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t This paper is dedicated to the memory of Dr. Pascal Divanach, an outstanding researcher and
mentor who has made pioneering contributions to the science of Aquaculture. He was the first
who conceived and tested the hypothesis of exercised-induced (haemal) lordosis in fish (Diva-
nach et al. 1997) [1].

Abstract: The lordosis of the haemal part of the vertebral column is a frequent abnormality in reared
fish. Haemal lordosis develops during the late larval and early juvenile period, mainly due to the
high swimming activity of the fish in the rearing tanks. In the present study we examined whether
haemal lordosis recovers during the growth of European sea bass. Furthermore, we aimed to de-
velop simple morphometric indices (PrAni and PrAnz) that could link the severity of lordosis at the
juvenile stage with fish morphological quality at harvesting. At 111 days post-hatching (dph, 53+4
mm standard length, SL), 600 seabass juveniles with lordotic (L, 200 fish) or normal (N, 400 fish)
external morphology were selected and introduced in a common tank. At 150 dph (75+7 mm SL),
350 fish were randomly selected, pit-tagged and transferred in a sea cage for on-growing up to 502
dph (234+16 mm SL). The morphological examination of the fish at 150 and 502 dph revealed that
the 60% (46 out of 77) of L juveniles turned into normal phenotype by the end of on-growing period.
Interestingly, 56% of the fish with recovered external morphology (N-Rec) presented either a com-
pletely normal vertebral column (31%) or minor abnormalities of individual vertebrae (25%). Fol-
lowing the results of geometric morphometric analysis, the differences in the body shape between
N-Rec and N fish were not significant (p>0.05, canonical variate analysis). The examined morpho-
metric indices were effective in discriminating the normal fish from the 58% (PrAni) to 65% (PrAnz)
of lordotic juveniles. Results are discussed with respect to the mechanism of lordosis recovery, as
well as to their application for the quality control and cull out of the abnormal fish in the commercial
hatcheries.
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1. Introduction

Skeletal abnormalities are an important issue of product quality and animal welfare
in finfish aquaculture. They may develop on the skull, fins and vertebral column of the
reared fish with a wide range of severity degrees. The majority of skeletal abnormalities
develops mainly during the embryonic and larval stages (i.e. the period where skeletal
ontogeny takes place) via alterations of skeleton ontogenetic patterns. Typical examples
of such ontogenetic alterations are the gill-cover [2,3] and jaw abnormalities [4-6], the ex-
tra formation or partial lack of the caudal-fin rays [7,8], saddleback syndrome [9] or the
abnormal patterning of vertebrae [10,11]. Known causative factors of skeletal
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abnormalities include abiotic parameters [8,11] and larval nutrition [4,12,13], as well as
the genetic background of the fish [5,14]. In commercial hatcheries, coping with abnor-
malities involves not only the application of the appropriate rearing conditions, but also
the standardization of quality control criteria on the basis of abnormalities’ effects on fish
morphology at harvest [15].

The lordosis of haemal vertebrae (haemal lordosis) is a frequent axial abnormality
that develops during the late metamorphosis and juvenile period. Unlike lordosis that
develops in the pre-haemal part of the vertebral column, haemal lordosis is not associated
with the non-inflation of swimbladder [1]. The high swimming activity of fish is suggested
as the most important causative factor of haemal lordosis [1,16-18], followed by unfavor-
able water temperature [16,19]and larval nutrition [20]. In all species studied so far, the
abnormality presents a remarkable variability with respect to the lordosis angle, the num-
ber of abnormal vertebrae, positioning across the vertebral column [16,18,21], and finally
to the resulting effects on the external morphology of fish (insignificant to severe body
shape alterations). As it was shown in Gilthead seabream, the lordotic phenotype may
recover during fish growth in sea cages, through a process involving repairing of abnor-
mal vertebrae [22]. In the same species, simple morphometrics were efficient in quantify-
ing the severity of haemal lordosis at the juvenile stage, on the basis of its potential effects
on fish phenotype at commercial size [23].

European sea bass, Dicentrarchus labrax, is an important aquaculture species and the
first in which haemal lordosis was thoroughly studied [1,16,24-26] The recovery potential
of haemal lordosis in this species is still unknown. Similarly, no scale exists for the assess-
ment of lordosis severity on the body-shape of sea bass at harvest. Continuing our work
on the recovery of haemal lordosis in Gilthead seabream [22], in the present study we
examined whether this kind of lordosis may also recover in European sea bass; i.e. a fish
species with comparatively more-elongated body-shape and thus different musculoskel-
etal anatomy. Moreover, we examined whether juvenile morphometric indices may pre-
dict the effects of lordosis on the body-shape of sea bass at harvest.

2. Materials and Methods

2.1. Experimental design and fish origin

The examined group of fish originated from a common egg batch. When the popula-
tion reached the age of 111 dph, fish were anaesthetized (ethyleneglycol-monophe-
nylether, Merck, 0.2-0.5 mL L) and examined for the dorsal shift of the caudal peduncle,
typical characteristic of haemal lordosis [25] (Figure 1). Six hundred juveniles with normal
(N) and 300 juveniles with lordotic (L) external morphology were finally selected and kept
separately. For the radiographic validation of the morphological classification a random
sample of 100 and 200 fish was taken from the L and N group, respectively. The rest fish
were placed together in a rearing tank until tagging (Figure 1).

At 150 dph, 350 fish were randomly taken, anaesthetized, photographed on their left
side, tagged electronically (FDX-B, Trovan Ltd, USA) and transferred into one sea cage.
The on-growing period was terminated at 502 dph, when all fish were anaesthetized, pho-
tographed and scanned for ID recognition (Figure 1). All photographs were taken by
means of a digital camera (Canon PowerShot G9), mounted on a tripod and positioned
perpendicularly to the specimens. The significance of the difference in the rate of missing
fish specimens (i.e. dead fish or fish with a lost tag) between lordotic and normal fish was
tested by G-test [27].

The rearing of European sea bass embryos, larvae and juveniles was performed by
AVRAMAR S.A., according to the standard methodology followed by commercial hatch-
eries and cage farms for the species. In brief, larval rearing was performed with an initial
stocking density of 50 individuals per L, in the presence of background phytoplankton
(Chlorella sp.). Larvae were fed on on rotifers Brachionus plicatilis (7-18 dph), Artemia sp.
nauplii (1445 dph), and finally on inert commercial diets (>35 dph). Water temperature
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was maintained between 16-20 °C during the hatchery period, whereas during on-grow-
ing period it followed the natural seasonal fluctuations.
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Figure 1. Experimental design. At the beginning of the study (111 dph, days post-hatching), sea bass
juveniles with lordotic (L) or normal (N) external morphology were selected and introduced in a
common tank. At 150 dph, 350 fish were randomly selected, pit-tagged and transferred in a sea cage
for on-growing. At 502 dph, all fish with a recovered tag ID were individually photographed. At
111 and 150 dph, a random sample of fish (black arrows) was sacrificed and radiographically exam-
ined for the presence of vertebral lordosis. At 502 dph, fish sampling for radiographic examination
was based on the phenotypic evolution of each specimen (see Table 1 for details). Categorization of
external phenotype was based on the dorsal shift of the caudal peduncle in the lordotic fish. Scale
bars are equal to 1 cm. SL, standard length.

Table 1. Number of fish that were radiographed at 502 days post-hatching (dph). Based on the evolution of fish external morphology
between 150 and 502 dph, a representative number of fish was randomly taken from each group. N, fish with normal external mor-
phology. L, fish with lordotic external morphology.

External phenotype at Final external Total Number of % of fish
ota
tagging (150 dph) phenotype (502 dph) radiographed fish  radiographed
N 190 22 12
N
L - - ,
L N 46 32 70
L 31 12 39
Total 267 66 25

2.2. Categorization of the external morphology during the on-growing period

To discriminate the fish with a lordotic from those with a normal external morphol-
ogy at 150 and 502 dph, the photographs of pit-tagged individuals were examined by
three independent observers. Discrimination was based on dorsally shifted caudal pedun-
cle of the lordotic fish [25] To validate the methodology of fish phenotypic categorization,
at 150 dph a random sample of 93 juveniles was taken from the source population (Figure
1), anaesthetized, photographed and stored at -20 °C. Based on their external morphology,
fish were scored as normal or lordotic. The results of phenotypic scoring were validated
by the radiographic analysis of the fish.
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To validate any shift of lordotic to normal external morphology (lordosis recovery)
during the on-growing period, 66 fish were selected at 502 dph on the basis of their initial
(150 dph) and final (502 dph) phenotype (Figure 1, Table 1), and radiographically exam-
ined. All samples collected for x-raying, were euthanatized with an overdose of anesthetic.
Fragkoulis et al. [22] was followed for fish radiography (50 KV voltage, 400 mA intensity
and 0.002 s exposure time).

2.3. Geometric morphometric and meristic analyses

Geometric morphometry was used to examine body-shape differences between juve-
niles with lordotic (L) and normal (N) external morphology at tagging (150 dph) and at
the end of on-growing period (502 dph). At 150 dph, the analysis included a random sam-
ple of 60 N and 58 L juveniles. At 502 dph, the analysis included a random sample of 30
fish with normal and 20 with lordotic external phenotype since the beginning of on-grow-
ing (150 dph), and all the initially lordotic fish with a recovered normal external morphol-
ogy at the end of the trials (N-Rec, 502 dph).

In both analyses, thirteen landmark measurements were taken on the digital photo-
graphs of the examined fish (Figure 2A), by means of tpsDig?2 software [28]. A generalized
least square method was applied to adjust landmark configurations for centroid size and
remove any effect irrelevant to shape (coordGen8 software, [29]). TpsRelw software [30]
was used to calculate the weight matrix (partial warps, with uniform and non-uniform
components of shape variation). Discriminant (150 dph) or canonical variate analysis (502
dph) was applied on the weight matrix to test the effect of lordosis on body shape (150,
502 dph), as well as the differences in body shape among N, L and N-Rec groups (502
dph). Spline diagrams were obtained after the regression of shape components on the ca-
nonical scores (tpsRegr) [31].

Figure 2. (A) Landmark measurements taken for fish morphometry. 1, Anterior tip of the upper jaw;
2, posterior base of the dorsal fin; 3, dorsal tip of the caudal-fin base; 4, base of the central caudal
lepidotrichium; 5, ventral tip of the caudal-fin base; 6, posterior anal-fin base; 7, anterior anal-fin
base; 8, base of the pelvic fins; 9, ventral tip of the gill cover; 10, anterior eye margin; 11, posterior
tip of the gill cover; 12, dorsal tip of the pectoral-fin base (left); 13, projection of the eighth landmark
on the dorsal profile of the fish, perpendicularly to the axis that is defined by landmarks 4 and 10.
(B) Predictor angles that were used to discriminate fish with normal, lordotic and recovered pheno-
type. All angle measurements were calculated from the landmark X-Y coordinates.

To examine whether haemal lordosis is further developing during the hatchery
phase, the angle (tpsDig2) [28] and center of haemal lordosis, as well as the number of the
abnormal vertebrae were scored on all the radiographed samples of 111 and 150 dph. The
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significance of the differences in these characters and in lordosis frequency between the
two sampling ages was tested by means of Mann-Whitney U-test (SPSS v26) and G-test
[27] respectively.

2.4. Simple morphometric descriptors of lordosis-induced body-shape deviations

We examined whether simple morphometric indices may link juvenile lordotic phe-
notype (150 dph) with fish phenotype at the end of on-growing (502 dph), thus providing
a predictor scale for lordosis severity. The first index tested, PrAni angle (Figure 2B), was
suggested by Fragkoulis and Koumoundouros [23] as effective in quantifying the lordosis
effects on the body shape in Gilthead seabream. The second index tested, PrAn: angle,
was examined in an attempt to increase its discrimination efficiency by the evaluation of
more morphometric data. PrAn: was calculated as the summation of three angles
[PrAnz=Ani+An2+(180°-PrAni), Figure 2B], which may be affected by the lordosis-induced
shifts of the caudal peduncle. Each angle was defined by a set of three landmark measure-
ments previously used in the geometric morphometry (Figure 2B). Angles were calculated
by the input of XY coordinates of these landmarks into the formula

tan(phi) = |21

7

1+(m2*m1l)
where "phi" is the calculated angle (Ani, Anz or PrAni), and m2 and m1 are the slopes of
" o 10-y7 7-y4

the two segments of the "phi" angle [e.g. L10-L7 (%) and L7-L4 (%) segments for
PrAni angle, [23]].

Examined sea bass specimens were the 267 pit-tagged juveniles with scored external
morphology at both the beginning (150 dph) and end (502 dph) of the on-growing period
(Figure 1, Table 1).

3. Results

3.1. Validation of the phenotypic categorization by means of external phenotype

The radiographic examination of the fish samples at 111 dph verified the anatomical
criteria used for the selection of the lordotic specimens. All fish with lordotic external
morphology (L) presented a severe lordosis on the haemal part of the vertebral column
(Figure 3D), whereas the majority (83%) of the fish with normal external morphology (N)
presented normal vertebral column (Figure 3A). The remainder 17% of N fish presented
haemal lordosis of very light severity (Figure 3B, 3C). Similar results were found in the
case of the sample taken at tagging (150 dph), with the 19% (12 out of 62) of the N fish
presenting light lordosis and all (31/31) the L fish presenting severe lordosis on the x-rays
(Figure 4A). In overall, external phenotypic categorization was radiographically verified
in the 100% of the fish with lordotic (L) and the 81-83% of the fish with normal (N) external
morphology. The applied criteria failed to distinguish the externally normal fish with light
vertebral abnormalities (N/I-L, Figure 4A).

No significant differences were present in the severity (number of affected vertebrae,
angle, Figure 4B, 4C) or the position (Figure 4D) of lordosis between the first (111 dph)
and the last (150 dph) hatchery sample (p>0.05, Mann-Whitney U test). On the basis of
lordosis rates in the x-rayed samples of 111 and 150 dph, it is estimated that the 44 % and
46% (Table S1) respectively of the alive fish were radiographically lordotic.

3.2. Recovery of haemal lordosis during the on-growing period (150-502 dph)

Comparison of the external morphology of each specimen between tagging (150 dph)
and the end of on-growing period (502 dph) revealed that the 60% (46 out of 77) of juve-
niles with an initially lordotic external morphology turned into normal phenotype. Lor-
dosis recovery was verified by the radiographic examination of the fish at 502 dph. The
56% of the fish with recovered external morphology (N-Rec, 18 out of 32) presented either
a completely normal vertebral column (31%, Figure 5A, 5B) or minor abnormalities of in-
dividual vertebrae (25%, Figure 5A, 5C). The rest of N-Rec fish presented mainly haemal
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lordosis of light severity (38%, 12 out of 32 fish, Figure 5A, 5D) and to a less extent (6%, 2
out of 32) severe vertebral lordosis (Figure 5A, 5E). At 502 dph, the majority of specimens
with lordotic external morphology presented a severe vertebral lordosis on the radiog-
raphies (92%, 11 out of 12 fish, Figure 5A, 5F). Finally, no vertebral abnormality was pre-
sent on the radiographies of the fish with a normal external morphology at both 150 and
502 dph.

The 33% (116 out of 350) of the initially pit-tagged fish were not found at the end of
the trials due to mortality or tag loss. The difference in tag recovery rate was not signifi-
cantly different between the fish with N (190 out of 282) or L (77 out of 101) phenotype
(G-test, p>0.05).

Figure 3. Radiographic examination of the juveniles at 111 dph. A, juvenile with normal external
morphology and normal vertebral column (N/n); B, C, juveniles with normal external morphology
and minor vertebral abnormalities and light lordosis (arrows, N/I-L); D, juvenile with lordotic ex-
ternal morphology and severe lordosis (L/s-L). Scale bars are equal to 1 cm.
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Figure 4. Morphological and anatomical characters of the radiographed samples at 111 and 150 dph
(days post-hatching). A, Frequency distribution of juveniles with normal (N) or lordotic (L) external
morphology in the x-rayed samples. After their phenotypic categorization by means of external
morphology, all individuals were examined in association with the radiographic appearance of their
vertebral column (n, normal; 1-L, lordosis of light severity; s-L, severe lordosis); B, Frequency
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distribution of the number of abnormal vertebrae (B), angle (C) and centre (D) of lordosis in the
lordotic juveniles.
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Figure 5. Morphological and anatomical characters of the radiographed samples at 111 and 150 dph
(days post-hatching). A, Frequency distribution of juveniles with normal (N) or lordotic (L) external
morphology in the x-rayed samples. After their phenotypic categorization by means of external
morphology, all individuals were examined in association with the radiographic appearance of their
vertebral column (n, normal; I-L, lordosis of light severity; s-L, severe lordosis); B, Frequency distri-
bution of the number of abnormal vertebrae (B), angle (C) and centre (D) of lordosis in the lordotic
juveniles.

3.3. Morphometric analysis of haemal lordosis and its recovery

Discriminant analysis revealed that haemal lordosis significantly affected the body
shape of sea bass at 150 dph (Wilk’s A =0.333, p<0.001) (Figure 6). Spline diagrams showed
that lordotic fish were characterized by a ventral shift of the posterior dorsal-fin base
(landmark 6) and the anterior anal-fin base (landmark 7), as well as by a dorsal-anterior
shift of the caudal peduncle (landmarks 3-6). Similar effects of haemal lordosis on fish
body-shape were also found at the end of on-growing period (502 dph), with the first axis
of canonical variate analysis (CV1) discriminating fish with a lordotic from those with a
normal external phenotype (Wilk’s A = 0.1142746, p<0.001, Figure 7). Significant squared
Mahalanobis distances were found between lordotic and normal fish, but not between fish
with a recovered normal phenotype and fish with a normal phenotype since 150 dph (Fig-
ure 7).

At 150 dph, the predictor angle PrAn: was effective in discriminating the normal fish
(PrAni>145°) from the 26% and 58% of lordotic juveniles (PrAni<145°) with recovered or
lordotic final (502 dph) morphology respectively (Figure 8A, Table S2). At 502 dph, PrAn:
effectively discriminated the 29% of the lordotic fish (PrAni<141°) from those of a normal
(since the beginning or recovered) external phenotype (PrAni>141°, Figure 8A'). The in-
clusion of more landmarks in the calculation of the predictor angle (PrAnz) improved its
discrimination efficiency at both 150 and 502 dph, with 7% more lordotic fish outside the
normal PrAn: range (Figure 8B, 8B'). At 502 dph, all the fish with a recovered normal
phenotype (N-Rec) presented the same frequency distribution with the normal fish since
the beginning of on-growing (N).


https://doi.org/10.20944/preprints202111.0352.v1

Preprints (www.preprints.org) | NOT PEER-REVIEWED | Posted: 19 November 2021 d0i:10.20944/preprints202111.0352.v1

] —

O 1 U 1 I I 1
-45 35 -25 -15 -05 05 15 25 35

Figure 6. Distribution of the juveniles (150 dph) with normal (white bars) and lordotic (dark-grey
bars) external morphology along the canonical variate axis (CV). Spline diagrams demonstrate the
components of shape change along the CV axis (X1).
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Figure 7. Distribution of the different fish phenotypic categories (Normal, Recovered, Lordotic)
along the first two axes of canonical variate analysis (CV1, CV2) at 502 dph. Numbers in brackets
are the percentage of shape variance, that is explained by each canonical axis. Spline diagrams
demonstrate the components of shape changes that are relative to the extreme values (X1) of CV1.
Squared Mahalanobis distances between the different groups (above diagonal) and the respective
significance levels (below diagonal) are given in the table. ns, p>0.05. *** p<0.001. n, number of spec-
imens for each group.

4. Discussion

The abnormalities of fish skeleton are generally thought as irreversible deviations
from the normal phenotypic range of a species. In the last 15 years however, a growing
number of studies shows that certain abnormality types may recover during fish growth.
Specifically, in Atlantic salmon, fused vertebral centra may be remodeled into one normal
centrum, with however multiple vertebral processes [32] Gill cover abnormalities of light
severity were shown to recover in Gilthead seabream [33] and Atlantic salmon [34] To our
knowledge, haemal lordosis was the first severe axis abnormality in fish that was shown
to recover, initially in Gilthead seabream [22] and then in European sea bass (present
study). In the 44-74% (seabream)[22] to 60% (sea bass, present study) of the abnormal fish,
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the recovery of haemal lordosis was accompanied by a full recovery of the lordotic body-

shape.
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Figure 8. Cumulative frequency of the predictor angles (PrAni, PrAn:) for the three phenotypic cat-
egories (N, Normal; L, Lordotic; N-Rec, Recovered) at 150 (A, B) and 502 (A', B') dph.

Bone is subjected to lifelong reshaping and remodeling, triggered by organism de-
velopmental plan and allometric growth, mechanical loads or trauma [35]. Haemal lordo-
sis has been suggested to develop as an adaptive response of the fish vertebral column to
the increased mechanical loads of the muscles during intense swimming in rearing tanks
[21,24] In the present study, the radiographic analysis revealed that the recovery of lor-
dotic external morphology was the result of a partial to complete repair of the abnormal
vertebrae. In addition to this process, lordosis recovery in Gilthead seabream was also
linked (in the 24% of the cases) with the development of a counteracting kyphosis-like
bending of the vertebral column [22]. This species-specific difference in the presence of
counteracting axial bending, might my attributed to species-specific differences in the
body-shape (e.g. deeper body profile in seabream vs more elongated shape in sea bass)
and/or muscle-bone interactions during swimming.

Fragkoulis et al. [22] suggested that the recovery of haemal lordosis in seabream
might be triggered by the transport of the fish from the hatchery tanks to sea cages, and
the subsequent adaptation of the growing vertebrae to a new environment (sea cages) of
less intense water-current velocities. In the present study, to examine whether haemal lor-
dosis may also recover during fish growth in the hatchery tanks, fish were radiograph-
ically examined at two different sampling ages (111 and 150 dph), before their transfer in
the sea cage. Results demonstrated that lordosis rate and anatomy was not altered during
this period (Figure 4), thus rejecting the hypothesis of lordosis recovery during the hatch-
ery phase. Moreover, our results on lordosis recovery after fish transfer in sea cages sup-
ports the hypothesis of Fragkoulis et al. [22] on the link between recovery and fish growth
under relatively smaller swimming intensity. In Gilthead seabream this process took place
in the first 2-3 month of on-growing in cages [22], whereas in zebrafish within just one
week of fish swimming in "static" water [36].

Lordotic vertebrae present trapezoidal centra, neural spines with inverted orienta-
tion of their distal part [1,18,24], associated with substantial histopathological alterations
of bone, cartilage and notochord tissues [18,37]. The histological and molecular processes
that take place during the remodeling of such phenotypes and the recovery of lordosis is
unknown. In this research area, laboratory fish could be used not only to explore these
mechanisms, but also to test the effects of nutrition and abiotic environment on the
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development and recovery of lordosis. In zebrafish, haemal lordosis can be quickly
(within 4-7 days) and reliably induced in a swimming channel, at swimming speeds of 5-
8 fish total length per second [18].

In marine finfish aquaculture, the morpho-anatomical quality of the juveniles at the
end of the hatchery phase has been considered as a valuable predictor of fish morpholog-
ical quality at harvest. In the case of abnormalities which have a clear effect on fish phe-
notype (e.g. swimbladder non-inflation) [38], the presence or absence of the abnormal fea-
ture is adequate in predicting the final quality of fish. In the rest of the cases however,
abnormalities may have a wide and continuous range of effects on fish external morphol-
ogy (insignificant to severe) [22,25,39], as well a high recovery potential during fish
growth [22,33]. In these cases, the use of juvenile predictor indices in predicting morpho-
logical quality at harvest needs the development of a quality scale to link the abnormalities
severity with changes in fish external morphology [25,40]. Also, it needs the establishment
of correlations between the phenotype of fish at the end of the hatchery period and at
harvest [23]. In the present study, two simple morphometric indices (PrAni, PrAnz) were
effective in quantifying the lordosis effects on the body-shape of juveniles and table-size
fish. Depending on the number of used landmarks, these indices discriminated the normal
juveniles from the 58% (3-landmarks index, PrAni) to the 65% (4-landmarks index, PrAn:)
of the lordotic juveniles without recovery potential (Figure 8). Depending on the abnor-
mality rate of each batch and the quality standards of the hatchery, these indices can be
used for the cull out of a large proportion of lordotic fish, without affecting the normal
fish or the lordotic fish that will recover during the on-growing period (Table S2, Table
S3). Given that PrAni and PrAn: indices use external landmark measurements, they can
be easily collected on anaesthetized fish. In future these indices could be used by comput-
erized systems for the automatic quality grading of fish.

Supplementary Materials: The following are available online at www.mdpi.com/xxx/s1, Table S1:
Lordosis rates, sample and expected for the population, at 111 and 150 dph. Table S2: Cumulative
frequency of fish with lordotic (L), recovered (N-Rec) and normal (N) external morphology based
on the degrees of the PrAni index. Table S3: Cumulative frequency of fish with lordotic (L), recov-
ered (N-Rec) and normal (N) external morphology based on the degrees of the PrAnz index.
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