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Sweden
2
Nature Research Centre, Akademijos str 2, Vilnius 08412, Lithuania
3
Department of Aquatic Resources, Institute of Marine Research, Swedish University of Agricultural Sciences, Turistgatan 5, Lyskeil 45330, Sweden
4
Department of Ecology and Environmental Sciences, Umeå University, Linneus väg 6, Umeå 90187, Sweden
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Declines in predatory ﬁsh in combination with the impact of climate change and eutrophication have caused planktivores, including threespined stickleback (Gasterosteus aculeatus), to increase dramatically in parts of the Baltic Sea. Resulting impacts of stickleback on coastal and
offshore foodwebs have been observed, highlighting the need for increased knowledge on its population characteristics. In this article, we
quantify abundance, biomass, size structure, and spatial distribution of stickleback using data from the Swedish and Finnish parts of the Baltic
International Acoustic Survey (BIAS) during 2001–2014. Two alternative methods for biomass estimation suggest an increase in biomass of
stickleback in the Baltic Proper, stable or increasing mean size over time, and larger individuals toward the north. The highest abundance was
found in the central parts of the Baltic Proper and Bothnian Sea. The proportion of stickleback biomass in the total planktivore biomass increased from 4 to 10% in the Baltic Proper and averaged 6% of the total planktivore biomass in the Bothnian Sea. In some years, however,
stickleback biomass has ranged from half to almost twice that of sprat (Sprattus sprattus) in both basins. Given the recent population expansion of stickleback and its potential role in the ecosystem, we recommend that stickleback should be considered in future monitoring programmes and in ﬁsheries and environmental management of the Baltic Sea.
Keywords: ecosystem-based ﬁsheries management, hydroacoustics, mesopredatory ﬁsh, size structure, stock assessment

Introduction
The Baltic Sea is a brackish water system with strong environmental gradients, resulting in a mixture of species from
marine and freshwater origin (Voipio, 1981). Due to its low
diversity, changes in the occurrence of single ecosystem
components may have substantial effects on the whole ecosystem
(Casini et al., 2008; Möllmann et al., 2009), with potentially
strong spillover effects on neighbouring systems (Eriksson et al.,

2011; Casini et al., 2012). Over the past few decades, the pelagic
central Baltic Sea ecosystem has gone through dramatic changes
in structure and function (Möllmann et al., 2009), partly attributed to a trophic cascade extending down to phytoplankton and
caused by a drastic decrease in the major predatory fish species
cod (Gadus morhua; Casini et al., 2008). Such abrupt and profound changes pose challenges for the sustainable management of
ecosystems.
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estimates of its biomass and size structure (mean length) for the
rectangles covered within each ICES subdivision. In addition, we
also use an alternative method to estimate total stickleback abundance, where vertical distribution and diel migration of the species were considered. The results are further discussed in relation
to current management of herring and sprat and potential future
management of stickleback.

Methods
BIAS survey
The data used in this study were obtained from the BIAS. The
survey is undertaken annually in September–October, with the
aim to produce an estimate of the abundance of herring and sprat
to be used in stock assessment (ICES, 2017a). Stickleback is, however, also caught in substantial numbers in the pelagic trawl hauls
and hence also represented in the acoustic data of the survey
(Ljunggren et al., 2010; Bergström et al., 2015). The survey has
been conducted since 1979 by the countries in the Baltic Sea area
and covers all Baltic Sea subbasins, including Kattegat in the west,
except the Bothnian Bay in the very north (ICES, 2017a). The
biomass of pelagic species is quantified using hydroacoustics in
combination with pelagic trawling. As the current ICES database
including all species caught in the survey only includes data for
the last 2–3 years, we used a restricted part of the BIAS survey including only Swedish and Finnish data (from here on referred to
as the “survey area”; Figure 1, Supplementary Table S1), which
was available over a longer time period, in this study. The data
used cover the years 2001–2014 and a total of 49 ICES rectangles.
Before 2001, there are no reliable hydroacoustic data for stickleback in the survey area due to restricted availability of raw data.
The spatial coverage of the survey area considered includes almost
the entire Subdivision 27, while Subdivisions 25, 26, 28, and 29
are only partly covered (Figure 1). Moreover, since 2007, the
BIAS survey also includes the Bothnian Sea (Subdivision 30), but
data for stickleback for 2013 and 2014 in this area were not available at the time for this study. The timing of the survey does not
overlap with the spawning period of stickleback, which extends
from early spring to mid-summer (July) and is confined to shallow coastal bays (Bergström et al., 2015). The timing of the survey
rather coincides with the offshore feeding phase of the species
(Bergström et al., 2015).
The BIAS survey uses a SIMRAD EK/EY-60 echosounder with
a transmission frequency of 38 kHz, and we used the same TSlength equation as for sprat and herring [TS ¼ 20 (log L) – 71.2;
ICES, 2017a]. The mesh size of the codend of the trawl was
10 mm before 2006 and has been 6 mm since, and the opening of
the trawl was 18 m before 2006 and has been 16 m since (ICES,
2017a). The trawl frequency is at least two per ICES statistical
rectangle. There is no published information on the selectivity of
the trawl and the detectability of the echosounder used relative to
stickleback. Preliminary results from this study and other similar
studies (Kaljuste, unpublished) do, however, suggest that a trawl
with a mesh size in the codend of 6–10 mm catches young of
the year stickleback down to a total length of 2 cm. The detectability of the echosounder at depths shallower than 8–10 m
depth is rather poor, but the quantities of fish in this depth layer
are rather modest (Kaljuste, unpublished). In all, this suggests
that trawl selectivity and echosounder detectability leads to a
slight underestimation of stickleback abundance in the BIAS
survey.
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Concomitantly with the strong increase in the abundance of
sprat (Sprattus sprattus) in the Baltic Sea (Casini et al. 2008),
there have been substantial increases in the abundance of another
mesopredatory fish, the three-spined stickleback (Gasterosteus
aculeatus, from here on referred to as stickleback; Bergström
et al., 2015). The cause of the increase in stickleback is hitherto
not established, but predatory release from both offshore (cod)
and coastal predatory fish, mainly perch (Perca fluviatilis) and
pike (Esox lucius), in combination with favourable environmental
conditions for the species, including increased water temperature
and food abundance, have probably contributed (Ljunggren
et al., 2010; Eriksson et al., 2011; Lefébure et al., 2014).
Stickleback utilizes both shallow coastal habitats (for spawning
and as nursery habitats) and offshore areas (for feeding) in the
Baltic Sea and may serve as a vector linking the two habitats
(Eriksson et al., 2011; Bergström et al., 2015). The species is short
lived (maximum recorded age in the Baltic Sea is 4 years;
Bergström et al., 2015) and semelparous, reaching sexual maturity
during its second year of life (Östlund-Nilsson et al., 2007).
Stickleback mainly feed on plankton and zoobenthos (ÖstlundNilsson et al., 2007). There is little genetic variation in the species
across regions in the Baltic Sea, but some recent evidence for population substructuring exist (DeFaveri et al., 2013; Jakubavici
ut_e
et al., 2018), and stickleback is well known for its rapid evolutionary response to environmental change (Östlund-Nilsson et al.,
2007). As such, population development in stickleback can respond quickly to sudden environmental change potentially leading to strong interannual variation in population numbers. At
present, it is well documented that stickleback can have negative
effects on coastal predatory fish via predation on and competition
with early life stages and, in turn, cause trophic cascades in foodwebs in the coastal Baltic Sea by inducing an increase in the
growth of ephemeral algae (Eriksson et al., 2011; Sieben et al.,
2011; Bergström et al., 2015; Byström et al., 2015; Donadi et al.,
2017). In the offshore area, studies suggest a substantial overlap
in the diet of stickleback with the other major planktivores in the
Baltic Sea, sprat and herring (Clupea harengus; Lankov et al.,
2010; Jakubavici
ut_e et al., 2017). Hence, the recent increase in the
abundance of sticklebacks may impact clupeid abundance and
condition. Moreover, there is currently also a growing interest
from the commercial pelagic fishery in the Baltic Sea to exploit
the species for fish meal and potentially biogas production
(Bergström et al., 2015).
Existing estimates of abundance suggest that stickleback locally
can comprise a substantial part of the biomass of planktivorous
fish species in the offshore Baltic Sea (Jurvelius et al., 1996;
Ljunggren et al., 2010). However, little is known about the abundance and biomass over larger spatial scales and the variation of
abundance and biomass in space and time. Such knowledge is
pivotal for our understanding of the present and potential future
role of the stickleback in the Baltic Sea ecosystem and for a sustainable management of the species.
In this study, we use data from the Swedish and Finnish parts
of the Baltic International Acoustic Survey (BIAS) to estimate the
abundance, biomass, and size structure of stickleback in the
Bothnian Sea (ICES Subdivision 30) and the Baltic Proper (ICES
Subdivisions 25–29, Figure 1) over the past one and a half decades. More specifically, using the same methodology as used in the
current stock assessment of herring and sprat (ICES, 2017a, b),
we provide down-scaled estimates of the abundance of stickleback
per ICES statistical rectangle (ca. 50  50 km size), as well as
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Figure 1. The survey area (white squares) used to estimate the abundance, biomass, and size structure of stickleback in the Swedish and
Finnish parts of the BIAS survey. SD denote ICES subdivision. For detailed information on the ICES rectangles and years covered, see
Supplementary Table S1.
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Estimation of stickleback abundance
Since there is no directed commercial fishery for stickleback in
the Baltic Sea (i.e. no data on commercial catches are available),
it was not possible to apply an analytical stock assessment model
to the data. We, therefore, applied the same method as used for
calculating herring and sprat abundance in the BIAS survey to
obtain a comprehensive index of stickleback abundance in the
survey area.
The BIAS survey uses information from echosounders and pelagic trawling to estimate fish abundance. In short, the method applied for estimating fish abundance in the BIAS survey can be
summarized in the following steps (see ICES 2017a for further
details). First, from the acoustic measurements, the average nautical area scattering coefficient (NASC) for the entire water column
is calculated for each ICES rectangle (ca. 50  50 km; Figure 1). In
parallel to this, the trawl hauls are used to provide information on
the species composition and length distribution of each species
within each ICES rectangle. Second, the total fish density within an
ICES rectangle is calculated by dividing the NASC of the rectangle
with the value of the mean cross section of the rectangle. The mean
cross section within an ICES rectangle is dependent on the species
composition and length distributions of all species. Third, the total
number of fish within an ICES rectangle is estimated as the total
fish density multiplied by the area of the rectangle. Fourth, the total
fish abundance is distributed across the species recorded in the
trawl hauls by multiplying the total number of fish in the ICES
rectangle by the frequency of occurrence of the species in the trawl
catches in the ICES rectangle. Fifth, the abundance of a fish species
within an ICES rectangle is further divided into length classes
according to the length distribution of the species in the trawl
catches within the ICES rectangle.
Since the survey did not cover all the selected ICES rectangles
included in the survey area every year (Supplementary Table S1),
the estimation of the total abundance in a given year was based
on the rectangles covered by the survey in that year. As the total
survey area, therefore, differed among years, the abundance estimates were corrected for the area covered (based on coverage of
ICES rectangles) by the survey each year to allow for comparisons
among years. This was done by multiplying the raw abundance
estimates each year by a factor derived from the ratio between the
area covered each year and the total survey area. This method
generates an abundance estimate expressed in numbers of stickleback (in millions) per area covered (nautical miles2).

Estimation of stickleback size structure and biomass
A randomly selected subsample of up to 50 sticklebacks from
each trawl haul is collected in the BIAS survey (ICES, 2017a).

Every fish is then measured to the nearest cm. From this data, we
estimated the size structure (abundance of fish per cm class) and
mean length for each year and ICES subdivision (i.e. Subdivisions
25–30) within the survey area. Given the number of trawl hauls
conducted and ICES rectangles covered, ca. at least 2000 and
1700 fish were sized every year in the Baltic Proper and Bothnian
Sea, respectively.
The biomass of stickleback for each ICES rectangle was estimated using annual abundance per length class in combination
with a defined length–weight relationship as presented in
Bergström et al., (2015). The size and weight ranges of the fish included in this study were 2.5–8.5 cm and 0.1–6.0 g, respectively.
Due to a lack of data with sufficiently high spatial resolution, we
used the same length–weight relationship throughout the entire
survey area. Biomass estimates per ICES rectangle were scaled up
to subdivision.

Stickleback, herring, and sprat biomass in the survey
area
To relate the biomass estimates of stickleback to the other two important planktivore fish species in the Baltic Sea, herring and sprat,
we extracted similar biomass estimates for these two species for the
survey area and time period considered using data from the ICES
database for the BIAS survey, including data on sprat, herring,
and cod only (https://community.ices.dk/ExpertGroups/wgbifs/2017
%20Meeting%20docs/06.%20Data/01_BIAS%20Database/). To obtain comparable estimates of the biomass of stickleback, sprat,
and herring, the data extracted for the latter two species were
from the corresponding survey area as used for stickleback each
year (Figure 1, Supplementary Table S1).

Alternative method for assessing stickleback abundance
in the BIAS survey
Stickleback generally resides closer to the surface than herring
and sprat (Jurvelius et al., 1996). There is, to some degree, a
vertical migration of stickleback as they move deeper (ca. only
10–15 m) during daylight (Jurvelius et al., 1996), but this migration is not as extensive as for herring and sprat. As such, stickleback reside in the upper parts of the water column during
daylight, while herring and sprat commonly are found in deeper
waters (Jurvelius et al., 1996). At night, however, the three species
mix as a result of herring and sprat migrating toward the surface
to feed (Orlowski, 2001; Nilsson et al., 2003). During the BIAS
survey, the trawl hauls used to support the hydroacoustic information are undertaken both during daylight and night-time at
different depths depending on the occurrence of the target species
herring and sprat (ICES, 2017a). Stickleback numbers in the BIAS
survey are, hence, likely underrepresented in deeper trawl hauls
(>0 m) during daylight. To get a more correct estimate of stickleback abundance, both the time of day when trawling and trawl
depth should ideally be considered.
In an attempt to develop an alternative to the standard BIAS
method for calculating stickleback abundance and, hence, to address potential uncertainties in the estimates using the standard
approach of the BIAS survey, we also tested a method for assessing the abundance of stickleback using the closest most adequate
trawl haul (in relation to the acoustic estimates, based on depth
and time of day) to calibrate the acoustic information in a specific
rectangle (hereafter referred to as “the alternative BIAS method”).
As such, this method is a further development from the classical
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Earlier studies estimating the abundance and biomass of stickleback in the Baltic Sea have either been limited in their spatial and/or
temporal coverage (Jurvelius et al., 1996; Ljunggren et al., 2010;
Juntunen et al. 2012) or estimated catch per unit effort by using trawl
survey data only (Bergström et al., 2015). Jurvelius et al. (1996), for
example, used data for the entire Gulf of Bothnia (a survey area as extensive as the one used in this study), but only for 1 year, Ljunggren
et al. (2010) used data for 16 years, but only for ICES Subdivision 27,
and Juntunen et al. (2012) used only data for the Gulf of Finland for
1 year. This study is, hence, the first attempt to estimate the biomass
of stickleback in the Baltic Sea covering a substantially larger spatial
scale and temporal coverage than previous studies.
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nearest-haul method, where the non-identified acoustic images are
associated with the hauls using the criteria of closest geographical
distance (Petitgas et al., 2003; Yule et al., 2009). In our case, time of
day and depth layers were used as additional criteria. First, the distance from the location of each acoustic sampling unit (ESDU, elementary sampling distance unit; measured in nautical miles) to all
trawl haul stations, irrespective of the ICES rectangle, was calculated
using geographical coordinates. Second, the ESDUs and trawl hauls
were divided into two clusters: daylight (when the fish are divided
into layers at different depths and clupeids are found in deeper water
layers) and night-time (when almost all fish including clupeids are
found near the surface). Furthermore, ESDU values and trawl hauls
of the daylight cluster were additionally split into two layers: surface
layer (40 m top layer) and deep layer (>40 m). For the cluster of
night-time ESDUs, the NASC from the water column was combined
with the species and length distribution of the nearest night-time
trawl haul to calculate fish abundance (stickleback, herring, and
sprat). For the ESDU daylight cluster, the surface and deep layer
NASC values were combined in a similar way with the nearest daylight shallow and deep haul, respectively. A threshold of hauls within
a distance of 30 nautical miles from the given ESDU was set. If the
distance to the nearest daylight shallow or deep haul was >30 nautical miles, but still shorter than the distance to the nearest night-time
haul, then the daylight ESDU surface layer value was combined with
the nearest daylight shallow haul. A similar procedure was applied
for the deep layer NASC. If the distance to the nearest daylight shallow or deep haul was greater than 30 nautical miles and greater than
the distance to the nearest night-time haul, the daylight surface and
deep layer values of the given ESDU were combined with the species
and length distribution data of the nearest night-time haul. Finally,
total abundance of stickleback in each covered ICES rectangle by the
survey was calculated by multiplying rectangle area by the mean
abundance density values of each species in all ESDUs in the given
rectangle. Data from the “the alternative BIAS method” were only
used in Figure 5 and parts in the text where we compare the two
methods. As information on the vertical resolution of NASC values
was not available for 2009, 2010, and 2012, the “alternative BIAS
method” was only applied for the other years included in the study
period. All results besides the method comparisons part as presented
in this manuscript are, therefore, based on the “standard BIAS
method.”

Results
Here, we first present the results from applying the standard BIAS
method, and thereafter we provide comparisons of abundance
estimates for the entire survey area between the standard BIAS
and alternative BIAS method. The outcome of the latter analysis
is used as a measure of uncertainty of the estimates of the presented results using the standard BIAS method.

Stickleback abundance
Temporal dynamics
When applying the standard BIAS method to the data, the abundance of stickleback varied substantially among years (Figure 2).
In the rectangles covered by the survey area in the Baltic Proper
(Subdivisions 25–29), abundance was more than threefold higher
during the last 4 years (2011–2014) compared to previous years
of the study period. Mean abundance in the survey area in the
Baltic Proper during 2001–2010 was around 18 800 million
(610 800 SD) compared to mean abundance during 2011–2014
of around 70 300 million (633 500 SD; Supplementary Table S2).
Highest abundance was observed in 2011 (112 200 million). For
the rectangles included in the Bothnian Sea (Subdivision 30),
abundance during 2007–2010 was comparable to that in the rectangles included in the Baltic Proper (Figure 2). In contrast to the
Baltic Proper, however, there was no sharp increase in abundance
during 2011 and 2012. Mean abundance over time (2007–2012)
for the rectangles included in the Bothnian Sea was 17 800 million
(68 400 SD; Supplementary Table S2). The temporal dynamics in
the survey area of the Baltic Proper are almost exclusively driven
by the dynamics in the rectangles covered in Subdivision 27
(Supplementary Figure S1).

Spatial distribution
In the Baltic Proper, the highest abundance of stickleback per survey area was in the rectangles covered in Subdivisions 27 and 28
and, to some extent, also in the rectangles covered in Subdivision
29 (Figures 3 and 4). With the exception of some years in the
rectangle included in Subdivision 26, the abundance of stickleback in the rectangles in the more southern Baltic Proper (within
Subdivisions 25 and 26) was consistently low (Figures 3 and 4).
The centre of distribution within the survey area shifted

Downloaded from https://academic.oup.com/icesjms/advance-article-abstract/doi/10.1093/icesjms/fsz078/5480400 by Sveriges Lantbruksuniversitet user on 29 April 2019

Figure 2. Total abundance of stickleback in the rectangles covered by the surveyed area in the Baltic Proper (SD 25–29) and Bothnian Sea
(SD 30) during 2001–2014. Data used for the ﬁgure are derived from the “standard BIAS method.”
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Figure 3. Abundance (millions per nautical mile2) of stickleback per ICES rectangle covered by the survey area during 2001–2014. The last
panel (lowest right) shows the average abundance per ICES rectangle over the whole time-period. The colour coding represents differences in
abundance, white rectangles denote zero catches of sticklebacks, and the non-coloured rectangles indicate that the survey did not cover the
rectangle during that speciﬁc year. Data shown are derived from the “standard BIAS method.”
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southward during the more recent years from the rectangles in
the southern part of Subdivision 29 to the area located between
the islands of Öland and Gotland, and in the waters north and
east of Gotland (Figure 3). In 2011 and 2012, high abundance
was also observed in the rectangles found in the area of Kalmar
Sound and south of Öland (southwestern part of Subdivision 27,
Figure 1). In the rectangles included in the Bothnian Sea, abundance appears to have been highest in the central parts of the basin, with a slight tendency for a shift toward the east and to the
Finnish coast during 2011 and 2012 (Figure 3).

Stickleback size structure
Overall, the size structure of stickleback in the survey area covered in the Baltic Proper (Subdivisions 25–29) has been rather
stable over time (Figure 5 and Supplementary Figure S2), with a
mean length across subdivisions of 6.0 cm 6 0.1 SD (Figure 6 and
Supplementary Figure S2). In 2003, 2004, 2008, 2009, and 2011,
however, the overall mean size was slightly smaller (Figure 5 and
Supplementary Figure S2). The differences between years are
small and in the range of 0.5–1 cm. In the rectangles covered in
the Bothnian Sea (Subdivision 30), the size structure was stable
over the years studied (Figure 5 and Supplementary Figure S2),
with a mean length of 6.3 cm 6 0.2 (Figure 6 and Supplementary
Figure S2). Sticklebacks in the Bothnian Sea are, hence, slightly
larger than those in the Baltic Proper (difference in mean length
across subdivisions using year as replicate: t-test, t18 ¼ 3.6,
p ¼ 0.002).

Stickleback biomass
Due to the small size (mainly 2.5–8.5 cm; Figure 5) and weight
(0.1–6.0 g; Bergström et al., 2015) of stickleback and the overall
small variation in mean length of the fish over the survey area
(Figures 5, 6, and Supplementary Figure S2), the temporal and
spatial variation in the estimated biomass strongly resembles that
of the abundance estimates (Figure 2). Biomass during the last

few years (2011–2014) of the rectangles covered in the Baltic
Proper are estimated to be almost fourfold larger than in the earlier years (2001–2010) of the study period (Figure 7). The biomass was estimated to average 142 650 t (660 400 SD) during
2011–2014 compared to an average of 35 760 t (618 700 SD) during 2001–2010 (Supplementary Table S2). In the rectangles covered in the Bothnian Sea, the estimated biomass varied
substantially among years during 2007–2012 from 15 740 t in
2009 to 72 430 t in 2011, with an average estimated biomass of
43 290 t (623 100 SD; Figure 7, Supplementary Table S2). For
more detailed information on the temporal development of the
biomass in the rectangles within each subdivision, see
Supplementary Figure S3. The biomass per area surveyed was
among the highest in the rectangles covered in Subdivision 27
and 28 (Figure 4).

Stickleback, herring, and sprat biomass in the survey
area
When considering the same survey area for all three species, stickleback comprised, on average, 10 and 18% of the total herring
and sprat biomass, respectively, in the rectangles covered in the
Baltic Proper (Subdivisions 25–29) during 2001–2014 (Figure 7).
The average stickleback biomass during these years was 66 300 t
(659 960 SD), compared to 596 600 t (6236 500 SD) for herring
and 448 800 t for sprat (6207 600 SD). During the last 5 years of
the time-period, however, when the peak of stickleback biomass
was observed and sprat biomass was lower, stickleback comprised
ca. 40% of the estimated sprat biomass in the Baltic Proper (average stickleback biomass during 2011–2014 was estimated to be
142 650 t, 660 400 SD, and sprat biomass 358 800 t, 638
400 SD). The proportion of stickleback in relation to herring biomass also increased during the last years from <10% during
2001–2010 (average stickleback biomass 35 800 t, 618 700 SD,
average herring biomass 478 600 t, 6149 300 SD) to >15% during 2011–2014 (average herring biomass 891 600 t, 6114

Downloaded from https://academic.oup.com/icesjms/advance-article-abstract/doi/10.1093/icesjms/fsz078/5480400 by Sveriges Lantbruksuniversitet user on 29 April 2019

Figure 4. Average (during 2001–2014) abundance (thousands) and biomass (kg) of stickleback per survey area (km2) for the rectangles
included in the different subdivisions covered by the Swedish and Finnish parts of the BIAS survey (see Figure 1 and Supplementary Table S1
for more information). Error bars denote standard deviation across years within each subdivision. Data shown are derived from the “standard
BIAS method.”
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Figure 6. Mean length (cm with standard deviation) of stickleback for the rectangles covered by the Swedish and Finnish parts of the BIAS
survey (see Figure 1 and Supplementary Table S1 for more information) for the Baltic Proper (Subdivisions 25–29) and Bothnian Sea
(Subdivision 30) during 2001–2014. For further information on the mean length of the ﬁsh over time, see Supplementary Figure S2.

400 SD). With respect to the total planktivore fish biomass (herring, sprat, and stickleback) in the Baltic Proper, the portion of
stickleback was estimated to have increased from 4% (average
stickleback biomass 35 800 t 6 18 700 SD, average total planktivore biomass 1 100 000 t, 6336 800 SD) during 2001–2010 to almost 10% (average stickleback biomass 142 650 t, 660 400 SD,
average total planktivore biomass 1 400 000 t, 6185 900 SD) in
2011–2014.

In the Bothnian Sea, stickleback was estimated to comprise on
average about 7% of the herring biomass during 2007–2012 (average stickleback biomass 43 300 t, 623 000 SD, average total herring biomass 635 500 t, 669 600 SD; Figure 7). In comparison,
stickleback biomass during 2007–2010 comprised >50% of the
sprat biomass (average stickleback biomass 36 800 t, 623 300 SD,
average total sprat biomass 66 800 t, 625 700 SD), but during
2011–2012, stickleback biomass was estimated to be 1.6- and 1.9-
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Figure 5. Proportion (%) stickleback per length class and year in the Baltic Proper (Subdivisions 25–29) and Bothnian Sea (Subdivision 30).

9

Assessment of stickleback in the Baltic Sea

fold higher that of the sprat biomass (Figure 7). As a result of
high herring biomass, the proportion of stickleback in relation to
the total planktivore fish biomass (herring, sprat, and stickleback)
in the Bothnian Sea during 2007–2012 has varied from 2% in
2009 to more than 8% in 2011.

Methods comparison: standard BIAS vs. alternative
method
For the years when enough information was available, the standard and the alternative BIAS methods showed similar trends in
the estimated abundance of stickleback over time (linear
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Figure 7. Biomass of herring, sprat, and stickleback in the survey area of the Baltic Proper (Subdivisions 25–29) and Bothnian Sea
(Subdivision 30) during 2001–2014. Data shown are derived from the “standard BIAS method.”
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regression, r2 ¼ 0.95). When looking at the absolute abundance
estimates, however, the alternative method for assessing stickleback abundance generally yielded higher estimates than the standard BIAS method, on average 20% across years (Figure 8). The
largest discrepancies between methods were 54% in favour of the
alternative method in 2004 and 34% in favour of the standard
method in 2003. The reason for higher abundance when using
the standard method during 2003 is that the survey that year
mainly conducted shallow hauls during daylight. Stickleback
catch in the survey has a negative relationship to trawl depth during daylight (data not shown), and the estimates in 2003 using
the standard BIAS method, hence, likely overestimated the abundance of stickleback, whereas the alternative method used information from the entire water column (i.e. to a larger extent also
included deeper daylight hauls with lower abundance of stickleback). In 2004, the situation is the opposite, and the standard
method likely underestimated the true abundance as a result of
mainly deep daylight hauls in which stickleback were rarely present. The best correspondence between the methods was observed
in 2007 and 2011 with a difference of 10–12% as a result of an
even distribution across the survey area with respect to different
haul types (shallow and deep, day and night). In all, it is obvious
from the calculations above that when controlling for variables as
trawl depth and time (day or night), the estimates of stickleback
abundance using the standard BIAS method include substantial
uncertainty, roughly ranging from 10 to 50%.

Discussion
In this study, we show that the abundance and biomass of threespined stickleback in the surveyed area increased substantially
during the 2010s. Biomass was estimated to comprise up to 10%
of the total planktivore fish biomass in the survey area in the
Baltic Proper. We found no change in mean length of stickleback
over time, but a tendency for larger fish in the northern areas of
the survey area. The centre of the species’ distribution in the survey area seems to be located in the central parts of the Baltic

Proper, with a tendency for a shift toward the south during recent
years. Below, we discuss our findings in relation to what is known
from earlier studies and the potential role of stickleback in the
Baltic Sea ecosystem.
Earlier attempts to estimate the biomass of stickleback in the
Baltic Sea have been restricted to a confined geographical area
and time-period (Jurvelius et al., 1996; Ljunggren et al., 2010;
Juntunen et al., 2012), and our study is the first to present estimates covering a substantial part of the Baltic Sea. Estimates from
the early 1990s suggested a total biomass of stickleback in the
Bothnian Sea of about 8000 t (Jurvelius et al., 1996). Despite that
Jurvelius et al. (1996) used a hydroacoustic method which is
more appropriate for assessing the biomass of stickleback, i.e.
both up- and downward-looking acoustic sensors, our substantially higher estimates of 15 000–72 000 t in the survey area of the
Bothnian Sea during the period 2007–2012 mirror the recent increase in abundance of stickleback in the Baltic Sea (Bergström
et al., 2015). Compared with the total offshore planktivorous fish
biomass (sprat, herring, and stickleback) in the survey area of the
Baltic Proper, stickleback comprised a minor part during the
2000s, typically ranging between 1 and 9%. This corresponds well
with the estimates of Ljunggren et al. (2010) which suggested that
stickleback in Subdivision 27 comprised an average of 10% of the
planktivore biomass during 2005–2007. As also highlighted in
Bergström et al., (2015), with the recent increase in stickleback
abundance and a decrease in the sprat stock (ICES, 2017b), these
figures have changed remarkably. In some of the most recent
years, we estimated the stickleback biomass in the survey area of
the Baltic Proper to be as high as 54% of the sprat biomass (in
2012), and 21% of that of herring (in 2011). In the survey area of
the Bothnian Sea, the herring stock increased substantially during
the recent decade (ICES, 2017b), and its biomass greatly outnumbers that of stickleback. As a result, the estimated share of stickleback in the total planktivore fish biomass in the survey area
during 2007–2012 ranged between 2.1 and 8.5%. The sprat biomass is, however, lower compared to the Baltic Proper (ICES,
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Figure 8. Stickleback abundance (millions) as estimated by two methods: “the standard BIAS” and “the alternative BIAS” methods for the
entire survey area and years for which data enabled comparisons (see the text for further information).
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Recent studies indicate that stickleback may have a substantial
impact on the structure and functioning of coastal ecosystems in
the Baltic Sea. Stickleback might, for example, cause trophic cascades leading to excess production of filamentous algae (Eriksson
et al., 2011; Sieben et al., 2011; Donadi et al. 2017). Stickleback
also prey on larval stages and eggs of coastal predatory fish
(Nilsson, 2006; Byström et al., 2015) and may thus locally control
predatory fish population development (Bergström et al., 2015).
In the offshore system of the Baltic Sea, however, less information
is available about the role of stickleback, but recent studies suggest that stickleback may be an important competitor to herring
and sprat since their diets overlap considerably (Peltonen et al.,
2004; Lankov et al., 2010; Jakubavici
ut_e et al., 2017). Competition
with stickleback might contribute to a slow recovery of herring
and sprat condition and mean weights, which have been low since
the mid-1990s (Casini et al., 2011; ICES 2017b). Given the recent
population expansion of stickleback in the Baltic Sea and the
known role of the species in both offshore and coastal ecosystems,
we foresee continued and pronounced impacts of the species on
the Baltic Sea foodweb dynamics and ecosystem properties.
Stickleback usually resides in the uppermost metres of the water column during daylight in the offshore Baltic Sea (Jurvelius
et al., 1996). Abundance of stickleback is hence likely underestimated in the current BIAS survey as a result of the deeper trawling in the survey targeting herring and sprat combined with the
inability of the hydroacoustic sensors used to measure abundance
in the uppermost meters (typically 10) of the water column. This
is mainly a problem during night-time and might lead to an underestimation of stickleback abundance and the share of the species in relation to herring and sprat. Nevertheless, according to
our preliminary analyses, the abundance of fish that is not
recorded due to this is not that substantial (Kaljuste, unpublished). The analyses of trends over time as presented in this
article should, however, not be affected as the same methodological issue is present in all years. In an attempt to control for the
depth distribution of stickleback and the common trawling depth
in the BIAS survey, we developed an alternative method for
assessing the abundance of stickleback in the survey considering
sampling depth and time for sampling. When comparing the
results of the two methods (standard BIAS vs. the alternative
method), it was obvious that the methods provide similar estimates of the temporal trend of the species, but that there are substantial uncertainties in total abundance. The alternative method
on average provided 20% higher estimates than the standard
BIAS method, but the discrepancy in some years was as high as
34% lower to 54% higher. The reason for the difference between
the two methods is that different sets of trawl hauls are used to
calibrate the acoustic information. If depth and time of day for
the acoustic signal and trawl hauls within the same rectangle
match between the two methods, there are slight differences in
abundance. If the trawl hauls, however, are conducted at a different depth and time of day than the acoustic information in a
given rectangle, the difference in abundance estimates between
the methods would result in substantial differences. We can,
therefore, use the results from the two methods to address potential uncertainties in the abundance estimates, suggesting an underestimation of stickleback abundance by a factor of 0.5 in some
years. To reduce potential sources of error using the standard
BIAS survey method for assessing stickleback abundance, the use
of alternative hydroacoustic equipment with both up- and
downward-looking sensors and also performing the
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2017b), and we estimated the stickleback biomass to be 1.5-fold
or almost twice as large as that of sprat during 2011–2012.
The results of increasing abundance of stickleback during the
past decade in the survey area are in line with previous studies
(Ljunggren et al., 2010; Bergström et al., 2015). Our study also
shows that abundance decreased somewhat after the peak in
2011, but is still high compared to the early and mid-2000s. The
underlying mechanism behind the recent population increase in
stickleback is not clear, but might be related to a combination of
decreased predation pressure in both coastal and offshore areas
(Ljunggren et al., 2010; Eriksson et al., 2011; Bergström et al.,
2015; Donadi et al., 2017), increased availability of food resources
(Lefébure et al., 2011, 2014), eutrophication (Candolin et al.,
2008; Olsson et al., unpublished), and increased water temperatures (Lefébure et al., 2011, 2014).
The highest abundance estimates of stickleback in the survey
area are found around the islands of Gotland and Öland and in
the rectangles covered in the southern parts of Subdivision 29.
The estimates were somewhat lower in the ICES rectangles in the
northernmost part (Subdivision 30) of the survey area, while the
lowest abundance per area surveyed was found in the southernmost rectangles included (located in the northern parts of
Subdivision 25). Despite that our data have poor coverage in the
southern and eastern parts of the Baltic Sea, the observed distribution pattern of stickleback in the survey area of the Baltic
Proper seems to be opposite that of cod, but agrees to some extent with that of sprat and herring in the Baltic Sea (Casini et al.,
2011, 2014; ICES, 2014, 2015). Cod prey on stickleback in coastal
areas (Almqvist et al., 2010) and to a lesser extent also in the offshore Baltic Sea (Casini et al., unpublished), where it also performs diel vertical migrations (Casini et al., 2019). The centre of
distribution of the eastern cod stock in the Baltic Sea is currently
found in Subdivision 25 (Bartolino et al., 2017). The comparably
higher abundance of stickleback (and sprat and herring) in the
northern areas of the Baltic Proper might, at least partly, be influenced by lower predation pressure from cod in the area than in
more southern areas of the Baltic. Another potential influential
factor for the spatial distribution of stickleback is that resource
densities (i.e. zooplankton) in the pelagic zone in the northern
Baltic Proper currently do not limit population development of
the species (Gorokhova et al., 2012; Lefébure et al., 2014).
As for abundance, there are spatial differences in the mean size
of stickleback across the survey area. Fish in the northern parts, i.e.
the Bothnian Sea, have a slightly larger mean size than those sampled in the rectangles in the southern part of the survey area. This
is also manifested by a comparably higher biomass of stickleback in
the rectangles of Subdivision 30 per km2 surveyed area compared
to the abundance estimates, which are in line with the findings of
Bergström et al. (2015) showing that size at age of stickleback was
slightly higher in the Bothnian Sea than in the more southern
areas. To date, little is known about the factors driving differences
among areas in the size structure of stickleback. Potential explanations for the pattern observed could include a combination of differences in growth conditions and food availability (Gorokhova
et al., 2012; Lefébure et al., 2014) as well as food competition from
herring and sprat (Peltonen et al., 2004; Lankov et al., 2010;
Jakubavici
ut_e et al., 2017). The results of temporal and spatial
changes in the mean size of stickleback should be considered with
caution and viewed as a first attempt to address this, as we cannot
control for the effects of cohorts in the abundance estimates and
differences in the selectivity of the trawl used.
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Management implications and future work
Based on the results presented here and those from earlier studies
showing the potential role of stickleback in the pelagic zone of
the Baltic Sea (Peltonen et al., 2004; Lankov et al., 2010;
Jakubavici
ut_e et al., 2017), we argue that stickleback should be
considered when designing new monitoring programmes for
planktivorous fish in the Baltic Sea. As highlighted above, this
could include developing hydroacoustic sensors used in the BIAS
survey to allow for detection of fish closer to the sea surface, to a
larger extent performing hydroacoustic measurements during
daylight when stickleback resides deeper in the water column,
and also performing additional and shallow trawl hauls. As a result of the small size range of stickleback, the resolution in the
scale on which the size of the fish is measured in the BIAS survey
(currently 1 cm), should be higher, ideally 0.1 cm. The attempt to
assess the biomass of stickleback in the Baltic Sea, as presented in
this article, should be seen as an important first step in the process of developing a fully analytical stock assessment model for
the species. As a basis for this future work, harmonized data from
all participating countries in the BIAS survey will be necessary.
We believe that the implementation of an ecosystem-based
management and multispecies stock assessment models in the
Baltic Sea should not neglect interactions between stickleback and
other fish species. Specifically, the spatial distribution of stickleback, herring, sprat, and cod could increase our understanding of
potential interactions among the species. Weak and declining
populations of predatory fish in the southern parts of the Baltic
Sea (ICES, 2017b; HELCOM, 2018) together with the growing
impact of climate change, both benefitting the population growth
of stickleback (Eriksson et al., 2011; Lefébure et al., 2014), suggest
that the observed effects of the species on Baltic Sea ecosystems
will likely be even more accentuated in the future. Moreover, in
the context of eutrophication, global warming, invasive species,
and other pressures in the Baltic Sea, the ecosystem might have
limited resilience to prevent further increases in stickleback abundance (Eklöf et al., 2012; Olsson et al., 2013). Given the structuring role of stickleback in the Baltic coastal ecosystem (Eriksson
et al., 2011; Donadi et al., 2017), the increasing abundance of
stickleback should alert Baltic Sea environmental and fisheries
managers to consider actions to mitigate the effects on coastal
foodwebs, potentially including issuing permits for commercial
stickleback fisheries.
There is currently no directed fishery for stickleback in the
Baltic Sea, but there is a rising interest from fishers to commercially exploit the species (Bergström et al., 2015). Due to the

current lack of data on commercial catches for the species, an analytical stock assessment model cannot be applied to the data. We
believe that the results presented here could serve as a first step
for developing such a model for stickleback in the Baltic Sea.
To that end, nothing is currently known about the potential
migration of stickleback between areas in the Baltic Sea. Our
results, with somewhat different development trajectories in
abundance, density, and size structure between areas, however,
suggest that there might be a mix of several populations of stickleback in the Baltic Sea (DeFaveri et al., 2013; Jakubavici
ut_e et al.,
2018), something that also needs to be considered in potential future management of the species.
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Supplementary material is available at the ICESJMS online version of the manuscript.
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