observed in August (Table 7).

From the equation, length = 26.56 × (1 − e−0.7×(Age+0.129396)), the length–age
curve was constructed (Figure 12). The linear growth equation for A. fascicularis is
Length = 4.19*Age + 8.44, with a maximum lifespan of 3.47 years.
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3.3.3. Lepidopleurus cajetanus

The bootstrapped ELEFAN_GA method exhibits a single group of values for L∞ but
a relatively increased variation regarding the K values (Figure 10). This species presents
lower K values compared to the other two, coupled with higher longevity (Table 8). Sine
wave oscillations begin in May.

Table 8. Parameter estimates of the seasonally oscillating VBGF for L. cajetanus. Estimated by a
bootstrapped ELEFAN_GA. Lower and upper denoted 95% confidence interval margins.

Species Parameter Mod Lower Upper

L. cajetanus

Linf (mm) 22.85 15.43 26.74
K (y−1) 0.5 0.18 0.73
Tanchor 0.45 0.1 0.68

C 0.51 0.18 0.97
Ts 0.25 0.12 0.95
Φ 2.42 2.07 2.5

Longevity 3.41

The von Bertalanffy growth equation for this species was estimated as: length =
22.85 × (1 − e−0.5×(Age+0.261444)), (Figure 13). The linear relationship between length
at age of L. cajetanus is described by the equation: length = 3.53*age + 5.98, while the
maximum lifespan for this species is estimated to be 3.41 years.
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4. Discussion

Previous studies in the eastern Mediterranean focused on the presence and species
composition of Polyplacophora, rather than spatio-temporal changes in specific populations.
Rhyssoplax olivacea was characterized as the dominant chiton species in the eastern coasts of
Turkey and the most common in Greece, as also shown in the present study [32,33]. This
species was the only one to exhibit both spatial and temporal differences in population
density and individual size. Region was the main factor affecting the densities and sizes for
all species. The present study examined the temporal effect in two scales (season, month) and
reported a different influence for each species. Monthly changes in weight may result from
a series of reproductive processes taking place throughout the year, as shown by previous
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literature [21,34]. If this is the case for the species examined here, then the present results
might infer some variation in reproductive strategies, although further research is necessary.

The relationship between the size of boulder and the number of individuals has been
previously tested for species of the genus Ischnochiton in Australia, where no significance
was found [12]. In the present study, Lepidopleurus cajetanus was the only species where a
relationship between boulder surface and density was reported (Table 4). However, the
underlying causes as to why this species shows a preference for larger boulders is yet
unclear. This species is reported to be mostly found under stones embedded in sand, the
underside colors of these stones matching the yellow or whitish color of the animals [32].
This has also been observed for a number of other species; for instance, the red colored
chiton Callochiton septemvalvis on red algae, the white Stenosemus albus on white algae, while
color morphs for Lepidochitona cinerea and Acanthochitona crinita were found in habitats
with matching colors [35,36]. During field sampling, this tendency was also observed
for L. cajetanus in the present study (authors’ observations). The preference in boulder
size combined with the hypothesized camouflage behavior might serve as a defensive
mechanism against both predators and disturbance, since smaller boulders are more easily
overturned through wave action.

Generally, chitons are characterized by a more-or-less oval body shape, which, how-
ever, can vary from broad oval to vermiform among the 1000 living species [37]. Intra- and
interspecific allometric shifts in body shape and size are sometimes related to a particular
niche adaptation [38]. Allometry in chitons is also closely related to life stage, as was shown
in previous studies [21]. Data on polyplacophoran allometry are mainly available for
tropical environments, where both negative and positive allometries have been observed
for different species (see [18] for more details). For Chiton articulatus, a latitudinal shift in
weight–length has been observed, with increased b values reported with increased latitude,
which might be explained by the ectothermic nature of this species [19]. In the present
study, several differences were observed regarding the allometric relationships among the
examined morphometric variables for all species with the effect of region. Since the two
sites are in close proximity with each other, intraspecific differences might be explained
by other environmental or biotic factors, potentially resulting in some physiological vari-
ations. More importantly, the three species exhibited different allometric trends, with
Acanthochitona fascicularis showing isometry for the weight–length relationship (Figure 6),
while L. cajetanus was the only species where positive allometry was reported (Figure 8).
Differences in allometry often result from environmental and habitat adaptations, while
they might also infer changes in resource and energy allocation during different ontogenic
or reproductive stages ([18,20,21,38–40]). This might indicate differences in terms of envi-
ronmental influence and habitat adaptations, possibly leading to different ecological niche
occupation among the three species. Future studies examining the shift in allometric trends
for different life stages or for different reproductive periods will help in explaining the
inter- and intraspecific differences in allometry observed here.

Mollusks on intertidal boulder fields often show aggregated patterns of dispersion [40].
Many factors have been proposed to result in clustered patterns, some of those being stress
as a result of desiccation, wave action or food availability [41–43]. However, a study on
the genus of Ischnochiton in southern Australia concluded that physical stress did not
influence the dispersion of these species. Furthermore, the same study reported no clear
relationships between the dispersion of chitons and other assemblages neither on nor under
boulders [12]. In the present study, the three examined species exhibited spatio-temporal
aggregated patterns, except for A. fascicularis in autumn and winter. L. cajetanus exhibited
the highest overdispersion with spatio-temporal fluctuations, whereas the overdispersion
pattern of R. olivacea seems to remain constant.

Published data regarding mostly large chitons from tropical waters hypothesize that
these organisms are relatively long-lived, while exhibiting slow growth [44–46]. For Katha-
rina tunicata, the growth parameters L∞ and K were estimated to be 114 mm and 0.217, with
an observed maximum age 17 years. An examination of the growth of Plaxiphora aurata in
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Argentina reported values of 53 mm and 0.359 for L∞ and K, respectively, while longevity
was estimated at 6–7 years [15]. For Chiton articulatus in Mexico, L∞ was estimated at 71.5
and 81 mm for cold and warm annual events, respectively, using Schnute models. The
same study reported maximum ages of 2.6 and 1.3 years, although these results would
correspond to 5.2 and 4.7 years if the von Bertalanffy equation was used [17]. However,
one study on Acanthochitona rectrojecta, a small-sized chiton, indicated differences in the
reproduction, growth and mortality of this species compared to other larger, co-occurring
chitons [9]. For Acanthochitona crinite, lifespan was estimated at nearly 1 year [47].

In the present study, the estimated values for L∞ were substantially lower, while K
values appeared to be two to three times higher. Longevity ranged from 4.72 years for
R. olivacea to 3.4 years for L. cajetanus and A. fascicularis. These values for maximum age
are similar with those reported for larger species in tropical environments. However, the
present study might overestimate the longevity of the three species, due to limitations
regarding the growth estimates induced by potential constant recruitment. A seasonal
variation in growth rates is often reported for various species, predominately a decrease in
winter and increase during spring and summer [15,48,49]. Using the seasonal oscillation
index and ts, the present study reports a strong positive term in growth during spring for
L. cajetanus and during August for R. olivacea and A. fascicularis. Recently, it was found that
L. cajetanus might represent a complex of species occurring throughout the Mediterranean,
rather than a single species [50]. This might introduce additional variation regarding the
growth parameters presented here.

This is the first study to report spatial and temporal variations in shape and size
regarding three co-occurring shallow sublittoral Polyplacophora species from the Eastern
Mediterranean Sea. Although overdispersion was observed for all species, the reasons
leading to clustered aggregations for these organisms are yet largely unknown. The three
species exhibited different allometric patterns, possibly due to differences in a combina-
tion of ecological adaptations (e.g., resistance to disturbance) and reproductive strategies
(e.g., recruitment patterns), which might be related to differences in resource allocation.
Finally, it is the first time that specific parameters for growth and age are reported for
chitons native to the Mediterranean Sea. The ecological aspects of the Mediterranean
Polyplacophora are largely understudied, leading to a gap in knowledge regarding the
ecological zones, especially the shallow sublittoral, where they are most commonly found.
Further research towards their interactions with other organisms, as well as their repro-
duction, needs to be conducted, especially regarding their ecological niches and potential
competition for food or space.
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