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Role reversal can shift fish communities from predator to prey dominance. In the Baltic Sea, the increase in
abundance of the small-bodied three-spined stickleback (Gasterosteus aculeatus) has co-occurred with declines of
coastal predatory fish, such as perch (Perca fluviatilis) and pike (Esox lucius) in many areas. Recent studies have
pointed at predator-prey reversal as a possible mechanism explaining these trends, but conclusive evidence on
the phenomenon or its relative importance compared to other drivers is at present open to question. In this study,
we applied path analysis to quantify the potential role of stickleback in limiting the recruitment of perch and pike
in enclosed bays (i.e. flads) along the Swedish and Finnish coasts. We constructed a causal network model based
on vast field data combined with data from GIS and orthophotos, representing fish abundance, hydrographic
factors, habitat-forming vegetation, anthropogenic disturbances and geomorphological factors. We found that
stickleback abundance had as large effect on larval densities of perch and pike as environmental forcing, rep
resented in our best models by the thermal regime of the flads. Larval densities decreased with stickleback
abundance and increased with increasing summer cumulative temperature at a similar rate. Stickleback abun
dance, in turn, was strongly limited by flad openness, expressed as the number of flad openings to the sea, and
increased with vascular plant cover (flad averages). Our study shows that predator-prey reversal could be a
strong determinant of perch and pike larval survival, and suggests that the prevalence of more enclosed flads,
which are less accessible to stickleback, may be crucial for recruitment of these piscivores. This implies that (1) in
areas with, or prone to, increased stickleback abundance, habitat restoration and actions to conserve piscivore
populations should primarily focus on more enclosed flads, and that (2) dredging and canalization to enhance
boating in these areas could have detrimental effects on piscivore recruitment by decreasing water temperature
and enhancing stickleback abundance, hence restricting larval growth and survival.

1. Introduction
Role reversals are common in aquatic ecosystems, particularly
among species where trophic relationships are strongly size structured
(i.e. Fauchald, 2010; Minto and Worm, 2012; Nilsson et al., 2019). For
example, many prey fish species may become predators of the young life
stages of their fish predators, a process called predator-prey role
reversal. Such a mechanism has the potential to generate internal
feedbacks in the ecosystem that can lead to the collapse of the predator

population and the outbreak of prey species (Bakun and Weeks, 2006;
Gårdmark et al., 2014). These ecosystem changes are not easily
reversible, due to potential hysteretic responses. From a management
perspective it is therefore crucial to identify the factors that may lead to
predator-prey reversal to prevent it and minimize the risk of abrupt
shifts to alternative undesirable regimes (Eklöf et al., 2020).
In the last decades, dramatic changes have occurred in the coastal
food web and ecosystem functioning of the Baltic Sea, a large brackish
inland sea in northern Europe. Large predatory fish such as the Eurasian
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perch Perca fluviatilis and northern pike Esox lucius, have declined in
many coastal areas of the Baltic Sea, both in the North (e.g. Norrbyn and
Holmön) and in the South (e.g. the Baltic proper, Ljunggren et al., 2010;
Havs-och Vattenmyndigheten, 2019; Olsson, 2019). At the same time,
abundances of the prey fish three-spined stickleback (Gasterosteus acu
leatus, ‘stickleback’ hereafter) have increased exponentially (Bergström
et al., 2015; Olsson et al., 2019), water clarity has deteriorated, and
hypoxic and anoxic bottom waters have expanded (HELCOM, 2018).
Perch and pike depend on specific habitat types for reproduction and
population maintenance, i.e. shallow productive bays along the coasts,
wetlands, vegetated flads, and lagoons, which typically warm up early in
spring thus favoring fish egg development and larval growth (Kraufvelin
et al., 2018 and references therein). Stickleback stays in the open sea for
the most part of its life, but migrates to coastal areas in spring for
reproduction (Bergström et al., 2015). Adult sticklebacks feed on
zooplankton and invertebrate benthic grazers, and are in turn prey of
coastal predatory fish, such as Eurasian perch (Perca fluviatilis), and
northern pike (Esox lucius) (Jacobson et al., 2019). When released from
predation, sticklebacks can generate trophic cascades that increase
epiphytes and bloom-forming algae in coastal areas, with potential
negative consequences for habitat-forming vegetation (Donadi et al.,
2017; Eriksson et al., 2009; Jakobsen et al., 2004), and positive feedback
effects on their populations (Candolin et al., 2014).
The reasons for the observed shift from predatory fish to stickleback
dominance in many coastal communities of the Baltic Sea are not fully
clear yet. One likely cause for the decline and/or the failed recovery of
coastal piscivore species could be a cultivation-depensation mechanism,
where the prey (stickleback) creates favorable conditions for its survival
by competing with and/or predating on early predator life stages
(Walters and Kitchell, 2001). Recent studies support this theory,
showing that stickleback feed on perch and pike larvae and juveniles,
and can potentially hinder their recruitment (Byström et al., 2015; Eklöf
et al., 2020; Nilsson et al., 2019). Studies using data from coastal field
surveys show dichotomous distributional patterns of piscivores and
stickleback, where either of the two dominates (Bergström et al., 2015;
Byström et al., 2015; Eklöf et al., 2020). However, while such dichoto
mous patterns may indicate direct negative interactions between spe
cies, they may also stem from different habitat preferences (i.e. niche
separation) or accessibility.
Here, we investigated these complex interrelationships, focusing on
stickleback and two major piscivores, perch and pike, in their potential
recruitment areas of the northern Baltic Sea. To estimate the relative
importance of predator-prey role reversal, hydrographic factors, vege
tation cover, anthropogenic disturbances and geomorphological factors
for the recruitment of piscivores, we use path analysis, a statistical
technique that allows modeling indirect effects and disentangling causal
relationships between multiple interrelated variables (Grace, 2006). We
used an extensive set of field data on fish and environmental variables
combined with geomorphological information retrieved from GIS and
orthophoto data to explore the support for potentially interrelated hy
potheses on drivers of piscivore recruitment and stickleback prevalence
in the shallow coastal bays (Table 1, Fig. 1).

Table 1
Potential drivers and hypotheses regarding piscivore recruitment and stickle
back prevalence, and corresponding expected results, i.e. paths (causal links)
included in the models (see subsection 2.7. Statistical analyses). The first column
show the abbreviations used in Fig. 1.

2. Material and methods
2.1. Study area
The Baltic Sea is a semi-enclosed body of brackish water, hosting
species of both marine and freshwater origin. It can be divided into
smaller basins; in the north the shallow Quark area, mean and max
depth of 25 m and 65 m, respectively (Jakobsson et al., 2019), separates
the Bothnian Bay from the Bothnian Sea. The salinity in the upper water
layer is 2–4 (as measured with the Practical Salinity Scale) in the
Bothnian Bay, and 5–6 in the Bothnian Sea (Leppäranta and Myrberg,
2009). The archipelago consists of thousands of small islands on the
Finnish side of the Quark, whereas fewer islands are located at the
2

Drivers

Hypotheses

Expected results/Paths
in the model

H1

Predator-prey role
reversal

Negative relationship
between stickleback
CPUE and piscivore
larval densities

H2

Hydrographic
factors

Stickleback has a direct
negative effect on the
recruitment of piscivores
through predation (
Byström et al., 2015;
Nilsson et al., 2019)
Warmer temperature
favors egg development
and larval growth (
Kjellman et al., 2003;
Veneranta et al., 2016)

H3

Vegetation cover

H4

Anthropogenic
disturbances

H5

Geomorphological
factors

Piscivore larvae are
negatively affected by
salinity (Sundblad et al.,
2009; Tibblin et al.,
2012)
Habitat-forming
vegetation benefit
piscivore larvae as well as
stickleback, as it provides
substrate for nest and egg
deposition, and shelter
from predation (Candolin
et al., 2014; Donadi et al.,
2017; Hansen et al.,
2018; Snickars et al.,
2010). Specifically,
vascular plants can
increase the abundance of
juvenile piscivores (Eklöf
et al., 2020).
Anthropogenic
disturbances, such as
boating, coastal
development and
nutrient loading can
affect densities of early
life stages of piscivores (
Bergström et al., 2013;
Hansen et al., 2018;
Sandström and Karås,
2002)
The abundance of
stickleback in the flads
increases with the degree
of connectivity between
the flad and the sea, and
decreases with the
distance to deep water,
where stickleback reside
before the spawning
season (Bergström et al.,
2015; Donadi et al.,
2017)

Positive relationship
between piscivore
larval densities and
summer cumulative
temperature/maximum
and minimum average
day temperature/
average standard
deviation of day
temperature/Julian
date of the first
observation of 10 ◦ C/
number of days when
temperature fell below
10 ◦ C
Negative relationship
between piscivore
larval densities and
salinity
Positive relationship
between piscivore
larval densities and flad
total vegetation cover/
vascular plants cover
Positive link between
stickleback CPUE and
flad total vegetation
cover/vascular plants
cover

Negative relationship
between piscivore
larval densities and
number of buildings
within 100 m from the
shore
Negative relationship
between piscivore
larval densities and the
proxy for nutrient load
from land runoff
Positive relationship
between stickleback
CPUE and topographic
openness/number of
openings directly
connected to the sea/
sum of width of the
openings/maximum
width of the openings
Negative relationship
between stickleback
CPUE and distance to
deep water
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Fig. 1. Schematic representation of the causal links included in the models. H1–H5 refer to the hypotheses reported in Table 1.

Swedish coast. The Quark area is constantly shaped by a natural isostatic
land-uplift process, with a rate of up to 10 mm per year being among the
fastest in the world (Poutanen and Steffen, 2014). This process leads to
the formation of coastal lagoons, at present 2453 identified in the Quark
area, also known as flads and gloes (Munsterhjelm, 1997). Flads and
gloes typically have an underwater threshold and narrow inlet that
limits the water exchange with the sea. Depending on the degree of
connectivity to the sea, these areas are classified into different succes
sional stages, such as juvenile flad, the most open to the sea, flad, gloflad
and glo, the most isolated from the sea, where seawater only comes in
occasionally (Munsterhjelm, 1997).
The field survey was conducted in May–August 2018 in 27 flads of
various successional stages, 12 in Sweden and 15 in Finland (Fig. 2). The
flads were selected to cover gradients of (i) connectivity to the sea,
quantified as topographic openness, number of flad openings directly
connected to the sea, sum of width of the openings, and maximum width
of the openings, and (ii) anthropogenic disturbances, such as the number
of buildings within 100 m from the shoreline and nutrient load from land
runoff (see below Anthropogenic disturbances for details; see Fig. A1 in
Appendix A for some examples of flad aerial photos).

shore are suitable habitats for pike larvae (Kallasvuo et al., 2016, 2010).
At each sampling occasion, five samples were taken for perch larvae in
areas devoid of vegetation with a tow net (22 cm opening radius, <0.5
mm mesh size), which was hauled 30 m in the surface water from the
center of the flad towards the shore. Pike larvae were sampled with a dip
net (21.5 cm radius, 1 mm mesh size) along a 100 m long transect on
vegetated substrates 0.2–0.8 m deep. In total 30 samples were taken
along the transect by pushing the dip net in the vegetation and lifting it
up to the surface. In each sampling occasion samples were pooled
separately for each species, stored in ethanol or 4% formalin and taken
to the laboratory, where all fish larvae were identified to species or
family (in case of cyprinids), and counted under a microscope. Pike
larvae were not more than 30 per sampling occasion, and were all
measured. Perch larvae could reach several thousand, hence only the
first 100 randomly taken larvae were measured. Perch larval densities
for each flad and sampling occasion were estimated as the sum of in
dividuals from all tows divided by the volume of water sampled. Pike
larval densities were instead estimated as the number of individuals per
transect. Because larval production varies largely over short time scales,
we removed sampling occasions that were sampled before or after the
larvae were present, and retained for each species only the sampling
occasion with the highest larval density per flad.

2.2. Fish abundance

2.3. Vegetation cover

Stickleback abundances were estimated twice in each flad, within
two weeks, between May 21, 2018 and June 26, 2018. Stickleback was
caught using traps for crayfish (KAYOBA, Skara, Sweden), of dimension
45 × 24 × 24 cm (length × width × height), mesh size 3 mm, and with
two round openings of 5.5 cm diameter located on the short sides. In
each occasion, 7–11 traps were set out in each flad, evenly spread from
the innermost part of the flad towards the openings, for a total of 695
traps deployed. A stand-up paddle board (SUP) was used for trans
porting the traps, as the flads were often too shallow for boats. The traps
were placed at a depth of 0.2–1.1 m, in close vicinity to the shore, and at
least 10 m apart from each other. After 18–24 h, the traps where
retrieved, and stickleback caught were counted (Appendix B). Catch per
unit effort (CPUE) was calculated as number individuals of sticklebacks
per net and night, and for each flad the averages from all traps and
sampling dates were calculated.
Larval densities of perch and pike were sampled in each flad 2-3
times within 1–2 weeks, between May 8, 2018 and June 7, 2018. In
each flad, the sampling of stickleback and larvae occurred in the same
time frame (i.e. overlapping weeks), except for seven flads, where the
sampling of larvae terminated 1–5 days before the sampling of stickle
back. Perch and pike larvae have different habitat preferences within the
flads during this time period. Newly hatched perch larvae are found in
the open water column, whereas vegetation and reed belts close to the

Vegetation cover was estimated from combined data collected be
tween 1st and August 30, 2018 by snorkeling and drone surveys. In all
flads, the percentage total cover of macroscopic vegetation (‘total
vegetation cover’ hereafter) and percentage cover of vascular plant (see
Appendix C for a list of species) were visually estimated by a snorkeler
within a 0.5 × 0.5 m frame placed in 30–100 stations evenly distributed
across the flad. Furthermore, aerial photos were taken in all flads using a
drone (DJI Phantom 4 Pro). We used the software Pix4Dcapture, which
allows the user to set a flight route, its height, the amount of photo
graphs to take and the photograph angle. The utilized flight height
varied between 50 and 100 m, depending on the size of the flad. Pho
tographs from each flad were assembled together by the software
Pix4DCloud (Version 4) to create a georeferenced orthomosaic, or
orthophoto, i.e. an aerial photograph geometrically corrected so that the
scale is uniform. First, we identified vegetation areas of uniform color in
the orthophoto of each flad using ArcMap 10.5.1. Second, we used field
vegetation data as ground truth to estimate the total vegetation cover
and the vascular plant cover at the scale of the flad (see Appendix D for
an example).

3
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Fig. 2. Maps of the Baltic Sea (inserted) and the sampling area, showing the position of the 27 flads with red circles. (For interpretation of the references to color in
this figure legend, the reader is referred to the Web version of this article.)

2.4. Hydrographic factors

loggers were placed at a depth between 0.5 and 2 m. Previous studies
have shown that the year-class strength of many fish species show
positive correlations with both early and late summer temperatures
(Kjellman et al., 2003), hence we used recordings from the whole time
period to calculate (i) the summer cumulative temperature, as the sum

Water temperature was measured in each flad every second hour
between 1st May and August 31, 2018 with a stationary temperature
logger (Onset HOBO temperature data logger, USA, Massachusetts). The
4
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of the day degrees, (ii) the maximum and (iii) the minimum average day
temperature, (iv) the average standard deviation of day temperature, (v)
the Julian date of the first observation of 10 ◦ C, and (vi) the number of
days when temperature fell below 10 ◦ C after the first observation.
Salinity was measured at two spots in each flad using Multiparameter
Meter HI9829 (Hanna Instruments, Gothenburg Sweden) at the time of
perch and pike larvae sampling, and averages per flad were calculated.

variance-covariance matrix between variables, i.e. global estimation,
where equations are solved simultaneously (Grace, 2006). Here, how
ever, we used piecewise path analysis, a more flexible form of structural
equation modeling that uses local estimation, i.e. solves each equation
separately, and therefore allows to model non-normal error distribution
of response variables (see Lefcheck, 2016 for details).
We considered a total of 16 exogenous variables and 3 endogenous
variables (Table 2). To accommodate for the available number of rep
licates (N = 27), we restricted the number of exogenous variables to
include in piecewise models to a maximum of four. First, we constructed
each component model using linear modeling based on our a priori hy
potheses (Table 1, Fig. 1), i.e. models explaining variation in stickleback
CPUE, perch larval density and pike larval density. We graphically
examined the distributional properties of variables and of residuals
respectively prior to, and after, model fitting. Log transformation suf
ficed to improve normality and homoscedasticity requirements for perch
and pike larval densities, while for stickleback CPUE a Poisson error
distribution with log-link function was applied. Topographic openness
was log-transformed to reduce skewness. Collinearity within each
component model was evaluated by computing the variance inflation
factor (VIF) for each predictor (Zuur et al., 2010). Three groups of
collinear explanatory variables (VIF > 2) were identified: variables
related to temperature, flad vegetation, and flad openness (Appendix E).
From each group we retained in the model the variable that explained
the highest variation in the response variable; that is, the variable that
gave the highest R2 for perch and pike larval densities, and the highest
percentage of explained deviance, i.e. the likelihood-based equivalent of
R2 for non-Gaussian responses (Nakagawa and Schielzeth, 2013) for
stickleback CPUE (Appendix E).
Then we compared alternative piecewise models; first, we examined
their relative fit to the data using the test of directional separation
(Shipley, 2013, 2009), which gives a χ 2-distributed Fisher’s C statistic
(Appendix F). For those models with adequate fit (p values > 0.05), we
calculated the Aikaike’s Information Criterion (AIC) score and used a χ 2
difference test to test whether their model fit was significantly different
(Shipley, 2013; Appendix F). AIC score comparisons and χ 2 difference
tests are meaningful only if the models are nested, i.e. one of the models
can be obtained simply by changing the parameters in the other model.
This explains why we compared collinear explanatory variables by
looking at R2 and explained deviance rather than at AIC scores. For the
best-fitting (final) models, we calculated standardized path coefficients
following the latent theoretic approach to compare the relative impor
tance of predictors (Grace et al., 2018). Model validation was performed
visually by plotting residuals versus fitted values for each component
model. We ran the path analyses using the piecewiseSEM package, v.
2.0.2 (Lefcheck, 2016) in R version 3.6.1 (R Development Core Team,
2019).
To control for potential artifacts related to the fish trap sampling, we
also run the models after excluding stickleback CPUE from traps located
deeper than 0.75 m (based on observations that stickleback CPUE
dropped beyond this value, Appendix G). However, as results did not
differ, we used the data from all traps for our final analyses.

2.5. Geomorphological factors
The degree of connectivity between flads and open sea was repre
sented by several parameters; topographic openness was estimated as
Ea = 100*At/a, where At is the cross-sectional area of the inlet, i.e.
narrowest part of the connection to the sea, calculated from field mea
surements of inlet depth and GIS data on width, and a is the flad surface
area, estimated from GIS (Persson et al., 1994). We also extracted from
GIS data the number of flad openings directly connected to the sea, the
sum of width of the openings, and the maximum width of the openings.
Stickleback reside in offshore deep areas during the winter, before the
spawning season (Bergström et al., 2015), and we estimated from GIS
the distance of each flad to 20 m depth zone (‘distance to deep water’
hereafter) to assess its potential effect on the observed abundances of
stickleback within the flads. All GIS data were extracted using ArcMap
10.5.1.
2.6. Anthropogenic disturbances
To estimate the impacts of constructions (mainly villas, cottages and
storage rooms) on the surveyed flads, we counted the number of
buildings within 100 m from the shoreline from property maps using
ArcMap 10.5.1. A distance of 100 m from the shoreline was chosen
because it is the cut-off value used by the local management and con
servation policies for coastal protection and assessment of human
exploitation. As a proxy for nutrient load from land runoff we used the
ratio between the area of farmed land in the catchment, which was
provided by the county administrative boards in Sweden and the Corine
Land Cover program run by the Finnish Environment Institute, and the
flad area, estimated through GIS analyses. Values of 1 mean that the
farmed area in the catchment is as large as the flad area.
2.7. Statistical analyses
To check whether all perch and pike larvae could be considered
potential prey for stickleback we compared the length range of the
larvae to that of stickleback, using empirical equations that relate
stickleback length to gape size (Nilsson et al., 2019), and to prey size
(Byström et al., 2015). As all larvae lengths were below the predicted
maximum consumable prey size of stickleback (see Results), we pooled
data for all size classes for both perch and pike.
For initial screening of the data, we investigated the relationship
between stickleback CPUE and perch or pike larval densities by graph
ically examining bivariate plots of the raw data. To further explore the
causality behind observed patterns, i.e. the influence of predator-prey
role reversal, hydrographic factors, vegetation cover, anthropogenic
disturbances, and geomorphological factors, we applied structural
equation modeling, a framework for quantitative analysis that explores
multivariate causal networks (Grace, 2006). A structural equation model
is a set of interlinked structured equations that are specified according to
a priori hypotheses, in our case those in Table 1. Structural equation
models therefore include multiple predictor and response variables,
linked through hypothesized causal relationships (paths). Some vari
ables can be both predictors and responses, and thus appear as mediators
of indirect effects. Variables for which variation is not explained in the
model are defined as exogenous, while variables that are predicted by
other variables in the model are called endogenous. Structural equation
modeling traditionally relies on the estimation of the whole

3. Results
3.1. Stickleback and piscivore larval length
Stickleback length was on average 62 ± 10 mm (mean ± standard
deviation, SD, N = 1562) and the maximum length was 80 mm. This
corresponded to a mean and maximum gape size of 4.0 and 4.9 mm
(Nilsson et al., 2019), which allow the stickleback to ingest fish larvae of
a maximum length of 22 and 30 mm, respectively (Byström et al., 2015).
Among the sampled larvae, those of perch, cyprinids and pike were the
most abundant in the bays. Perch and pike larvae had a mean length of 7
± 1 mm (SD) and 15 ± 4 mm (SD), and maximum length of 19 mm and
28 mm, respectively (N = 23,908 for perch larvae, N = 150 for pike
5
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Table 2
Variables included in the path analyses. Range, median, mean, and standard deviations are given for N = 27 flads. Last column indicates the hypotheses related to each
variable (see also Fig. 1).
Variables

Type

Unit

Min

Median

Mean

Max

St. dev.

Hypotheses

stickleback CPUE
perch larval density
pike larval density
summer cumulative temperature
maximum average day temperature
minimum average day temperature
average stand. dev. of day temperature
Julian date of the first observation of 10◦ C
n. of days when temperature fell below 10◦ C
salinity
total vegetation cover
vascular plant cover
n. of buildings within 100 m from the shore
proxy for nutrient load from land runoff
topographic openness (log-transformed)
number of flad openings
sum of width of the openings
maximum width of the openings
distance to deep water (m)

endogenous
endogenous
endogenous
exogenous
exogenous
exogenous
exogenous
exogenous
exogenous
exogenous
exogenous
exogenous
exogenous
exogenous
exogenous
exogenous
exogenous
exogenous
exogenous

indiv. per trap and night
indiv. per liter
indiv. per dip net
◦
C
◦
C
◦
C
◦
C

0.00
0.00
0.00
1747
22.5
1.6
0.3
118
0.0
0.3
0.16
0.16
0
0
− 48.97
0
0.0
0.0
1711

0.70
44.45
0.03
2226
26.6
4.4
0.8
127
0.0
1.5
41.46
33.27
4
0
− 5.38
1
24.2
14.8
5828

2.23
174.63
0.09
2209
26.3
5.0
0.9
127
0.6
1.7
41.37
33.88
9
0.03
− 7.99
1
46.8
38.0
7615

11.45
1330.21
0.37
2464
28.5
8.9
1.8
134
11.0
4.8
83.40
76.30
66
0.76
− 0.36
4
235.6
213.0
19,326

3.55
292.29
0.12
159
1.3
2.4
0.3
3
2.2
1.0
20.67
16.91
14
0.15
0.14
1
59.6
48.5
5261

1, 3, 5
1, 2, 3, 4
1, 2, 3, 4
2
2
2
2
2
2
2
3
3
4
4
5
5
5
5
5

ppt
%
%
dimensionless
m
m

larvae). Hence all perch and pike larvae in the sampled populations
could be consumed by stickleback, and in the analyses we pooled data
for all size classes for each species.

corresponding to higher larval densities. Among all (collinear)
temperature-related variables, summer cumulative temperature fitted
the data best (Appendix F), and was included in the final model (Table 3,
Fig. 4). Effect sizes of summer cumulative temperature vs. stickleback
CPUE were 0.28 vs. − 0.26 for perch larvae, and 0.44 vs − 0.46 for pike
larvae (Table 3, Figs. 4 and 5).
Hypothesis 3 (Table 1, Fig. 1) was partly supported by our analyses,
as we found a statistically significant positive effect of habitat-forming
vegetation on stickleback CPUE but not on perch and pike larval den
sities. Vascular plant cover returned a better fit to the data than total
vegetation cover (explained deviance in stickleback CPUE = 0.61 vs
0.23, Appendix F), and was therefore included in the final model
(Table 3, Fig. 4).
Anthropogenic disturbances as represented by the number of build
ings within 100 m from the shore and the proxy for nutrient load from
land runoff (Hypothesis 4, Table 1, Fig. 1) did not show statistically clear
effects on perch and pike larval densities (Appendix G).
Among the geomorphological factors, the degree of connectivity
between the flads and the sea influenced stickleback CPUE (Hypothesis
5, Table 1, Fig. 1). The number of flad openings explained higher vari
ation in stickleback CPUE (explained deviance = 0.61) than the
competing collinear variables topographic openness (explained

3.2. Bivariate plots and path analysis
Stickleback CPUE and piscivore larval density showed an almost
dichotomous site-specific pattern where either stickleback or piscivore
larvae dominated (Fig. 3). Our path analysis confirmed that this sepa
ration can be attributed to a negative interaction between adult stick
leback and piscivore larvae rather than habitat separation. Our bestsupported models (Table 3; Fig. 4) fitted the data well (perch larvae
model: Fisher’s C = 5.08, p = 0.534, pike larvae model: Fisher’s C =
1.81, p = 0.937). For perch and pike larval densities, R2 were 0.37 and
0.42 respectively, and for stickleback CPUE the percentage of deviance
explained was 0.61.
We found not only that stickleback limited the recruitment success of
piscivores (Hypothesis 1, Table 1, Figs. 1, 4 and 5), but also that this
effect was as large as the effect of hydrographic factors (Hypothesis 2,
Tables 1 and 3, Figs. 1 and 4). While perch and pike larval densities were
not affected by salinity (Appendix G), both were strongly dependent on
the thermal regime inside the flads, with warmer temperatures

Fig. 3. Bivariate scatterplots of stickleback CPUE and a) perch larval densities (individuals per liter), and b) pike larval densities (individuals per dip net) (N =
27 flads).
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Being independent from short-term variability, cumulative temperature
is a powerful explanatory factor for ecological processes and population
dynamics, and its use has even been suggested as the basis for an
ecological zone classification of the coastal habitat (Veneranta et al.,
2016). We found that the effects of stickleback abundance on perch and
pike larval densities was as large as the effects of summer cumulative
temperature, and larger than that of anthropogenic pressures and
vegetation cover. However, we should note that summer 2018 was
particularly warm, possibly creating favorable thermal conditions for
egg development and larval growth. This could have resulted in a
reduced effect size of temperature on larval densities. The relative
importance of temperature and stickleback predation in determining the
recruitment success of perch and pike may therefore vary under
different climate scenarios, a question that remains open for future
investigations.
The degree of connectivity between flads and open sea indirectly
affected piscivore larval density by regulating the amount of stickleback
in the flads. Habitat isolation in coastal bays has been shown to largely
influence the biota, such as the biomass and composition of the vege
tation, zooplankton and macroinvertebrate communities (Appelgren
and Mattila, 2005; Hansen et al., 2012, 2008; Rosqvist et al., 2010).
These effects are likely mediated by changes in water circulation,
affecting e.g. nutrients, oxygen and organic carbon dynamics (Wetzel,
2001). Isolation of coastal bays from the open sea also contributes to
higher early-season water temperatures, which in fact makes flads and
coastal lagoons important areas for fish reproduction (Kallasvuo et al.,
2016; Kraufvelin et al., 2018; Snickars et al., 2009). The result of the
path analysis, which is able to model intermediate factors and indirect
effects (Grace, 2006), suggests that a low number of flad openings to the
sea can benefit pike and perch recruitment by limiting the access of
stickleback to their spawning areas. Due to the low sample size in our
study, we did not run separate analyses for different areas of the Quark,
and it could be that negative impacts of stickleback on the recruitment of
perch and pike are less pronounced on the Finnish coast, where stick
leback abundances are lower (Appendix H), than on the Swedish coast.
However, the high values of stickleback CPUE detected in our analyses
were recorded on both coasts. Hence, these values do not show a
different spatial or temporal pattern (related to sampling dates)
compared to the rest of the data, but rather come from flads with a
relatively high degree of connectivity to the sea. From a management
perspective, a general implication stemming from our results is that in
coastal areas where stickleback abundances are high or increasing (e.g.
in the central and southern Baltic Sea, Olsson et al., 2019), conservation
and restoration actions may be most effective when targeting flads with
little connection to the sea. Another important management implication
relates to the control of small-scale dredging. In the northern Baltic Sea,
coastal bays undergo a natural isostatic land-uplift process that gradu
ally isolate them from the sea, hence dredging and canalization are
common practices in these habitats to enable boating (HELCOM, 2018;
Sandström et al., 2005). Our results indicate that dredging in flads and
coastal lagoons may give rise to cumulative negative effects on the
recruitment of piscivore populations, by increasing the degree of con
nectivity to the open sea and consequently the probability of stickleback
immigration, and simultaneously enhancing water exchange which will
decrease water temperature.
The intensity of predation by small-sized predators like sticklebacks
decreases strongly with increasing prey size, due to gape limitation
(Byström et al., 2015). Hence, the timing of egg hatching in relation to
stickleback arrival to the reproduction areas is fundamental for the
success or failure of piscivore recruitment. Whether larvae will grow fast
enough to escape stickleback predation likely depends on factors influ
encing egg development and larval growth, primarily water tempera
ture, as observed in our study, and in some cases also salinity (Kjellman
et al., 2003; Snickars et al., 2010; Tibblin et al., 2012). While results
from a pond experiment suggest that competition for food could limit
perch larvae growth (Persson and Greenberg, 1990), no conclusive

Table 3
Unstandardized and standardized path coefficients from the best-supported
structural equation model for perch (Fig. 4a) and pike larvae (Fig. 4b). The
last column shows the link function used in each component model.
Effects
PERCH LARVAE
MODEL
Sticklebacks →
Perch larvae (log)
Cumulative
temperature →
Perch larvae (log)
Number of flad
openings →
Sticklebacks
Vascular plant cover
→ Sticklebacks
PIKE LARVAE MODEL
Sticklebacks → Pike
larvae (log)
Cumulative
temperature → Pike
larvae (log)
Number of flad
openings →
Sticklebacks
Vascular plant cover
→ Sticklebacks

Unstand.
coeff

SE

Stand.
Coeff.

P value

Link
function

− 0.142

0.059

− 0.26

0.024

identity

0.003

0.001

0.28

0.015

identity

0.844

0.108

0.39

<0.001

log

0.029

0.010

0.23

0.004

log

− 0.315

0.110

− 0.46

0.0087

identity

0.007

0.002

0.44

0.011

identity

0.844

0.108

0.39

<0.001

log

0.029

0.010

0.23

0.004

log

deviance = 0.14), sum of width of the openings (explained deviance =
0.37), and maximum width of the openings (explained deviance = 0.23,
Appendix F), and was therefore included in the final model (Table 3,
Fig. 4). Contrary to our hypothesis (Hypothesis 5), however, distance to
deep water did not show a statistically significant influence on stickle
back CPUE (Appendix G).
4. Discussion
Our study shows that stickleback could limit piscivore recruitment,
and point at predator-prey role reversal as a likely mechanism contrib
uting to declines of perch and pike populations in coastal areas of the
Baltic Sea. By including variation caused by different potential drivers in
causal network models we found evidence of a negative interaction
between stickleback and predatory fish. Even though we base our ana
lyses on a relatively small dataset, hence caution should be applied when
interpreting the results, our findings are supported by previous studies
suggesting negative interactions between stickleback and the piscivore
perch and pike (Bergström et al., 2015; Byström et al., 2015; Nilsson
et al., 2019). However, these studies did not explicitly address the
alternative hypothesis that the almost dichotomous distributional
pattern of stickleback and piscivore larvae could be due to different
habitat preferences or environmental constraints. To fill this gap, we
have systematically tested and compared a number of non-mutually
exclusive hypotheses with the aim of determining the relative weight
of predator-prey role reversal, hydrographic factors, vegetation cover,
and anthropogenic disturbances in affecting piscivore recruitment.
Summer cumulative temperature and stickleback abundance had
effects of similar magnitude, but in opposite directions, on perch and
pike larvae. Temperature has been previously recognized as a key driver
of ecosystem functions in coastal areas, tightly associated with rates of
primary and secondary production (Brown et al., 2004; Scheinin and
Mattila, 2010; Staehr and Sand-Jensen, 2006). In the northern Baltic
Sea, the successful recruitment of percids is known to be strongly
determined by water temperature, which affects egg development as
well as larval growth (Kallasvuo et al., 2016; Karås, 1996; Karås and
Hudd, 1993; Kjellman et al., 2003). In our study the variable summer
cumulative temperature (i.e. the sum of the day degrees in May–August)
gave the best model fit among all temperature-related variables tested.
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Fig. 4. Graphical representation of the best-supported (final) structural equation models representing relationships between (a) perch and (b) pike larval densities
(log transformed), stickleback CPUE, and the variables representing hydrographic factors, vegetation cover, anthropogenic disturbances and geomorphological
factors. Black and grey arrows indicate significant and non-significant paths, respectively. Numbers are standardized path coefficients, with positive and negative
values indicating positive and negative causal relationships respectively.

evidence exists supporting the role of food availability as limiting factor
for the growth of perch and pike larvae in open marine systems. In
addition, factors shaping the immigration pattern of stickleback, such as
distance to offshore areas and migration barriers, are decisive (Byström
et al., 2015; Donadi et al., 2017; Engstedt et al., 2010). In the highly
heterogeneous archipelagos of the Baltic Sea, these sources of environ
mental variation, affecting growth of perch and pike larvae and densities
of stickleback during the sensitive period, can potentially result in a
patchy landscape where areas dominated by either piscivores or stick
leback co-occur at small spatial scales (Eklöf et al., 2020; van der
Hammen et al., 2010). Our data gave limited insights into this type of
temporal dynamics because larvae and stickleback from the same flad
were not collected simultaneously. Also, stickleback CPUE was esti
mated at slightly different times in different flads. These factors poten
tially explain why we did not find a clear effect of distance to deep

water, i.e. the wintering areas, on stickleback CPUE. Nevertheless, our
study suggests that, due to geomorphological isolation, here represented
by different variables quantifying the degree of openness, isolated flads
constitute refugia from stickleback predation on eggs and larvae (see
also Engstedt et al., 2010; Nilsson et al., 2014; Byström et al., 2015).
Especially in areas where stickleback have increased, further studies
should elucidate the factors influencing the spatial-temporal dynamics
of stickleback migrations in relation to the reproduction of predatory
fish, and the potential effects of climate change on these relationships.
Also, a better understanding of the relevance of freshwater spawning
sites for coastal populations of piscivores in relation to the coastal
reproduction areas is needed to inform management policies relating to
habitat conservation and restoration.
We found that vegetation increased stickleback abundance, but did
not affect perch and pike larval abundances. Habitat-forming vegetation
8
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Fig. 5. Partial regression plots showing the effects on a) perch and b) pike larval densities (log-transformed) of stickleback CPUE after accounting for other sig
nificant explanatory factors (see Results).

perch and pike larvae, and zooplankton abundances (Ljunggren et al.,
2010). The sampled sites in this case encompassed a gradient of bay
openness and the observed results could also reflect a spurious corre
lation caused by larvae and zooplankton abundances both decreasing
with increasing bay openness. The strong influence of stickleback on
larval survival observed in our study suggests that the negative effects of
sticklebacks likely operate on the earliest life stages, and on short time
scales (e.g. 2–5 days, Byström et al., 2015), supporting that predation is
the main mechanism behind the observed predator-prey role reversal.
Our investigation was conducted in enclosed bays, i.e. flads, a habitat
that is typically used as reproduction and nursery ground by many fish
species (Kallasvuo et al., 2016; Karås and Hudd, 1993; Kraufvelin et al.,
2018). While we have focused on pike and perch, it may well be that
stickleback causes changes in the composition of the entire fish com
munity by feeding unselectively on fish larvae. Stickleback have also
been show to create trophic cascades that can ultimately undermine
water quality and the health of habitat-forming vegetation (Candolin
et al., 2016; Donadi et al., 2017; Eriksson et al., 2009; Sieben et al.,
2011). Finally, they also constitute an important link between offshore
and coastal ecosystems through their migrations, thereby transporting
resources and functionally connecting the systems (Eriksson et al.,
2011). In summary, evidence is accumulating on the important role of
this species in affecting ecosystem processes. Our study adds to this
research by showing that stickleback can hinder piscivore recruitment
via predator-prey role reversal, especially in more exposed coastal bays,
and that this process can impact recruitment to the same degree as
environmental forcing. In management terms, this translates into the
need to protect flads with little connection to the sea to effectively
preserve viable piscivore populations.

provides substrate for nest and egg deposition to spawners, and shelter
from predation to juveniles, which can benefit stickleback (Candolin
et al., 2014), as well as perch and pike (Donadi et al., 2017; Hansen
et al., 2018; Snickars et al., 2010). The lack of a positive effects of
habitat-forming vegetation on larval densities in our studies could be
due to (1) a mismatch in sampling time, as vegetation was estimated in
August while larval densities in May–June, and (2) the fact that, within
each flad, larvae sampling was performed in the habitat preferred by
larvae, i.e. open water for perch, and vegetated areas for pike. This could
hide a potential positive correlation between flad estimates of vegeta
tion and larval densities.
We recognize that low perch and pike larval densities could also be
due to factors others than direct effects of predation from stickleback.
For example, low larval production in some of the flads could be a direct
result of low spawner abundance of pike and perch. However, low
abundances of adult perch and pike can actually be an ultimate conse
quence of a predator-prey reversal triggered by increased numbers of
stickleback (Eklöf et al., 2020). Such dynamics are not easy to pinpoint
without time series of stickleback and predatory fish abundances, as the
ones in Eklöf et al. (2020), which were not available in the current study.
Also, fishing could have detrimental effects on perch and pike larvae by
decreasing spawner abundance, and boating can have negative effects
on larval densities, by altering the vegetation structure in shallow
habitats (Hansen et al., 2018). Data to quantify the contribution of these
factors in explaining patterns in perch and pike larval densities was not
available. However, the multitude of variables included in our analysis
and the large environmental variation encompassed by the surveyed
flads point at predator-prey reversal as a major driver of coastal fish
community dynamics.
Our study does not disentangle the main mechanism underlying the
mortality patterns in perch and pike larvae. In fact, depensatory
recruitment effects may occur via direct trophic interactions between
prey and juvenile predator, i.e. adult stickleback feeding on perch and
pike larvae, and/or via competition for food, in our case zooplankton,
during their non-piscivorous life stage of the predator (Gårdmark et al.,
2014; Walters and Kitchell, 2001). A previous study using both experi
ments and field surveys conducted in the same area as our study did not
find any signs of top-down control from stickleback to zooplankton,
while negative effects of stickleback on perch larval abundances were
clear (Byström et al., 2015). However, another study conducted in the
central Baltic Sea showed negative correlations between abundances of
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Kallasvuo, M., Lappalainen, A., Lozys, L., Möller, P., Orio, A., Rohtla, M., Saks, L.,
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