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a b s t r a c t
In the Baltic Sea, the pikeperch is one of the commercially important coastal ﬁsh species. Most of the local
pikeperch stocks in this area can be classiﬁed as data-limited. There is an increasing need to monitor the
state of all commercial ﬁsh stocks in European waters due to the EU Marine Strategy Framework Directive
(MSFD). Proper stock assessment is not required in all cases, and alternative and less data demanding
approaches and indicators can also be applied. In this study, we combined data on three of the best-studied
coastal pikeperch stocks in the northern Baltic Sea to evaluate the performance of length at maturity
indicators. A connection was found between intensive selective ﬁshing and the length at maturity (TL50)
of female pikeperch. Power analysis indicated that a sample size of 200–400 females, or around 35–70
samples per year, produces reasonable and almost maximal precision when determining the six-year
mean TL50 for a stock. Our analysis also demonstrated that in cases where a monitored parameter is
annually variable, an increase in the annual sample size does not continuously yield higher precision
in the long-term mean, but it is crucial that samples are collected annually. We conclude that TL50 is a
promising and cost-efﬁcient indicator of the effects of ﬁsheries on the maturation of coastal pikeperch
stocks. This indicator could be further tested after a few years when more data become available.
© 2015 Elsevier B.V. All rights reserved.

1. Introduction
Several coastal ﬁsh species are important target species for
small-scale commercial and recreational ﬁsheries. However, the
data available for these species do not usually allow for proper
stock assessment and the stocks are consequently classiﬁed as datalimited (e.g. ICES, 2012a). There is a well-acknowledged need to
develop new methods to assess the effects of ﬁsheries on datalimited stocks to develop management measures (ICES, 2012a,b).
Furthermore, the EU Marine Strategy Framework Directive (MSFD),
launched in 2008, requires that the state of European marine waters
should be assessed in six-year cycles based on eleven descriptors, one of which (Descriptor 3) refers to commercially exploited
ﬁsh and shellﬁsh. Descriptor 3 has three sub-categories of criteria and indicators that are deﬁned in the Commission Decision
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(2010/477/EU). The third sub-category is focused on the age and
size distribution of ﬁsh communities and stocks, and the secondary
indicator mentioned here is the size at ﬁrst sexual maturity.
Concerns over ﬁshery-induced changes in stocks and maturation have led to the development of indicators for these changes.
The length at maturity, referred as Lmat or TL50 (the total length at
which 50% of individuals are mature), often estimated for females
alone, has been suggested as an indicator for both marine and freshwater species (e.g. Chen and Paloheimo, 1994; Gangl and Pereira,
2003). In addition, the mean length in the catch (Lc) in relation to
TL50 or TL95 has been suggested to indicate the severity of ﬁshing
pressure on a stock (ICES, 2012a). These approaches could also be
applied to data-limited stocks, as they are based on easily recorded
data (ﬁsh length, sex, and maturity stage), which are most often
available and can even be recorded from commercial catches.
Increased ﬁshing pressure generally tends to affect the size distribution of the adult stock recruited to a ﬁshery by reducing the
proportion of large (or target size) individuals. This change in the
size structure is generally regarded as harmful, while the oppo-
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Fig. 1. Study areas: the Archipelago Sea (ICES rectangles 47, 51 and 52), the Helsinki
region (ICES rectangles 53 and 54), and the Pärnu region (ICES rectangle 154).
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2.1. Exploitation history and management of the studied
pikeperch stocks
The three study areas, the Archipelago Sea and the Helsinki
region in Finland and the Pärnu region (Pärnu bay) in Estonia, are
located in the northeastern Baltic Sea (Fig. 1). On the Finnish and
Estonian coast, most of the pikeperch catch has traditionally been
taken using gill nets, but trap nets have also been used, especially
on the Estonian coast. Annual commercial landings in these areas
show high temporal variation, the annual catches being between
50 and 200 t during recent years (Fig. 2). Annual total catches of
pikeperch by recreational ﬁsheries have been estimated to be at the
same level as the commercial catches in the Archipelago Sea, and
more than double the commercial catches in the Helsinki region,
and there is also a recreational ﬁshery in the Pärnu region. Due to
this, management based on quotas would not be applicable. Hence,
the management of pikeperch ﬁsheries has typically comprised the
technical measures such as minimum legal catch sizes and gill-net
mesh sizes, the latter being compromised because gill nets are also
used to catch several other ﬁsh species.
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site situation, with a high frequency of large and sexually mature
individuals, is often considered to indicate a healthy structure of
ﬁsh stocks. Size at ﬁrst sexual maturity is under strong evolutionary selection pressure in ﬁsh, and possible evolutionary changes
toward a smaller maturation size due to high selective ﬁshing pressure have been widely detected (e.g. Hutchings and Reynolds, 2004;
Olsen et al., 2004, 2005; Sharpe and Hendry, 2009; Enberg et al.,
2012; Vainikka and Hyvärinen, 2012; Pukk et al., 2013). Reductions
in the size at maturity can be caused by phenotypic changes, genetic
adaptations, or both (e.g. Law, 2000), and advanced approaches are
available to further study the mechanisms, such as probabilistic
maturation reaction norms (see Heino et al., 2002; Dieckmann and
Heino, 2007). Changes in maturation processes might be slowly
reversible and they might have negative long-term effects on the
yields (Law and Grey, 1989).
The pikeperch (Sander lucioperca) is a freshwater species common in many shallow coastal areas in the Baltic Sea (Lehtonen et al.,
1996). It is a highly valued species and subject to strong ﬁshing
pressure. There are numerous local pikeperch stocks in the Baltic
Sea, which show homing behavior during the migration to their
spawning areas, typically shallow bays and inlets (e.g. Lehtonen
and Toivonen, 1988; Saulamo and Thoresson, 2005). In the northern Baltic Sea, females typically reach maturity at the age of 4–6
years (Lehtonen, 1987). More detailed information on the ecology
of the species in this area is provided, for instance, by Lehtonen et al.
(1996) and Lappalainen et al. (2003). Most of the coastal pikeperch
stocks in the Baltic Sea are data-limited without any systematic data
sampling or stock assessment. For this article, we compiled data on
the three best-studied pikeperch stocks of the northern Baltic Sea:
stocks from the Archipelago Sea, the Helsinki region (Finland), and
the Pärnu region (Estonia). The histories of ﬁshing pressure and
ﬁsheries management actions are documented for all three areas,
and stock assessments are available for two of the stocks. We analyzed these three stocks to evaluate the performance of the basic
maturation indicator (TL50) for coastal pikeperch stocks. We carried out power analysis to estimate the sample sizes needed for
a monitoring scheme based on the six-year cycles applied in the
MSFD. The aim was to ﬁnd a simple and cost-effective indicator
for the effects of ﬁsheries on pikeperch that could also be applied
to other data-limited stocks. This study focused on female ﬁsh, as
these are the critical component for reproduction in ﬁsh stocks.

Commercial landings (tonnes)

48

Helsinki region

Pärnu region

Fig. 2. Commercial pikeperch landings in the Archipelago Sea, the Helsinki region,
and the Pärnu region. Commercial landings of the Pärnu region during 1980–1999
from Eero (2004).

The present and historical regulations for pikeperch ﬁsheries
differ between the three study areas. In the Archipelago Sea, there
were no minimum mesh-size regulations and small mesh sizes
were commonly used until the late 1990s (Heikinheimo et al.,
2006). Since 2001, there have been local mesh-size limitations or
recommendations of 43 mm or 45 mm bar length (86 mm or 90 mm
stretched mesh) in various sub-areas of the Archipelago Sea. The
minimum legal landing size for pikeperch has always been the
national minimum size of 37 cm. In the Archipelago Sea, the instantaneous ﬁshing mortality in fully recruited age groups was about 1.0
yr−1 in the 1980s and 1990s (Heikinheimo et al., 2006), but even
exceeded 1.5 yr−1 in the early 2000s (Heikinheimo et al., 2014).
Heikinheimo et al. (2006) demonstrated that the catches would
be higher if a larger minimum landing size and minimum meshsize limits for gill nets were applied. This indicates that the growth
potential of the ﬁsh is not fully utilized, i.e. growth overﬁshing is
occurring.
In the Helsinki region, until 1980, the minimum mesh size in
the gill-net ﬁshery for pikeperch was 42 mm bar length (84 mm
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stretched mesh) and the minimum landing size 37 cm. In 1980,
the minimum mesh size was raised to 45 mm bar length (90 mm
stretched mesh), while the minimum landing size remained at
37 cm. In the early 2000s, it was recommended to avoid gill-net
mesh sizes below 50 mm and to avoid taking pikeperch smaller
than 40 cm. Since 2006, these have been the ofﬁcial regulations. In
the Helsinki region, the instantaneous ﬁshing mortality (F) was estimated to be 1.1 yr−1 for the completely recruited age groups (6–12
years), calculated from the average age composition in experimental trawl ﬁshing data (1990–2009) using the catch curve method
(Hilborn and Walters, 1992).
The ﬁshing effort for pikeperch in the Pärnu region was sustainable during the Soviet era (until 1991) (Eero, 2004). The Estonian
ﬁshery was privatized in 1993, starting a free-market period during
which ﬁshing effort increased substantially (Eero, 2004). During the
Soviet era, the average ﬁshing mortality of pikeperch of ages 5–7
years was around 0.3–0.8 yr−1 , but in the late 1990s it was close to
2.0 yr−1 (Eero, 2004). Older pikeperch then progressively started to
disappear from the catches and exploitation shifted to the younger
(3–4 years old), mostly immature age groups. Pikeperch landings
have dramatically decreased since 1997, and ﬁshing was halted for
the ice-free season during 2000–2002 (Eero, 2004). Currently, the
minimum landing size of pikeperch in the Pärnu region is 44 cm
(TL, total length) and the minimum mesh size in the gill-net ﬁshery
for pikeperch is 48 mm bar length (96 mm stretched mesh).
2.2. Data
Data on the length distribution and maturation of pikeperch
stocks were collated from several surveys or monitoring programs,
the main criteria being that the sampling methods were fairly nonselective in relation to ﬁsh size and maturation stage. Fish in the
Archipelago Sea were sampled from the commercial catches of
fyke nets for coastal species (in 1999, 2000, 2002–2011) and Baltic
herring fyke nets in 2007. The sampling in the Archipelago Sea
has been included in the national program of the EU Data Collection Framework (DCF). In the Helsinki region, ﬁsh were sampled
from the commercial fyke-net catch (1984–1991 and 1996) and
with a survey trawl (2012–2014) in the Vanhankaupunginlahti Bay.
Data from the Pärnu region were collected with a survey trawl
(1991–1995 and 2011–2014). In all three areas, only pikeperch
samples taken during months close to the spawning period, i.e.
from April to June, were used to avoid misinterpretations of the
maturity stages. The dataset of length, sex, and maturity status
(about to spawn or has just spawned/non-spawning) comprised
a total of 1697 females (36% immature) from the Archipelago Sea,
765 females (29% immature) from the Helsinki region and 1647
females (68% immature) from the Pärnu region (for more details
see Appendix A Table A1).
In addition, data on the mean length of the pikeperch females
in the commercial gill-net catch were collated for the two Finnish
stocks in order to test the mean length in the catch (Lc) vs. TL50 indicator. Individuals smaller than the legal minimum size were also
included. These data have been regularly collected by the Finnish
Game and Fisheries Research Institute (FGFRI; from 2015 the Natural Resources Institute Finland, Luke) since the 1980s, and this
sampling has been included in the national EU DCF program since
1998. Here, the total numbers of female pikeperch sampled in the
Archipelago Sea and in the Helsinki region were 11 571 and 5319,
respectively.
2.3. Data analysis
A mixed effects logistic regression model was used to calculate
the average length at which 50% or 95% of females are mature (TL50
and TL95), as well as the conﬁdence limits for these estimates for
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the years 1984–2013. Sexual maturity (yes/no) was taken as the
dependent variable, whereas individual length (continuous) and
region (class) were taken as independent variables. Study year was
considered as a random effect and included in the model as random
intercept and random slope. The three regions were included in the
same model to increase the power of the analyses. This approach
has an assumption that the year-to-year variation arises from the
same distribution over the three areas.
The random slope model is
logit(pijk ) = ˇ0 + g0j + (ˇ1 + g1j )(length)ijk + ˇ2i (region)ij
+ ˇ3i (length)ijk (region)ij

(1)

where pijk is the expected probability of maturity for region i in
year j and length k, the coefﬁcients ˇ0 + ˇ2i form the intercept of the
model for each region i, while the slope is ˇ1 + ˇ3i , and g0 andg1 are
the random intercept and slope, respectively.
The ﬁt of the model (1) was evaluated by the symmetry of the
residuals and their visual ﬁt, as well as the observed ratio of mature
females to the predicted curves (Appendix B Fig. B1). Six clear outliers were observed, but their removal did not alter the results and
they were therefore kept in the analysis.
The value of TLN, the average length at which N% of females
are mature, is nonlinearly related to the parameters of model (1)
presented above and can be calculated as



log
TLNij =

N
100
N )
1−( 100



− (ˇ0 − g0ij + ˇ2i )

ˇ1 + g1ij + ˇ3i

(2)

The TL50ij and TL95ij values were calculated by SAS PROC
NLMIXED, in which the predicted values were computed using
the parameter estimates and empirical Bayes estimates of the random effects. Standard errors of prediction were computed using
the delta method (Faraggi et al., 2003). The mixed effects logistic
regression model parameters are presented in Appendix C Table C1.
The effect of sample size (number of female ﬁsh) on the precision
of six-year average TL50 estimates was estimated by comparing
the width of the 95% conﬁdence intervals (sample size ranging
from 30 to 600 during the six-year study period). Both annual
and biyearly (every second year) sampling designs were analyzed
and compared. The effects of sample size on the power to detect
differences between six-year TL50 estimates and ﬁctional reference points were examined using power analysis. The analysis
was derived from the mixed effects logistic regression model and
was carried out for a one-tailed t-test with the hypothesis H0 :
TLS0 ≤ reference point and HA : TLS0 > reference point, i.e. to
determine whether the mean TL50 of the six-year study period
was higher than the reference point. Fictional reference points for
the Archipelago Sea and Helsinki regions were set to 31.0 cm and
34.5 cm, respectively. Six effect sizes from 0.5 cm to 3.0 cm (by
0.5 cm interval) were used and the sample size ranged from 30 to
600 during the planned six-year period. Here, only the annual sampling design was analyzed. The ␣ probability was set to 0.05 and
80% power was targeted.
Random variation among ﬁsh length distributions over areas
and between years in the survey samples introduced additional
variation, which should be taken into account in both the precision analysis and power analysis. Generally, the location of
samples measured along the x-axis in the regression analysis affects
the standard error of parameter estimates (intercept and slope),
regardless the type of response variable (binary or continuous).
This is usually taken into account by collecting samples from ﬁxed,
predetermined x-axis points (here, ﬁsh length). However, in our
pikeperch surveys, predetermination of ﬁsh length was not possible. Thus, the best available estimate of the ﬁsh length distribution
for the future samples was based on the observed length distribu-
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tions during the past. Therefore, we took 2000 bootstrap samples
(Efron and Tibshirabi, 1993) from the observed length distributions
of different areas and years (1991–2013) for each sample size from
5 to 100 (repeated over the six years; altogether 30–600), and the
samples were used in subsequent calculations (see step two below).
A three-step process (Stroup, 2013) with SAS PROC GLIMMIX
was carried out for the power analysis, while the precision analysis
was based on the two ﬁrst steps. In the ﬁrst step, an exemplary data
set was created in which the structure was identical to the planned
study design under evaluation. The values in the data set need to
be expected values rather than actual values. Thus, we created a
six-year dataset with three study areas and used parameter estimates as expected values from the model for the years 1991–2013
(Appendix C). The number of samples per year varied again from
5 to 100 in steps of 5 (annual sampling design) and from 10 to
200 in steps of 10 (biyearly sampling design). In the second step,
SAS PROC GLIMMIX was run on the exemplary data by holding all
covariance components constant. Covariance estimates from the
model for the years 1991–2013 (Appendix C) were used. Estimates
of interest were the intercept and slope (ﬁxed effects) and their
covariances (not the covariances of random effects) for the separate
areas for the six-year period. TL50 was estimated using equation
2 and the approximate standard error of TL50 was calculated by
using the delta method (from the ﬁxed effect estimates of the linear model, equation 1, and their covariances; Faraggi et al., 2003).
Steps 1 and 2 were repeated 2000 times with different bootstrap
samples of the length distribution resulting in 2000 standard error
estimates of TL50 per sample size per area at the end of step 2. From
these estimates, the 95% percentiles were chosen to be used as standard error estimates in both precision analysis and power analysis.
In the third step, SAS probability functions were used to calculate
one-tailed t-tests for TL50, to derive corresponding critical values of
the F distribution and noncentral F distribution for various sample
sizes. The denominator degrees of freedom was the number of subjects (study years) minus the number of random effects (18–3 = 15,
SAS PROC NLMIXED ESTIMATE statement). Bootstrapping was conducted with R 3.1.0 (R Foundation for Statistical Computing, Vienna,
Austria), and the statistical analyses were performed with SAS 9.4
(SAS Institute Inc., Cary, NC, USA).
3. Results
3.1. Size distributions of mature females in the stocks
The median lengths of mature females in the fyke-net/surveytrawl catches were lowest in the Archipelago Sea, varying between
35 and 36 cm during the 2000s and 2010s (Fig. 3), which also indicates that the median lengths in the Archipelago Sea have been
relatively constant over the decades. In the Helsinki region, the
median lengths of mature females were generally higher than in the
Archipelago Sea, varying between 38 and 40 cm during the 1990s
and 2010s (Fig. 3). The highest medians were recorded in the Pärnu
region, where the median was as high as 50 cm in the 1990s, but
only 42 cm in the 2010s (Fig. 3). Similar temporal and spatial patterns were detected in the upper 95% percentiles. In the 2010s, the
upper 95% percentiles in the Archipelago Sea, Helsinki region, and
Pärnu region were 42 cm, 48 cm, and 51 cm respectively, indicating that more large-sized spawners were available in the two latter
areas. In the Archipelago Sea, almost 5% of the mature females were
smaller than 30 cm (Fig. 3).
3.2. Length at maturity of females
The annual TL50 estimates in the Archipelago Sea were between
29 and 33 cm during the entire period from 1999 to 2013, when

Table 1
Mean length (±standard error) of female pikeperch in the commercial gill-net catch
in the Archipelago Sea and Helsinki region during four decades. Number of samples
in parentheses. The ﬁgures comprise all individuals caught, including individuals
smaller that legal minimum size.
Decade

Archipelago Sea

Helsinki region

1980s
1990s
2000s
2010s

38.7 ± 0.1 cm (n = 1397)
39.1 ± 0,1 cm (n = 2922)
37.8 ± 0,1 cm (n = 6123)
39.2 ± 0,1 cm (n = 1129)

43.9 ± 0,2 cm (n = 790)
42.0 ± 0,1 cm (n = 1762)
42.1 ± 0,1 cm (n = 2131)
42.4 ± 0,2 cm (n = 636)

sufﬁcient data were available. In the Helsinki region, TL50 estimates were mostly between 33 and 37 cm (Fig. 4), except in 1985,
but the estimate for that year was unreliable due to the poor ﬁt
of the data (Appendix B). The annual TL50 estimates in the Pärnu
region varied between 42 and 46 cm during the early 1990s and
remained around 40 cm in the early 2010s (Fig. 4). The annual
TL95 estimates showed essentially similar patterns to the TL50 estimates. However, the conﬁdence limits of the annual TL95 estimates
were generally wider and the differences between the areas more
obscure, especially in the 2010s (Fig. 4).
3.3. 95% conﬁdence intervals and testing power of TL50
The modeled 95% conﬁdence intervals (upper and lower limits together) for six-year means of TL50 values decrease sharply
until the total sample size during the six-year period reaches 150. A
total of 200–400 females sampled during a six-year period (around
50 females/year in the annual sampling design or around 100
females/years in the biyearly sampling design) produces almost
maximal precision of the mean for this period (Fig. 5). However,
annual sampling produces better precision (95% conﬁdence intervals 3.0–4.5 cm) than biyearly sampling (95% conﬁdence intervals
4.0–6.0 cm). The width of the “achievable” conﬁdence interval, still
with a total of 200–400 females sampled during a six-year period,
was even greater, around 6.5–8.5 cm, if the sampling was conducted
every third year (results not shown). The calculated 95% conﬁdence
intervals are symmetrical. The upper and lower conﬁdence limits
based on annual sampling were thus roughly less than 2 cm around
the mean (TL50). Considering that the TL50 values were generally
between 30 and 40 cm, the upper and lower conﬁdence limits were
roughly 5–7% of the mean.
The distance between the observed mean TL50 and a target
reference point has a strong effect on the power of a test to
detect differences between these two. In the Archipelago Sea, if
the observed mean TL50 was less than 2.0 cm from the target limit,
the probability of detecting differences (with ˛ = 0.05) remained
under 80% (Fig. 6). If the difference was 2.5 cm, a power of 80% was
reached with an annual sample size of around 20–60 females. In the
Helsinki region, 80% power was reached with a distance of 2.0 cm
to the target limit and a sample size of 70 females annually.
3.4. Mean length in the commercial gill-net catch
Mean lengths of females in the commercial gill-net catch (Lc)
were generally higher in the Helsinki region than in the Archipelago
Sea (Table 1), mainly reﬂecting the differences in the mesh sizes
used in these areas. The differences of 3–5 cm in the means of the
two areas were statistically signiﬁcant during all four time periods
(p < 0.001, t-test). In both areas, the Lc values were roughly 7–9 cm
higher than the respective TL50 estimates. The annual TL95 estimates (see Fig. 4) were, however, close to the Lc values. During the
2000s and early 2010s, most but not all of the annual TL95 estimates
were still slightly below the Lc values in the Archipelago Sea. The
three recent annual TL95 estimates from the Helsinki region were
approximately at the same level as the Lc values.
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Fig. 3. Length distribution (as percentages) of mature (dark gray) and immature (light gray) female pikeperch in the trap-net/survey-trawl catch during three decades.
Intermediate gray indicates the overlapping area. Number of mature females (n): Archipelago Sea (1999–2009 = 815, 2010–2013 = 386), Helsinki region (1984–1996 = 315,
2012–2014 = 171), and Pärnu region (1991–1995 = 403, 2011–2014 = 126).
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Fig. 4. Total length at which 50% (TL50) (left) and 95% (TL95) (right) of female pikeperch reached maturity in the three study areas from the 1980s to the 2010s. The vertical
lines are the 95% conﬁdence limits.

4. Discussion
4.1. Fishing pressure and length distributions of mature females
The size distributions of mature females indicate that ﬁshing
pressure on pikeperch is intense and highly size selective in the
study areas. The mean lengths of female pikeperch in commercial gill-net catches in both Finnish study areas were only 2 cm
above the regional minimum legal sizes, indicating that the bulk
of females are removed soon after recruitment to the ﬁshery. The
proportion of large-sized (>60 cm) “mega-spawners” was low, the
only exception being the situation in the early 1990s in the Pärnu
region, before the ﬁshery was freed from restrictions (see Eero,
2004). The size distributions also reﬂected the differences in the
pikeperch ﬁshery among the study areas and over time. This is well
illustrated, for example, by the constantly lowest median and 95%

percentile lengths in the Archipelago Sea, where the management
of the pikeperch ﬁshery has been relatively lax, having the lowest
legal minimum size and mesh sizes among all the gill-net ﬁsheries
throughout the study period. The most striking temporal change
was observed in the Pärnu region, where the median and 95% percentile lengths were roughly 10 cm lower in the 2010s than before
the intensive pikeperch ﬁshery started in the 1990s. Unfortunately,
no length distribution data are available for either the most critical time before the pikeperch ﬁshery was closed in 2000, or from
the time period shortly after it was reopened in 2007. Declines in
the abundance of large individuals have also been reported in other
pikeperch populations in the northern Baltic Sea (Mustamäki et al.,
2014). The length distribution of the mature stock apparently reacts
more rapidly to changes in ﬁshing pressure than the TL50 values.
The length distribution of the mature stock is, however, closely
connected to the size at maturation, as any changes in the latter
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have a direct effect on the former. Furthermore, the length distribution is sensitive to variation in year-class strength, making it less
informative of the effects of the ﬁshery.

4.2. Length at maturity as a potential indicator
Lengths at maturation (TL50), often only recorded for females,
have been suggested as indicators of selective ﬁshing pressure for
marine ﬁsh stocks (e.g. Chen and Paloheimo, 1994), particularly
in cases where insufﬁcient data are available to ﬁt comprehensive
population models. Gangl and Pereira (2003) studied populations
of North American walleye (Sander vitreus), a relative of the Baltic
pikeperch, in lakes with different levels of exploitation and demonstrated that TL50 is sensitive to overexploitation. Our data from the
Baltic Sea are far from comprehensive, for instance due to the lack
of data for long periods, but our ﬁndings nevertheless support the
idea that TL50 values are sensitive to the effects of selective ﬁshing
pressure. First, the higher TL50 values observed in the Pärnu Bay
during the period with a sustainable ﬁshery in the early 1990s com-

pared to the 2010s can logically be connected to the effects of the
intensive ﬁshery. Secondly, among the three study areas, the TL50
values were systematically lowest in the Archipelago Sea where,
due to the lack of effective regulation of the minimum mesh size, the
ﬁshing pressure has also been intense for relatively small individuals, the mean length in the commercial gill-net ﬁshery being only
38–39 cm. Heikinheimo et al. (2006) demonstrated that pikeperch
in that area were caught before their growth potential was fully utilized, indicating growth overﬁshing. Furthermore, Kokkonen et al.
(2015) have recently analyzed the probabilistic maturation reaction norms for pikeperch in the Archipelago Sea. They found that
maturation had shifted toward an earlier age and smaller size, with
ﬁshing being the most important driving factor. The more ambitious attempts to manage the pikeperch ﬁshery in the Helsinki area,
with the minimum mesh sizes in the gill-net ﬁshery being 45 mm
after 1980 and 50 mm since 2006, and a revision of the minimum
legal size from 37 to 40 cm since 2006, have inevitably led to a
decrease in the effect of the ﬁshery on the structure of the pikeperch
stock, even though the ﬁshing pressure has been high. These long-
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term differences in the pikeperch ﬁshery of these two Finnish study
areas are evidently the main reason for the systematically higher
TL50 values in the Helsinki region than in the Archipelago Sea.
However, we acknowledge that other factors, such as environmental conditions and the density of the stock, and consequently the
growth rate, can also have impacts on maturation and the observed
differences between these stocks (see Lappalainen et al., 2003 and
references therein). Generally, the TL50 values found in our three
study areas were slightly lower than 42.9 cm and 43.9 cm respectively reported for pikeperch from the Polish Szczecin and Vistula
lagoons in the southern Baltic Sea (Kosior and Wandzel, 2001), or
42.0–46.0 cm reported from Lake Lohjanjärvi, a large lake in southern Finland (Lehtonen and Miina, 1988).
Coastal areas are open systems for ﬁsh to migrate, which probably also smooths out differences in the TL50 values among areas.
Mixing and overlapping take place in the coastal pikeperch stocks,
which has also indirectly been demonstrated using microsatellite DNA analysis (Säisä et al., 2010). It is important to note that
this may also accelerate the recovery (increase) in the size at
maturity after effective management actions, if the stock receives
immigrants from adjacent, less exploited stocks. Pukk et al. (2013)
studied a heavily exploited perch (Perca ﬂuviatilis) population on
the Estonian coast during a 24-year period. After recovery from
a ﬁshery-induced collapse of the perch population, they observed
marked changes in population life-history traits. Genetic analysis
revealed increased immigration of foreign individuals with different life-history patterns into the area. Similar observations have
also been reported for marine species (e.g. Hutchinson et al., 2003;
Olsen et al., 2005).
4.3. Potential target reference points for TL50s
For indicators to support decision making, managers need to
have an understanding of the values associated with a speciﬁc stock
or ecosystem state. This is also highlighted in the implementation of
the MSFD, which requires that indicators used for the assessment
of the state of the marine environment should have target reference points for a good environmental status (GES). Reference points
that relate to the unexploited situation or “pristine state” may be
appropriate for assessing the overall impact of ﬁshing. However,
this does not imply that the management objective should be the
unexploited state, because society deems some impacts acceptable,
given the beneﬁts of the ﬁshery (e.g. Jennings and Dulvy, 2005).
Another often-highlighted principle guiding management objectives, speciﬁc to ﬁsheries, is that all ﬁsh should spawn at least once
before they are caught.
Concerning the target TL50 values for pikeperch in the Baltic
Sea, it is evident that separate target values are needed for various
regions or stocks. Environmental effects and differences in local
population traits can at least partly be incorporated in the values.
In the Pärnu region, the ﬁshing mortality rate was probably close to
optimal until the drastic increase in ﬁshing effort in the early 1990s
(Eero, 2004). Fortunately, some data were available covering the
end of the former period, showing that the TL50 values were around
43 cm. A good starting point in the Pärnu region could be to set the
“GES target” to approximately 40 cm, which is very close to the
present situation. According to Lehtonen (1987), the TL50 values
for both sexes of pikeperch were 37 cm in the Archipelago Sea and
39 cm in the Helsinki region in samples taken during 1977–1984.
The data and methods were not described in detail, but the result
could be regarded as approximate. Based on this dataset from a
period when the pikeperch ﬁshery on the Finnish coast started to
increase, it can be suggested that the possible GES target for these
two regions could be at least 35–37 cm. This is close to the current situation in the Helsinki region, but the present values for the
Archipelago Sea have been almost 5 cm below this. The setting of
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GES targets is, however, a generally iterative and dynamic process,
meaning that the targets might change or become more accurate
over time due to new data and knowledge or large-scale changes
in the environment.
4.4. Optimal sampling strategy for TL50
If long-term monitoring of the TL50 of pikeperch in the northern
Baltic Sea is intended to derive average values for six-year cycles,
such as for MSFD purposes, around 35–70 samples per year, or a
total of 200–400 sampled females, already produces almost the
maximal precision for the mean. It is also important that samples are taken each year due to observed annual variation. Even
in shorter studies examining the size at maturity, sampling should
be carried out during several years to avoid the effects of annual
variation. The total sample size of 200–400 females also leads to
reasonable power (>80%) to detect differences between the measured mean and a set target reference point in situations where
the distance between these two is greater than 2 cm. However, if
the observed mean is closer to the target reference point, even
extremely large sample sizes will not provide a high degree of
certainty about the true position of the mean in relation to the reference point. This phenomenon, demonstrated here by our data, is
evidently the rule rather than an exception in similar cases where a
mean based on sampled data is compared to a particular reference
point.
The observed slight annual variation in the average length at
maturity in all study areas appears realistic. It could be generated,
for instance, by differences in temperature conditions and by the
variations in year-class strength, which reﬂect the growth rate. The
high annual variation in year-class strength in our study areas (Eero,
2004; Pekcan-Hekim et al., 2011; Heikinheimo et al., 2014) can lead,
for instance, to high variation in the numbers of annually maturing females. Hence, situations might also be common where the
females of one year class form the bulk of maturing females during at least two years. In the northern Baltic Sea, the pikeperch is
close to the edge of its distribution, and environmental factors consequently play a substantial role in the stock dynamics. It is thus
possible that the effects of annual variation are less prominent in
coastal ﬁsh stocks living in less changeable surroundings.
4.5. Mean length in the commercial catch (Lc), minimum legal
size
The mean length in the catch (Lc) in relation to TL50 has been
suggested as a potential indicator of ﬁshing pressure for datalimited stocks. If Lc exceeds TL50, the biomass of a mature stock
is probably above that which can produce a maximum sustainable
yield (ICES, 2012a), implying that the ﬁshery is probably sustainable. In our data from the two Finnish study areas, the Lc values
were almost 10 cm higher than the TL50 estimates, despite the
intense ﬁshery and symptoms of growth overﬁshing. Even the TL95
estimates were at the same level as or even a little higher than the
Lc values. There appear to be at least two reasons for the poor performance of this suggested indicator for our pikeperch case in the
Baltic Sea: (i) the method is too simplistic, as it does not take into
account the actual ﬁshing pressure on the part of the stock subject
to the ﬁshery, which might be substantial, as it was in our case due
to the targeted ﬁshery on pikeperch, and (ii) the ﬁshery might have
already driven down the length at maturity, and this process might
continue.
Setting minimum legal landing sizes (total length) is a straightforward management action commonly used in the pikeperch
ﬁshery. The present minimum legal landing sizes in the Archipelago
Sea (37 cm), Helsinki area (40 cm), and Pärnu bay (44 cm) are close
to the observed recent TL95 values of around 37 cm, 41–42 cm, and
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43–46 cm, respectively. Hence, the sizes at ﬁrst capture are mostly
larger than the size at maturity, implementing the idea that all ﬁsh
should be allowed to spawn at least once before they are caught.
The problem here again is that the intensive selective ﬁshery may
have already lowered the length at maturity, and it is possible that
the present minimum legal sizes do not support a recovery in the
length at maturity, and thus the recovery of the stock.
4.6. Concluding remarks
We suggest that the length at maturity (TL50) is a potential
indicator for the effects of ﬁsheries on coastal pikeperch stocks,
and as such, useful for local ﬁsheries management and also for
assessing the state of commercial ﬁsh stocks, required by the MSFD.
The indicator could be further tested after a few years when more
data become available. The redeeming features of this potential
indicator include the following: (i) it is easy to understand by nonscientists and ﬁsheries managers, (ii) it is tightly linked to ﬁshing
pressure, (iii) the data needs, i.e. length measurements, sex and
maturity stage, are very simple, and (iv) the required sample sizes
for one stock/region are reasonable. The last two features together
mean that it is possible to keep the monitoring costs at a low level.
The preliminary target reference values for the three stocks presented in this paper could also offer starting points for the target
reference values for data-limited stocks in surrounding areas along

the Finnish and Estonian coast. The use of this indicator can, of
course, be challenged by stating that it only operates over mediumor long-term periods, as the decline or recovery of a stock and the
following changes in TL50 values might take time. One possibility
to better involve short-term aspects is to simultaneously monitor the size distribution of the mature stock, especially focusing
on the proportion of large-sized spawners. It is also possible to
accept the length of maturity as a state indicator operating over
medium- or long-term periods and, simultaneously emphasize the
use of pressure indicators, such as the mean size in commercial
catch, reﬂecting the selectivity pattern of the ﬁshery exploiting the
species.
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Appendix A.

Table A1
Available sample sizes and median lengths of mature and immature female pikeperch by year and region.
Region

Helsinki
Helsinki
Helsinki
Helsinki
Helsinki
Helsinki
Helsinki
Helsinki
Helsinki
Pärnu
Pärnu
Pärnu
Pärnu
Pärnu
Pärnu
Pärnu
Pärnu
Pärnu
Archipelago Sea
Archipelago Sea
Archipelago Sea
Archipelago Sea
Archipelago Sea
Archipelago Sea
Archipelago Sea
Archipelago Sea
Archipelago Sea
Archipelago Sea
Archipelago Sea
Archipelago Sea
Archipelago Sea
Archipelago Sea

Year

1984
1985
1987
1989
1991
1996
2012
2013
2014
1991
1992
1993
1994
1995
2011
2012
2013
2014
1999
2000
2002
2003
2004
2005
2006
2007
2008
2009
2010
2011
2012
2013

Mature

Immature

Total N

N

Length (cm)
median(min–max)

N

Length (cm)
median(min–max)

87
99
23
25
33
48
76
53
42
254
50
52
24
23
31
17
31
47
21
73
25
62
139
91
74
78
84
168
58
110
80
138

40(29–65)
39(31–56)
44(30–64)
41(31–61)
40(29–59)
36(29–52)
40(34–53)
40(31–52)
38.5(29–53)
50(39–74)
51.5(40–79)
52(40–63)
48(37–70)
45(42–63)
42(33–56)
42(35–53)
45(34–57)
41(33–49)
36(32–74)
36(29–54)
36(31–51)
35(28–51)
35(28–43)
36(23–42)
35(28–41)
34(26–53)
34(28–44)
34(27–44)
34.5(27–68)
35(28–57)
37(32–63)
37(31–54)

30
18
11
33
17
66
42
30
32
63
83
101
74
102
153
56
229
257
12
14
12
31
37
31
53
77
49
68
19
30
29
34

34(31–43)
38(32–55)
37(29–42)
32(24–41)
34(28–38)
32.5(25–47)
32(21–40)
31.5(23–38)
30.5(20–37)
41(31–48)
38(20–46)
39(20–48)
34(15–44)
36(19–47)
30(12–41)
27(12–38)
31(11–43)
31(17–46)
33.5(30–36)
33(19–36)
34.5(30–39)
29(18–35)
34(21–38)
31(16–41)
27(16–37)
21(15–37)
28(15–34)
32.5(20–40)
31(27–37)
30(18–38)
28(20–36)
35(20–38)

117
117
34
58
50
114
118
83
74
317
133
153
98
125
184
73
260
304
33
87
37
93
176
122
127
155
133
236
77
140
109
172
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Appendix B.

Fig. B1. Annual predicted logistic regression curves and observed ratios of mature ﬁsh in each length group (1 cm) in the Helsinki region (HE), Pärnu region (P), and in the
Archipelago Sea (AR). The dashed vertical lines represent the annual TL50 estimates. Unﬁlled circles are observations where just one ﬁsh was observed in a length group (the
ratio is either 1 or 0). Filled circles are observations where more than one ﬁsh was observed.
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Appendix C.
Table C1
Model parameters for the TL50 models.
Parameters for years 1984– 2013 data (observed data)
Parameter
Fixed
Intercept
Length
Region

Length × Region

Random
Year
Year
Year

Estimate

Standard error

DF

t Value

Pr > |t|

Helsinki
Pärnu
Archipelago Sea
Helsinki
Pärnu
Archipelago Sea

−12.8579
0.4162
1.4362
−11.0698
0
−0.08379
0.1593
0

1.4932
0.04444
2.3255
2.5555
.
0.06832
0.07187
.

26.81
28.42
25.93
34.92
.
25.92
29.77
.

−8.61
9.37
0.62
−4.33
.
−1.23
2.22
.

<.0001
<.0001
0.5422
0.0001
.
0.231
0.0345
.

Var(1)
Var(2)
Cov(2,1)

18.7098
0.01643
−0.5472

7.8572
0.006805
0.2299

Parameters for years 1991–2013 data (used in precision and power analysis)
Parameter
Fixed
Intercept
Length
Region

Length × Region

Random
Year
Year
Year

Estimate

Standard error

DF

t Value

Pr > |t|

Helsinki
Pärnu
Archipelago Sea
Helsinki
Pärnu
Archipelago Sea

−12.5449
0.4074
−5.1779
−11.4223
0
0.1044
0.1698
0

1.3358
0.04134
2.9955
2.3347
.
0.09057
0.06736
.

21.68
22.84
29.09
31.22
.
27.45
24.79
.

−9.39
9.86
−1.73
−4.89
.
1.15
2.52
.

<.0001
<.0001
0.0945
<.0001
.
0.259
0.0185
.

Var(1)
Var(2)
Cov(2,1)

13.2546
0.01334
−0.4152

6.8420
0.006524
0.21054
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