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Abstract: The habitat use of eels during the development of sedentary behavior, which depends
on the animals’ body size, is unknown. Our objective was to analyze, for two years, the changes
in the home range of a population of European eel (Anguilla anguilla, Linnaeus, 1758) in Southern
Europe in relation to the animals’ body length (TL), and the influence of environmental factors
(water temperature and flow) on the local movements of this population through observation of their
sedentary behavior. We used a previously-validated mark–recapture methodology, obtaining a low
deviation in the estimation of the extension of the eels’ movements. Our results revealed relatively
short movements in relation to other populations, and we hypothesize that this could be related to the
high habitat diversity and low eel population density in the study area. The home range size showed
a high variability and dispersion among the smallest eels, however, as TL increased, the variability of
home range size decreased, and home ranges were larger. These changes could be associated with
the acquisition of a sedentary lifestyle. Once eels had become sedentary, an environmental pattern
was observed between their movements and the water temperature and flow, with larger movements
observed as the flow increased and water temperature decreased. This suggests that the temporal
and spatial scales of observation are of crucial importance for monitoring eel populations and for the
study of population size structure, population dynamics, and biology, which can be used to improve
conservation strategies.

Keywords: mark-recapture; distance-weighted sampling; local movements; space use; sedentary
behaviour; environmental effects

1. Introduction

The population of the European eel (Anguilla anguilla, Linnaeus, 1758) started to decline in
the 1980s. This was accompanied by a decrease in the continental stock, to such a degree that the
International Council for the Exploration of the Sea–European Inland Fisheries Advisory Commission
(ICES-EIFAC) Working Group on Eels (WGEEL) concluded that the species was outside the safe
biological limits [1]. This situation led the European Commission to create a regulation (EC 1100/2007)
requiring European member states to develop eel management plans, with the aim of reaching 40%
of pristine escapement to the sea. According to the ICES [1–3], the effectiveness of this plan largely
depends on information about the distinctive features of the eel life cycle for subpopulations in the
species’ entire distribution area.
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The study of the movements is relevant from a basic and applied scientific perspective [4–7].
It allows habitat use to be determined, which is essential to understanding subpopulation size structure
and the behavioral ecology of eels; these in turn are fundamental parameters for the construction
of effective management plans directed at the conservation of the species [8–13]. Additionally,
the understanding of eel movements is critical for estimating true density by calculating the Effective
Sampling Area [14] and also for defining spatial limits for an operational sampling strategy for
monitoring eel populations [15,16].

The present study has two focuses. Firstly, it focuses on one of the areas where the life history
traits of the European eel are less well known—the southern Iberian Peninsula. Movements of eel
populations have been studied in different areas and habitats [11,13,16–19]. It is widely known
that large environments, such as estuaries or river–estuary interfaces, promote large movements of
eels [10,12,13,16,20]. In rivers, it has been reported that the extension of eel movements is determined
by biotic or abiotic factors, such as river typology or food availability [11,17]. In the Iberian Peninsula,
there has only been one study addressing eel movements, in a small lake [21], and the use of space
and the movements of European eels in rivers in this area are, therefore, still unknown. It is well
known that water temperature has a strong influence on the activity of eels; they show little or
no activity during months in which the temperature drops below 10–12 ◦C and show peaks of
activity in summer [15,17,19,22]. These patterns correspond to the temperature cycle of the northern
latitudes. However, in the southern zone of the distribution of the European eel, which includes the
Mediterranean area, temperatures rarely fall below 10 ◦C. Therefore, if there is an environmental
pattern in the movements of eels in the Guadiaro River, Southern Spain—the area investigated in the
present study—it would be expected to be different from the patterns at more northerly latitudes.

The upstream migrations and large-scale movements of eels in inland waters are well
understood [8], as is the relationship between body size and the process of acquiring sedentary
behavior [9]. However, the evolution of the home range size of eels and the possible existence of
different environmental patterns of local movements in relation to both body length and the acquisition
of sedentary behavior have never been studied. Therefore, these are the second focus of this study.

Compared with the use of telemetry, the study of the movements using mark–recapture techniques
allows data to be obtained for a large number of individuals, even for small-sized animals, with limited
research budgets [23]. It also allows long-term monitoring, which is of vital importance for the study
of the home range size, since calculations performed for periods of less than one year may not include
seasonal variations and may thus produce less accurate estimates [24]. The main disadvantage of
mark–recapture techniques comes from the interpretation of the obtained results, since the recapture
rates generally decrease as the distance the animal moves increases [25,26]. This problem, known as
distance-weighted sampling [14], biases the estimation of distance distributions [23]. Traditionally,
it has been considered that the movements of fish follow the general rule of what has been called the
Restricted Movement Paradigm (RMP) [27–29]. According to the RMP, most individuals are relatively
nonmobile and restrict their movements to a well-defined home range, with observed movements
showing a leptokurtic distribution [7,30]. However, RMP has been increasingly criticized, since it
has been considered as being a consequence of the bias of distance-weighted sampling [28] or of
heterogeneity in the movement patterns within a population composed of stationary and mobile
groups [7,30,31]. In any case, the use of mark–recapture methods introduces the possibility of bias in
the probability of detection of long movements of animals, which must be evaluated.

The objectives of this study were to test and quantify the bias due to the mark–recapture
methodology; to determine the extent of local movements of eels, the eels’ home ranges in relation
to body size (>25 cm Total Length, TL) throughout the process of acquiring sedentary behavior,
and, finally, the possible environmental factors that influence local movements. The study was carried
out on an eel population located in the middle reaches of the Guadiaro River, in the southernmost part
of the European distribution area of the European eel, for a period of two years.
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2. Results

2.1. Effects of Passive Integrated Transponder Tags and Tag Retention

A total of 182 eels were used to test the effects of Passive Integrated Transponder (PIT) tags and
tag retention. Of these, only two died during the study period—one marked with a PIT with a size of
8.0 × 2.1 mm and one unmarked eel. This implies a mortality rate of 1.1% for the total study group and
of 1% for the tagged eels. The retention rate for nine months was 100%.

Increase in body mass was found to be correlated to the time elapsed from the beginning of the
experiment (T, days) (covariance analysis, F = 44.55; p < 0.001) and TL (F = 7743.05; p < 0.001), and the
interaction between T and TL was significant (F = 2.78; p = 0). In contrast, there were no significant
differences in the increase in body mass between eels with and without PIT (F = 0.04; p = 0.96), or in
the interactions in which this variable was present.

A two-way ANOVA showed significant differences in the response variable, namely the Residual
Condition Index (Kr), over the time elapsed from the beginning of the experiment (F = 76.54; p = 0).
However, there were no significant differences in Kr between marked and unmarked specimens
(F = 0.005; p > 0.05).

2.2. Movements and Home Range

Data were obtained from 296 eels recaptured at least once. It was found that the Distance between
Captures (DC or observed movements) was independent of the Number of Days (D) (F = 0.295;
p = 0.590; R2 = 0.001), and, therefore, all of the 296 specimens were used in subsequent analyses.
TL ranged from 25.0 to 68.3 cm (XTL = 32.4 ± 0.41 cm at the 95% confidence interval (C.I.)). A total
of 127 specimens (mean XTL = 34.0 ± 0.59 cm at the 95% C.I.) were recaptured two or more times.
The maximum number of recaptures (n = 12) was made for two individuals with TLs of 37.3 cm and
42.9 cm. All studied eels were in the FI to FIII maturation stages [32].

2.2.1. Deviation Estimate of Observed Movements

Given the extension of eel movement, the probability of the detection of eel movement was
not homogeneous over all the distances sampled (white bars in Figure 1). This implies that there
was bias in the estimates of the extension of movements due to the distance-weighted sampling
phenomenon, and that it increases as the distance from the sample location to the original point
of release increases. There were no significant differences between the observed movements and
those obtained theoretically (Mann–Whitney test; U = 138,182.50; p = 0.928); however, there was an
evident difference in kurtosis, with significant differences observed in the comparison of the respective
mean (observed movements-possible movements sampled) positive and negative values (negative:
U = 10,518.00; p = 0.000; positive: U = 10,692.50; p = 0.000). Thus, the null hypothesis that the
distribution of DC (observed movements) was random could be rejected. Therefore, accepting that
each possible distance moved (DC) (from 0 to ± 1000 m; white bars in Figure 1; theoretical distribution)
should be observed, it can be concluded that the real DCs (black bars in Figure 1) had a smaller
extension than possible movements detected with a probability greater than 0.

Consequently, despite the above-mentioned distance-weighted sampling phenomenon, 90%
of the DCs observed, which were between the 5th (−164.80 m) and 95th (+174.07 m) percentiles
(corresponding to −200 m and +200 m in the frequency distribution of the theoretical probabilities
measured at intervals of 50 m, Figure 1), had a higher average detection probability (98.76 ± 1.62%),
since they were located in the area of the theoretical distribution with high detection probabilities.
The remaining 10% of the DCs observed were detected with an average probability of 69.38% ± 8.1%.
The most extreme movements recorded, namely −450 m and +750 m, which had individual frequencies
lower than 1%, had theoretical detection probabilities of 55.78% and 48.61%, respectively.
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Figure 1. Frequency distributions: Theoretical probabilities of detection of movements given the 
movement extension. Possible movements sampled shown by white bars; Distance between Captures 
(DC, observed movements, black bars); Adjusted frequency of movements at each distance obtained 
after applying the Correction Factor (grey bars). Point 0 represents the absence of movement or 
movements smaller than 50 m. 
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After applying the Correction Factor, there were no significant differences between the 
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positive (U = 283.50; p = 0.730) or negative DCs-corrected DCs (U = 197.50; p = 0.678). The adjustment 
had no effect on movements between −250 and +300 m (representing more than 90% of the detected 
movements), and only slightly affected the most extreme movements (Figure 1). 

2.2.2. Distance between Captures (DC, Observed Movements) 

The frequency distribution of the DCs was found to be symmetrical (z = 1.349; p > 0.05) (Figure 
1), which implies an absence of directionality in the eel movements. Therefore, the absolute values of 
the extension of the movements were used. More than 60% of the total movements (n = 558) were less 
than 50 m (Figure 2a), with a mean value of 64.27 ± 7.78 m at the 95% C.I. 

Figure 1. Frequency distributions: Theoretical probabilities of detection of movements given the
movement extension. Possible movements sampled shown by white bars; Distance between Captures
(DC, observed movements, black bars); Adjusted frequency of movements at each distance obtained
after applying the Correction Factor (grey bars). Point 0 represents the absence of movement or
movements smaller than 50 m.

After applying the Correction Factor, there were no significant differences between the frequency
distributions of the DCs and the corrected DCs (U = 845.00; p = 0.729) or between the positive
(U = 283.50; p = 0.730) or negative DCs-corrected DCs (U = 197.50; p = 0.678). The adjustment had
no effect on movements between −250 and +300 m (representing more than 90% of the detected
movements), and only slightly affected the most extreme movements (Figure 1).

2.2.2. Distance between Captures (DC, Observed Movements)

The frequency distribution of the DCs was found to be symmetrical (z = 1.349; p > 0.05) (Figure 1),
which implies an absence of directionality in the eel movements. Therefore, the absolute values of the
extension of the movements were used. More than 60% of the total movements (n = 558) were less
than 50 m (Figure 2a), with a mean value of 64.27 ± 7.78 m at the 95% C.I.

The distribution of DC was significantly asymmetric (z = 19.02; p < 0.001) and leptokurtic
(z = 29.91; p < 0.001) with a high degree of dispersion (Figure 2a). The standard deviation was 93.55 m,
the range was 581 m, and outliers and extreme values were up 158.70 m.

The Movement Rate (MR) of the eels was 34.59%. With increasing length (TL), individuals became
more mobile, with a progressive increment in MR being observed as their length increased. In the TL
range of 25.0–29.9 cm, MR was 26.88%; in the range 30.0–34.9 cm, MR was 32.10%; and for TLs > 50 cm,
MR was 64.29%.
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Figure 2. Absolute values (in m) for specimens recaptured once or more during the study period:
(a) Distance between Captures (DC, observed movements), outliers between 158.70 and 246.91 m
(dotted line) and extreme values from this last distance; (b) Maximum Distance Moved (MDM), outliers
between 204.63 m and 318.3 m (dotted line) and extreme values from this distance onwards.

2.2.3. Maximum Distance Moved (MDM, Home Range)

The maximum MDM observed was 707.04 m, which was observed in one individual (TL = 27.3 cm)
with an interval between captures of 180 days, while the minimum MDM was 0.00 m, which was
observed in one individual (TL = 26.8 cm) with an interval between captures of 409 days.

The distribution of MDM was leptokurtic (z = 27.52; p < 0.001), with 59.1% of territories being
smaller than 50 m, and was also asymmetric (z = 18.3; p < 0.001) (Figure 2b). The mean MDM was
81.00 m (±12.88 m) and the standard deviation was 112.57 m.

Mean home range values (MDM, Table 1) show a high variability and dispersion in the TL ranges
of 25.0–29.9 and 30.0–34.9 cm, as well as the lowest mean values. These intervals also show the highest
MDM range. A Kruskall–Wallis test showed significant differences in the mean size of the home range
for different intervals of mean TL (H = 31.15; p < 0.001). Post hoc Hochberg tests detected two different
TL groups, namely 25.0 cm to 39.9 cm and >40.0 cm. Likewise, a median test showed significant
differences (M = 35.34, p < 0.001) in the MDM between the different intervals of mean TL, indicating a
significant trend of increasing MDM with increasing TL (Jonckheere–Terpstra test J = 4.71; p < 0.00).
In general, MDM variability and dispersion decreased as TL increased, resulting in larger and more
homogeneous territories (Table 1).
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Table 1. Maximum Distance Moved (MDM, home range) descriptive statistics by length intervals (mean body length (total length, TL) of the total number of
recaptures) in the studied eel population of the Guadiaro River. Data are from individuals with one or more recaptures. CV = Coefficient of variation.

Total Length
(cm) N Mean ± 95% C.I.

(m)
5% Trimmed

Mean (m)
M–Estimators

(m)
Median

(m)
Range

(m) CV Outliers
(m)

Extreme Values
(m)

Mean Area ± 95% C.I.
(m2)

25.0–29.9 137 65.47 ± 17.98 47.55 24.38–32.02 26.49 707.04 1.63 165.08–268.11 319.51–707.04 1023.97 ± 281.21
30.0–34.9 122 78.67 ± 19.65 62.4 36.96–44.50 39.79 622.09 1.39 197.21–271.42 300.05–622.55 1230.42 ± 307.33
35.0–39.9 18 99.79 ± 51.92 93.13 40.06–58.93 48.72 316.73 1.05 No No 1560.74 ± 812.04
40.0–49.9 13 158.61 ± 79.56 151.14 75.94–99.27 84.13 363.81 0.83 No No 2480.70 ± 1244.34
>50.No0 6 258.76 ± 99.07 257.44 249.30–252.58 242.21 264.44 0.37 No No 4047.08 ± 1549.48
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2.2.4. Factors Influencing the Extension of Eel Movements

A two-way ANOVA showed significant differences in DC (observed movements, m) between TL
intervals and Season (S). The post hoc Hochberg tests detected three different groups by TL intervals,
namely 25.0 to 34.9 cm, 35.0–39.9 cm, and >40.0 cm. Accordingly, TLs were grouped into these three
intervals, and a subsequent two-way ANOVA was carried out, which showed significant differences
between the TL intervals (F = 9.445; p = 0.000) and S (F = 3.366; p = 0.003), but not in the interactions
between the TL and S variables (F = 1.264; p = 0.237). The mean DC for the eels with TL 25.0–34.9 cm
was similar throughout the study period (Figure 3). Similar patterns of DC were observed for the two
other TL intervals, although movements were greater in the >40.0 cm group. The distances moved
were significantly larger (Hochberg test, p < 0.05) in autumn 2014 and the winters of 2014–15 and
2015–16, and significantly shorter in the spring, summer, and autumn of 2015.
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Figure 3. Mean distances moved (square root of DC, observed movements, m) during the study period
by length interval in specimens recaptured more than once. Dotted line: eels with TL < 34.9 cm; dashed
line: eels with TL between 35–39.9 cm; dot-dash line: eels with TL > 40 cm. Also shown seasonal
averages of water temperature (◦C, white bars) and height of water layer (×100 m, grey bars).

The use of multinomial GLM models confirmed this pattern, indicating that the probability and
size of the eel movements depended on TL, river flow (RF), and water temperature (WT) (Table 2).
The best model (TL-RF) explained 31.61% (D2) of the variation of the response variable and had a
relative support, as determined using Akaike weights (wi), of 60%, and the second-best model (TL-WT)
explained 37% of the variation of the response variable. The remaining factors tested, as well as their
interactions, had much lower support (wi), near to or below 1%. The variable with the highest relative
importance (w+) was TL (Table 3), followed by RF and WT. No model obtained sufficient relative
support (wi ≥ 0.9), so the inferences were made by averaging the parameters of the best models that
had ∆AICc < 2 (first two models, Table 2). taking the category of movement extensions >300 m as the
reference, a total of four equations were obtained with four different intersections and three slopes in
common (Table 3).
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Table 2. Multinomial GLM models with Akaike weights (wi) > 0 ordered by increasing Akaike’s
Information Criterion adjusted for small sample size (AICc), for the odds and extent of movements
detected in the Guadiaro River eel population between October 2014 and June 2016. ∆AICc: Difference
in ∆AICc compared to the best model; wi: Akaike weights.TL = total length (cm), RF= river flow (level
in meters), ∆RF = increase in river flow (m) and WT = water temperature (◦C).

Model Omnibus Test Deviance AICc ∆AICc wi

y = intercept-TL-RF <0.05 436.907 768.576 0.000 0.6053
y = intercept-TL-WT <0.05 489.689 769.568 0.992 0.3686
y = intercept-TL-∆RF <0.05 599.930 776.567 6.999 0.0111

y = intercept-TL <0.05 578.992 777.577 9.001 0.0067
y = intercept-TL-∆RF-interaction <0.05 612.624 778.378 9.802 0.0045
y = intercept-TL-RF-interaction <0.05 607.686 779.684 11.108 0.0023
y = intercept-TL-WT-interaction <0.05 605.243 781.4 12.824 0.0010

y = intercept-RF <0.05 625.660 784.828 16.252 0.0002
y = intercept-WT <0.05 629.322 784.907 16.331 0.0002

y = intercept 638.827 791.328 22.752 0.0000

Table 3. Results of Multi-model inference from the models TL-RF and TL-WT (∆AICc < 2). Parameter
estimates, 95% C.I. and the relative importance of each variable (w+) (Total Length, River Flow and
Water Temperature) for the odds and extent of eel movements (m) in the Guadiaro River population
between October 2014 and June 2016.

Parameter Estimate 95% CI w+

α Intercepts (Movements extension category, m) -
<49.9 0.58 ±0.12 -
50–99.9 1.62 ±0.51 -
100–199.9 2.54 ±0.21 -
200–299.9 3.20 ±0.28 -

β Coefficients -
Total Length 0.44 ±0.10 0.99
River Flow 0.39 ±0.16 0.61
Water Temperature −0.27 ±0.16 0.37

-, not applicable.

The averaged model provided strong support (total wi = 0. 9739) for the odds of increasing
the extension of eel movement with increasing TL and RF and decreasing it with increasing WT.
Within each movement extension category, the odds of a movement (odds of occurrence, variable
response) varied by a factor of eβ (slope) for each increment/decrease of one unit of each of the predictor
variables. That is, the odds increased by +1.553 and +1.477 for each unit increment of TL and RF,
respectively, and decreased by −0.760 for each unit increase of WT. The odds of movements in the
different DCs categories (intersection; e (−αi + β1 + β2−β3)) decreased from 0.98 for movements <49.9 m
to 0.07 for movements of 200.00–299.00 m relative to the reference category (>300 m), indicating a
higher occurrence of movements as the extension decreased.

3. Discussion

The use of PIT tags has been recommended as one of the most suitable methods for monitoring
fish populations [33,34], and has been frequently used in studies of eel behavior [9,15,35–37]. In our
study, these tags had high survival and retention rates, and had no effect on growth or somatic
condition. However, in very long-term studies (e.g., Mazel et al. [38]), a decrease in the growth of
marked individuals has been observed. Additionally, we did not find any relationship between DC and
Number of Days since the last capture, which suggests that eel behavior after release is not influenced
by tagging and/or manipulation.
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The degree of bias due to the mark–recapture methodology, and consequently also due to the
distance-weighted sampling phenomenon, was low, as shown by the high average detection probability
obtained for 90% of the DCs (observed movements). Additionally, the relative frequency distributions
of DCs and adjusted distances after applying the Correction Factor [14] were virtually identical. Both
of these are unequivocal signs of low bias in the detection of movements [7,14], and therefore also of
the accurate estimation of extensions of movement range [39]. The length of the study area (1023 m)
allowed large movement ranges to be observed. Nevertheless, we only detected three cases with an
MDM (home range) greater than 500 m. This suggests that the true extension of the DC was smaller
than what could be detected with a probability greater than 0, which explains the low deviation
detected in the DC values and validates the mark–recapture methodology for the study of local eel
movements. That is, a large bias in the detection of movements would be present if the specimens
moved over larger distances; when the specimens mainly move over short distances, only a small
number of the mark and release sites promote deviation (in our case, exclusively those sites that are
closer to the borders of the sampling area), while most sites allow movement lengths to be detected
with a high probability.

The frequency distribution of the DCs (observed movements) was clearly leptokurtic. In this
case, with the low bias obtained, this may reflect the true size of movement, rather than being a
consequence of distance-weighted sampling. This source of deviation resulting from distance-weighted
sampling has been considered as the main reason for criticizing the RMP (Restricted Movement
Paradigm) [27–29], which postulates that, despite their potential to move over long distances, most
individuals in a fish population are relatively sedentary and restrict their movements to a well-defined
home range. Such behavior was detected in this study and has been previously detected in other
European [11,17] and American [40] eel populations, and confirms the RMP. In the absence of bias,
it has been suggested that leptokurtosis may be a consequence of population heterogeneity [7,30,31],
since random movements in a homogeneous population should be adjusted to a normal distribution.
This heterogeneity can be caused by differences in sex, age, and social status [41,42].

In this study, the observed home range sizes (MDM) were greater than those observed in [17,21],
similar to those observed in [11], or smaller than those observed in [13,16,19,43,44] in other European
eel populations (Table 4). In all cases, the home range sizes observed in this study were smaller
than those observed in American eel populations (Table 4), except for those observed by Ford and
Mercer [40]. It has been suggested that the size of the home range of species of the genus Anguilla
is related to the type of environments that they inhabit. According to Thibault et al. [20], large
environments, such as estuaries and river–estuary interfaces, promote a larger movement range of
A. anguilla [13,16] and A. rostrata [10,12]. In rivers, differences in home range are caused by different
biotic and abiotic factors, such as habitat availability, river type, and fish population density and/or
intraspecific competition [11]. In rivers with a high habitat heterogeneity, eels will not be forced
to move long distances to find functional habitats [17]. Moreover, if the population density is low,
the competition for space and food will also be low, and therefore the large dispersion of eels will
not be promoted. In the case of the Guadiaro River, its high habitat diversity and relatively low eel
population density (Fernández-Delgado et al., unpublished data) may be the reason for the observed
home-range sizes.
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Table 4. Home range size of different European eel (Aa) and American eel (Ar) populations. M-R: mark-recapture; T: telemetry.

Reference Spp Environment Home Range Size Relation with Length Territoriality Methodology

Present study Aa River 0.102–0.405 ha (65.47–258.76 lineal m) yes yes M-R
Mann [43] Aa River 30 km * * M-R

LaBar et al. [21] Aa Lagoon 0.135–0.25 ha * * T
Baras et al. [17] Aa River 0.01–0.01 ha (maximum home range 281 lineal m) * yes T

McGovern y McCarthy [44] Aa River 0.1–0.6 ha * yes T
Ovidio et al. [11] Aa River 33–341 m (average 62 m) no yes T
Walker et al. [16] Aa Coastal lagoon 630–4150 m no yes T
Barry et al. [13] Aa Lagoon 14.3–29.6 ha yes yes T

Verhelst et al. [19] Aa Polder area 300–3917.34 (lineal m) * yes T

LaBar & Facey [45] Ar Lagoon 2–65 ha * * T
Bozeman et al. [46] Ar Coastal area 1 ha * * M-R
Ford & Mercer [40] Ar Marshland 0.021 ha no yes M-R

Dutil et al. [47] Ar River 0.5-2.0 ha * * T
Parker [48] Ar Estuary 325 ± 64 ha * * T

Thibault et al. [20] Ar Estuary-river 16 ha yes * T
Béger-Pon et al. [12] Ar Estuary-river-Lagoon 11.1–200 km no yes T

*, unmentioned.
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In the studied eel population, the presence of small territories and the frequent recaptures made
in the same area suggest a high degree of territoriality. This phenomenon is associated with sedentary
behavior, which has been shown to promote high site fidelity in A. anguilla [11,18,19,35,48–50] and
A. rostrata [40,45]. Eels are more efficient at exploiting environments which they already know [17]
and show less ability to compete for resources outside their familiar area [51]. This territoriality is so
pronounced that eels possess homing abilities and are capable of returning to their original location
after they have been translocated [18,48,49,51,52].

In this study, we detected an increase in the home range (MDM) of eels with increasing body size.
This phenomenon has been observed in several other eel populations (Table 4), to the degree that, in
certain habitats, eel size can be considered as a good predictor of territory size [12,13]. This observation
could be related to the dependence of eel feeding behavior on the eels’ body sizes; as its body length
increases, an eel’s diet evolves from one based on macroinvertebrates to one based on fish [53]. This is
due to a gradual increase in energy demand as the animals grow and implies the need for a bigger area
to provide the necessary food resources [13].

In this study, for smaller eels (25.0 to 34.9 cm in length), a high variability and dispersion was
observed in home range size (and DC values). This group showed both the largest home ranges
(MDM) and a high proportion of very small territories, resulting in the lowest mean values of home
range. This high variability disappeared as body size increased. This pattern could be the cause of the
heterogeneity in the population and could be the reason that a leptokurtic frequency distribution was
obtained for DC. Furthermore, this pattern could be related to the process of acquiring a sedentary
lifestyle. This is a complex process that involves physiological and ethological changes [54]. Given the
high site fidelity of the yellow eel, the process of acquiring a sedentary lifestyle involves developing a
sensorial system capable of unequivocally recognizing their own territory [55]. Eel sedentarization
takes place gradually and causes high variability among individuals and populations [54]. Once they
have finished migratory behavior, eels become nomadic or transient [8,9], an intermediate stage in
which individuals search for a territory and thus move freely and extensively through different habitats.
If these nomadic/transient eels enter a mark–recapture study area, they are marked only once and
never appear again [9] (Fernández-Delgado et al., unpublished data), and since their recapture rate
is 0 such eels were not included in this study. However, the specimens investigated in the present
study (recaptured at least once with recapture rates that allow monitoring; Fernández-Delgado et al.,
unpublished data) that displayed extreme values of MDM may have been in the last phase of this
transient stage, in which eels begin the process of becoming sedentary. The specimens probably located
an appropriate area (that was not yet their own territory) in which they moved large distances in order
to search for a specific territory. Once they had found a territory, the eels investigated in this study
became sedentary, and extreme movement lengths were no longer observed, being replaced by small
home ranges. Since we did not mark eels with a TL < 25 cm, we could not determine the minimum
length at which eels become sedentary; however, in other populations this length has been found to
be 20 cm [35] or 24 cm [9]. Therefore, according to our results, we can formulate the hypothesis that,
in the studied population, two distinct groups can be characterized in relation to movement patterns,
home range size, and body length:

(1) Eels that are in the process of acquiring a sedentary lifestyle. At the beginning of this stage, eels
make erratic movements (of up to 700 m) in the area where they will establish their territory. Once eels
have established a territory, their movements become very short and do not show an environmental
pattern. Individuals in this group have TLs between approximately 25 and 35 cm;

(2) Resident or sedentary eels. The eels’ movements (DCs) and home range size (MDM) increase
on average as their TL increases. Their movements show an environmental pattern, they usually have
TLs greater than 35 cm, and they have high site fidelity.

The concepts of territoriality and site fidelity can coexist in seasonal eel migrations [56]. In this
study, migrations were not detected, although we observed a movement pattern for eels that had
completed the process of acquiring sedentary behavior (TL intervals > 34.9 cm) that was linked to
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environmental conditions, specifically river flow and water temperature. Sedentary eels were more
active with caudal increments and temperatures between 13 and 16 ◦C. This was observed during
autumn 2014 and the winters of 2014–15 and 2015–16, when high rainfall produced large increases
in river flow. In the absence of heavy rainfall, eels gradually decreased their activity (and thus their
DCs). Activity reached a minimum in summer 2015, when maximum temperatures and minimum
caudal flows were observed. In other populations, increases in eel activity related to river flow [57] and
temperature [11,13,16,21,22,58] have been detected. At higher latitudes, eels are inactive during the
cold months and increase their activity at temperatures above 16 ◦C [17,19]. However, at lower latitudes,
such as in our study area, the temperature cycle is different. In the Guadiaro River, temperatures never
dropped below 12 ◦C during the study period, so the eels’ inactive period was not observed. However,
eel movements were lowest between July and September 2015, when the highest water temperatures
were detected (20.0–24.9 ◦C). It has been suggested that the lower activity of eels during the summer
months may be related to the higher number of light hours in these months, rather than the higher
temperature, since the longer days reduce the time available for nocturnal foraging (typical of eels)
and thus increase the time they remain confined to the substrate or shelters [12].

The existence of an environmental pattern in the movements of sedentary eels, as is observed in
the present study, indicates that the time scale for the study of such movements is of crucial importance.
Therefore, long-term studies are required to include all possible variations of home range size and
movement behavior [24] as they allow a better understanding of the biology and population ecology
of the European eel to be obtained, and thus facilitate more effective conservation strategies [58].
Additionally, there is a great lack of information on eel ecology in southern latitudes, despite the
significant contribution of these populations to the overall stock production [59]. Thus, it is also
of fundamental importance to obtain a better understanding of the variation of the key ecological
processes throughout the entire distribution area of the European eel in order to improve management
plans for the species.

Despite the limitations and possible bias involved in the mark–recapture methodology, we observed
changes in the home range size during the yellow phase in eels and during what seems to be the process
of acquiring a sedentary lifestyle. Based on the data obtained, we have formulated the hypothesis of
the existence of two groups in the population (a sedentary group and another group in the process of
acquiring sedentary behavior). More studies are necessary not only to confirm these results but to
elucidate the sedentarization phase in depth as it is one of the least understood stages in terms of both
the behavior and habitat use of eels.

4. Material and Methods

4.1. Study Area

The study was carried out in the Guadiaro River, Southern Spain (UTM 30S 284525; 4033181 -SRC:
ETRS89, EPSG 25830-). The river’s hydrographic basin is 82 km in length, covers an area of 1505 km2,
and discharges into the Mediterranean Sea (Figure 4).

The Guadiaro River has a sub-humid thermo-Mediterranean climate with an average temperature
of 17 ◦C and an average annual precipitation of 725 mm, with episodes of heavy rain. The river’s
water flow is permanent throughout the year due to the regulatory function of karst upwellings in
the upper section of the hydrographic basin, although it varies due to large floods in winter, with
minimum values being observed at the end of summer [60]. In the Guadiaro River, the European eel
coexists with the sand smelt (Atherina boyeri, Risso, 1810), the Southern Iberian barbel (Luciobarbus
sclateri, Günther, 1868), the southern straight-mouth nose (Pseudochondrostoma willkommi, Steindachner,
1866), an endangered species of chub endemic to Southern Spain (Squalius malacitanus, Doadrio and
Carmona, 2006), the sea lamprey (Petromyzon marinus, Linnaeus, 1758), and the grey mullet (Liza ramada,
Risso, 1827). There are also several introduced species of fish, although at low population densities:
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the topmouth gudgeon (Pseudorasbora parva, Temminck and Schlegel, 1846), the carp (Cyprinus carpio,
Linnaeus, 1758), and the mosquitofish (Gambusia holbrooki, Girard, 1859).Fishes 2019, 4, 43 13 of 19 
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The water quality of the Guadiaro River is high, mainly due to the fact that a large part of the river
basin is located inside the boundaries of a large natural forested area, the Alcornocales Natural Park.
Additional factors which contribute to the river’s high water quality are the absence of large dams and
the fact that the region’s riparian vegetation has been well conserved. Most of the river basin (56%)
belongs to the European Commission’s Natura 2000 Network.

In this study, a segment of the middle reaches of the Guadiaro River (located approximately 28 km
from the Guadiaro River estuary) with a length of 1023 m and a mean width of 10 m (corresponding
to an area of �1.6 ha) was sampled monthly between October 2014 and June 2016. The segment was
chosen as it has a high aquatic habitat heterogeneity, with pools, runs, and riffles of different sizes
and abundant shelter for fish. The substrate is mostly mud or sand, however there are also some
areas with pebbles of different sizes, especially in riffles and runs. The water depth ranged between
20 cm (runs) and 185 cm (pools). The minimum water temperature was measured in December 2015
(12.0 ◦C) and the maximum water temperature in July 2015 (24.9 ◦C). Levels of dissolved oxygen varied
from 5.69 mg L−1 (August 2015) to 11.9 mg L−1 (December 2015) and water conductivity varied from
307 µS cm−1 (April 2016) to 606 µS cm−1 (September 2015). The weather conditions varied greatly
between seasons throughout the study period. During autumn and winter of 2014–2015, rainfall
was unusually heavy (monthly mean of 118.5 mm), leading to substantial increases in the river flow.
The rest of the sampling period was mostly dry with brief episodes of heavy rain.

4.2. Mark–Recapture Study

4.2.1. Tag Retention

A study of eel movements was carried out using PIT tags whose effects on eel survival and fitness
and retention rates in eels had previously been tested in the laboratory. A total of 182 European eels



Fishes 2019, 4, 43 14 of 19

collected from the marshlands of the Guadalquivir River, southwestern Iberian Peninsula (UTM 30S
213060; 4096063 -SRC: ETRS89, EPSG 25830-), were reared in a 4000 L tank of salt water (30 g/L ClNa;
20 ◦C; 6 mg/L O2; pH = 7) for nine months. The water was renewed every 5 h and treated using biological
filters and ultraviolet light sterilization. All experimental procedures were conducted in compliance
with the European legislation for the protection of animals used for scientific purposes (Directive
2010/63/EU). After a one-month acclimatization period, the eels were anaesthetized in a 1:1000 solution
of clove oil dissolved (1:10) in ethanol (70%) [61]. The TL (cm) and body mass (M, g) were recorded for
each specimen. A random sample of 100 individuals were tagged with PIT tags (M.U.S.I.C.C.®, Avid
Identification System Inc., Norco, CA, USA) with dimensions of 8 × 2.1 mm (n = 49; XTL = 30.0 ± 1.0 cm
at the 95% C.I.; range = 23.4–44.6 cm) or 12.0× 2.1 mm (n = 51; XTL = 29.7 ± 0.8 cm at the 95% C.I.; range
= 23.6–38.0 cm), leaving 82 eels untagged (XTL = 30.3 ± 0.8 cm at the 95% C.I.; range = 22.5–41.8 cm).
PIT tags were injected into the dorsal musculature 1–2 cm behind the beginning of the dorsal fin and
parallel to the axis of the vertebral column. Care was taken to avoid the vertebral column and the
lateral line. The insertion site was disinfected with Betadine® gel (MEDA Manufacturing, Bordeaux,
France). Eels were anaesthetized every 30 days (see above), after which TL and M were recorded
and the animals were examined for tag retention using a PIT tag reader (PowerTracker V®, Avid
Identification System Inc.). The Residual Condition Index (Kr) was calculated using standardized
residuals obtained from Log (TL)–Log (M) regression [62].

A covariance analysis was carried out using M as the response variable, and T, TL, the presence or
absence of a PIT, and PIT size (P) as predictor variables.

4.2.2. Sampling Protocol

The sampling framework of the Robust Design [63,64] was chosen for the mark–recapture study.
The stretch of river that comprised the study area was divided into two sections—A and B. The sampling
period was six days. On the first day, a total of 50 numbered fyke nets were set in section A for 24 h,
distributed on both river banks and separated from each other by approximately 20 m; each net was
2.5 m in length, and 25 of the nets had a 10 mm mesh size while the other 25 had a 7 mm mesh size.
Subsequently, the nets were removed and installed in section B for another 24-h period. This process
was repeated until three 24-h cycles had been completed in each section. We assumed that the absence
of fishing for one day facilitated a homogeneous mixture of marked and unmarked individual eels.
The same methodology was carried out every month from October 2014 to June 2016, thus obtaining
data of eel movements at different time scales (daily, monthly, and seasonal). The eels caught in each
fyke net were transferred to a labeled net bag and their coordinates (UTM) were recorded. This made it
possible to relate each individual to the exact position where it was caught. The eels were anesthetized
and their TL (cm), M (g), and external measurements proposed by Durif et al. [32] for determining the
maturation stage (mm) were recorded, both for the first capture and for the recaptures. Eels with a
TL larger than 25 cm were marked using PIT tags or examined for the presence of tags, following the
protocol described above. Once eels had been processed, they were released in exactly the same place
where they were captured.

4.2.3. Data Analysis

A total of 722 eels were tagged throughout the study period. Of these, 389 were recaptured.
For the study of movements and home ranges, data were collected from 296 individuals selected
according to the following criteria: First, eels which were recaptured one or more times at least one
month after their first capture. In this way, the influence of transient individuals (nomadic individuals
who had not yet begun the process of acquiring sedentary behavior [8,9] or migrating silver eels) was
avoided; and second, eels in silvering stages were excluded. All data were obtained from yellow eels
in the FI to FIII maturation stages [32]. Not all of the 296 eels were monitored during the entire study
period. In the 23 months of the study period, new sedentary eels settled in the study area, and their
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data were incorporated; additionally, other eels started the silvering process, and their data were
excluded as indicated above.

Statistical analysis was performed with SPSS v. 23 (IBM® SPSS® Statistics, 2015; International
Business Machines Corporation, New York, USA) and the R software 3.3.2 (R Development Core Team,
2016). In general, statistical significance was assessed at p < 0.05; other significance levels are indicated
when appropriate.

In order to estimate the degree of bias due to the mark–recapture methodology, and consequently
the degree of bias due to the distance-weighted sampling phenomenon, Albanese’s procedure was
used [23]. This involves constructing a theoretical distribution of the probabilities of detecting
movements based on their length (in this case, every 50 m moved) and later comparing this with the
observed distribution of movements. Additionally, a Correction Factor [14] was applied to account for
variations in the sampling intensity with distance.

The following two variables were obtained to characterize the movement patterns:

(1) DC (m; Distance between Captures or observed movements): distance moved in meters between
two consecutive captures. It can be negative (downstream) or positive (upstream). DC was tested
against the value of D between two consecutive captures;

(2) MDM (m; Maximum Distance Moved or home range): difference between the extreme
positions occupied by an individual during the study. Only the longitudinal component
was considered [4,11].

The two previous variables were related to the TL at the time when the movement was detected
(for DC) and the mean TL of the total number of recaptures (for MDM). Body lengths were divided
into the following intervals: 25–29.9 cm, 30.0–34.9 cm, 35.0–39.9 cm, 40.0–49.9 cm, and >50 cm. MDM
was studied using the following descriptive statistical methods: the usual central tendency; dispersion
measures; 5% trimmed mean (in which 5% of the extreme values are discarded); M-estimators—robust
alternatives to the weighted mean (Huber’s M-estimator, Andrews’ wave estimator, Hampel’s
re-descending M-estimator, and Tukey’s bi-weight estimator); the interquartile range (IQR, middle
50% of values) in a Tukey boxplot; and cases outside the 1.5 IQR (outliers) and 3 IQR or more of the
bottom or top quartiles (extreme values).

We calculated the MR (Movement Rate) of the eels to study the variation in the Distance between
Captures (observed movements) in relation to body size. Based on the width of the intervals used
in the study of the theoretical and DC distributions of movements (see above), at each recapture, the
distance in meters to the position of the previous catch was used to classify the individual as either
static (<50 m, first interval) or mobile (>50 m, the rest of the intervals). MR was calculated as the
proportion of movements >50 m to the total number of movements detected in the population.

To explore factors influencing the DC (m, observed movements), as a first step, a two-way ANOVA
was used for individuals with two or more recaptures. To homogenize the variances, the response
variable used was the square root of DC (absolute value). The following classification variables were
used: TL interval (cm) and S, a dummy variable with the function of summarizing environmental
variables involved in the possible variation of the movements in an annual cycle. For S, values of 1 to 7
were given to represent the seven seasons covered by the study period. The post hoc Hochberg test for
unequal samples was used.

Using the information obtained in the previous step, further analysis was performed using
Multinomial Generalized Linear Models (GLM) with an accumulated logit link function [65,66].
The response variable (DC, m) was divided into five categories: <49.9 m; 50–99.9 m; 100–199.9 m;
200–299.9 m; and >300 m. The following predictor variables were tested:

(1) The TL (cm) of the individual when movement was detected;
(2) CPUE (Catch per unit effort): the average number of specimens captured in a 24-h cycle,

interpreted as an indicator of the degree of activity in eels.
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Several environmental variables were considered which a priori could be representative of the
length of the DC:

(1) River Flow (RF, m): mean river level (height of the water layer in meters) from four days before
the beginning of sampling until its completion;

(2) Increase in RF (∆RF, m): the difference between the maximum and minimum water levels in the
four days prior to the beginning of sampling;

(3) Water Temperature (WT, ◦C): measured early in the morning (at around 09:00) on each day
of sampling.

For RF and ∆RF, flow data were obtained from the Automatic Hydrological Data Collection
System SAIH Hidrosur (http://www.redhidrosurmedioambiente.es).

The collinearity between the predictor variables was previously verified using the following
collinearity diagnostics: variance inflation factor (VIF), tolerance statistics (1/VIF), and the correlation
matrix of all predictor variables. The results indicate that, except for TL, all the independent variables
were collinear with each other at p < 0.01. Therefore, the models were constructed separately for TL
and each of the environmental variables.

The overall significance of the models was tested with an Omnibus test based on the chi-squared
likelihood ratio of a particular model. This test compares the fitted model against the intercept-only
model. The amount of variation in the response variable that is explained by a model (D2) was
calculated using the deviance as D2 = (deviance of intercept-only model—deviance model)/deviance
of intercept-only model).

The AIC corrected for small samples (AICc), which provides an estimate of the quality of a
particular model relative to each of the other candidate models [67], was used for model selection.
The relative strength of the evidential support provided by each model was evaluated using Akaike
weights [67]. In the case that a model providing strong support (wi > 0.9) could not be found among the
tested models, multi-model inference (MMI) was used, which was carried out using the models with a
difference in AICc (∆AICc) smaller than 2 [67,68]. Finally, the relative importance of each variable (w+)
was calculated [67] using the support value of each model (wi).
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