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Abstract

This study was carried out to determine the relationships between various morphological parameters, body condition data,
and digestive and stress enzyme activities due to silvering in European eel (Anguilla anguilla L.) collected from four loca-
tions in Turkey. The yellow and silver eels were caught from Asi River, Koycegiz, Giillik Bay, and Bafa Lake in Novem-
ber—December 2020. Total body length, eye diameter, and pectoral fin length were measured as morphological parameters.
In addition, body fat percentage, gonado-somatic index, and Fulton’s condition factor were calculated, and also weight was
assayed as body condition data. The variations of a-amylase, lipase, trypsin, and pepsin enzymes, and superoxide dismutase,
catalase, and glutathione peroxidase enzyme activities were measured. The results supported the differences of yellow and
silver stage samples in terms of both morphological and physiological parameters and also showed that the digestive and
stress enzyme activities of the silver and yellow stage samples were significantly different (p < 0.05). We think this study
will make a physiological contribution in terms of digestive and stress enzyme levels to better understand and elaborate the

silvering stage of eels.
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Introduction

The European eel (Anguilla anguilla L.) experiences two
periods of metamorphosis during its life cycle. The first one
is the change from the larval stage (Leptocephalus larvae) to
the glass eel (Balm et al. 2007). The second (partial) meta-
morphosis occurs in inland waters during the growth and
maturation phase. Eels transform from the yellow eel stage
to the silver eel stage, and this process is called "silvering"
(Balm et al. 2007).

The variations between the yellow and silver stages are
physiologically significant (Durif et al. 2005). To discrimi-
nate these two stages, various criteria such as colors of skin
and fins, eye size, and pectoral fin size are generally used.
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The color factor appears to be the most commonly used cri-
terion to identify the stage of the eel. Research has shown
that eye size is a common descriptor that also increases fol-
lowing sexual maturity (D’Ancona 1927, 1929; Bertin 1956;
Carliske and Denton 1959; Boetius et al. 1962; Boetius and
Boetius 1967, 1980; Stramke 1972; Pankhurst 1982). Pec-
toral fin darkening and elongation are also frequently used
indicators of eels' transition to the silver stage. Similarly,
significant differences in intestinal size were detected dur-
ing the silvering phase in the study of Durif et al. (2005). It
was observed that the cessation of nutrition started with the
downstream movement of the individuals and the regres-
sion in the intestines increased as the migration process
progressed.

Although some morphological changes have been
revealed, the mechanisms that trigger these changes and the
physiological stages that characterize this metamorphosis
are still largely debated (Balm et al. 2007). Since silvering
occurs in eels, individuals at this stage are more likely to
need more energy sources. It is known that these individuals
do not feed (Durif et al. 2005; Aarestrup et al. 2009) during
migration, and the fat ratio in the muscle tissues increases
during the silvering process (Sveding and Wickstrom 1997).
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The cessation in migrant individuals suggests that they do
not need digestive enzymes, and it is expected that diges-
tive enzyme levels are low in silver individuals. Although
there have experimental studies in which eels were starved
(Larsson and Lewander 1973; Dave et al. 1975; Olivereau
and Olivereau 1997; Caruso et al. 2010), there has been
no detailed study on this subject in natural environment
samples.

In addition to digestive enzymes, eels that are in the sil-
vering process are expected to be under more stress. There-
fore, it is highly likely that antioxidant responses are also
high. Studies on stress enzyme levels in eels have also been
associated with various environmental pollutants, and vari-
ous antioxidant responses, stress enzyme levels, and oxi-
dative stress parameters were investigated in these studies
(Regoli et al. 2003; Santos et al. 2004; Ahmad et al. 2004,
2006). There is limited study on the stress enzyme levels
during the silvering process (Mortelette et al. 2010). It has
been reported that an experimental study on antioxidant
activities of yellow and silver European eels may be useful
to observe muscular effort during migration (Amérand et al.
2017). However, in natural conditions, a stage-dependent
evaluation presented within the scope of this study has not
been encountered among previous studies.

The determination of the silvering process and the ratio of
silver stage eel to escape in the population are very impor-
tant for the continuity of the species generations, population
dynamics, and stock estimation. There is no partitioning of
landings between the yellow and silver stage European eel
in many exploited local stocks in nearly all distributional
areas (Moriarty and Dekker 1997), and the silver eel estima-
tion is recorded as biased and overestimated in some areas
(Dekker 2000). In general, yellow and silver eel mixed data
is inappropriate for stock assessment (Han et al. 2001).
The gap particularly in the time series of silver stage eel
throughout the distribution area has been discussed in ICES
(2021). Durif et al. (2005) contributed to filling this gap in
the literature by making a more robust estimation of silver
stages by using morphological and physiological data. How-
ever, European eel has a wide distributional area and high
plasticity with spatial heterogeneity in the silvering process
in terms of silver at length and silver at age (Frost 1945;
Hansen and Eversole 1984; Helfman et al. 1984; Vgllestad
1992; Sveding et al. 1996; Holmgren et al. 1997; Oliveira
1999; Durif et al. 2005). Moreover, the environmental condi-
tions affect the silvering process and this process may stop
and revert to the yellow stage in unfavorable conditions
(Svedédng and Wickstrom 1997; Durif et al. 2003; van den
Thillart et al. 2004). The flexibility of eels on the physi-
ological and behavioral patterns makes this species more
open to detailed studies on the silvering process, particu-
larly in exploited populations exposed to a wide range of
local environmental gradients. For this reason, it is crucial

to determine a decision tree to a robust description of silver
at an example of the extreme geography of the distribution
area of eel, such as Turkey, in terms of filling the gap in
the literature. The digestive and stress enzyme levels with
prominent morphometric characteristics of eels mentioned
above may be a good tool used in the discrimination of silver
stage eels. The silvering stage classification defined by Durif
et al. (2005) was validated by some physiological and mor-
phometric characteristics of eels. However, the geography
of eels also affects these characteristics and the determined
stages may differ according to the regions. We emphasize
the possibility that the morphological distinction will not
be sufficient to give the true silver percentage and therefore
more accurate predictions can be made by using digestive
enzymes and stress enzymes.

The European eel is declining in trend and thus was listed
as Critically Endangered in [IUCN in 2008 (Jacoby and Gol-
lock 2014), and the data on local population structures have
a critical role in the overall population trend evaluation of
this panmictic species (ICES 2020). However, there are a
few studies on the eel biology to evaluate local population
structures in Turkey freshwater habitats (Kiiciik et al. 2005;
Yalcin Ozdilek and Solak 2007; Rad et al. 2013) and the gap
in the biological and fisheries data of eel limits estimation of
local stocks which has been already disregarded in a whole
continental stock.

In this study, it was aimed to determine the yellow/silver
ratio, which is frequently needed in stock estimation and
management of European eels found in the waters of our
own country, by observation-based, morphological param-
eters and especially digestive enzymes-based methods. With
this in mind, we separated the samples captured from differ-
ent parts of the country as yellow and silver by observation
and supported them with morphological parameters. Thus,
by evaluating the possible physiological differences between
yellow and silver eels from an enzymatic perspective, facili-
tating the staging of eels will also be beneficial for popula-
tion dynamics and stock estimation studies considering that
individuals who complete the silvering period in eels will
leave the population.

Materials and methods

Sampling sites and animal collection. In this study, female
eel samples (n = 60) were evaluated from four locations
(1. Asi River, 2. Koycegiz, 3. Giilliik, and 4. Bafa Lake) at
Turkey's southern and western coasts (Table 1). The eels
are exploited commercially and recreationally from Asi
River (since 2020), Giilliik and Bafa, but in Kdycegiz the
eels have been caught commercially since 1974. Eel samples
were caught by fishermen via fyke net from November to
December 2020. The samples were brought to the Aquatic
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Table 1 The sampling stations Stations Coordinates Habitat type Sampling date Fishing gear Habitat type
Asi River/Hatay 36.075405° River November 2020 Fyke net Freshwater
36.003530°
Giillik/Mugla 37.254309° Lagoon December 2020 Fyke net Brackish
27.631355°
Bafa/Aydin 37.512214° Lake December 2020 Fyke net Freshwater
27.375890°
Koycegiz/Mugla 36.911736° Lake December 2020 Fyke net Freshwater
28.653728°

Ecology Laboratory of the Biology Department of Canak-
kale Onsekiz Mart University under suitable cold chain
conditions.

Morphological measurements and dissection. The stages
of specimens were defined taking into consideration the
morphological characters, such as pectoral fin color and size,
eye size, and the thickness of skin, and marked as yellow or
silver. Eel samples were grouped according to study regions,
and morphological measurements such as total length (TL),
horizontal (HED) and vertical eye diameter (VED), and pec-
toral fin length (PFL) in mm were made with the help of
calipers. The eye index (EI) was calculated according to the
formula given in Pankhurst (1982). The pectoral fin index
(PFI) (PFI = 100PFL x TL™!) was calculated.

After the morphological analyses, like body condition
data, the body masses of the samples (W) were weighed in g
(Table 2). Fat percentage (FP) in the samples was calculated
by the method used in Folch et al. (1957), as revised by Post
and Parkinson (2001) and Arrington et al. (2006). Similarly,
the Fulton condition factor was calculated using the equation
K = 100 x W/TL™> (Table 2).

Gonad, liver, muscle, and total digestive system were
removed from the samples dissected following the ethi-
cal rules. The gonads were examined macroscopically and
microscopically to determine the sex and also the gonado-
somatic index was calculated. A piece of a tissue sample
taken from the liver was stored at —45°C until analysis was

performed to determine antioxidant enzyme activities. The
small intestine part of the digestive tract was separated
and kept at —45°C until digestive enzyme analysis was
performed. The muscle tissues taken to determine the fat
percentage were dried in the oven at 60°C for 48 h.

Digestive enzyme analysis. Stomach and small intestine
tissue homogenates of eel specimens were prepared, and
a-amylase, lipase, pepsin, and trypsin enzyme activities
were determined. Bradford’s (1976) method was used to
determine the amount of protein in each homogenate in the
measurement of digestive enzyme activities, just as in the
measurement of antioxidant enzyme activities.

a-Amylase enzyme activity: To monitor the a-amylase
enzyme activity, the analysis method used in the study by
Meétais and Bieth (1968) was taken as a basis, and meas-
urements were completed at 540 nm using soluble starch
as substrate.

Lipase enzyme activity: The analysis method suggested
by Versaw et al. (1989) was used to measure the lipase
enzyme activity. During the measurements at 490 nm,
a-naphthyl caprylate was preferred as the substrate.

Pepsin enzyme activity: For the determination of pepsin
enzyme activity, the analysis method reported by Wor-
thington (1982) as revised by Zambonino Infante and Cahu
(1994) was used and measurements were taken at 280 nm.
Hemoglobin was used as the substrate.

Table 2 The descriptive statistics of morphological measurements and body condition data by stage

Morphological measurements

Body condition data

Stations Sex and stage TL (mm) EI PFI W (g) FP K GSI
Mean + SS Mean + SS Mean + SS Mean + SS Mean + SS Mean + SS Mean + SS
Asi River Silver(n =2) 653.5+403 76«1 43+03 700 + 244 37.5+9.5 0.3 +0.04 0.9 +0.01
Yellow n=9) 470.8+793 6=+1.3 4.4+09 204.2 + 141.8 21.9+6.7 0.2 +0.04 1+£05
Koycegiz Silver(n =4) 586.5+958 73+ 14 4.6 +0.8 398.3 + 166.7 374 +4.8 0.2 +£0.03 1.5+0.7
Yellow (n=7) 519.4+499 57+13 4.8+ 0.6 242.6 +76.1 23.2+10.7 0.2+0.02 09+05
Gilliik Silver (n = 16) 585.7 £52.6 9.6 +2.1 53+04 3959 + 102.8 40 + 8.4 0.21 +0.07 1.9+05
Yellow (n=1) 698 4.9 4.3 559 15.6 0.16 1.4
Bafa Lake Silver (n = 20) 757.6 + 38.6 11.1 +4.3 52405 1,1542 +£221.1 442 +45 0.3 +£0.04 1.4+ 0.6

TL total length, EI eye index, PFI pectoral fin index, W weight, FP fat percentage, K Fulton’s condition factor, GSI gonado-somatic index
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Trypsin enzyme activity: Determination of trypsin
enzyme activity was done according to the method of Tseng
et al. (1982) and measured at 253 nm using Na-benzoyl-DL-
arginine-p-nitroanilide (BAPNA) as substrate.

Stress enzyme analysis. The activities of superoxide dis-
mutase (SOD), catalase (CAT), and glutathione peroxidase
(GPx) enzymes were measured spectrophotometrically in the
liver tissue homogenates of eels caught within the scope of
this study. The amount of protein in each tissue homogenate
was decided by the method of Bradford (1976).

SOD enzyme activity: SOD enzyme activity was meas-
ured according to the method of Flohé and Otting (1984),
based on the principle that superoxide radical produced by
the xanthine oxidase/hypoxanthine system causes color for-
mation by reducing nitro blue tetrazolium (NBT).

CAT enzyme activity: CAT activity was measured
according to the Clairborne and Greenwald’s (1985) method,
which was set up on the decomposition of hydrogen per-
oxide. Samples were measured every 15 s at 240 nm for a
total of 90 s.

GPx enzyme activity: GPx activity was determined
according to the Wendel’s (1980) method, which adopts the
principle that GPx enzyme activity causes glutathione reduc-
tase degradation and absorbance decreases.

Data analysis. Descriptive statistics of morphological
measurements for TL, EI, and PFL, body condition param-
eters for W, FP, and K, stress enzyme levels (SOD, CAT,
GPx), and digestive enzyme levels (a-amylase, lipase, pep-
sin, and trypsin) of eels were made according to stations
and stages.

To conduct our research, we employed the multiple logis-
tic regression equation for each of the three subsets as the
baseline model to discriminate the observed silver stage (y =
silver) from the observed yellow stages (y = yellow).

The multiple logistic regression (MLR) model is a type
of generalized linear model (GLM) that describes the math-
ematical relationship between an outcome and one or more
predictors as both binary classification algorithm and a pre-
diction model (Shanubhogue and Gore 1987; Pearce and
Ferrier 2000).

The multiple logistic regression model can be expressed
mathematically as in Equation (1):

k
E(y) = logit(p) = zog<1’%p> =fy+ Y B )
i=1

where p is the probability of silver or yellow of stage:
P(Y = silver) = p, p; are model parameters, and k is the
number of predictor variables x;.

The multiple logistic regression model Eq. (1) enables
us to determine the probabilities for each class of the out-
come variable (Equation 2), and also the odds ratio (Equa-
tion 3), which is the ratio of the probability of silver to the

probability of yellow, once the parameters have been esti-
mated. Equation (1) is used to express the probability as a
function of the predictors:

eXP(ﬁo + Zle ixi>
p= :
1+ exp(ﬂo + Zle ,.xi)

@

The odds ratio is:

k
== exP(ﬂo Y ﬂ,-xi>- 3)
-bp i=1

Statistical significance was defined at p < 0.05.
Multiple logistic regression models generated by subsets
are as follows:

Formorphologlcparameters, ystuge = ﬂ() + ﬂToralLengthxi + ﬂEyeJndexxi

+ﬁPectarztlFinIndexxiA

Forbodyconditiondata, y .. = By + BuweigmXi
+ﬂC0ndit0nxi + ﬂFatﬁPercentagexi'

Stepwise regression was used to select the variables to be
included in the final model of the enzymes.

Forenzymelevels, ystuge = ﬂ() + ﬂSODxi + ﬂCAT'xi + ﬂAmylasexi + ﬁPepxinxi'

The classification success of the models was compared
using tenfold cross-validation to evaluate the classification
success according to the stage of the three logistic models.
When deciding which model was better, the Akaike informa-
tion criteria (AIC) (Akaike 1974) were utilized (Burnham
et al. 2011). According to the others, the model with the
small AIC is the better model. Accuracy, sensitivity, speci-
ficity, and kappa from the metrics goodness of prediction
were used to evaluate the prediction success in the com-
parison. Accuracy is the rate of correct classification, and
a rate of 70% or more is a suitable value for classification
success (Berrar 2019). Sensitivity, or positive observations
that were predicted correctly, reflects a model’s ability to
detect eels’ silver stage status. Specificity or proportion of
negative observations correctly predicted reflects the ability
of the model to predict the yellow stage status of eels. The
kappa metrics show the accuracy of classified stages (Free-
man and Moisen 2008). Kappa > 0.40 is a good prediction.

The difference between the ratios obtained from the mod-
els was analyzed using the proportion test. Decision tree
analysis, one of the most popular machine learning tech-
niques, was carried out using the variables in the models
established for morphologic parameters in terms of being
a more practical method during field studies. All analyses
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were performed in the statistical program R version 4.0.4
(R core team 2021).

Results

Morphological and body condition measurements. Mor-
phological measurements of eels caught from four differ-
ent stations and their descriptive statistics are presented in
Table 2. When morphological measurements were evalu-
ated, it was found that all measurements were generally
higher in samples at the silver stage. It was determined that
the samples with the highest total lengths were in the sil-
ver stage (585.7—757.6 mm). The highest values in terms of
eye index were found in silver samples (7.3—11.1), and the
highest pectoral fin index values were determined in silver
samples (4.3-5.3).

W, FP, and K values and GSI were measured in body
condition data. In terms of weight, the highest values were
found in silver samples (395.9-1154.2 g) and the highest
fat percentage was again in silver samples (37.4-44.2). In
terms of Fulton’s condition factor, the highest values were
observed in silver samples (0.19-0.3). GSI values were
found to be higher in silver samples, just as in other meas-
ured parameters.

Digestive enzyme analysis. While demonstrating
whether there was any difference in digestive enzyme val-
ues at different stages of eels, we assumed that there was
no difference between different stations (Fig. 1). Trypsin
enzyme levels varied between 1.68 and 32.96 U mg™! in
silver stage samples, while it was found between 3.36 and
41.45 U mg™! in yellow stage samples. This difference seen
in different stage samples in terms of trypsin activity was
statistically notable (p < 0.05). Similarly, pepsin activity
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values measured in silver stage samples varied between 3.97
and 38.4 U mg~!, and 7.37 and 107.63 U mg~! in yellow
ones. The difference between the stages was significant (p
< 0.01). Amylase activity was between 0.06 and 1.6 U mg™!
in silver stage samples, and 0.14 and 6.52 U mg~! in yellow
stage samples. This difference seen in different stage sam-
ples in terms of amylase activity was statistically significant
(p <0.01). The lipase enzyme activity varied between 0.01
and 0.05 U mg~! in the silver stage samples, and between
0.01 and 0.06 U mg~" in the yellow stage samples. The dis-
tinction between the stages was not significant (p > 0.05).

Stress enzyme analysis. The mean values of stress
enzyme levels of the eel samples depend on the stage and
sex presented in Fig. 2. The SOD values varied between
11.55 and 123.55 U mg‘1 in silver eels, and 1.99 and 50.83
U mg~! in yellow eels. The changes seen depending on the
stage were statistically significant (p < 0.01). CAT enzyme
values were between 1.43 and 72.84 U mg_l in silver eels,
and between 1 and 43.42 U mg~! in yellow eels. These val-
ues were significant in terms of the stage (p < 0.05). GPx
enzyme activity varied between 5.57 and 33.91 U mg~' in
the silver samples, and between 0.7 and 25.9 U mg_1 in the
yellow samples. This difference in terms of the stage was
statistically significant (p < 0.01). Overall, measured stress
enzyme levels were found to be higher in silver eels than in
yellow ones.

Considering all parameters, three different generalized
linear models were developed to determine the eel stage sta-
tus, using morphological parameters, body condition val-
ues, and some digestive (pepsin and lipase) and some stress
(SOD and CAT) enzyme activities separately. (Table 3) It
was determined how much the eel samples, which were
separated as yellow or silver by observation when caught,
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were supported by morphological parameters, body condi-
tion values and enzyme activities by these models.

p < 0.05 was statistically significant in all three models,
and when AIC values in Table 3 for model selection were
compared, the body condition model had the minimum AIC
value. Even though the body condition model has a lower
AIC value, the three models have different practical impor-
tance. It would be better for researchers to develop modeling
strategies by taking this situation into account. Three models
were sufficient in terms of classification success in terms of
stage status.

Utilizing the model created using morphological param-
eters, the number of silver individuals determined as 42 by
observation alone was announced as 39, and the number of
yellow individuals determined as 14 by observation alone
was determined as 18. Similarly, in the model established
with body condition values, the number of gray individuals
was 39 and the number of yellow individuals was 16. Forty-
one of the silver individuals identified as 42 during the study
with the enzyme model were declared as silver. Similarly,
the number of yellow individuals was determined as 18 and
14 of them were identified as yellow with this model. When

the silver/yellow ratios explained by these three models
were compared, there was no difference between the ratios
obtained in the three models (p > 0.05).

From the data obtained as a result of the study, we cre-
ated two decision trees, which will contribute to determin-
ing the yellow or silver eel in our country’s waters. One of
these was organized using morphological parameters and the
other using body condition data. Morphological and body
condition data, which can be determinative in the silvering
stage of the eel, were based on the variation according to the
habitat, as stated by Durif et al. (2005) (Fig. 3).

EI was found to be the most effective parameter in distin-
guishing the silver—yellow phase in the decision tree created
with the morphological data. The eye index as a particular
parameter separated the population by 55%. An EI value
greater than 8.6 confirmed that the sample was in the sil-
ver phase. In cases where the EI was less than 8.6, the TL
parameter came to the fore. If the samples are more than 525
mm, it can be concluded that they are in the silver phase, and
if they are smaller, they are in the yellow phase (Fig. 3a).

When the weight data was used in the decision tree
secured with body condition data, it was determined that

Table 3 Explanation of the

Model Silver samples  Yellow  Silver/ AIC  Sens Spec Accuracy Kappa
stage status of E"/Cl sam[‘)le.s samples  yellow
caught by multiple logistic Latio
regression models
Observation 42 18 2.33 - - -
Morphological model 39 14 2.79 38.05 093 0.78 0.88 0.72
Body condition model 39 16 2.44 26.79 0.89 093 092 0.80
Enzyme levels model 41 14 292 40.67 0.78 098 0.92 0.70
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Fig.3 The decision tree created using a morphological parameters, b body condition data

the sample was in the yellow phase if it was lighter than
226 g. Another parameter checked for heavier samples was
FP. This diagram explained the probability of an individual
being silver with an FP value greater than 22 and yellow
with a small FP value (Fig. 3b).

Discussion

Although there is extensive research on eels in addition to
Schmidt's (1923, 1925, 1935) work, information on many
aspects of the life cycle of the species is very limited. The
silvering mechanism seen in eels was examined by dividing
it into two stages (yellow and silver), ignoring that it could
be a possible preparation stage for a long time (Durif et al.
2005). The first different classification was recommended
by Fontaine (1994), and then Feunteun et al. (2000) grouped
eels as yellow, yellow-silver, and silver. However, this clas-
sification was based solely on visual variables (skin color,
lateral line, and eye surface visibility). The silvering stages
of eels were detailed by Durif et al. (2005) as the growth
phase, the preparation phase, and the migration phase. Using
such detailed classifications to describe this important popu-
lation instead of classifying eels into yellow and silver stages
will allow the dynamics to be evaluated from a more realistic
and complete perspective. However, when estimating stock
indicators, it is practical to know the yellow/silver ratio to
evaluate the escape rate in the total landing data. Therefore,
the basic discrimination of two stages taking into considera-
tion the morphology, body condition, and physiology in this
study will be beneficial for the assessment of local stocks.
Based on this purpose, in this study, we aimed to reveal
the enzymatic levels of the silver and yellow stage eels and
the relationship with morphological parameters used in the
literature. In this context, it was determined that the mor-
phological characters (TL, EI, and PFI) and body condi-
tion data measured in eels caught in our country's territo-
rial waters and separated into yellow and silver based on
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observation were higher in silver samples, just like in the
literature (D’Ancona 1927, 1929; Bertin 1956; Carliske and
Denton 1959; Boetius et al. 1962; Boetius and Boetius 1967,
1980; Stramke 1972; Pankhurst 1982; Feunteun et al. 2000;
Durif 2003; Durif et al. 2005; Balm et al. 2007). However,
the silver/yellow ratio of 60 samples used in this study was
determined as 42/18. It was observed that this ratio was
19/41 when I, II and III stages were accepted as yellow, and
IV and V stages as silver as evaluated by Durif's silvering
stage method. This obvious difference can be explained by
the distance from the area where the samples are collected
in the preparation area.

In this field study, it was concluded that the digestive
enzyme levels obtained were statistically different in the
silver and yellow samples. Variations in digestive enzyme
levels (and also other parameters such as GSI) may be due
to individual starvation conditions of the samples or may
be related to the evaluation of the data following the obser-
vational separation of yellow and silver at the beginning of
the study. Although these enzyme activities show how many
hours before the samples were fed, variations may be due to
individual differences. There are studies in which the effects
on some physiological parameters as a result of experimental
starvation in eels were investigated. These studies evalu-
ated the effects of fasting on certain metabolite levels in
liver and muscle of eels (Larsson and Lewander 1973; Dave
et al. 1975) and the effects of short-term fasting on hemato-
logical, biochemical, and some immune responses (Caruso
et al. 2010). Olivereau and Olivereau (1997) found signifi-
cant reductions in body weight in experimentally starved
eels and reported hypertrophy of GH cells in the pituitary
gland. Okamura et al. (2012) revealed how morphological
criteria are affected by hunger in the leptocephali stage of
eels. Although studies are evaluating how different param-
eters are affected by the starvation of eels under in vitro
conditions, there are very few studies examining the results
of nutritional cessation in silver individuals caught from the
natural environment. Facey and Helfman (1985) suggested



Enzyme activities of silvering European eels

139

in their study that although silver individuals of Anguilla
rostrata species found nutrients in their gut, eels stopped
feeding during migration. In addition, intestinal regression
has been reported in migrating eels due to the cessation of
feeding (Durif et al. 2005). In this context, digestive enzyme
analyses were found to be higher in yellow stage eels com-
pared to silver stage samples. This difference between the
stages in terms of four digestive enzymes whose levels were
measured was also statistically significant. This situation
supports the viewpoint that silver stage eels cease feeding,
which is suggested in the literature.

Reactive oxygen species (ROS) are continuously pro-
duced by contaminant-stimulated phagocytes, and exces-
sive ROS can result in local tissue damage. However,
research is still ongoing on defense mechanisms and oxi-
dative responses that neutralize the effect of ROS on fish
(Ahmad et al. 1998, 2003; Fatima et al. 2000). For example,
although it is known that environmental pollutants activate
these defense mechanisms, stress enzymes have increased as
a physiological response when extreme situations occur that
go beyond their normal life, such as being locked in a cage
(Ahmad et al. 2006). Within the scope of this study, it would
not be correct to attribute high- or low-stress enzyme levels
to the stage of the samples; of course, it is obvious that many
factors affect the stress enzymes. However, the difference in
stress enzyme levels in silver and yellow eel samples from
the same station, which were revealed in the same environ-
mental gradients, necessitated more detailed studies. When
we compared the yellow stage and silver stage samples in
terms of SOD, CAT, and GPx enzymes, we found that the
enzyme levels changed depending on the stage. The higher
enzyme levels in the silver stage samples can be explained
as the adaptation of individuals to keep their defense systems
high despite the possible adverse events during migration.
This suggested the possibility that stress enzyme levels in
eels preparing for or starting migration may differ from those
in samples of the yellow stage. We did not come across a
study based on this hypothesis in our literature research.
In some studies, hormone levels were estimated as another
physiological parameter that may be effective in the silvering
phase of eel (Durif et al. 2005; Balm et al. 2007). In these
studies, internal maturation parameters such as growth hor-
mone, gonadotropin, gonado-somatic index, and vitellogenin
were evaluated. In this study, we evaluated the levels of dif-
ferent enzyme groups, leaving out the hormone parameter.
However, our results and literature data suggest that it would
be appropriate to evaluate both hormone levels and enzyme
activities together in new studies to determine the silvering
process in eels.

In some studies, stress enzymes have been measured
in eels in response to this pollution in habitats under the
influence of various pollutants. These studies include expo-
sure to internal water pollution (van der Oost et al. 1996),

some environmental pollutants (BaP, DHAA, and BKMPE)
(Pacheco and Santos 2002), industrial wastes (Santos et al.
2004), and high organochlorine, PAH and heavy metal pol-
lution. Ribeiro et al. (2005) evaluated the stress enzymes
levels of eels. In addition, oxidative stress responses in dif-
ferent tissues were examined by caging only eel samples
(Ahmad et al. 2006), and also the oxidative stress sensitivity
of the species was evaluated in an in vitro study (Regoli et al.
2003). As mentioned previously, the stress enzyme levels of
eels are affected by environmental conditions; however, in
the present study yellow and silver stage eels were collected
in the same environment. The environmental constituents
that possibly trigger the stress enzyme level were assumed to
be equally affected in randomly sampled eels. This assump-
tion supports the conclusion that stress enzyme levels are
effective in distinguishing yellow and silver eels.

When the silver—yellow separation methods based on the
study were evaluated in four items (observation, morpho-
logical parameters, body condition data, and enzyme levels),
it was revealed that the most accurate distinction was made
mathematically, especially with digestive enzyme activi-
ties, with the multiple logistic regression model. From this
point of view, we determined the samples of our country as
yellow and silver with digestive enzyme levels and created
two different decision trees to make them usable in practi-
cal applications with the morphological and body condition
data of individuals. For this reason, we think that it would
be useful to distinguish between yellow and silver by using
these measurements that can be made in the field, especially
in the studies of the eel population in the region. This sam-
ple size only reflects the results of this study. However, we
suggest producing a cutoff value for easily observable vari-
ables using the physiological variables including digestive
and stress enzyme levels probably in larger sample sizes in
particular geographic scales. Based on our belief that this
decision tree study, which is created with morphological
parameters and body condition data, will create a practi-
cal method in eel research, stock estimation, and declining
population management plans, we think that it will pave the
way for similar decision trees to become widespread in dif-
ferent parts of the world.
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