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Supplementary information. 
 

Appendix S1. Baltic Proper Ecopath model update. 

Departing from the existing Baltic Proper Ecopath model built to describe the Baltic open sea 
area food-web dynamics between 1974-2006 (Tomczak et al. 2012; Tomczak et al. 2013), we 
divided the seal group into juvenile and adult groups using the ‘multi-stanza’ representation 
(Gales et al. 2003; Walters et al. 2010) and defined new Ecopath parameters and diet 
composition for these two groups. The split was necessary as juveniles and adults of grey seal 
have different energetic requirements (Innes et al. 1987; Hammill and Stenson 2000) and their 
diets differ in the prey size and proportion (Lundström et al. 2007; Lundström et al. 2010; 
Hanson et al. 2017). We derived population biomass estimations from the number of counted 
seals during four decades (1975-2015) of surveys obtained from the Baltic Marine Environment 
Protection Commission (HELCOM) and from the Swedish Museum of Natural History (SMNH). 
We assumed that the number of counted seals in the monitoring reported by HELCOM was 85% 
of the actual population size (Hiby et al. 2007) and that the distribution during monitoring (grey 
seal molting period, i.e. May-June) was representative for the entire year. It was assumed that 
one third of the counted grey seal individuals in the Baltic Sea corresponds to juveniles and the 
rest to adults (Hårding et al. 2013). The average weight of a grey seal juvenile as considered for 
the model (i.e. < 60 months old) is 100 kg (Innes et al. 1987), while the weight range of a female 
adult is 100-180 kg and of a male adult is 180-300 kg (Perrin et al. 2009); thus, we considered 
the average weight of an adult in the model to be 200 kg. We included new data on the diet and 
biological parameters corresponding to grey seals from the North Atlantic (data from the Baltic 
seals were preferentially used, when available; Table S1).  

The Electivity (selection index) describes a predator's preference for prey. It scales from -1 to 1; 
where -1 indicates total avoidance of a prey; 0 indicates that a prey is taken in proportion to its 
abundance in the ecosystem; and 1 indicates total preference for a prey. The electivity index as 
displayed in Fig. S1 is the standardized forage ratio of Chesson (1983). 

The ecotrophic efficiency (EE) is a dimensionless parameter representing the fraction of the 
production that is used in the system, i.e. either passed up the food web, used for biomass 
accumulation, migration or export. Ecotrophic efficiency varies between 0 and 1 and can be 
expected to approach 1 for groups with considerable predation pressure. 

Appendix S2. Ecosim parameters. 

The ‘Group info’ parameters for the seal groups (Table S3) were adjusted so the feeding effects 
of the seals were maximized. Seals do not need to limit the time spent feeding to avoid predation 
in the Baltic, thus we gave ‘maximum relative feeding time’ values higher than the default value 
of 2 (meaning than that feeding time may double when prey became more scarce), i.e. 5 for the 
juvenile seal stanza and 10 for the adult seal stanza. As usually recommended for marine 
mammals, we set the ‘feeding time adjustment rate’ to 0.5, meaning that seals will adjust their 
foraging time to some extent based on food availability, to reach ‘normal’ individual consumption 
rates, i.e. as under conditions when the Ecopath model was estimated. QBmax/QBo values 
represent the upper limit of individual intake rates and are by default set to 1000 in Ecosim 



models (i.e., predators are not limited by handling times and can increase their intake greatly 
when prey densities increase). Here this value was set at 500, although preliminary tests did not 
show any differences in biomass projected with QBmax/QBo values between 100-1000, which is 
not surprising as this parameter only becomes relevant at a particular combination of very low 
predator density, very high prey density and high prey vulnerability. We set the ‘predator effect 
on feeding time’ parameter for seals to 0 (that is, no effect). Grey seals are considered 
opportunistic and thus they are thought to feed predominantly on the more available prey 
species (Murie and Lavigne 1992; Mark Jessopp et al. 2013).  

In Ecosim, the temporal changes in the flow rates between available and unavailable prey 
behavioral states are calculated based on the “foraging arena” concept and are regulated by the 
predator- and prey-specific vulnerability parameters. Ecosim users can specify vulnerability 
multipliers (kij) which determine how much maximum predation mortality rate of prey i can 
increase with an increasing biomass of predator j. When vulnerability multipliers are high (kij ≫ 
2), the predators can increase their consumption of prey when their biomass increases, while at 
low values (kij = 1) total prey consumption rates stay close to their Ecopath rates even when 
predator biomass increases. The former situation is usually referred to as ‘top-down control’ of 
the trophic interaction in EwE models and typically occurs when the prey has no refuge from 
predation and/or the predator is far from carrying capacity in the year which the Ecopath model 
describes and thus, has a large potential to increase its predation pressure on prey (Christensen 
and Walters 2004). Both criteria are fulfilled in the case of grey seals and their fish prey. Thus, 
we specified a value of kij = 100 for this parameter for both juvenile and adult seals. 

Appendix S3. Mixed Trophic Impact (MTI). 

To estimate the direct and indirect effects (positive or negative) that changes of the biomass of 
one functional group might have on another, Ecopath uses the Network Analysis routine called 
Mixed Trophic Impact (MTI). It synthesizes all the effects that an infinitesimal change in the 
biomass of a group will have on the biomass of other groups in a system (Ulanowicz and Puccia 
1990) and gives an ecosystem overview of the trophic interactions. 

It is calculated from the difference between the proportion that group i contributes to the diet of 
group j, and the proportion that group i takes from the production of group j (Christensen and 
Walters 2004): 

𝑀𝑀𝑀𝑀𝑀𝑀𝑖𝑖𝑖𝑖 =  𝐷𝐷𝐷𝐷𝑖𝑖𝑖𝑖 −  𝐹𝐹𝐹𝐹𝑗𝑗,𝑖𝑖 

where DCij is the diet composition term expressing how much j contributes to the diet of i, and 
FCj,i is a host composition term giving the proportion of the predation on j that is due to i as a 
predator (or fishery). 

In this study, only 26 out of the total 124 Ecopath models generated by the ‘Ecopath from 
Ecosim’ routine were not mass-balanced (years 1978, 1979, 1985, 1987, 1991, 1996, 1997, 
1999, 2000, 2005, 2010, 2011, 2014, 2016, 2019, 2033, 2034, 2036, 2038, 2041, 2044, 2050, 
2056, 2059, 2062, 2068, 2079, 2082, 2088, 2091, 2093, 2095 and 2098). Although these 26 
models were slightly unbalanced (the Ecotrophic Efficiencies (EEs) of the unbalanced groups in 
most of these models were <2), we removed those years from the MTI estimations. 

 



Appendix S4. Assumptions and limitations of the model. 

The main assumption in Ecopath and Ecosim models is that the modeled functional groups are 
related to the main components of the food-web. However, this structure is only a simplification 
of the ecosystem and not all food-web components are included in the model and thus these 
models present certain limitations. For instance, Plagányi and Butterworth (2004) discussed the 
implications of the foraging arena hypothesis. Furthermore, Aydin (2004) explored the 
implications of the “fixed growth efficiency” function in Ecosim represented by the P/Q rates, 
which implies that the model does not adequately account for changes in population energetics 
as a population’s size and structure changes due to heavy fishing or release of fishing pressure. 
Also, as Coll et al. (2009) mentioned, Ecosim is dependent on the mass-balance (equilibrium) 
assumption of Ecopath. This infers the risk of encountering errors in the interpretation of the 
Ecosim results, when these are extrapolated far beyond the equilibrium for which Ecopath data 
are available (Mackinson et al. 1997; Walters et al. 1997). Moreover, Ecopath and Ecosim 
models present limitations when interpreting the outcomes for highly migratory species or stocks 
patchiness (see Christensen and Walters (2004)), such as herring and sprat. Thus, when 
interpreting the simulations, we carefully considered the assumptions and limitations underlying 
Ecopath and Ecosim models. Assumptions and limitations of the model used for this study in 
particular are discussed in detail in Tomczak et al. (2012). Moreover, Niiranen et al. (2012) 
conducted a study to specifically assess the uncertainties and sensitivity of the BaltProWeb 
model, in which our model is based. In their study, Niiranen et al. (2012) also assessed the 
potential uncertainty under different future conditions with the same fishery and climate 
scenarios as in our model. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Table S1. Seal parameters and input data sources. B = Biomass (t km-2), P/B = Production/Biomass or Total 
Mortality (Per year), Q = Consumption (t km−2 per year), k = von Bertalanffy curvature parameter (Per year), BA = 
Biomass accumulation rate (t km−2 per year), Wmat = weight at maturity (kg), Winf = weight at infinity (kg).  

 Parameter Value Source 

 k 0.170 sealifebase.ca 

 BA/B 0.010 Unpublished data from Olle Karlsson, Swedish Museum of Natural History 

 Wmat/Winf 0.090 Hårding et al. (2015), sealifebase.ca 

Adults 
(age >5 

y.o.) 

B 0.00146 Unpublished data from Olle Karlsson, Swedish Museum of Natural History 

P/B 0.110 Harvey et al. (2003) 

Q/B 4.959 Lundström (2012) 

Juveniles 
(age 0-5 

y.o.) 

B 0.000112 Unpublished data from Olle Karlsson, Swedish Museum of Natural History 

P/B 0.202 Harvey et al. (2003) 

Q/B 10.160 Lundström (2012) 



 

Table S2. Basic estimates obtained after the Ecopath model was mass-balanced. These are output indices for 
assessing the status of the overall ecosystem and of its constituent groups. 

Group name Trophic 
level 

Biomass (t 
km-2) 

Production / 
biomass (/year) 

Consumption / 
biomass (/year) 

Ecotrophic 
Efficiency 

Cyanobacteria 1.0000 3.1213 150.3635 0.0000 0.0604 
Phytoplankton 1.0000 8.1197 142.6500 0.0000 0.6043 
Microzooplankton 2.0000 2.7928 97.1298 336.1954 0.4402 
Temora sp. 2.2000 1.7626 20.7866 54.5046 0.7947 
Acartia sp. 2.2000 1.3459 22.1911 69.4572 0.5813 
Pseudocalanus sp. 2.3000 3.4631 8.6097 26.3624 0.7585 
Other mesozooplankton 2.2000 3.6719 19.2671 73.4631 0.1830 
Mysids 2.5000 2.4600 5.8296 21.9605 0.5136 
Meiozoobenthos 2.0000 4.6872 5.5354 31.8693 0.7407 
Macrozoobenthos 2.0979 27.3841 1.9800 10.7310 0.2340 
Juvenile Sprat 3.2201 1.4079 1.9400 11.4240 0.3056 
Adult Sprat 3.2310 4.1418 0.8624 5.2301 0.4626 
Juvenile Herring 3.2841 5.1766 1.9907 5.0750 0.1830 
Adult Herring 3.2980 5.5435 0.4772 2.1128 0.5633 
Cod larvae 3.2800 0.0002 0.5341 73.9923 0.0000 
Juvenile Cod 3.3426 0.1074 1.2759 12.7022 0.0554 
Small Cod 3.8212 0.6049 0.5814 5.8072 0.6144 
Adult Cod 4.0119 0.5185 1.1146 3.8950 0.6468 
Juvenile Seal 4.4926 0.0000 0.2021 35.9665 0.0000 
Adult Seal 4.5636 0.0015 0.1097 4.9590 0.0000 
Detritus (water column) 1.0000 3255.8100   0.8166 
Detritus (sediment) 1.0000 4651.1700   0.5433 

 
 
 



Table S3. Group info values. The Group info form enables entry of these Ecosim parameters for all scenarios. 

Group name 
Max. 
relative 
P/B 

Max. 
relative 
feeding 
time 

Feeding 
time adjust 
rate [0,1] 

Fraction of other 
mortality sensitivity 
to changes in 
feeding time 

Predator 
effect on 
feeding time 
[0,1] 

Density-dep. 
catchability: 
Qmax/Qo [>=1] 

QBmax/QBo (for 
handling time) 
[>1] 

Switching 
power 
parameter 
[0,2] 

Cyanobacteria 2        

Phytoplankton 2        

Microzooplankton  2 0 1 0 1 1000 0 

Temora sp.  2 0 1 0 1 1000 0 

Acartia sp.  2 0 1 0 1 1000 0 

Pseudocalanus sp.  2 0 1 0 1 1000 0 

Other mesozooplankton  2 0 1 0 1 1000 0 

Mysids  2 0 1 0 1 1000 0 

Meiozoobenthos  2 0 1 0 1 1000 0 

Macrozoobenthos  2 0 1 0 1 1000 0 

Juvenile Sprat  2 0.5 1 0 3 1000 0 

Adult Sprat  2 0 1 1 4 1000 0 

Juvenile Herring  2 0.5 1 0 2 1000 0 

Adult Herring  2 0 1 0 3 1000 0 

Cod larvae  2 0.5 1 0 2 1000 0 

Juvenile Cod  2 0.5 1 0 1 1000 0 

Small Cod  2 0.5 1 0 1 1000 0 

Adult Cod  2 0 1 0 1 1000 0 

Juvenile Seal  5 0.5 1 0 1 500 2 

Adult Seal  10 0.5 1 0 1 500 2 



Table S4. Diet matrix composition for the Ecopath baseline model (1974). Predator groups in columns and prey groups in rows. 

Prey group Microzooplankton Temora 
sp. 

Acartia 
sp. 

Pseudocalanus 
sp. 

Other 
mesozooplankton Mysids Meiozoobenthos Macrozoobenthos 

Cyanobacteria 0.001 0.050 0.050 0.050 0.050    
Phytoplankton 0.450 0.550 0.400 0.400 0.500 0.300   
Microzooplankton  0.200 0.200 0.300 0.200    
Temora sp.      0.150   
Acartia sp.      0.100   
Pseudocalanus sp.      0.050   
Other mesozooplankton      0.050   
Mysids         
Meiozoobenthos        0.065 
Macrozoobenthos        0.030 
Juvenile Sprat         
Adult Sprat         
Juvenile Herring         
Adult Herring         
Cod larvae         
Juvenile Cod         
Small Cod         
Adult Cod         
Juvenile Seal         
Adult Seal         
Detritus (water column) 0.549 0.200 0.350 0.250 0.250    
Detritus (sediment)      0.200 1.000 0.905 
Import      0.150   
 
 
 
 
 
 
 



 
 
 
 

  

 
 
Table S4. Diet matrix composition for the Ecopath baseline model (1974). Predator groups in columns and prey groups in rows. (Continued) 

Prey group Macrozoobenthos Juv. 
Sprat 

Juv. 
Sprat 

Ad. 
Sprat 

Juv. 
Herring 

Ad. 
Herring 

Cod 
larvae 

Juv. 
Cod 

Small 
Cod 

Ad. 
Cod 

Juv. Grey 
Seal  Ad. Grey Seal 

Cyanobacteria             
Phytoplankton             
Microzooplankton             
Temora sp.  0.330 0.330 0.353 0.240 0.159 0.100      
Acartia sp.  0.300 0.300 0.138 0.140 0.043 0.100      
Pseudocalanus sp.  0.199 0.199 0.307 0.230 0.356 0.800      
Other 
mesozooplankton  0.171 0.171 0.200 0.100 0.047       
Mysids  0.001 0.001 0.001 0.170 0.150  0.250 0.150 0.033   
Meiozoobenthos 0.065            
Macrozoobenthos 0.030     0.047  0.536 0.265 0.168   
Juvenile Sprat      0.003  0.008 0.151 0.093 0.024  
Adult Sprat        0.037 0.136 0.151 0.062  
Juvenile Herring        0.049 0.213 0.267 0.189 0.173 
Adult Herring        0.006 0.051 0.143 0.187 0.171 
Cod larvae             
Juvenile Cod         0.002 0.001 0.035 0.041 
Small Cod          0.005 0.179 0.213 
Adult Cod           0.087 0.107 
Juvenile Seal             
Adult Seal             
Detritus (water 
column)             
Detritus (sediment) 0.905            
Import  

  0.001 0.120 0.195  0.114 0.032 0.139 0.236 0.295 



Table S5. Biomass (t km-2). 
  Adult cod Adult herring Adult sprat 

  Fcod = 0.3 Fcod = 1 Fcod = 0.3 Fcod = 1 Fcod = 0.3 Fcod = 1 

Environmental scenario Seal scenario Mean SD Mean SD Mean SD Mean SD Mean SD Mean SD 
Env0 seal0 1.21 0.18 0.49 0.14 4.95 0.84 5.73 0.68 0.77 0.79 2.33 0.6 

 seal1 1.14 0.18 0.49 0.14 5 0.82 5.7 0.65 0.86 0.8 2.43 0.56 
 seal50 0.92 0.14 0.48 0.14 5.05 0.73 5.59 0.63 1.26 0.67 2.73 0.44 

Env1 seal0 3.07 0.74 0.7 0.2 10.57 2.16 13.34 2.71 2.81 0.68 4.81 0.69 
 seal1 3 0.74 0.68 0.2 10.61 2.16 13.34 2.71 2.87 0.67 4.85 0.68 
 seal50 2.76 0.68 0.63 0.18 10.72 2.16 13.3 2.75 3.06 0.66 4.95 0.7 

Env2 seal0 2.7 0.89 0.34 0.15 12.79 4.48 16.35 5.55 6.13 1.76 7.77 1.83 
 seal1 2.64 0.89 0.34 0.15 13.24 4.56 16.3 5.55 6.12 1.72 7.79 1.82 
 seal50 2.36 0.81 0.33 0.16 13.09 4.58 16.49 5.86 6.31 1.73 7.73 1.74 

 

Table S6. Fish consumption by seals (Q) in t km-2. 
  Adult cod Adult herring Adult sprat 
  Fcod = 0.3 Fcod = 1 Fcod = 0.3 Fcod = 1 Fcod = 0.3 Fcod = 1 

Environmental scenario Seal scenario Mean SD Mean SD Mean SD Mean SD Mean SD Mean SD 

Env0 
seal1 0.18 0.04 0.08 0 0.03 0.02 0.16 0.05 0 0 0.01 0 

seal50 0.51 0.13 0.02 0.02 0.25 0.13 0.71 0.21 0 0 0.09 0.03 

Env1 
seal1 0.35 0.06 0.02 0 0.03 0.01 0.19 0.04 0 0 0 0 

seal50 1.25 0.4 0.07 0.03 0.19 0.08 0.87 0.29 0 0 0.04 0.02 

Env2 
seal1 0.3 0.09 0 0 0.07 0.03 0.23 0.05 0 0 0.02 0.01 

seal50 1.02 0.43 0.01 0.01 0.41 0.21 0.99 0.34 0.04 0.02 0.1 0.05 
 

  



 

  

 
 
 
 

 
 
 
Table S7. Catches (t km-2). 

  Adult cod Adult herring Adult sprat 
  Fcod = 0.3 Fcod = 1 Fcod = 0.3 Fcod = 1 Fcod = 0.3 Fcod = 1 

Environmental scenario Seal scenario Mean SD Mean SD Mean SD Mean SD Mean SD Mean SD 

Env0 
seal0 0.36 0.06 0.26 0.09 0.54 0.09 0.62 0.07 0.16 0.16 0.49 0.13 
seal1 0.34 0.05 0.23 0.08 0.55 0.09 0.62 0.07 0.18 0.17 0.51 0.12 
seal50 0.28 0.04 0.17 0.09 0.55 0.08 0.61 0.07 0.26 0.14 0.57 0.09 

Env1 
seal0 0.92 0.22 0.7 0.2 1.15 0.24 1.45 0.3 0.59 0.14 1 0.14 
seal1 0.9 0.22 0.68 0.2 1.16 0.23 1.45 0.3 0.6 0.14 1.01 0.14 
seal50 0.83 0.2 0.63 0.18 1.17 0.24 1.45 0.3 0.64 0.14 1.03 0.15 

Env2 
seal0 0.81 0.27 0.34 0.15 1.39 0.49 1.78 0.61 1.28 0.37 1.62 0.38 
seal1 0.79 0.27 0.34 0.15 1.44 0.5 1.78 0.61 1.28 0.36 1.63 0.38 
seal50 0.71 0.24 0.33 0.16 1.43 0.5 1.8 0.64 1.32 0.36 1.62 0.36 



 

 

Figure S1. Electivity index showing seal's preference for the modelled prey. It scales from -1 to 1; where -1 indicates total avoidance of a prey; 0 
indicates that a prey is taken in proportion to its abundance in the ecosystem; and 1 indicates total preference for a prey. The electivity values are 
highlighted using a blue color scale. The electivity index displayed is the standardized forage ration of Chesson (1983). 
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Figure S2. Forcing functions on fishing mortality (F) for adult herring and sprat (A), August and spring water temperature anomalies and salinity 
anomaly (B), primary production and reversed hypoxic area anomalies (C), and cod reproductive volume and herring recruitment biomass 
anomalies (D). See Table 1 for reference and description of the forcing functions. 
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Figure S3. Seal abundance time series under the seal50 scenario. Seal biomass after 2015 was forced to grow exponentially, following the 
previous growth trend, until a maximum seal population size of 50 times the initial biomass from 1974 (i.e. ±140000 individuals). 
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Figure S4. Combinations of seal abundance (seal0, seal, seal50), cod fishing mortality (Fcod0.3, Fcod1) and environmental (Env0, Env1, Env2) 
scenarios for future (2016-2098) projections. See Table 2 for reference and description of each scenario. 
 



 

 
Figure S5. Pre-balance diagnostics (PREBAL) of the Baltic Proper Ecopath model plotting biomass estimates (t/km-2) on a log scale 
with functional groups ordered by trophic level from highest to lowest. Biomass spanned five orders of magnitude. PREBAL described 
by Link (2010) are a way to judge the quality of Ecopath models. Pre-bal criteria state that biomass estimates and P/B and Q/B ratios 
should increase with decreasing trophic level. According to Link (2010), consumption by a taxon should be more than production by 
that taxon, as it occurs in our case. Therefore, P should not exceed Q (P/Q < 1). 
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Figure S6.  Biomass (A), consumption by seals (B) and catches (C) of adult cod, herring and sprat under environment scenario combinations of 
Env0, Env1 and Env2, seal0, seal1 and seal100 seal biomass scenarios and cod fishing mortality scenarios Fcod = 0.3 (orange) and Fcod = 1 (blue). 
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Figure S7. Mixed Trophic Impact values for the year 2094 as produced by the model using the diet matrix as detailed in Table S4 (upper panel), 
and MTI values for the year 2094 if seal consumed exclusively herring, sprat and cod within the studied system (i.e. redistributing all the ‘import’ 
diet proportionally into the modelled prey, that is Import diet = 0). 
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