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Intraspecifie morphological variability may refleet either genetie divergence among groups ofindividuals 
or response of individuals to environmental circumstances within the frame of phenotypic plasticity. 
Several studies were able to discriminate wild fish populations based on their scale shape. Here we exam
ine whether the variations in the seale shape in fish populations could be related to genetie or environ
mental factors, or to both of them. In the first experiment, two inbred lines of zebrafish, Danio rerio 
(Hamilton 1822) reared under identical environmental conditions were compared. Secondly, to find out 
what etl'eet environmental factors might have, offsprings were divided into two groups and reared on 
different diets for 12 weeks. Potential recovery of scales from an environmental effect was also assessed. 
Experimental groups could successfully be distinguished according to the shape of scales in both experi
ments, and the results showed that both genetic and environmental faetors may notably influenee seale 
shape. lt was concluded that scale shape analysis might be used as an explanatory tool to detect potential 
variability of environmental influences impacting genetically homogeneous groups of fish. However, due 
to its sensitivity to environmental heterogeneity, the applieability ofthis technique in identifying intraspe
cific stock membership of fish could be limited. 
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INTRODUCTION 

When phenotypes ean clearly assoeiate with speeifie genotypes then they may be 
used to separate genetieally different populations or groups of individuals of a spe
eies. However, if environmental effeets ean be eaptured safely in the formation of 
a speeifie morphologieal eharaeter then this eharaeter may be used as a good and 
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simple indicator for distinguishing among individuals maintained under different 
environmental circumstances or, in general, monitor environmental impacts stressing 
the population und er study. 

In fishes, morphometric analysis is especially suitable to assess various genetic, envi
ronmental and physiological effects that hit the individuals [36]. Besides the genetic 
variability, effects offood availability [4, 16,20] and type offood [5], temperature [2, 
16,31], or the presence ofpredators [3] on body shape have been reported. However, 
the process oftaking a proper morphometric image ofthe whole body is highly stressful 
for fish, and therefore, the investigation of a structural component, variable enough to 
distinguish populations and easy to collect without permanently damaging the animal is 
more expedient [8]. Assuming a strong genetic definiteness, scales, similarly to other 
hard structural components like otolith [1, 17] and in general bony structures [33], are 
regularly used to distinguish among species or even populations offish [10-12, 22-24]. 
The examination of scales proved to be a practical and cheap tool to identify fish includ
ing archaeological sampies as weIl [15, 30]. On the other hand, scales are also widely 
used to evaluate individual life histories and living conditions of fish by determining 
their growth dynamics [25] and identifYing diseases [19]. 

Some researchers argue that most of intraspecific variations in shapes of scales and 
other hard morphological structures could simply be explained by phenotypic plastic
ity [16], and actually, the relative importance of genetic and environmental factors on 
scale-morphology is still not exactly known. Some studies have already addressed the 
questions whether the differences observed in the scale shape could be attributed to 
differences in life histories of populations, and whether environmental factors, such 
as recovering food quantity (i.e. compensatory growth) [12], or cadmium treatment 
[26, 34] could affect the reliability of scale shape based stock identifications [12]. 
However, because of the complex effect of numerous factors and the high degree of 
genetic diversity, it is generally difficult to evaluate the relative importance of spe
cific factors based on field sampies [12]. Nevertheless, no controlled laboratory 
experiment has yet been reported on the potential role of environmental factors in 
formation of scale shape. According to the results on other morphological features [9, 
20,21], it is very likely, however, that scale shape might also vary along environmen
tal gradients. 

In this study laboratory experiments were carried out to investigate whether envi
ronmental factors, namely the food supply, could affect scale shape during the ontog
eny in fish. Two genetically separated, inbred zebrafish, Danio rerio (Hamilton 1822) 
stocks (Fig. 1) and two feeding protocols were compared in order to assess the role 
of genetic and environmental components in scale shape variability. Zebrafish is 
especially a suitable model organism for controlled laboratory investigations, as it has 
well-known environmental needs [14], reaches the adult size rapidly, after 12 weeks, 
and the optimal dietary needs are known for the whole life cycle [14]. 

Specific hypotheses ofthis study were that I. the genetic background has a detect
able influence on the scale shape; 2. the feeding conditions during the ontogeny affect 
the scale shape with greater impact; and 3. with the improvement of food supply the 
scale shape could be recovered. 
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MATERIALS AND METHODS 

Experimental stocks and design 

Zebrafish were maintained in a recirculating system (Teeniplast) (temperature = 

= 25±0.5 oe, pH = 7.4±0.2, conductivity = 525±50 ~S; mean±SD) und er a light 
cycle of 14 hours light and 10 ho urs dark, and in 30 individuals per 3.5 liters density. 

Tahle 1 
Feeding pratocols applied in the experiments 

Age offish Contral regimen Reduced regimen 

Ist and 2nd weeks twice a day SDS 100 and freshly hatched once in every second day SDS 100 
Artemia nauplii 

3rd to 5th weeks twice a day SDS 200 and freshly hatched on ce in every second day SDS 200 
Artemia nauplii 

6th to 7th weeks twice a day SDS 300 and freshly hatched once in every second day SDS 300 
Artemia nauplii 

8th to 12th weeks twice a day SDS 400 and freshly hatched on ce in every second day SDS 400 
Artemia nauplii 

After 12th weeks twice a day SDS Small Gran and freshly once in every second day SDS 
hatched Artemia nauplii Small Gran 

Fish were fed with SDS (Special Diets Services Limited International Dietex GB) dry food ofincreas
ing granulate size (SDS 100-400 and SDS Small Gran) supplemented with live Artemia nauplii (SERA 
GmbH). The remaining food was removed one hour after each feeding. Time is calculated from the fer
tilization. 

Graup name 

AB 

Tahle 2 
Experimental design 

Stock Feeding regimen 

AB line Control 

LF BASKA LF BASKA stock Control 

NI AB line Control 

HI AB line Reduced 

N2 AB line Contral 

H2 AB line Reduced 

N3 AB line Contral 

H3 AB line Reduced 

N4 AB line Contral 

H4 AB line Reduced 

REH2 (originated from H2) AB line Control 

REH3 (originated from H3) Ab line Control 

Description offeeding protocols is given in Iable I. 
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99 12 weeks 

20 12 weeks 

20 12 weeks 

20 12 weeks 
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Fig. 1. Tnvestigated zebrafish stocks: A) AB line; B) LF BASKA 

To determine the genetic impact on scale shape, zebrafish specimens from a homo
geneous registered line (AB line) and a commercial stock (LF BASKA stock) were 
compared (Fig. I). Tndividuals were kept under the same controlled laboratory condi
tions and fed according to the control regimen (Table I). 

Two groups were created from the offspring ofeach offour AB line females (alto
gether eight experimental groups) originated from a single propagation to examine 
the environmental effect. Thus, genetic differences between these parallel groups 
were minimal. Groups labeled with "N" were fed following the control regimen 
(Table 2) according to their age while groups labeled with "R" were fed following the 
reduced regimen (Table 2). Fish were reared for 12 weeks, when they normally 
became adults. Two H groups (H2, H3) were kept for another 12 weeks and fed 
according to the control regimen (Table 2) (REH2, REH3) to examine whether any 
effects of juvenile starving on scale shape can be compensated later. Description of 
groups is shown in Table 2. 
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Sampling 

Scale sampies were collected from 20 individuals of each experimental group. One 
scale was removed from each specimen, from the flank anterior to the dorsal fin 
(Fig. 2A) [8]. 

Scales were then placed between two glass slides and scanned with an HP ScanJet 
5300C XPA scanner at 2400 dpi. Seven easily definable landmarks were recorded for 
each scale using tpsUtil [28] and tpsDig2 [29] softwares (Fig. 2B). Landmarks 1 and 
2 are the ventro- and dorso-Iateral tips ofthe anterior portion ofthe scale, landmarks 
3 and 4 are at the boundary between the area covered by the other scales and the 
exposed area, landmark 5 is positioned at the tip ofthe posterior portion ofthe scale, 
landmark 6 is in the center of the anterior edge of the scale, and landmark 7 is the 
focus of the scale. 

6 
e7 

1 

Fig. 2. A) Scale sampling area on zebrafish and B) the recorded scale landmarks 
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Statistical analysis 

Scale shape data were processed with the MorphoJ software package [13]. Group 
identities (ID) were assigned to scales. Scale size was characterized with the scale 
centroid size, which is the square root of the sum of squared distances between the 
scale centroid and each landmark, and that is considered as a mathematically shape
free size variable [36]. Generalized least-squares Procrustes superimposition (GLS) 
was performed on the raw landmarks data on the basis of the principal axis so the 
landmarks were scaled, rotated and aligned into new shape variables (partial warps, 
PW), independent of the scale size [27]. A multivariate regression of shape (depend
ent variable: Procrustes coordinates) on size (independent variable: logarithm of scale 
centroid size) was performed for each group. Significance ofthe relationship (i.e. the 
presence of an allometric effect) was evaluated by using a permutation test against 
the null hypothesis of independence (10,000 iterations). As data being free of the 
allometric effects associated with growth, residuals of this regression provided the 
basis offurther analyses [7]. Differentiation of groups was examined with Canonical 
Variate Analysis (CVA) and Discriminant Function Analysis (DFA). In all cases, a 
permutation test (10,000 iterations) was performed to test the reliability ofresults. In 
case of DFA, cross-validation was also made to test the reliability of classification. 
For better visibility of the results, averages of the groups were plotted on graphs. 
Group comparisons from the investigation ofthe diet impact were classified into five 
types ("group type"), according to the group relations tested (N vs. N, N vs. H, H vs. 
H, N vs. REH, and REH vs. H). One-way ANOVAs were performed to test the sig
nificance of distance data (T-square statistics, Mahalanobis distances) of each group 
type, and the homogeneity of variances was also tested to determine the appropriate 
type of post-hoc tests. Since the variances proved to be equal across the compared 
groups, thus the Tukey HSD test was used for the post-hoc comparisons. 

RESULTS 

Regression of scale shape (Procrustes coordinates) on scale centroid size indicated 
notable allometry (i.e. dependence of shape on size) in all cases. The predicted per
centage ofthe total variation in scale shape accounted for by the allometric effect was 
7.7% (p<0.001) in the experiment comparing AB line versus LF Baska stock and 
24.3% (p<0.001) in the experiment comparing N, Hand REH treatment groups. 
Therefore, controlling scale shape data for the scale size effect was necessary in all 
further analyses. 

DifJerences between stocks 

The two zebrafish stocks, the AB line and the LF BASKA stock, kept under the same, 
optimal conditions, could be distinguished with medium reliability based on scale 
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Table 3 
Classification rates and significance of the discrimination of the experimental zebrafish groups 

SampIe Pure c1assification Cross-validated c1assification 
Groups compared size per 

Rate (%) X2 (p) Rate (%) X2 (p) group 

AB vs. LF BASKA 99 81.3 77.7 «0.001) 78.8 65.7 «0.001) 

NI VS. HI 20 90.0 25.6 «0.001) 72.5 8.3 (0.004) 

N2 VS. H2 20 100.0 40.0 «0.001) 95 32.7 «0.001) 

N3 VS. H3 20 100.0 40.0 «0.001) 97.5 36.2 «0.001) 

N4vs. H4 20 100.0 40.0 «0.001) 100.0 40.0 «0.001) 

N2 vs. REH2 20 90.0 25.6 «0.001) 75.0 19.6 «0.001) 

H2 vs. REH2 20 100.0 40.0 «0.001) 95.0 32.7 «0.001) 

N3 vs. REH3 20 95.5 33.2 «0.001) 93.0 28.9 «0.001) 

H3 vs. REH3 20 100.0 40.0 «0.001) 95.5 33.2 «0.001) 

Explanations for group names are given in Table 2. 

AB 

Canonlcal varlate 1 

Fig. 3. Average scale shape ditl'erences between the AB (grey columns) and LF BASKA (light grey col
umns) zebrafish stocks according to the Canonical Variate Analysis. The dark columns indicate overlaps 

between the two groups 
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Fig. 4. Canonical Variate Analysis plot comparing scale shapes of zebrafish kept on optimal (N) and 
reduced (H) diets, and on reduced diet followed by optimal diet (REH) 

shape. The average shape and the separation ofthe groups are shown in Figure 3. The 
main differences between the two groups were in landmarks 3 and 4, which means 
that the exposed area was bigger in the LF BASKA stock and bigger area covered by 
other scales in AB line. 

ON 

DH 

ßREH 

Fig. 5. The mean scale shapes ofzebrafish reared on optimal (N), reduced (H) and reduced diet followed 
by optimal diet (REH) 
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a,b 

H 

REH 
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Fig. 6. Differences among treatment groups based on the scale shape of zebrafish according to I-square 
statistics (T) and Mahalanobis distances (D) (mean ± SD). Values marked with different letters are statis
tically different atp<0.05 according to the one-way ANOVA (for I-square statistic: F4.39 = 9.2, p<O.OOI; 
for Mahalanobis distances: F439 = 8.4, P < 0.001) followed by Iukey HDS post-hoc test. N - optimal diet; 

H - reduced diet; REH - reduced diet followed by optimal diet 
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Mahalanobis distance (D) between the two groups was 1.5 and indicated a high 
reliability based on the permutation test (p<0.001). The T-square (115.2) statistics 
showing average distances of groups from the full sampie also showed high reliabil
ity (p<0.001). According to the validation results of the DFA, scale shape based 
group classification showed 81 % identity with real groups on average (cross-validat
ed rate was 78.8%) (Table 3). 

Differences between fe e ding regimes 

Treatment groups reared on different diets could successfully be distinguished based 
on scale shape. The eVA-plot (Fig. 4) shows that the Hand N groups separated well 
from each other, while the REH group positioned between the two former groups. 

Between groups Mahalanobis distances were: 3.9± 1.4 (mean ± SD) for Nx vs. Hx, 

2.8± 1.9 for Nx vs. REHx and 3.2±0.6 for Hx vs. REHx comparisons, respectively. 
The mean T-square statistic values between the groups were 266.1 ± 141.5 for Nx vs. 
Hx, 101.2±59.8 forNx vs. REHx and 168.0±55.3 forNx-REHx comparisons, respec
tively. 

Validation results (Table 3) show that the N, Hand REH groups could success
fully be classified with an average rate of 96.9% (cross-validated rate was 90.4%). 
The mean scale shapes of groups are shown in Figure 5. The main differences 
between groups were that H fish had landmarks 6 and 5 closer to each other reflecting 
a cranio-caudaly flatiened scale shape compared to N fish. Scale shape of REH fish 
proved to be intermediate between scales shapes ofN and H group members. 

Mahalanobis distance test results for between group types comparisons are shown 
in Figure 6. Distances between N and H groups were significantly greater than the 
distances within the N-groups, H-groups and between the N and REH-groups, either 
by using T-square statistics (F4,39 = 9.2, p<O.OOI) or Mahalanobis distances 
(F 4,39 = 8.4, p<O.OOI). However, none of the distances representing the above rela
tions differed significantly from the distances characterizing the H vs. REH groups 
relations. 

DISCUSSION 

Based on positive field experiences, scale shape analysis has recently become a 
widely used tool for differentiating among populations or stocks of fish species [8, 
10-12, 22-24], for all that the background of these differences is still not exactly 
understood. In this study, it was shown, however, that both genetic and environmental 
factors contribute to intraspecific variability in scale shape of fish and might induce 
comparable differences. 

Our first experiment proved that genetically different zebrafish stocks may be 
separated based on the shape of their scales. This result supports that intraspecific 
variability of scale shape offish has a strong genetic component and genetically iso-

Aeta Biologiea Hungariea 64. 2013 



472 Ä. STASZNY et al. 

lated populations offish might have different scale shape patterns in the wild as weIl. 
Genetic divergence among metapopulations of fish could successfully be captured 
earlier in body shape. For example, Marcil et al. [16] documented that genetic diver
gence between spawning aggregations of Atlantic cod, Gadus morhua L. 1758 caused 
detectable morphological differences even at small spatial scales «100 km). 

Our second experiment proved that the food supply, which is one of the most 
important environmental factors effecting natural fish populations, can also notably 
influence the shape ofthe scale offish. In zebrafish, scales get flattened in the cranio
caudal direction which cannot be fully recovered after the normalization of feeding 
conditions. A strong environmental influence seems to be common in morphological 
characters of fish. Amongst the potential environmental components that affect mor
phological phenotype, the roles of temperature [16] and feeding conditions [4, 16] are 
best documented. The composition and the amount offood consumed evidently influ
ence the conditional state, and especially the extent of the fat reserve of fish, which 
in turn affects the body shape [4]. Condition offish (fish mass relative to fish length) 
is, however, may change dynamically during the life-span and not only due to the 
variations in the food resource but also by individual feeding strategies, diseases, 
ontogenetic stages, and even seasonally according to the reproductive and wintering 
cyc1e. Several studies have investigated the effects of starvation on body shape [4, 6, 
20, 21, 32, 34]. These studies shown consistent changes in body parameters related 
to the condition and fat metabolism ofthe examined individual, like body depth, and 
the largest fat depots in the caudal and trunk region [4]. Body shape parameters that 
are influenced by the conditional state of fish might therefore limitedly be applicable 
for intraspecific stock discriminations. Moreover, according to the above reasons, 
body level morphometric analyses can also be used in a limited way to assess the 
general environmental characteristic of the habitat from the sampie originated. 

Compared to the shape ofthe whole body, scale shape is presumably less sensitive 
to short-term environmental effects and instantaneous processes, as well as it is less 
dependent upon the conditional state of fish. In accordance with the observations of 
Ibafiez et al. [12], present results showed that although scale shape might also recov
er partly during the compensatory growth (i.e. with the normalization of feeding 
conditions), this process is much slower and presumably is not as complete as it is in 
condition related body shape parameters. Moreover, the ring structure of scales con
serves individual life histories of fish, and therefore, by a detailed analysis of scale 
shape by annuli might provide an excellent possibility of investigating variability of 
environmental impacts and individuallife histories both within and among stocks of 
fish. 

Experiments with the zebrafish proved that intraspecific scale shape variations are 
generated by the interactions of genetic and environmental factors and reflect pheno
typic plasticity. Accordingly, information that can be obtained from the morphologi
cal analysis of scale sampies collected in the field are generally inappropriate to 
clarify whether the deviation found between scale shapes of two stock of the same 
species could came from genetic or environmental differences [see also 18]. 
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Although, in intraspecific studies, shape analysis of scales seems to have the same 
limits as the shape analysis of the whole body, namely based on these analyses only, 
no decision can be made on the relative importance of genetic and environmental 
factors being responsible for differences among groups, the former method still bears 
several advantages. Scale sampling is not as stressful for fish as whole body investi
gation, and therefore, the introduction of the method is highly recommended when 
investigating protected or endangered fish species. In addition, as the scale method is 
much easier, time and cost efficient, than the traditional whole body methods, it may 
be favorable in other cases as weIl. However, the scale method is not applicable for 
all fish species. Species that do not have scales (e.g. acipenseroids) or have very small 
scales [e.g. European eel, Anguilla anguilla (L. 1758)] can only be examined by the 
traditional, full-body inspection or examination of other hard formulas (e.g. otolith 
[1]), where the individual does not survive the investigation. 

To conclude, genetically and dietetically different experimental groups of zebrafish 
could successfully be distinguished according to the shape of their scales, and the 
results showed that both genetic and environmental factors may notably influence 
scale shape formation. Tt is suggested that scale shape analysis might be used as an 
explanatory tool to detect potential intraspecific variability of environmental influ
ences impacting genetically homogeneous groups of individuals. However, results 
also indicated that due to its sensitivity to environmental factors, the applicability of 
a morphometric scale analysis in identifying intraspecific stock membership could be 
limited. In order to improve the applicability of the method and to assess its poten
tials, more laboratory inventories are needed testing the type and extent of effects that 
the most important environmental stressors (e.g. food, temperature, pH) might have 
on scale shape. 
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