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Abstract – The demographic variables of pike (E
sox lucius) were studied at the southern edge of the
species' distribution in the Anzali Wetland, south-western Caspian Sea. The main aim was to provide data
for the assessment of the stock and to explore possible fisheries management measures such as setting
minimum landing size based on length-at-maturity. Pike collected from commercial landings ranged from
15.4 to 75.4 cm in fork length (FL), from 52.9 to 3462.5 g in weight and were between 0 and 8 years old. Von
Bertalanffy growth function parameters were L∞= 90.6 cm FL, k = 0.12 yr�1 and t0 =�1.74 yr�1. Male pike
matured at 1–2 years with L50 of 28.6 cm FL, whereas females matured at 2–3 years with a L50 of 33.9 cm
FL. Instantaneous total mortality (Z) was estimated as 0.93 yr�1, while fishing mortality (F) was estimated to
be 0.66 yr�1. Yield-per-recruit analysis indicated that pike in the Anzali Wetland seems to be growth-
overfished under the current fishing regime with no management measures, and substantial increases in yield
could be achieved by increasing the length at first harvest. The results indicated that management actions
such as enforced legislation are required to obtain a better stock status and higher yield. Management could
be more effective if the number of fishers and their catch could be controlled, e.g., through the allocation of
fishing licenses.
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1 Introduction

Demographic measures are crucial to understanding the
dynamics of fish populations, thus, estimation of demographic
parameters is at the very core of ecological research and
management (Walters and Martell, 2004). Variation in life
history traits such as growth, size and age-at-maturity, sex-
ratio or fecundity affects recruitment, and thereby also
population size and recovery rates (Ratner and Lande, 2001;
Hutchings, 2005). Length- and age-at-maturity are important
reference points in fishery management (Hilborn and Walters,
1992). These growth-related life history traits are connected
both to local anthropogenic activities such as fishing pressure
(Law, 2000; Heino and Godø, 2002; Bradford et al., 2009)
and to environmental factors including temperature and food
availability (Newman et al., 2000; Robertson et al., 2005;
Durieux et al., 2009; Tolan and Fisher, 2009). Hence,
demographic parameters vary greatly among species and
populations (Kuparinen et al., 2016).
ding author: mehdimoslemiaqdam@gmail.com
Pike, Esox lucius, is considered a keystone species in
freshwater and brackish ecosystems, and commonly supports
commercial and recreational fisheries (Raat, 1988; Craig,
1996; Paukert et al., 2001). It is a mesothermal, cool water
species (Casselman, 1996) and widely distributed across the
northern hemisphere (Nelson, 2006). Habitat conditions (e.g.,
water temperature) may be unfavorable for pike in southern
parts of its range (Casselman, 1978; Bevelheimer et al., 1985;
Neumann et al., 1994). One of the most southerly populations
is found in the Caspian Sea (Crossman, 1996; Senanan and
Kapuscinski, 2000). Although the life history of pike has been
intensively studied in high latitudes, few detailed studies have
been conducted in areas situated close to the southern limit of
its distribution range (Lorenzoni et al., 2002; Çubuk et al.,
2005; Koch and Steffensen, 2013; Scheibel et al., 2016).
Therefore, the first aim of this study was to provide data on the
life history of pike near the southern limit.

The Anzali Wetland along the southwest shore of the
Caspian Sea is considered the main habitat for pike in Iran
(Sattari et al., 2002). Pike is targeted by commercial fishers
using mainly gillnets (Abdolmalaki, S. pers. comm.). Depend-
ing on the size of gillnets used, up to five people are involved,
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Fig. 1. The western and central study regions of the Anzali Wetland (SW Caspian Sea) where pike samples were collected between July 2012
and June 2013.
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fishing at fixed sites. Pike is also captured by a large number of
small-scale fisheries, mostly individuals, for consumption and
commercial purposes as it is highly valuable. These fishers are
distributed all over the wetland with no permanent fishing or
landing sites and may occasionally use traps during winter and
autumn seasons. The entry of newcomers is not regulated and
there are no technical measures or specific requirements (e.g.,
license, gear or mesh size). Although fishes of all sizes are
consumed by the families of fishers, the majority of the total
catch is supplied to local and national markets. Unfortunately,
there are no official estimates for the contribution of these
fisheries to the total catch, but the current small-scale harvest is
considered similar to the commercial harvest. Overall, pike is
the most important species in official landings (Moslemi-
Aqdam et al., 2014). Despite this importance, pike has not been
subject to effective fishery management measures such as
fishing closures or legal minimum landing size (MLS) in the
Anzali Wetland.

The landing statistics of the Iranian Fisheries National
Committee for the Anzali Wetland have shown a steady and
substantial decline in pike catches from over 180 tonnes in
2003 to approximately 100 tonnes in 2010 without any notable
reduction in fishing effort (Moslemi-Aqdam et al., 2014),
leading to concerns about the sustainability of pike fisheries.
These concerns are exacerbated due to lack of basic biological
and fishery information on which to base management
decisions. In this study, we address the lack of life history
parameter data for pike in the Anzali Wetland. The studied
biological characteristics included the size and age distribution
of landed catch, growth rate and length- and age-at-maturity.
The stock is assessed using estimates for mortality and yield-
per-recruit. This knowledge is essential to support fishery
managers in the development of management measures.

2 Materials and methods

2.1 Sampling area and procedure

The Anzali Wetland (37°220�37°320 N, 49°150�49°360 E)
is connected to the Caspian Sea, and covers an open surface
area of about 52 km2 (Pourang et al., 2010) with a catchment
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area of 3610 km2 (Hargalani et al., 2014). The average low and
high water temperature of the Anzali Wetland is in the range
21.6–28.4 °C and 5.3–11.4 °C in summer and winter, respec-
tively (Saemi Komsari et al., 2013). The wetland is shallow
with a maximum water depth of 3m. During the past 50 years,
the average water depth has reduced significantly from 10 to
2m and decreased to half a meter in some parts (Nazarhaghighi
et al., 2014; Mousazadeh et al., 2015). The Anzali Wetland
(freshwater with salinity below 0.5) is separated from the
Caspian Sea by a dune system; the passage to the sea has a
width of 426m (Nazarhaghighi et al., 2014). The wetland
includes seasonally flooded meadows and is very important
both as a spawning ground and nursery area for several fish
species (Sakizadeh et al., 2012; Hargalani et al., 2014)
especially cyprinids (the most diverse family in the area;
Abdoli and Naderi, 1999). While esocids has shown a general
tendency to sedentary behavior (Lucas et al., 2001), many
studies have shown spawning and feedingmigrations of pike in
different locations (Koed et al., 2006; Vehanen et al., 2006;
Kobler et al., 2008; Pauwels et al., 2014). Samiei et al. (2015)
described pike movements within various parts of the Anzali
Wetland, but little is known about migration outside the area.
However, because pike has not been caught in the Caspian Sea
by the Iranian multispecies beach-seine fishery in recent
decades, movement or migration between the wetland and the
Caspian Sea seems unlikely.

Pike landed by the commercial gillnet fishery (2.5–12.5 cm
stretched mesh size) were sampled monthly from July 2012 to
June 2013 by taking random samples from catches. The
sampling was done during the first half of each month and
within the western and central regions of the wetland (Fig. 1).
The former is deeper (2.5–3m) with an open water area of
1900 ha while the latter is shallower (1m) with an area of
1214 ha and enormous growth of floating and emergent plants
(Mansoori, 2009; Mousazadeh et al., 2015). Considering the
inflowing rivers and water level (Hargalani et al., 2014), these
two areas are easily accessible and support the main part of the
commercial fishery in the Anzali Wetland.

All sampled individuals (total n= 872) from the western
(n= 453) and central (n= 419) regions were measured to the
nearest 1mm fork length (FL) and weighed (total weight, TW)
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Fig. 2. Pike scales, Anzali Wetland (SW Caspian Sea): (a) 1.62 years (FL = 28.4 cm, capture date: 12-August-2012), (b) 6.16 years
(FL = 64.7 cm, capture date: 02-March-2013).
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to the nearest 0.1 g. Part of the sampled pike (males n = 159,
females n= 257) were taken to the laboratory, where sex was
determined by visual inspection of gonads. If the sex could not
be determined, histological examination was performed based
on West (1990) and Brown-Peterson et al. (2011).
2.2 Age and growth

The age of pike can be determined by studying calcified
structures such as cleithra, otoliths or scales (Faust et al., 2013;
Sauvanet et al., 2013). Several studies have used scales for
determining the age of pike (e.g., Mann, 1980; Lorenzoni et al.,
2002; Žiliukiene_ and Žiliukas, 2012; Sauvanet et al., 2013).
Scales were used here, because whole, undamaged pike could
be sold after the scale sampling. Pike scales were taken from
above the lateral line near the rear part of the dorsal fin and
prepared for age determination (Roche and Bracken, 1999;
Žiliukiene_ and Žiliukas, 2012). The scales were rapidly
washed, cleaned and examined as dry mounts. The reading of
large scales was improved by submerging them in a 1%
potassium hydroxide (KOH) solution for 5–10min, washing
in tap water and drying in air (Khan and Khan, 2009). Scales
were mounted between two glass slides and examined under
transmitted light with the help of a compound microscope
(4–10� magnification).

All scales were analyzed without prior knowledge of
length or sex. Continuous age was estimated for each pike by
counting the annually formed opaque zones and then adding
decimals by calculating the number of days from the 1st of
January to the date of capture divided by 365 (Fig. 2). It was
assumed that fish caught in December had not yet completed
an opaque zone since their last birthday while fish caught in
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January had completed an opaque zone (i.e. the winter zone
at the edge of the scale was not counted for the former and
counted for the latter) (Holden and Raitt, 1974; Kimura and
Anderl, 2005). All scales were read twice by the first author,
with an interval of about one month between counts. Scale
counts that were not in agreement were examined for a third
time. In case the third count did not agree with one of the first
two counts, the specimen was omitted from the analysis. For
further verification, approximately 25% of the scale samples
were randomly chosen for an independent reading by a second
expert on fish aging. The accuracy of age estimates between
the final readings of the primary reader and the initial readings
of the secondary reader was calculated using an index of
average percentage error (APE; Beamish and Fournier, 1981)
and the coefficient of variation (CV; Chang, 1982):

APE ¼ 100
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where N is the number of fish aged in the subsample; xij the ith
age determination of the jth fish; xj the average age calculated
for the jth fish; and R the number of readings. Values below 5%
for APE and CVare indicative of reliable interpretation of age
(Morison et al., 1998; Campana, 2001). The estimates of
age were also compared between readers by paired sample
t-tests. Age-frequency distributions of males and females were
compared using a Chi-square test.
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Von Bertalanffy growth function (VBGF) curves
Lt=L∞(1� exp[� k(t� t0)]) were fitted to length-at-age data
for both regions and sexes separately, where Lt= length of fish
at age t, t= age,L∞= theoretical maximum length, k= specific
individual growth rate, and t0 = theoretical age at zero length
(Beverton and Holt, 1957; King, 1995). The VBGF was fitted
using a non-linear least squares procedure in SPSS

®

software,
version 16 (IBM, Chicago, IL, USA). The fitted VBGFs were
comparedbetween the two regions of thewetland (separately for
males and females) across equal size and age ranges using an
analysis of the residual sums of squares (ARSS) in which the
F-statistics comparing the RSS of the two regional models and
with theRSSofa singlemodelwascalculated (Chenet al., 1992).
This was also done for males and females (regions combined).
However, Živkov et al. (1999) showed that direct comparisons
between VBGF parameters may lead to erroneous conclusions
and recommended the comparison of estimated length-at-age
of a common range of ages instead of a comparison of the
growthparameters, as amore simple andprecisemethod.Hence,
in the present study the growth comparisons between two
regions or sexes were analyzed by length-at-age differences
using the Mann–Whitney U test.

The length and weight relationship was fitted by non-linear
regression TW= a� FLb, where TW is the total weight (g) and
FL is the fork length (cm). The maximum theoretical weight
(W∞) was calculated subsequently as W∞= a� FL∞

b.

2.3 Length and age at sexual maturity

Length and age at 50% sexual maturity (L50 and A50) were
determined through the examination of males (n= 96) and
females (n= 103) collected during the spawning period. In
the Anzali Wetland pike spawn from February to March
(unpublished data). The onset of maturity was analysed
using two logistic regression models either with length or
age as independent variable: P(mature) = exp(aþbL)�
[1þ exp(aþbL)]�1, where 0 codes non-mature fish and 1
mature fish; a and b are the parameters of the logistic
regression; and L is the fork length in cm. Similarly, for
estimating A50, age (in years) was substituted for length in the
above equation. To compare estimates with the published
values, a conversion from FL to total length (TL) was used
when appropriate (Moslemi-Aqdam et al., 2014): TL = 0.415
þ 1.043 FL. All statistical analyses were performed using
SPSS

®

software, version 16 (IBM, Chicago, IL, USA) with at
significance level p� 0.05.

2.4 Mortality and yield-per-recruit

Total mortality (Z) was estimated from the age-based catch
curve (Beverton and Holt, 1957; Ricker, 1975). For this a linear
regression was fitted to the log-transformed relative frequen-
cies in each age class for ages 2–8 years. Age 2 was chosen as
the starting age because it was the most abundant age class
present. Fishing mortality (F) was then estimated
by subtracting natural mortality (M) from Z, and current
exploitation rate (E) was calculated as E =F/Z. Both F and E
were calculated for different estimates of M (see below).
Annual mortality (A) and apparent survival (S) were then
estimated as A = 1�e�z and S = 1�A, respectively.
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The yield-per-recruit curve (YPR) was fitted to the age-
based model (Thompson and Bell type) (Ricker, 1975). The
YPR analyses were undertaken using both size-independent
(Pauly, 1980) and size-dependent (Gislason et al., 2010)
estimates of natural mortality. In Pauly's (1980) method, M is
estimated as: log M=�0.0066�0.279� log L∞þ 0.6543�
log kþ 0.4634� log T, where L∞ and k are the parameters of
the VBGF and T is the mean annual surface temperature. For
Anzali Wetland T= 17.4 °C was used based on surface water
temperature measurements taken during the sampling period
approximately every hour on the half-meter water depth near
the central coast of the wetland by the Iranian Department of
Environment (DoE), Guilan province. Gislason et al. (2010)
derived the equation: ln (M) = 0.55�1.61 ln (L)þ 1.44 ln
(L∞)þ ln (k), where L∞ and k are VBGF parameters and L is the
body length (cm). Here L was estimated as the mean length of
each age group.

The change in YPR under three different management
options for MLS was explored: (i) no MLS, current regime in
the Anzali Wetland; (ii) a MLS of 35 cmFL (∼length at 50%
maturity); and (iii) a MLS of 42 cm FL (both sexes mature).
For each management option YPR was calculated based on
1000 recruits fully recruited to fishing. For option (i) this
included ages 2–8, while options (ii) and (iii) included ages
larger than the corresponding MLS (Table 3). Two reference
points were used to assess the status of pike population in
the study region (Pauly, 1984; Cubillos et al., 2002): F0.1, the
fishing mortality rate at which the marginal increase in YPR is
10% of that at F = 0, and FMSY, the fishing mortality rate that
gives the maximum sustainable yield (MSY).
3 Results

3.1 Age, growth and maturity

Pike lengths in the sampled landed catch ranged from 15.4
to 75.4 cm FL (52.9 to 3462.5 g TW). The length-weight
relationship wasW= 0.007� FL3.08 (r2 = 0.98; S.E. (a) = 0.002
and S.E. (b) = 0.074). The precision of re-reading scales was
94.5% for the primary reader and 84.7% agreed between the
two readers. Most of the disagreements (13%) differed
by ±1 year, while 2.3% differed by ±2 year between the two
readers. There was no significant difference in the age
estimates between the two readers (t=�1.07, df = 214,
p= 0.287). The values of APE (1.1) and CV (3.21%) indicated
that the accretion structure had a suitable reading quality
(Morison et al., 1998; Campana, 2001).

The chi-square test showed no significant difference the
age-frequency distribution for males and females (x2= 1.06,
df = 6, p= 0.983). Individuals aged 2 years made up highest
proportion in the catches of both regions (∼43%), with
approximately 95% of the catch being below 4 years old
(Table 1). Eight-year-old pike were only present in the western
region (Fig. 3). Lengths-at-age for males or females were not
significantly different between the two sampling regions
(p> 0.05, in all cases). No significant differences were
observed in VBGF parameters between the two regions,
neither for males (F(3,153) = 0.145, p= 0.932), nor females
(F(3,251) = 1.972, p = 0.119). Therefore, the data from two
sampling areas were pooled for subsequent analyses.
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Table 1. Length-at-age data for all pike sampled in the Anzali Wetland (SW Caspian Sea) between 2012 and 2013.

Length class (cm, FL) Age (years) Total

0 1 2 3 4 5 6 7 8

14.1–16 2 2
16.1–18 2 2
18.1–20 2 2
20.1–22 4 4
22.1–24 9 9
24.1–26 6 6
26.1–28 8 14 22
28.1–30 8 48 56
30.1–32 4 57 8 69
32.1–34 79 15 94
34.1–36 88 18 106
36.1–38 67 35 102
38.1–40 21 72 7 100
40.1–42 4 64 15 2 85
42.1–44 48 7 1 56
44.1–46 23 12 1 36
46.1–48 8 21 4 1 34
48.1–50 14 2 1 17
50.1–52 19 1 20
52.1–54 11 4 15
54.1–56 5 3 1 9
56.1–58 1 3 2 1 7
58.1–60 5 1 6
60.1–62 1 1 2
62.1–64 2 1 3
64.1–66 2 2
66.1–68 1 1 2
68.1–70 1 1 2
70.1–72 1 1
72.1–74 0
74.1–76 1 1
n 6 39 378 291 112 27 11 6 2 872
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Significant sexual dimorphism was found for ages 2–4
(p< 0.001) which was confirmed by the results of the
ARSS indicating significantly different growth curves
(F(3,408) = 3.73, p = 0.011); females reached a larger asymp-
totic length than males (Fig. 3). Estimated L∞ was 79.8 cm for
males, 95.0 cm for females, and 90.6 cm for both sexes
combined (Table 2). The largest male measured 55.8 cm FL,
the largest female 65.3 cm FL, and the largest unsexed
individual pike in the sample 75.4 cm FL (Fig. 3). Thus, the
estimated L∞ values were 43%, 49%, and 30% larger than the
largest sampled individual for males, females, and all pike,
respectively. While the largest pike sampled was 8 years old,
the oldest observed male and female were 6 and 7 years old
(Fig. 3). The growth of both sexes combined was described
by VBGF parameters L∞ = 90.6 cm, k = 0.12 year�1 and
t0 =�1.74 year leading to an estimated maximum theoretical
weight W∞ = 7465.40 g. There was considerable variation in
length at any given age.
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Length at 50% sexual maturity (L50) was estimated to be
28.6 cmFL for male and 33.9 for female pike (Fig. 4). All
males>36 cm and all females≥ 42 cm were mature. Some
(17.7%) males were mature at age 1 and most (86.8%) were
mature at age 2. In contrast, 50% of females were mature at
age 2, 85.5% were mature at age 3, and 97.2% were mature
at age 4.
3.2 Mortality and yield-per-recruit

Estimated instantaneous total mortality (Z) was
0.93 year�1 (r2 = 0.98, Fig. 5) corresponding to an annual
mortality (A) of 61% (survival rate S 39%). Natural mortality
M estimated from Pauly's (1980) equation was 0.27 year�1.
Using Gislason et al.'s (2010) equation M was 0.47 year�1 for
fully recruited pike (age 2) and declined to 0.16 year�1 for
age 8 (Table 3). For pike aged 4 years (mean FL = 47.4 cm),
f 15
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Fig. 3. Length-at-age data for pike with fitted von Bertalanffy growth
functions for (a) males (n = 159), (b) females (n= 257), and (c) all
specimens including unsexed (n = 872).
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the size-dependent estimate of M was the same as the value
derived using Pauly's equation (0.27 year�1). Hence, fishing
mortality F and exploitation rate E derived from the
size-dependent M estimates were small for small fishes and
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increased for larger pike; for 4 year old individuals the values
were equal to those derived from the size-independent
equation (F= 0.66 year�1, E = 0.71 year�1).

YPR estimates were sensitive to M value being used, with
yields being larger when the size-independent (Pauly, 1980)M
was used, especially in the absence of a MLS (Fig. 6). For both
natural mortality estimates, YPR was greatly increased by the
application of a MLS. Under the current management regime
(no MLS), Fcurrent (0.66 year�1) exceeded estimated FMSY

(0.44 and 0.45 year�1 for size-independent and size-dependent
M, respectively) and the precautionary F0.1 (0.28 and
0.27 year�1 for size-independent and size-dependent M,
respectively) reference points (Fig. 6a). Furthermore, the
shapes of the trajectories were similar in each case. Substantial
increase in YPR was observed when setting the MLS to 35 or
to 42 cmFL (Fig. 6). For the cases of MLS set at 35 cmFL
(Fig. 6b) or 42 cmFL (Fig. 6c), Fcurrent still exceeded F0.1 for
both estimates of M (MLS= 35 cm: F0.1 = 0.303 for constant
M and 0.306 for age-specificM; MLS= 42 cm: F0.1 = 0.392 for
constant M and 0.373 for age-specific M), though FMSY could
not be estimated.

4 Discussion

4.1 Growth and maturity

The results of the present study showed that pike has a
similar growth pattern in the two sampling regions, despite the
areas selected for sampling having different characteristics
especially in terms of depth and presence of aquatic plants.
This suggests that pike does not constitute subpopulations in
the western and central areas of the Anzali Wetland. Similar
growth pattern can be associated with the assumed movement
patterns of pike. Migration of pike in various regions of the
Anzali Wetland (Samiei et al., 2015), possibly leads to the
close contact of individuals and decreases the segregation of
phenotypes. Although esocids generally tend to display limited
migration (Lucas et al., 2001), many tagging studies have
shown that pike have local migration patterns and move more
during temperature increase and during spawning time (e.g.,
Koed et al., 2006; Vehanen et al., 2006; Kobler et al., 2008;
Pauwels et al., 2014). As a shallow area with abundant
presence of floating and emergent plants, the central region of
the Anzali Wetland was expected to have more juveniles.
However, the age frequency distribution was similar in both
regions (with the dominance of age 2) even though individuals
aged 8 years were only observed in the western region. Lucas
(1992) stated that where spawning occurs within lake habitats,
overall activity increases dramatically and spawning areas may
not be distinct from feeding and nursery areas, particularly
in small lakes. The observed significant differences of VBGF
parameters and length-at-age (ages 2, 3 and 4) between males
and females revealed a sexual dimorphism of pike in the Anzali
Wetland with greater asymptotic length for females. We
acknowledge, however, that our sample sizes were relatively
small for estimating growth by sex and that more data,
particularly from older fishes, would improve our estimates.

The growth rate (k parameter of the VBGF) obtained here
indicated that growth in the Anzali Wetland is intermediate
between northern populations (Lake Rubikiai 55°N and
Northern Ontario river 49°N), and previously studied southern
f 15



Table 2. Von Bertalanffy growth function (VBGF) parameters with 95% confidence intervals for pike caught in the Anzali Wetland
(SW Caspian Sea) between 2012 and 2013 (combined includes all pike).

VBGF parameters Males (n = 159) Females (n = 257) Combined (n= 872)

Growth rate (k) 0.14 (0.091 to 0.189) 0.11 (0.081 to 0.139) 0.12 (0.086 to 0.154)
Asymptotic length (L∞) 79.83 (50.458 to 109.202) 94.95 (79.135 to 110.765) 90.60 (69.162 to 112.038)
Age at zero length (t0) �1.55 (�2.134 to �0.966) �1.85 (�2.149 to �1.561) �1.74 (�2.102 to �1.378)
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Fig. 4. Maturity ogive for pike with 95% confidence limits (dotted lines) for (a) males (n = 96), and (b) females (n = 103). Markers are jittered
and the dashed lines indicate the length at 50% maturity (L50).
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populations (Pactola Reservoir 44°N, Lake Trasimeno 43°N,
and Lake Karamık 38°N) (Table 4). Diana (1987) and Koch
and Steffensen (2013) suggested that marginal habitat
conditions may decrease growth and the size structure of
pike. As a coolwater, mesothermic species, pike has been
documented to be particularly sensitive to growth stunting due
to high temperature (Diana, 1987), which is probably the
reason for low the growth rate of pike in the Anzali Wetland
(37°N) and other southern populations.

Furthermore, the slightly faster growth rate observed here
compared with other southern populations (Table 4) can
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possibly be attributed to heavy exploitation and high fishing
pressure on the Anzali Wetland. If growth is strongly density-
dependent, high fishing mortality should increase the growth
rate due to lower population density, as found elsewhere
(Diana, 1987; Margenau et al., 1998; Pierce and Tomcko,
2005), although such density-dependence is not always found
(Mann, 1980; Paukert and Willis, 2003). Many studies have
attributed life history shifts in fished populations to high
exploitation, including in the case of pike (Diana, 1983),
Atlantic cod (Gadus morhua) (Hutchings, 2005) and European
hake (Merluccius merluccius) (Hidalgo et al., 2009).
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from the analysis.

Table 3. Size-independent (Pauly, 1980) and size-dependent
(Gislason et al., 2010) natural mortality (M) and corresponding
fishing mortality (F) and exploitation rate (E). Total mortality (Z) was
calculated from an age-based catch curve (Fig. 5). * Theoretical M-
values, YPR estimations were started from fully recruited age groups
(Fig. 5).

M-estimate Age Parameters

M F E

Pauly (1980) 2–8 0.27 0.66 0.71
Gislason et al. (2010) 0 1.40*

1 0.72*

2 0.47 0.46 0.50
3 0.35 0.58 0.63
4 0.27 0.66 0.71
5 0.23 0.7 0.75
6 0.19 0.74 0.79
7 0.17 0.76 0.82
8 0.16 0.77 0.83
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The oldest pike caught in the present study was 8 years
old, which is a lower maximum age than regularly found
in northern populations. The reason for this could be high
fishing mortality. The scarcity of large specimens in the
present study and previously studied southern populations
(Table 4) can produce unrealistic estimates of the VBGF
parameters (Pauly, 1979). Živkov et al. (1999) recommended
the comparison of length-at-age of a common age range
instead of those of the VBGF parameters. Following this
approach, comparing the mean length-at-age of ages 2, 3
and 4 (the most common age groups in the present study)
with other studies, our estimates were similar to, or even
greater than those found elsewhere, even though our estimate
of L∞ was the lowest reported (Table 4). Different values of
the von Bertalanffy growth parameters can be calculated
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from similar mean length-at-age using different methods
(Landa et al., 2015). Typically, comparative studies of
population growth have relied on the use of indices, usually
L∞ and k, which may be misleading (Živkov et al., 1999).

Our study revealed that females matured at greater lengths
and ages than males, which is similar to the conclusions of
previous studies (Fig. 7). The estimates of length at 50%
maturity (L50) of pike in the Anzali Wetland were lower than
those previously reported for pike from higher latitudes
(Fig. 7). Males in our study matured at 1–2 years of age and
females at 2–3 years, whereas the corresponding ages were
2–3 and 3–4 years in the Rybinsk Reservoir (Permitin, 1959:
see Raat, 1988) and 4 and 5 years in Lake Lacha (Koz0min,
1980) for males and females, respectively. Fish maturity can
be influenced by a number of factors including size, age,
geographical distribution, latitudes and fishing mortality (Roff,
1981; Rijnsdorp, 1993; Bromley, 2000; Heino and Godø,
2002). The variation of L50 is most likely due to differences
in growth rate across latitudes, which has also been reported
for many other fish species (e.g., Vila-Gispert et al., 2002;
Abookire and Macewicz, 2003; Morita and Nagasawa, 2010).
The larger values of length and age at 50% maturity in higher
latitudes correspond to faster growth rates (Abookire and
Macewicz, 2003); likewise, in Anzali Wetland the growth rate
is slower, as previously discussed, and L50 and A50 are reached
at a smaller size and a younger age.

Alternatively, length- and age-at-maturity could be
connected to high fishing pressure, seen in landing statistics
and high fishing mortality in the Anzali Wetland (Moslemi-
Aqdam et al., 2014). Especially selective fishing with gill nets
can cause reduction in length-at-maturity (Rijnsdorp, 1993;
Heino and Godø, 2002). As a biological response to
exploitation, decrease in length- and age-at-maturity is widely
documented in several fish species (Hood and Johnson, 2000;
Hannah et al., 2002; Balik et al., 2006; Hou et al., 2008;
Neuheimer and Taggart, 2010) including pike (Carlson et al.,
2007). Overall, our estimates of L50 were much closer to the
heavily exploited southern population of pike from Karamık
f 15
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Fig. 6. Yield-per-recruit curves for pike in the Anzali Wetland (SWCaspian Sea) using a size-independent natural mortality estimate (solid line)
and a size-dependent estimate (dashed line) for three management scenarios. (a) No minimum landing size (MLS), (b) MLS= 35 cm FL and (c)
MLS= 42 cm FL. Black circles are F0.1, white squares are FMSY and the vertical dotted lines indicate the estimated current level of fishing
mortality. Note different y-axis scales for different MLS scenarios. FMSY could not be estimated for scenarios (b) and (c).
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Lake (Fig. 7). Moreover, several other factors than growth or
fishing can influence the life history of fish, including habitat
quality (Rypel et al., 2006; Rypel, 2012), feeding regime
(Newman and Dunk, 2002), genetic effects (Silverstein et al.,
1999) and methodology used (Hou et al., 2008) that can vary
both spatially (Brandt et al., 1992) and temporally (Pereira
et al., 1995).
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4.2 Stock status and management implications

The estimate for total mortality (0.93 year�1) is high for a
species with the life-history characteristics of pike (i.e., female
maturing at 2–3 years of age and a potential longevity of >10
years). The obtained fishing mortality (0.66 year�1), exploita-
tion (0.71 year�1) and survival (39%) rates suggest that pike is
f 15



Table 4. Biogeographic comparison of population parameters for pike. For this study fork length was converted to total length. * The length-at-
age data are based on observed values except for the Pactola Reservoir (age-length key) and the Lake Trasimeno (back-calculation method).

Parameters Study area

Lake Rubikiai
(Lithuania)

Northern Ontario
river (Canada)

Pactola Reservoir
(USA)

Lake Trasimeno
(Italy)

Lake Karamık
(Turkey)

Anzali Wetland
(Iran)

Latitude (°N) 55 49 44 43 38 37

Avg. Ann. T. (°C) 5.8 1.2 8.7 13.1 14 17.4
Mean depth (m) 5.7 – 19 4.7 2 � 3 1–3
n (samples) 1586 152 465 166 1067 872
Age range (yrs) 1–12 1–10 1–11 1–9 1–7 0–8
Total mortality (Z) 0.45 0.49 0.56 – 1.28 0.96
VBGF parameters
L∞ 131.7 98.4 152 162.7 127.2 94.9
k 0.15 0.13 0.08 0.09 0.09 0.12
t0 �0.40 �0.16 �0.25 �0.29 �0.37 �1.39
Aging material Scale Pectoral fin ray Cleithral Scale Scale Scale
Length-at-age* (yrs)
2 33.6 36.7 45.8 29.7 28.8 35.9
3 40.5 45.4 53.7 38.7 37.4 43.3
4 46.9 51.9 61.3 49.8 45.4 49.8
Reference Žiliukiene_ and

Žiliukas (2012)
Griffiths et al.
(2004)

Scheibel et al.
(2016)

Lorenzoni et al.
(2002)

Çubuk et al.
(2005)

Present study
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Fig. 7. Length at 50% maturity (L50) reported in the literature for pike at different latitudes. Open circles denote data from Anzali Wetland
(present study). Source data: Frost and Kipling (1967) (UK); Kempinger and Carline (1978) (USA); Koz0min (1980) (Russia); Balik et al. (2006)
(Turkey).
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overexploited in the Anzali Wetland. Gulland (1983)
suggested that, as a rule of thumb, a fish stock is optimally
exploited at a level of F, such that E= 0.5, where Foptimum =M.
However, MacCall (2009) claimed that fishery experience
shows that this F often tends to be high and developed a more
general form as FMSY≈ 0.4�M. Our results were closer to
those reported for the overexploited pike population in
Karamik Lake, Turkey (Çubuk et al., 2005, Z= 1.28 year�1,
F = 1.09 year�1, and S= 12%) than those of the lightly
exploited population in Rubikiai Lake, Lithuania (Žiliukiene_
and Žiliukas, 2012, Z= 0.45 year�1 and S= 0.74%).
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Natural mortality (M) is difficult to estimate directly
(Vetter, 1988; Brodziak et al., 2011) and several empirical
models are used to estimate it (Simpfendorfer et al., 2005;
Gislason et al., 2010). Many of these empirical relationships
assumeM to be constant across all age groups. One of the most
commonly used models is Pauly's (1980) method. However,
later theory and empirical studies indicate that M scales with
body size (McCoy and Gillnoy, 2008; Gislason et al., 2010;
Brodziak et al., 2011). While the assumption of a constant
k may be a valid approximation when only mature individuals
are targeted by the fishery, size dependence should be taken
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into account when immature individuals are caught (Brodziak
et al., 2011). In addition, as the population biology of pike is
influenced by a range of both intrinsic (e.g., cannibalism) and
extrinsic (e.g., temperature, food availability, spawning habitat
availability, water condition) factors (Craig, 1996; Winfield
et al., 2008), natural mortality should be lower in adults than in
juveniles. Thus, these size-dependent models seem to be more
appropriate for a species with a wide range of body sizes such
as pike. As expected, YPR in our study was highly influenced
by natural mortality, showing decreasing yields with increas-
ing values ofM as observed also earlier (Silberschneider et al.,
2009; Fry and Griffiths, 2010). Because pike juveniles were
abundant in the present study and the size-dependent M
equation (Gislason et al., 2010) tends to give larger M values
for juveniles than adults, YPR values were lower when the size-
dependentMwas used. On the other hand, when amanagement
measure of MLS with 35 cmFL or MLS with 42 cmFL was
applied, the differences between methods decreased. This is
associated with the more similar natural mortality estimates
between size-independent and size-dependent methods in
larger size classes. However, according to the wide size range
of pike sampled during the present study and factors
contributing to the population biology of this species such
as cannibalism, food availability and water condition (Craig,
1996; Winfield et al., 2008), size-dependent natural mortality
should be more appropriate here. Moreover, we are confident
that the observed age composition of pike is representative
for the whole Anzali Wetland, because no migration or
movement of pike has been noted between Wetland and the
Caspian Sea, and the sampling was done in two regions of the
Wetland from a wide range of mesh sizes.

The yield-per-recruit analyses indicated that pike in the
Anzali Wetland is overfished, with fishing mortality approxi-
mately 45% higher than mortality for the maximum
sustainable yield (FMSY). Further, the age structure of pike
caught in the commercial fishery was dominated by fish aged
�3 years (82%). Notably, pike was estimated to be mature at
age 2–3. Therefore, a large part of commercial catches are
pike that have not yet spawned and thus, the pike population in
the Anzali Wetland may be growth-overfished. Substantial
declines in reported commercial landing, the near absence
of fish >5 years old in landings, and that YPR is well above
the accepted threshold for sustainably, are all concerning.
The estimated growth overfishing status of the pike stock in
the southwest of the Caspian Sea highlights the need for
immediate management action to promote a recovery of this
stock and to minimize the risks of possible stock collapses.

Currently, no management measures are applied to the
pike fisheries in the Anzali Wetland. A reasonable conclusion
of the present study is that fishing pressure is reducing the
productivity of the fishery through growth overfishing. A
common strategy for reducing the catch of smallfish is to change
thesize selectivityof thefishinggear tobe selective for largerfish
and ultimately increase the length at first capture (King, 1995).
The results show that a substantial increase in YPR could be
expected by increasing the length at first capture. Thus, one
simple management option would be the implementation of
MLS of at least 35 cmFL, approximately corresponding to the
length at 50% maturity in females, which would: (i) provide
greater protection of juveniles to enable reproduction before
being caught; (ii) address the issue of growth overfishing; and
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(iii) increase the biological sustainably of pike fishery in the
southwest of the Caspian Sea. However, like in other areas, the
enforcement of a size limit could prove difficult because of the
inherent characteristics of small scale fisheries (Isaac and
Ruffino, 1996; Griffiths et al., 2006) and other measures beside
such enforced legislation are needed for the success of these
actions. Corrêa et al. (2014) proposed that the combination of
fishing restriction and financial compensation for fisheries can
lead to greater efficiency of such measures and could have
important effects on fish stocks.

The permanent closures of nurseries, where most fish are
juveniles, might be an appropriate action for growth overfished
stocks. Due to the movement properties of pike (Lucas, 1992;
Samiei et al., 2015) within the Anzali Wetland, nurseries
cannot be distinguished from feeding areas for pike in the
western and central regions (observed similar age composition
during the present study). Additionally, many widespread
small scale fisheries are engaged in the pike fishery in the
wetland and rely on this area for income. So, permanent
closures seem not to be applicable here.

Rather, it may be appropriate to introduce a license system.
A license should be initially allocated to all fishermen, and
thereafter, other measures can be tackled including individual
catch quotas based on scientific information. These actions
along with ancillary measures such as financial compensation
for fishers could be more efficient to improve stock status.
Additionally, the allocation of licenses will help the
implementation of MLS provided that catch by poachers
can be prevented. The success of such options is, however,
related to the control of fishing and the restriction of selling the
undersized pike. In Iran, even though such restrictions are
being implemented, the effectiveness of control is limited due
to both inadequate resources and lack of fisheries-specific
training (Abdolmalaki and Psuty, 2007). Ensuring adequate
enforcement and monitoring is vital for the success of these
actions. These management measures should improve the
long-term sustainability of pike stock in the southwest of the
Caspian Sea, and the continued assessments of the fishery for
pike would be required to test the effectiveness of any such
management measures.

The main factors causing uncertainty to our YPR models
were that the data covered a relatively short time-span (one
year) and that the natural mortality had to be estimated based
on growth parameters and temperature (Pauly, 1980; Gislason
et al., 2010). In addition, variation in year-class strength can
affect the reliability of total mortality estimates by the catch
curve method (Beverton and Holt, 1957; Ricker, 1975). In our
data, the correlation coefficient of the catch curve was high
(98%) which implies that the total mortality estimate should be
reliable. However, more data spread other several years should
be collected to estimate total mortality more accurately.
Furthermore, natural mortality was estimated by two different
methods (Pauly, 1980; Gislason et al., 2010) that gave quite
similar results in the YPR models for larger size classes. This
may indicate that the two methods give quite reasonable
estimates for natural mortality. Our estimates of natural
mortality were close to the estimates for adult pike in other
studies: 0.28–0.37 (Haugen et al., 2007) and 0.21–0.27
(Tiainen et al., 2017). The method of Gislason et al. (2010) was
developed for marine species but has also been used for
freshwater species (Córdoba et al., 2013).
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5 Conclusion

This study presents the first estimates of life history traits
for pike in the Anzali Wetland at the southern edge of the
natural distribution of this species. Marginal habitat conditions
and long periods of high water temperature negatively affected
pike growth and reduced the stock's ability to withstand the
observed high fishing mortality. Maturation at a young age and
small size may be seen as a biological response to high fishing
mortality. This study indicates that the pike population in the
Anzali Wetland is growth overfished and shows that relatively
simple management measures would increase the commercial
catches, greatly reduce the risk of collapse and clearly improve
the long-term sustainability of pike stock in the southwest of
the Caspian Sea.
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