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ABSTRACT: There is a concern that blooms of cnidarians and ctenophores, often referred to as jellyfish, are increasing in frequency and intensity worldwide and that there is a shift from fish- to
jellyfish-dominated systems. We present an idealized analysis of the competitive relationship
between zooplanktivorous jellyfish that is based on a generic model, termed ‘Killing the Winner’
(KtW), for the coexistence of 2 groups utilizing the same resource. Tactile predation by jellyfish
makes them less dependent on water optics than fish using vision, and we modified the KtW
model to account for this particular trait difference. Expectations of the model are illustrated by
use of observations from the Baltic Sea. The model predicts a general succession on how mass of
the system distributes when going from an oligotrophic to a eutrophic system. Initially the mass of
the system accumulates at the level of the common resource (zooplankton) and planktivorous fish
(sprat/herring). At one point, with increased eutrophication, mass starts to accumulate at the level
of the top predator (cod) and at a later point, at the level of the jellyfish. For those organisms
utilizing vision (fishes) an optimal degree of eutrophication and water clarity is predicted due to a
2-sided effect of eutrophication.
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Blooms of jellyfish, often referring to pelagic
cnidarians and ctenophores, have received increased
attention in recent years. Although disputed (Condon
et al. 2012), there appears to be a trend towards more
frequent blooms, higher abundances, and wider geographical distributions (Richardson et al. 2009, Brotz
et al. 2012, Purcell 2012). Jellyfish mass occurrence
and apparent shifts from fish- to jellyfish-dominated
systems have been linked to numerous factors such
as fisheries (Brodeur et al. 2002, Lynam et al. 2006,
Daskalov et al. 2007), aquaculture (Lo et al. 2008),
eutrophication (Parsons & Lalli 2002, Purcell et al.
2007), hypoxia (Decker et al. 2004, Thuesen et al.
2005), and water clarity (Aksnes 2007, Sørnes et al.
2007). Furthermore, increased jellyfish abundances

have been linked to climate change, including temperature increase (Purcell et al. 2007, Lynam et al.
2011), enhanced stratification (Richardson et al. 2009),
and decreased pH (Richardson & Gibbons 2008).
Finally, translocations of species, sometimes referred
to as invasions of alien species, have also been seen
as contributors to jellyfish blooms (Graham & Bayha
2007).
The fact that jellyfish blooms have been linked to
many factors is not surprising since cnidarians and
ctenophores are diverse species groups with a variety of life histories and environmental responses.
Thus case-specific analyses and models (e.g. Sørnes
et al. 2007, Oguz et al. 2008, Dupont & Aksnes 2010,
Ruiz et al. 2012) are undoubtedly needed to account
accurately for observed phenomena. Nevertheless,
we present an idealized analysis of the competitive
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relationship between fish and jellyfish that might
apply to certain circumstances. We start out with a
generic model of coexistence between 2 groups
of organisms that compete for the same resource
(Fig. 1). This generic model, which is denoted ‘Killing
the Winner’ (KtW; Thingstad et al. 2010), contains
a structure wherein a competition specialist is in
play with a predator while the other competitor, the
defense specialist, is not (Fig. 1). The equilibrium
solution of the KtW provides general predictions on
how the system responds to changes in the total mass
of limiting nutrients of the system, i.e. the degree of
eutrophication (Thingstad et al. 2010). Most KtW
applications have been on microbial systems (Winter
et al. 2010) that are stimulated by increased nutrient

availability. Important aspects of the habitat of many
fishes, such as water clarity and visibility (Eggers
1977, Lester et al. 2004, Aksnes 2007), however, tend
to deteriorate at high degrees of eutrophication, and
we modified the model to account for such habitat
deterioration. We apply data from the Baltic Sea to
illustrate KtW predictions on how eutrophication and
water clarity affects the competitive relationship
between fish and jellyfish. We do not consider this
application as a definitive test or validation (sensu
Loehle 1983) of the model, but rather use the transparency and analytical tractability offered by the
KtW simplification to gain general insights in jellyfish
systems that might comply with the assumptions of
the KtW structure.

MATERIALS AND METHODS
Baltic Sea

Fig. 1. Two generic principles of coexistence. (A) Coexistence is possible due to specialization for different substrates. (B) The same limiting resource is shared, but a selective loss mechanism prevents the competition specialist from
sequestering all of the limiting resource, leaving a niche for
the defense specialist (after Thingstad et al. 2010)

The Baltic Sea, which we have used to estimate
coefficients of the model and to illustrate KtW predictions, is a complex ecosystem that has experienced extensive changes during the last century.
These changes involve eutrophication, reduced water
clarity, and increased fishery, among other factors
(Table 1). Nutrient inputs have increased (Struck et
al. 2000, Savchuk et al. 2008), and the Baltic Sea has
turned from an oligotrophic to a eutrophic state
(Meier et al. 2011). A low fish biomass during the first
part of the 1900s has been indicated due to a lower
productivity prior to eutrophication (Thurow 1997).
The increased primary production has caused hypoxia (Diaz & Rosenberg 2008, Savchuk et al. 2008)

Table 1. Some major environmental changes in the Baltic Sea during the last century. SST: sea surface temperature
Environmental
variable

Change

Time period

Source

Eutrophication

Increase

1850−2000

Struck et al. (2000)

Phytoplankton

Increase (doubling
over the century)

1905/06, 1912/13
1949/50, and 2001−03

Wasmund et al. (2008)

Hypoxia

Increase

1960s

Diaz & Rosenberg (2008)

Water clarity

Reduced 0.05 m yr−1

1919−39,1969−91

Sanden & Håkansson (1996)

Pollutants

Increase

1960s

Elmgren (2001)

SST

Increase
Increase
1.35°C increase

1870−2003
1900−2000
1982−2006

Mackenzie & Schiedek (2007)
Fonselius & Valderrama (2003)
Belkin (2009)

Non-indigenous
species

Tripled

1900−2000

Leppäkoski et al. (2002)
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and has reduced the water clarity (Sanden & Håkansson 1996, Fleming-Lehtinen & Laamanen 2012).
Despite efforts to reduce nutrient inputs, eutrophication symptoms persist (Backer & Leppanen 2008,
Andersen et al. 2011) and water clarity remains low
(Fleming-Lehtinen & Laamanen 2012). Over the last
100 yr, phytoplankton biomass has doubled (Wasmund et al. 2008), phytoplankton composition has
changed (Wasmund et al. 2008, Olli et al. 2011), and
cyanobacterial blooms have been more frequent
(Finni et al. 2001).
The commercial fishery in the Baltic Sea, dominated by cod, sprat, and herring, also increased during the 1900s (Mackenzie et al. 2007). The maximum
cod biomass was reported for the early 1980s (Alheit
et al. 2005). While fishing pressure increased during
the mid-20th century (Mackenzie et al. 2007), the cod
biomass decreased 10-fold by the end of the 1980s,
shifting the Baltic from a cod-dominated to a spratdominated system (Casini et al. 2009).
The recent appearance of Mnemiopsis leidyi in the
North Sea (Faasse & Bayha 2006), Kattegat area
(Tendal et al. 2007), as well as in the Baltic Sea
(Javidpour et al. 2006) has raised concerns about an
increased likelihood for future gelatinous mass
occurrences. Aurelia aurita is presently the dominant
jellyfish of the Baltic Sea (Möller 1980, Barz & Hirche
2005, Haraldsson & Hansson 2011), which corresponds to the Black Sea situation before the M. leidyi
mass occurrences in the 1980s (Weisse & Gomoiu
2000 and references therein). Cyanea capillata is the
second-most abundant jellyfish in the Baltic, although 1 order of magnitude lower than A. aurita.

KtW model for the jellyfish−fish system
We consider a KtW structure (Figs. 1 & 2) where
zooplanktivorous jellyfish (J ) and fish (F ) share a
common zooplankton (Z) resource, and where the
zooplanktivorous fish are exposed to a top predator
(C ). This structure frames the zooplanktivorous jellyfish and fish as the defense and the competition specialist, respectively. We use Baltic Sea observations
on Aurelia aurita and Cyanea capillata (Table 2) to
represent the jellyfish biomass and sprat together
with herring (Table 2) to show the biomass of the
competitor. Cod is a predator of sprat and herring
(Sparholt 1994, Casini et al. 2008) and is given the
role as the top predator (Fig. 2, Table 2).
In KtW theory, which has primarily been applied to
microbial systems (Winter et al. 2010), a quantity that
corresponds to the total amount of a limiting nutrient
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Fig. 2. ‘Killing the Winner’ model for coexistence between
jellyfish and zooplanktivorous fish (sprat and herring) in the
Baltic Sea. Fishery mortality is included in the loss rates δC
and δF, while the degree of eutrophication of the system is
represented by the amount of mass that enters the system
through zooplankton (see ‘Materials and methods’). a and Y
represent the predation coefficients and the transfer efficiencies (yields) between 2 trophic levels, respectively; e.g.
aC is the specific predation rate of cod (C ) on sprat and herring (F ) so that the product aCFC is the amount of sprat and
herring that is removed by cod per unit time (see Eq. 1c). In
order to convert this amount to cod biomass, a yield, YC, is
applied (see Eq. 1d)

(also including the mass of the organisms), such as
phosphorus, represents the degree of eutrophication
of the system (Thingstad et al. 2010). In our highertrophy system, we use carbon (C), rather than a mineral nutrient, as currency, and we will assume that
the biomass of our idealized system is constrained by
the mass flowing through the zooplankton (PZ, g C
yr−1). In the Baltic Sea application, we let this mass
reflect the primary production, PP, according to PZ =
TZ PP where TZ corresponds to the transfer efficiency
between primary and secondary production. Both PZ
and PP will be used as indices of the degree of
eutrophication.
According to Fig. 2, we specify the equations:
dZ
= PZ − aF Z F − aJ Z J
dt

(1a)

dJ
= YJ a j ZJ − δ j J
dt

(1b)

dF
= YF aF Z F − aC C F − δ F F
dt

(1c)

dC
= YC aC F C − δ C C
dt

(1d)
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Table 2. Biomasses (Mt) in the Baltic Sea used to estimate model coefficients. Means ± SD for the period 2000 to 2009 (except
zooplankton: 2000 to 2006); jellyfish values are the average of sampling conducted in the Bornholm basin in September 2002
and 2009 (20.5 and 99.5 Mt wet weight, WW, respectively). Loss rates for the fish groups represent catch or biomass, with an
assumed natural mortality of 0.2 yr−1 for cod and 0.1 yr−1 for sprat and herring (the latter excludes cod predation, which is represented in the model). Loss rate for jellyfish corresponds to a mortality of 1% d−1. We used the combined area of the Baltic
Proper and the Gulf of Finland (258 310 km2) and assumed a vertical layer of 50 m in the conversion of zooplankton and jellyfish to total biomasses from abundances specified per m3. aConversion from WW to carbon (C) with the factors 0.06 (C =
0.5 DW, DW = 0.12 WW; Parsons et al. 1992) for zooplankton, 0.1 for fish (Arrhenius & Hansson 1993), and 0.001 (C = 0.05 DW,
DW = 0.02 WW; Schneider 1988) for jellyfish
Group

Biomass
WW ± SD
Carbona

Zooplankton (Z)

Landing
WW yr−1 ± SD

Loss rate (δ)
yr−1

3.7 ± 1.0

0.220

60.8 ± 54.8

0.061

Sprat and herring (F )

2.395 ± 0.227

0.240

0.493 ± 0.040

0.31

Cod (C )

0.215 ± 0.053

0.022

0.087 ± 0.022

0.60

Jellyfish (J )

Casini et al. (2008)
3.6

where Z, J, F, and C are expressed in units of total
biomass (g C) of the system. Solving for steady state
yields the equilibrium biomasses:
δJ
YJ aJ

(2a)

YJ
aF
PZ −
δC
δJ
YC aC aJ

(2b)

δC
YC aC

(2c)

Z* =
J* =

F* =

Y a
C* = aC−1 ⎛ F F δ J − δ F ⎞
⎝ YJ aJ
⎠

(2d)

From Eq. (2b), we see that jellyfish existence (i.e.
positive values of J*) requires that the degree of
eutrophication exceeds a threshold value:
PZ >

aF
δC δ J
YC YJ aC aJ

Source

(3)

Barz & Hirche (2005),
Haraldsson & Hansson (2011)

⎫
⎬
⎭

Swedish Agency for Marine and
Water Management (2010)

Z* =

YC aC
PZ
δC aF

F* =

δC
YC aC

a
C* = aC−1 ⎛YF YC C PZ − δ F ⎞
⎝
⎠
δC

(5a)

(5b)
(5c)

From Eq. (5c), we see that cod existence (i.e. positive values of C*) requires that PZ must exceed the
threshold:
PZ >

δ F δC
YF YC aC

(6)

For PZ less than this quantity, the system of equations reduces to

For PZ less than this quantity, we eliminate jellyfish, and the system of equations reduces to:

dZ
= PZ − aF Z F
dt

(7a)

dZ
= PZ − aF Z F
dt

(4a)

dF
= YF aF Z F − δ F F
dt

(7b)

dF
= YF aF Z F − aC C F − δ F F
dt

(4b)

dC
= YC aC F C − δ C C
dt

which has the steady-state solution:

which has the steady-state solution
Z* =

δF
YF aF

F* =

YF
PZ
δF

(8a)

(4c)
(8b)
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characterize the current Baltic Sea. Insertion of these
values into the steady-state equations (Eq. 2a−d) provided estimates of the predation coefficients and the
degree of eutrophication (Table 3). The estimate of PZ
is 16.5 g C m−2 yr−1. According to Wasmund et al.
(2001, their Table 5), the average primary production
(PP) for the Baltic Proper and the Gulf of Finland corresponds to 187 g C m−2 yr−1. These estimates indicate a transfer efficiency between primary and secondary production, TZ = 16.5 / 187 = 0.09.

In the above model, increased eutrophication
implies higher production and more zooplankton
available for fish and jellyfish, but essentially
assumes that there are no negative effects from
eutrophication on the habitats of the organisms.
While most jellyfish are tactile predators (Sørnes &
Aksnes 2004, Acuña et al. 2011), many fishes are
visual predators that are affected by water clarity and
visibility (Eggers 1977, Lester et al. 2004, Aksnes
2007), which tend to deteriorate with increased
Modified KtW model
eutrophication. Thus we now assume that the habitats of the fishes decline with increased eutrophicaHere we need a relationship on how the vertical
tion, while the habitats of zooplankton and jellyfish
habitat (Hx) is affected by eutrophication (i.e. by priare unaffected.
mary production), and in order to establish this relaWe express the habitat volumes of the 4 biomass
tionship, some assumptions are required. First, we
groups; Vx = A Hx where A (m2) corresponds to the
combined area of the Baltic Proper and the Gulf of
assume that a hypothetical water column, which is
Finland (258 310 km2) and Hx (m) is the vertical
devoid of phytoplankton (and consequently of priextension of the habitat of biomass group x. The sysmary production), imposes no visual constraints on
tem of equations, with this explicit representation of
the fishes. For this case, we consider the habitats of
habitat volumes, is given in Appendix 1.
zooplankton, jellies, and fishes to be equal (as also
We assume that the extensions of the vertical habiimplied in the basic KtW model). Second, as primary
tats, Hx, of the 2 fish groups are constrained by water
production increases, we assume that the visual conclarity according to (Aksnes 2007): Hx ∝ (c + K )–1,
straints of the fishes also increase because water
where c (m−1) is the beam (or image) attenuation
clarity deteriorates with increasing phytoplankton
coefficient, and K (m−1) is the attenuation of downdensity.
welling irradiance. Both are key properties for
Below we have approximated that if there were no
underwater vision (Johnsen 2012) and visual feeding
primary production (i.e. no chlorophyll), the Baltic
(Eggers 1977, Aksnes & Utne 1997), where c deterSea Secchi depth would have been twice (10 to 15 m)
mines the maximal sighting distance of a visual predof what is observed, i.e. ~6 m (Fleming-Lehtinen &
ator, and K determines the light intensity at depth. In
Laamanen 2012). To represent current primary propractice, different c and K values apply to different
duction, we apply 187 g C m−2 yr−1 (Wasmund et al.
2001), and interpolation then suggests a 2.7% dewavelengths, but here we assume that the 2 quanticrease in Secchi depth (S) for each 10 g C m−2 yr−1
ties are properties of all wavelengths relevant for the
rise in primary production. According to the proxy,
actual visual system.
Hx ∝ S, explained above, we also used this value to
Fortunately, the widely monitored Secchi disk
represent the loss of fish habitat as a function of pridepth (S; m) does, like Hx, relate inversely to c and K,
i.e. S ∝ (c + K )–1 (Preisendorfer 1986). Thus we have,
mary production.
Hx ∝ S, which means that changes in Secchi
Table 3. Predation coefficients (a in Fig. 2) of the basic ‘Killing the Windisk depth might serve as proxy for changes
ner’ model. These estimates were obtained by solving for steady state
in the extension of the vertical vision based
(Eq. 2) by insertion of the total biomasses and the loss rate estimates
habitat of the fishes (Aksnes 2007), and we
in Table 2 and assuming all yields (Y ’s) equal to 0.1
make us of this proxy below.

Estimates of model coefficients
KtW model
Table 2 summarizes the values of the biomasses and loss rates that we have used to

Mass entering zooplankton (Z )
Expressed per surface area
Predation coefficient of
jellyfish (J )
sprat and herring (F )
cod (C )

Symbol

Estimate

Unit

PZ

4.3
16.5

Mt C yr−1
g C m−2 yr−1

aJ
aF
aC

163.6
39.1
25.0

(Mt C)−1 yr−1
(Mt C)−1 yr−1
(Mt C)−1 yr−1
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Insertion of the values of the biomasses and the loss
rates (Table 2) into the modified KtW equations (see
Appendix 1) provided estimates of the predation
coefficients and the current degree of eutrophication
(Table 4). Note that the unit of the predation coefficients is different from that in Table 3, which is due to
the introduction of habitat volumes. The estimate of
PZ (34.7 g C m−2 yr−1) was somewhat higher than with
the KtW model (Table 3). Consequently, a higher
transfer efficiency between primary and secondary
production is indicated by the modified KtW model:
TZ = 24.5 / 187 = 0.13.

Secchi depth as a function of primary production
Fleming-Lehtinen & Laamanen (2012) found that
the Baltic Sea Secchi depth cannot be linked solely to
phytoplankton biomass due to a high background
light attenuation. We approximated the background
light attenuation from 123 observations of the attenuation coefficient of downwelling irradiance (K ),
chlorophyll (chl), and salinity (sal) made during 13
cruises (Haraldsson et al. 2013) in the Baltic Proper
in 2009 and 2010 (Table 5). The reason for including
salinity is that attenuation is known to be strongly
affected by color dissolved organic matter (CDOM)
originating from terrestrial and freshwater sources,
and that light absorption is negatively linearly
related to salinity due to the dilution effect, with
high-salinity water having lower light absorption
(Aarup et al. 1996, Højerslev et al. 1996, Aksnes et al.
2009). The regression analysis (Table 5) suggests a
light attenuation of 0.64 m−1 of the Baltic Sea freshwater sources (i.e. for sal = 0 and chl = 0), and further
that a water column with salinity of 8 to 9, which is

Table 5. Relationship between the attenuation coefficient (K )
for downwelling irradiance (photosynthetically active radiation), chlorophyll, and salinity in the Baltic Sea. The coefficients were estimated according to the multiple regression analysis, K = a + b · chl – c · S. The observations (n = 123)
are from stations with a salinity <10 obtained during cruises
in the Baltic Proper from May 2009 to April 2010 (Haraldsson
et al. 2013). The ranges of the values used in the analysis
were 0.09−0.53 m−1, 6.42−8.02 and 0.2−5.8 mg chl l−1 for K,
salinity, and chlorophyll, respectively. The estimated multiple
correlation coefficient (r ) was 0.50
Coefficient

Estimate

Intercept, a
Chlorophyll, b
Salinity, c

0.636
−0.060
0.020

95% CI

p

0.029
0.004
0.001

1.5 × 10−4
6.8 × 10−3
3.7 × 10−5

devoid of chlorophyll, has a background attenuation
of 0.1 to 0.16 m−1. Use of the relationship S = 1.44/K
(Kirk 2011) indicates a background Secchi disk depth
(i.e. for chl = 0) of the present Baltic Sea of 10 to 15 m,
which suggests that the Secchi depth of a water column devoid of primary production is about twice that
of the current situation (6 m).

RESULTS
Predictions from the KtW model

We plotted the steady-state solutions as a function
of eutrophication (Fig. 3) for the loss rates and predation coefficients in Tables 2 & 3. The degree of
eutrophication was converted into units of primary
production according to TZ = 0.09 (see Materials and
Methods). For a primary production less than 32 g C
m−2 yr−1 (marked with arrow 1 in
Fig. 3), the KtW predicts that the mass
Table 4. Predation coefficients (α in Appendix 1) of the modified ‘Killing the
entering the system is too low to
Winner’ model when a length scale of 50 m was assumed to represent the
sustain cod and jellyfish. Above this
extension of the vertical habitat (see Appendix 1). The estimates were
threshold, cod enters and increases
obtained by assuming steady state and solving Eq. A3 of Appendix 1 by the
with increased eutrophication until
insertion of the total biomasses and the loss rates in Table 2, assuming all
yields (Y ) equal to 0.1, and that the vertical habitat of the fishes was reduced
the next threshold is reached at a
by 50% according to a primary production of 187 g C m−2 yr−1 (Wasmund et
primary production of 91 g C m−2 yr−1
al. 2001)
(arrow 2). Here jellyfish enter, and
further eutrophication leads to accuSymbol
Estimate
Unit
mulation of jellyfish biomass, while
the biomasses of the zooplankton and
Mass entering zooplankton (Z )
PZ
6.3
Mt C yr−1
fishes remain unchanged. The presExpressed per surface area
24.5
g C m−2 yr−1
ent Baltic Sea (i.e. the observed bioPredation coefficient of
jellyfish (J )
αJ
2113
m3 (g C)−1 yr−1
masses of Table 2) is marked with
sprat/herring (F )
αF
505
m3 (g C)−1 yr−1
arrow 3 at a primary production of
of cod (C )
αC
161
m3 (g C)−1 yr−1
187 g C m−2 yr−1 (Wasmund et al. 2001).
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Table 6. Sensitivity of a ‘Killing the Winner’ prediction for
changes in biomasses and loss rates of the different groups.
Numbers are the calculated degree of eutrophication (g C
m−2 yr−1) required for jellyfish existence (i.e. threshold provided by Eq. 3) when the specified input parameters were
50 and 200% of the values used in the analysis (Table 2).
The values used in the analysis gave an estimate of 91 g C
m−2 yr−1 (see ‘Results’)
Parameter
Zooplankton biomass
Jellyfish biomass
Sprat and herring biomass
Cod biomass
Jellyfish loss rate
Sprat and herring loss rate
Cod loss rate

Fig. 3. Steady-state solution of the ‘Killing the Winner’
model as a function of eutrophication. Eutrophication is
approximated by annual primary production by assuming a
transfer efficiency of TZ = 0.09 between primary producers
and zooplankton (see ‘Materials and methods’). The solution
is given for the loss rates and the predation coefficients
given in Tables 2 & 3, respectively. Arrows: entry point of
cod (1), jellyfish (2) and the current state of the Baltic Sea (3)
which corresponds to a primary production of 187 g C m−2
yr−1 (Wasmund et al. 2001)

Sensitivity
The existence of the 2 thresholds (Eqs. 3 and 6
and arrows 1 and 2 in Fig. 3) is inherent to the
KtW structure, but the estimated values of these
thresholds are sensitive to errors in the coefficients
of the model. From Table 6 it can be seen that the
estimated threshold for jellyfish existence is increased from 91 to 149 g C m−2 yr−1 for a doubling
of the cod biomass, or of the loss rate estimate that
was used in the analysis (Table 2). The highest
sensitivity of the predicted threshold is seen for
uncertainties in the coefficients of the fishes, while
the coefficients concerning zooplankton and jellyfish do not affect the estimated threshold. This
lack of sensitivity to the zooplankton and jellyfish
coefficients is surprising. According to Eq. (3), the
mortality of jellyfish does affect the threshold in
the same way as cod mortality. However, a change
in the jellyfish mortality also affects the predation
coefficient of jellyfish (also in Eq. 3) that cancels
out the effect on the calculated threshold. Nevertheless, we emphasize that our Baltic Sea application serves the purpose of illustrating the general
aspects of the KtW predictions rather than providing accurate estimates.

50%

200%

91
91
74
62
91
74
62

91
91
123
149
91
123
149

Predicted effects of fishery
The 2 coefficients δF and δC are the fishery mortalities of sprat and herring or cod, respectively, and
the predicted effects from fishery can be assessed
directly from the equations. From F* = δC /YC aC
(Eq. 2c), we see that the consequence of increased
cod fishery is a linear increase in F* (sprat and herring) at the expense of jellyfish according to J* = A –
δC B (A and B are lumped coefficients of Eq. 2b).
Decreased cod fishery leads to the opposite situation
where the sprat and herring stocks decrease while
that of the jellyfish increases. As noted above, and
seen from Eq. (3), a decreased cod fishery also decreases the eutrophication threshold for jellyfish
entry to the system. Thus a general KtW implication
is that jellyfish abundance is stimulated by eutrophication, but that this effect is counteracted by fishery
of the top predator in the KtW structure.
Decreased sprat and herring fishery results, not
surprisingly, in increased cod according to C* = aC–1
(A – δF) (Eq. 2d, where A = YF aF δJ /YJ aJ ) and vice
versa. More surprising, according to Eq. (2b), jellyfish abundance is unaffected by changes in fishery
on its competitor. This insensitivity to fishing intensity might appear counterintuitive and is discussed
below.

Predictions from the modified KtW model
The assumption that the habitat of the fishes is
gradually reduced with increased eutrophication
leads to a 2-sided effect of eutrophication with an
optimal degree of eutrophication for which the fish
biomass is maximal (Fig. 4). Initially, the results are
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similar to the predictions of the basic KtW model
(Fig. 3), with an increase in the sprat and herring biomass as a function of increased eutrophication. In this
phase the stimulating effect of increased mass (i.e.
primary production) that enters the system overrides
the negative effect of a shrinking vertical habitat. At
the entry point of cod (arrow 1 in Fig. 4), however, the
combined effect of habitat loss and cod predation
results in decreased sprat and herring biomass as
eutrophication increases further. Cod reaches the
maximal biomass at the entry point of jellyfish (arrow
2 in Fig. 4), and the decrease thereafter is also caused
by habitat deterioration. For the modified KtW there
is a steeper increase (~50%) in jellyfish biomass with
increased eutrophication than for the basic KtW
which is associated with the concurrent decline in
the fish stocks in the modified KtW.
The maximal biomass of sprat and herring in the
modified KtW (Fig. 4) is about twice the plateau
reached in the basic KtW (Fig. 3). This difference is
due to methodological differences in the estimation
of the predation coefficients. The biomasses for the
current Baltic Sea (Table 2), which is indicated by
arrow 3 in Figs. 3 & 4, are the same in the 2 scenarios.
Because the predation coefficients are estimated
from the values in Table 2, and the modified KtW
assumes 50% habitat loss for this situation, the biomass becomes higher at a larger habitat size in the
case of the modified KtW model.

Fig. 4. Steady-state solution of the modified ‘Killing the Winner’ model as a function of eutrophication. Eutrophication is
approximated by annual primary production by assuming a
transfer efficiency of TZ = 0.13 between primary producers
and zooplankton (see ‘Materials and methods’). The solution
is given for the loss rates and the predation coefficients
given in Tables 2 & 4, respectively. Arrows: entry point of
cod (1), jellyfish (2), and the current state of the Baltic Sea
(3), which corresponds to a primary production of 187 g C
m−2 yr−1 (Wasmund et al. 2001)

In Fig. 5, the results of the modified KtW are plotted
as a function of Secchi depth instead of primary production. Here we see that the zooplanktivorous fish
biomass (sprat and herring) increases linearly with
increased water clarity (i.e. deeper Secchi depth)
until a point where the diminishing primary production cannot sustain the zooplanktivorous biomass
anymore and the biomass collapses accordingly. The
same pattern is indicated for cod.

DISCUSSION
The extensive changes in the Baltic Sea (Table 1)
make environmental analyses particularly challenging. Climate-related changes such as increased sea
surface temperature have been reported (Fonselius &
Valderrama 2003, Mackenzie et al. 2007), and the
Baltic Sea is considered one of the quickest-warming
seas worldwide (Belkin 2009). Detailed mechanistic
(Österblom et al. 2007) and statistical (Casini et al.
2008, 2009, Llope et al. 2011) dynamic models obviously capture much more of the complexity of the
Baltic Sea ecosystem than the steady-state KtW
model. The role of jellyfish has not been explicitly
addressed in such analyses, which is likely due to
lack of jellyfish time series and lack of reports of mass
occurrences similar to those occurrences that have
been reported for e.g. the Black Sea (Llope et al.
2011).

Fig. 5. Steady-state solution of the modified ‘Killing the Winner’ model given as a function of Secchi depth instead of primary production as in Fig 4. Arrows: entry point of cod (1),
jellyfish (2), and the current state of the Baltic Sea (3), which
corresponds to a Secchi depth of 6 m (see ‘Materials and
methods’)
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Our Baltic Sea application targets a particular environmental aspect, i.e. eutrophication and water clarity, and ignores others such as warming, hypoxia,
and toxic pollutants. We acknowledge this limitation
of our study, and our Baltic Sea application first of all
serves the purpose of illustrating what we think are
valuable insights of the KtW model for the jellyfish−
fish system. The KtW model has its main advantage
in being generic, transparent, and analytically tractable. Despite its simplicity, the KtW model is known
to capture many aspects of the relationship between
microbial organisms (Winter et al. 2010). KtW features such as mass balance, competition for a common resource, and tradeoff conflicts associated with
investments in defense and resource acquisition are
crucial, not only for the microbial community, but for
organisms in general.
A fundamental assumption underlying the KtW
predictions in Figs. 3 & 4 is the framing of jellyfish as
a defense specialist (Fig. 1). If this assumption is not
warranted, the KtW does not apply. The crucial point
is that the mortality coefficient of jellyfish can be
specified by a coefficient that is not seriously affected
by the dynamics of a top predator. This constant
mortality coefficient is in contrast to that of the competition specialist, which indeed is affected by the
dynamics of the top predator (Fig. 2).
The KtW model provides expectations, and potentially insights, that may appear surprising. It predicts
a threshold criterion for the presence of jellyfish (i.e.
the defense specialist) that connects to a particular
degree of eutrophication, which is modified by e.g.
the mortality of the top predator. Increase in eutrophication above this threshold results in more jellyfish, but no further increase in its fish competitor
(competition specialist) or the top predator (Figs. 3 &
4). These predictions must be understood as emergent properties of the generic KtW structure (Fig. 1).
Other predictions appear more trivial, e.g. that
decreased fishery mortality of the top predator (cod)
provides increased jellyfish abundance. Intuitively,
this expectation can be linked to reduced food competition since the biomass of the competition specialist (sprat and herring) is suppressed due to higher
predation from an elevated cod stock. The prediction
that the abundance of jellyfish is unaffected by sprat
and herring fishery, however, appears counterintuitive. Intuitively, increased sprat and herring fishery
will lower these stocks, at least for a period of time,
due to delays associated with maturation and reproduction, and thereby leave more zooplankton for
jellyfish growth. It is not obvious, however, whether
such time delays would facilitate a permanent or a
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temporary rise in jellyfish biomass. In any case, an
important limitation in our analysis is that the steadystate solution cannot account for such temporal
dynamics.
The prediction that there are no negative effects of
an ever increasing eutrophication (i.e. Fig. 3) appears
unsound. This expectation is likely to be less realistic
for fish than for the microbial communities to which
KtW has primarily been applied (Winter et al. 2010),
and it may be more important to address a 2-sided
effect of eutrophication for higher than for lower
trophic levels.

Two-sided effect of eutrophication
The assumption that fish habitat is affected negatively by decreasing water clarity results in a linear
increase in fish biomass with increasing Secchi depth
as long as the production of the system is sufficient to
support such increase (i.e. up to arrow 1 for sprat and
herring in Fig. 5). Evidence of such a linear relationship between fish biomass and Secchi depth has
been reported for the Black Sea (Aksnes 2007). In
that study, Secchi depth was a surprisingly accurate
predictor of fish biomass over a 30 yr time series, and
a Secchi depth shoaling of 1 m corresponded to a
decrease of about 100 000 t of fish. Extrapolation suggested a critical Secchi depth of 4 to 5 m where the
fish biomass became 0. No such critical Secchi depth,
other than 0 m, was assumed in Fig. 5. If such critical
water clarity is introduced to the model, a new
threshold will emerge. Water clarity lower than the
critical value would allow the presence of jellyfish
and zooplankton only (not shown). Such an effect of
water clarity might be a matter of future concern
since CDOM already makes a substantial contribution to the relatively low water clarity of the Baltic
Sea (Fleming-Lehtinen & Laamanen 2012), and a
substantial increase in CDOM loads is expected due
to increased warming and precipitation (Larsen et al.
2011)
Unfortunately, lack of time series of jellyfish prohibits a close inspection of how the KtW model compares with the development in the Baltic Sea. The
study of Möller (1980) indicates a jellyfish biomass of
24 Mt wet weight (WW) in 1978 (Table 7). This number is less than the estimate for the current situation
(61 Mt WW, Table 2), but these estimates do not
allow a robust statistical comparison. In Table 7 we
have also provided the average biomasses of zooplankton, sprat and herring, and cod in the period
1974 to 1979, which can be compared with the aver-
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Table 7. Biomasses (mean ± SD; wet weight in Mt) in the
Baltic Sea for the period 1974 to 1979, except for jellyfish,
which represent sampling in September 1978 (the biomass
of jellyfish in Table 2 also represents September)
Group
Zooplankton (Z)
Jellyfish (J )
Sprat and
herring (F )
Cod (C )

Biomass
4.2 ± 0.8
24.2
4.02 ± 0.23
0.73 ± 0.18

➤ Acuña JL, López-Urrutia Á, Colin S (2011) Faking giants:
➤

Source
Casini et al. (2008)
Möller (1980)

⎫
⎬
⎭

Swedish Agency for
Marine and Water
Management (2010)

➤

➤

➤
ages for the period 2000 to 2009 (Table 2). It can be
concluded that the fish stocks were significantly
higher in the early period while the zooplankton biomass estimates were similar. Hence, the direction of
the changes in all 4 groups is consistent with the
expectation of the modified KtW (Figs. 4 & 5) if Secchi depth was shallower in the late than in the early
period. The study of Fleming-Lehtinen & Laamanen
(2012, their Fig. 3) indeed suggests a 1 to 2 m reduction in Secchi depth for most of the sub-basins in the
Baltic Sea since the 1970s.
According to the KtW predictions, it might be speculated that the current high cod fishery (Table 2) contributes to a suppression of the Baltic Sea jel lyfish
biomass, and that a shift towards more cod, and less
sprat and herring, would lead to increased jellyfish
abundance. Nevertheless, the KtW expectations presented in our study obviously need to be confronted
with observations in future studies. Due to a general
lack of reliable time series for jellyfish, future studies
could involve ‘space for time’ sampling, i.e. sampling
from different locations that reflect a gradient in
eutrophication and water clarity.
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Appendix 1. Calculations of habitat volumes and their incorportaion into the modified KtW model
Here we introduce habitat volumes in the KtW model.
We first express the system of equations in terms of biomass densities (g C m−3), indicated by lower case symbols,
instead of total biomasses:
dz
dt
dj
dt
df
dt
dc
dt

PZ > VZ

= pZ − α F zf – α J zj

(A4)

(A1)

= YC αC fc − δC c

The biomass densities relate to the total biomasses (g C)
according to z = Z/VZ, j = J/VJ, f = F/VF, c = C/VC, where V
is the respective habitat volume. We also have the rate pZ =
PZ /VZ. A habitat volume of group x is Vx = AHx where A is
258 310 km2 (the surface area of the Baltic Proper and the
Gulf of Finland), and the extension of the vertical habitat Hx
was set equal to the upper 50 m for the zooplankton and jellyfish and also for the 2 fish groups in the case of no visual
constraints. As explained in the main text, visual constraints were assumed for the fishes so that HF and HC were
reduced with 2.7% for each 10 g C m−2 yr−1 rise in primary
production.
We now express the equations in terms of total biomasses:
α
α
dZ
= PZ − F ZF − J ZJ
dt
VF
VJ
α
dJ
= YJ J ZJ − δ J J
dt
VZ
(A2)
dF
α
α
= YF F ZF − C FC − δ F F
dt
VZ
VC
dC
αC
= YC
FC − δCC
dt
VF
Note that the predation coefficients indicated with a in
Fig. 2 are different from α specified here. The α values correspond to ‘clearance rates’ and have units of m3 (g C)−1
yr−1. These rates are affected by the choice of a 50 m vertical habitat above, but it should be noted that the solution
on how equilibrium biomasses distribute as a function of
the degree of eutrophication (Fig. 4) is not affected.

Solving for steady state yields the following equilibrium
biomasses:
δJ
YJ α J
α F δC ⎞
Y P
J * = VJ ⎛ J Z −
⎝ VZ δ J
YC αC α J ⎠
δC
F * = VF
YC αC
δ
Y α δ
C * = VC ⎛ F F J − F ⎞
⎝ YJ α J αC
αC ⎠

α F δC δ J
YCYJ αC α J

For PZ less than this quantity, the system of equations
reduces to

= YJ α J zj − δ J j
= YF α F zf − αC cf − δ F f

Here we see that jellyfish existence (i.e. positive values
of J*) requires that the degree of eutrophication (PZ)
exceeds a threshold value:

dZ
α
= PZ − F ZF
VF
dt
dF
α
α
= YF F ZF − C CF − δ F F
VZ
VC
dt
dC
α
= YC C FC − δCC
dt
VF

(A5)

With the steady-state solution
YC αC
α F δC
δC
F * = VF
YC αC
δ
PYY
C * = VC ⎛ Z F C − F ⎞
⎝ VZ δC
αC ⎠
Z * = PZ

(A6)

We see that cod existence (i.e. positive values of C*)
requires that the degree of eutrophication exceeds a
threshold value:
δ F δC
PZ > VZ
(A7)
YFYC αC
For PZ less than this quantity, the system of equations
reduces to
α
dZ
= PZ − F ZF
dt
VF
α
dF
= YF − F ZF − δ F F
dt
VZ

(A8)

With the steady-state solution
δF
YF α F
PY
F * = VF Z F
VZ δ F

Z * = VZ

(A9)

Z * = VZ
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