
  

 

 

 

Modelling the changes in the state  
of the food web in three different time 

periods in the Archipelago Sea,  
Northern Baltic Sea  

 

Master’s thesis 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Johanna Maria Elisabeth Riitakorpi 

Aquatic Sciences, Marine Biology 

Faculty of Environmental and Biological Sciences 

University of Helsinki 

October 2020 
  



2 

 

 

Tiedekunta – Fakultet – Faculty 
 Faculty of Biological and Environmental Sciences 

Koulutusohjelma – Utbildningsprogram – Degree Programme 
Aquatic Sciences 

Tekijä – Författare – Author 
 Johanna Maria Elisabeth Riitakorpi 

Työn nimi – Arbetets titel – Title 
Modelling the changes in the state of the food web in three different time periods in the Archipelago Sea, Northern Baltic 
Sea 

Oppiaine/Opintosuunta – Läroämne/Studieinriktning – Subject/Study track 
- 

Työn laji – Arbetets art – Level 
 Master’s thesis 

Aika – Datum – Month and year 
 October 2020 

Sivumäärä – Sidoantal – Number of 
pages 
 54 + 11 

Tiivistelmä – Referat – Abstract 
 

Ecosystem modelling gives us a tool to understand the complicated processes in an ecological system. When 
studying the changes in an ecosystem, the system health is one of the main characteristics to define. Healthy 
ecosystem can endure stress and is in stable state. Ecological network analysis and different ecological 
indices have been used as a basis for measuring the state of an ecosystem, characterizing the dynamics of 
marine environments, and quantifying the impacts of fishing. 
 
The Archipelago Sea, located in Northern Baltic Sea, is characterized by large gradients in salinity and 
numerous islands. The area is greatly affected by human impact and climate change. However, no broad 
research on ecosystem changes has been carried out, hence, there is a need for holistic models both 
scientifically and societally to understanding the changing ecosystem thoroughly and to provide contribution in 
the decision-making processes of environmental management actions. 
 
The aim of this study was to find out how the state of the Archipelago Sea food web has changed from 1990 
to 2014. Three steady-state trophic models of the study area for three different years (1990, 2000 and 2014) 
were constructed using the Ecopath modelling software and approach. The changes in the study area were 
measured comparing the calculated ecological indices and fishing impact indicators. 
 
The models captured changes in the system such as before and after the invasion of non-indigenous species, 
increase of cormorants, increase of seals, and decrease of cod. The models consist of 23 (1990), 25 (2000) 
and 27 (2014) different functional groups from predators to producers and detritus. The quality of the models 
was tested and according to three different approaches, the models can be said to adequately represent the 
Archipelago Sea food web and ecosystem. 
 
The ecosystem indices calculated showed that there had been system wide changes. The state of the 
Archipelago Sea food web had changed during the study period to a less mature but more resilient condition. 
This was due to the increase in number of predator species and higher primary production and flow to 
detritus. The fishing impact on ecosystem changed as fishery practice experienced a change into a more 
industrialized direction. Changes in trophic levels and ecosystem composition were observed. The invasion of 
non-indigenous species and the increase in top predators such as seals and the great cormorant affected the 
structure of the food web. In Addition, the decrease of flounder and unsuccessful recovery of cod have had an 
impact on the ecosystem and its maturity. 
 
Further research on the Archipelago Sea food web is needed. The ecosystem is stressed and does not show 
recovery; hence, management actions may become necessary. Future simulations based on these Ecopath 
models would facilitate the selection of the most suitable ecosystem management application. Knowledge of 
the whole ecosystem and its health is required, and this can be achieved with the help of ecosystem 
modelling. 

Avainsanat – Nyckelord – Keywords 
 Ecosystem modelling, Ecopath with Ecosim, ENA, Food web, Coastal system, Archipelago Sea, Baltic Sea 

Ohjaaja tai ohjaajat – Handledare – Supervisor or supervisors 
Riikka Puntila (SYKE), Leena Nurminen (HY) 

Säilytyspaikka – Förvaringsställe – Where deposited 
HELDA - Helsingin yliopiston digitaalinen arkisto / HELDA - Helsingfors universitets digitala publikationsarkiv /HELDA - 
Digital Repository of the University of Helsinki 
  

Muita tietoja – Övriga uppgifter – Additional information 

 
 
 



3 

 

Tiedekunta – Fakultet – Faculty 
Bio- ja ympäristötieteellinen tiedekunta 

Koulutusohjelma – Utbildningsprogram – Degree Programme 
Akvaattiset tieteet 

Tekijä – Författare – Author 
Johanna Maria Elisabeth Riitakorpi 

Työn nimi – Arbetets titel – Title 
Mallinnus Saaristomeren ravintoverkon muutoksista kolmena eri ajanjaksona 

Oppiaine/Opintosuunta – Läroämne/Studieinriktning – Subject/Study track 
- 

Työn laji – Arbetets art – Level 
Opinnäytetyö 

Aika – Datum – Month and year 
Lokakuu 2020 

Sivumäärä – Sidoantal – Number of 
pages 
54 + 11 

Tiivistelmä – Referat – Abstract 

 
Ekosysteemimallinnus mahdollistaa monimutkaisten ekologisten prosessien tutkimisen ja ymmärryksen 
lisäämisen. Ekosysteemin kunnon määrittely on yksi tärkeimmistä mallin tehtävistä. Terve ekosysteemi sietää 
stressiä ja on vakaassa tilassa. Systeemin kunnon, dynamiikan ja esimerkiksi kalastuspaineen 
luonnehtimisessa on käytetty ekologista verkostoanalyysia ja ekologisia indeksejä. 
 
Suomen lounaisrannikolla sijaitsevan Saaristomeren ominaispiirteisiin kuuluvat suuret suolaisuuden gradientit, 
laajat saaristot ja matala keskisyvyys. Ihmisen toiminnalla ja ilmastonmuutoksella on ollut suuri vaikutus alueen 
ekosysteemiin. Laajaa tutkimusta ekosysteemimuutoksista ei ole kuitenkaan tehty, joten tarvitaan 
kokonaisvaltaisia malleja vahvistamaan muuttuvan ekosysteemin ymmärtämistä ja tukemaan 
ympäristövaikutusten hallintaa koskevien päätösten tekemistä. 
 
Tämän tutkimuksen tavoite oli selvittää, miten Saaristomeren ravintoverkko on muuttunut vuodesta 1990 
vuoteen 2014. Käyttäen Ecopath mallinnusohjelmaa, kolme massabalansoitua ravintoverkkomallia rakennettiin 
kuvaamaan vuosien 1990, 2000 ja 2014 Saaristomeren ravintoverkon tilaa. Ekosysteemin muutokset mitattiin 
vertailemalla laskettuja ekologisia indeksejä ja kalastuspaineen vaikutuksia 
 
Mallit huomioivat muutokset Saaristomeren ravintoverkossa kuten vieraslajien invaasio, hylkeiden ja 
merimetson kasvu ja turskakannan väheneminen. Mallit sisälsivät 23 (1990), 25 (2000) ja 27 (2014) eri 
funktionaalista ryhmää pedoista perustuotantoon ja detritukseen. Mallien laatu testattiin kolmen 
lähestymistavan avulla, joiden perusteella voidaan sanoa mallien edustavan riittävästi Saaristomeren 
ravintoverkkoa ja ekosysteemiä. 
 
Lasketut ekologiset indeksit osoittivat, että järjestelmän laajuisia muutoksia oli tapahtunut. Saaristonmeren 
ravintoverkon tila oli muuttunut tutkimusjakson aikana vähemmän kypsään, mutta vastustuskykyisempään 
suuntaan. Tämä johtui petolajien määrän kasvusta sekä suuremmasta perustuotannon määrästä ja 
virtauksesta detritukseen. Kalastuksen vaikutukset ekosysteemiin muuttuivat, kun kalastuskäytäntö muuttui 
teollisemmaksi. Muutoksia trofiatasoissa ja ekosysteemikoostumuksessa havaittiin, johtuen mm. vieraslajien 
invaasiosta ja huippupetojen, kuten hylkeiden ja merimetson kasvusta. Myös Kampelan vähenemisellä ja 
turskan epäonnistuneella elpymisellä oli vaikutusta ekosysteemiin ja sen kuntoon. 
 
Saaristomeren ravintoverkkoa on tutkittava lisää. Saaristomeri on stressaantunut ympäristö eikä näytä 
merkkejä elpymisestä. Tästä syystä nämä Ecopath-malleihin pohjautuvat simulaatiot voisivat helpottaa 
sopivimman ympäristönhoitosuunnitelman valintaa. Ekosysteemimallintamisen avulla tietämys Saaristomeren 
ekosysteemin toiminnasta ja sen tilasta voi vahvistua. 

Avainsanat – Nyckelord – Keywords 
 Ekosysteemimallintaminen, Ecopath with Ecosim, Ravintoverkko, Rannikkoympäristö, Saaristomeri, Itämeri 

Ohjaaja tai ohjaajat – Handledare – Supervisor or supervisors 
Riikka Puntila (SYKE), Leena Nurminen (HY) 

Säilytyspaikka – Förvaringsställe – Where deposited 
HELDA - Helsingin yliopiston digitaalinen arkisto / HELDA - Helsingfors universitets digitala publikationsarkiv /HELDA - 
Digital Repository of the University of Helsinki 
  

Muita tietoja – Övriga uppgifter – Additional information 

 

 



4 

 

Table of Contents 
1. INTRODUCTION ..................................................................................................................................... 5 

 Ecosystem modelling ...................................................................................................................... 5 

 Studying the changes of an ecosystem ............................................................................................ 6 

 Model quality control ..................................................................................................................... 7 

 The Baltic Sea and Archipelago Sea .............................................................................................. 8 

 Aim of the study .............................................................................................................................10 

2. MATERIAL AND METHODS .................................................................................................................. 11 

 Area of study ..................................................................................................................................11 

 Modelling approach ......................................................................................................................12 

 Functional groups .........................................................................................................................15 

 Ecopath parameterization .............................................................................................................16 

2.4.1 Basic input parameters ....................................................................................................................... 16 

2.4.2 Diet composition ................................................................................................................................ 17 

2.4.3 Additional parameters ........................................................................................................................ 17 

 Balancing the models ....................................................................................................................19 

 Studying the changes in the state of the ecosystem ........................................................................20 

 Model quality control ....................................................................................................................23 

2.7.1 PREBAL ............................................................................................................................................ 24 

2.7.2 Sensitivity analysis ............................................................................................................................. 24 

2.7.3 Pedigree index .................................................................................................................................... 25 

3. RESULTS ............................................................................................................................................. 26 

 Ecopath output parameters ...........................................................................................................26 

 Studying the changes in the food web ............................................................................................28 

3.2.1 Ecological indices ............................................................................................................................... 28 

3.2.2 Ecosystem structure indices ................................................................................................................ 29 

3.2.3 Fishing impact indices ........................................................................................................................ 33 

3.2.4 Change in non-indigenous species ...................................................................................................... 35 

 Model quality control ....................................................................................................................36 

3.3.1 PREBAL ............................................................................................................................................ 36 

3.3.2 Sensitivity analysis ............................................................................................................................. 37 

3.3.3 Pedigree index .................................................................................................................................... 38 

4. DISCUSSION ........................................................................................................................................ 39 

 Changes in the state of the food web .............................................................................................39 

 Quality of the models .....................................................................................................................41 

 Future steps ...................................................................................................................................42 

5. CONCLUSIONS ..................................................................................................................................... 43 

6. ACKNOWLEDGEMENTS ....................................................................................................................... 44 

REFERENCES................................................................................................................................................. 45 

APPENDIX ..................................................................................................................................................... 55 

 



5 

 

1. Introduction 

  Ecosystem modelling 

 

Marine ecosystems are the largest types of ecosystems on Earth. They hold an 

extraordinary variety of living organisms that have adapted to different conditions. While 

the Earth is over 70% covered by water, of which 96,5 % is salt water, we know rather 

little of the aquatic world compared to the terrestrial one (Morrissey & Sumich 2004). This 

is mainly due to the difficulty of direct observations since numerous areas in marine 

environment are impossible or very difficult to reach and study (Morissette 2007). Yet, it is 

known, that aquatic environments are under a lot of pressure. It is observed that many fish 

stocks have been declining for decades, large-scale fisheries are collapsing (Jackson et al. 

2001, Pauly et al. 2002) and climate change poses a constantly growing threat to marine 

ecosystems (Doney et al. 2012). The need for understanding the causes and consequences 

of these environmental phenomena and for studying them thoroughly, is growing 

(Morissette 2007).  

 

When it is impossible to measure the ecosystem processes or to conduct a field study, one 

possibility is to create an environmental model of the system. Modelling aquatic 

environments provides better knowledge of how different variables, internal or external, 

affect the ecosystem. The most fundamental part of ecological modelling is to understand 

how different organisms grow, move, behave and are in interaction with each other 

(Breckling et al. 2011b). According to Whipple et al. (2000) modelling is a tool to answer 

to the research question, not the goal. Whipple emphasizes that it is always 

recommendable to examine the research question and consider if a model is needed to help 

answer the question. Together with the question, the most fitting modelling approach is 

selected and can then be applied further (Breckling et al. 2011b). 

 

The history of ecological modelling goes back to 1920s when mathematicians Alfred Lotka 

and Vito Volterra developed, regardless of each other, a differential equation to portray the 

predator prey relation (Volterra 1926, Lotka 1926). Despite the simplicity of the model, it 

is regarded as the foundation of food web modelling (Breckling et al. 2011a). Raymond 

Beverton and Sidney Holt developed a discrete time logistic population model (Beverton & 
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Holt 1957) which is said to have been the corner stone of fishery science (Jennings et al. 

2009). 

 

Aquatic ecosystems were long studied from a single-species perspective. During the last 

decades the need to understand the ecosystem as a whole has grown and multispecies and 

system models have become more and more common (Morissette 2007). When the 

computers evolved in the 1960s, the environmental modelling and construction of 

simulations got easier (Hilborn & Walters 1992). The first ecosystem model, that can be 

seen as comparable to the modern ones, DYNUMES III (Laevastu & Larkins 1981) was 

created in the late 1970s to represent the Bering Sea food web.  

 

However, it wasn’t until the 1990s that the models took a step towards a more realistic 

approach to describe the functions of an ecosystem (Dunne et al. 2005).  The reception of 

ecosystem modelling was not all smooth. The complexity and multidimensionality of 

whole system modelling were seen as unpractical (Larkin & Gazey 1981) and even 

hopeless (Hilborn & Walters 1992). Subsequently, ecosystem modelling has become more 

common with less doubts in the future of the holistic perspective of studying marine 

environments (Christensen & Walters 2005). 

 

  Studying the changes of an ecosystem 

 

Ecosystem modelling gives us a tool to understand the complicated processes in an 

ecological system. It is however important to standardize the results so that they can be 

compared between systems and time periods. Different ecological indices as a 

measurement for the state of the ecosystem were presented by Odum (1971), and later the 

ecological network analysis (ENA) was introduced by Ulanowicz (1986). The analysis 

enables the representation of the interactions among species and functional groups in the 

food web and provides comprehension on ecosystem stability and resilience (Shannon et 

al. 2009, Tomczak et al. 2013, Heymans et al. 2014). The ecological indices calculated are 

used to define system health (Costanza 1992) and maturation (Christensen 1995).  

 

Fishery scientists and ecosystem modellers have used the analysis as a basis for 

characterising the state and dynamics of marine ecosystems and quantifying the impacts of 
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fishing (Cury & Christensen 2005). Fishing impact indicators include calculations of, for 

example, the proportion of primary production required to sustain fisheries and mean 

trophic level of the catch (Pauly et al. 1998, Christensen et al. 2008). With these the 

changes in exploitation by fishing can be represented and compared among different 

marine environments (Heymans et al. 2014). 

 

The ecological network indices of ecosystem change and fishery impacts used in this study 

are fully presented in section 2.6. 

 

  Model quality control 

 

Uncertainty has a natural role in modelling complex ecosystems since models are only 

simple drafts of complicated processes happening in marine environments (Niiranen et al. 

2012, Uusitalo et al. 2015). Regan et al. (2002) divided the sources of uncertainty into six 

classes: natural randomness, measurement errors, systematic errors, subjective judgement, 

natural variation, and model uncertainty. Natural randomness is a typical feature of an 

ecological system. It means that the environment has an inherent irregularity within it not 

explained by our lack of knowledge, and this randomness springs uncertainty. Systems, 

that are changing, are hard to predict because of natural variation. Measurement errors and 

systematic errors as well as subjective judgement might be the most measurable origins of 

uncertainty and therefore, they can be dealt rather easily in a probabilistic model (Uusitalo 

et al. 2015). 

 

Model uncertainty, as explained by Regan et al. (2002), is a result of making compromises 

while creating a representation of a natural process, which in nature is not mathematical. 

Model uncertainty is hard to assess and impossible to avoid. To maintain model quality, 

the possible origins of uncertainty should be reported and analysed throughout the 

modelling process (Uusitalo et al. 2015). 

 

While modelling, it is encouraged to use tools that define, describe and analyse the amount 

of uncertainty (Morissette 2007, Müller et al. 2011). For example in Ecopath with Ecosim 

modelling software (Christensen & Pauly 1992, 1993, Pauly et al. 2000) the uncertainty is 

analysed by classifying the input data based on the quality, or using the Monte Carlo -
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routine (Metropolis et al. 1953) in Ecosim to discover the most suitable statistical fit 

(Heymans et al. 2016, Steenbeek et al. 2018). Also, sensitivity analysis sensu Majkowski 

(1982) to highlight the most sensitive parameters to change has also become an important 

and useful tool to address uncertainty in ecosystem modelling (Morissette 2007). 

 

   The Baltic Sea and Archipelago Sea 

 

The Baltic Sea, located in Northern Europe, reaches from the Danish straits in the south, 

where the sea is also connected to the Atlantic Ocean, to the Bothnian Bay in the north and 

Gulf of Finland in the east (Winterhalter et al. 1981). The Baltic Sea was formed after the 

last glacial period when the ice-sheet covering Northern Europe retreated. The formulation 

was a result of thousands of years and different stages, the last of them being the Littorina 

Sea, where salt water flooded to the Baltic basin rising the salinity of the water. 

(Segerstråle 1957) 

 

Today, the Baltic Sea is known for its brackish water, low tidal impact on sea level and 

hypoxic areas as well as a decrease in richness of species from southwestern parts to the 

north (Segerstråle 1949). The saltwater inflows from the Danish straits bring oxygen-rich 

water to the area but these pulses have become more infrequent leading to a decrease in the 

state of the Baltic Sea (Hänninen et al. 2000, Suominen et al. 2010). 

 

As for many marine ecosystems, the Baltic Sea has also gone through changes. The most 

recent transition was in the late 1980s when the regime shift, originated from the North Sea 

where it affected every pelagic trophic level, reached the Baltic (Alheit et al. 2005). This 

resulted in the collapse of the Baltic cod (Gadus morhua, L.) stock. The collapse can be 

mostly explained by overfishing of the species but also climate change, temperature rise, 

and low salinity levels had an effect (Köster et al. 2003, Alheit et al. 2005). For example, 

lower salinity levels affected the abundance of marine copepod (Pseudocalanus sp, B.), 

which is an important prey item for larval cod, resulting in recruitment failure for the fish 

species (Möllmann et al. 2003). 

 

With the changing environment due to climate change and human impacts, the resilience of 

the ecosystems is tested. The Archipelago Sea, located in Northern Baltic Sea, has been 
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widely affected by human impact for decades. It has suffered from eutrophication resulting 

in for example increasing turbidity in water body and increase in algae blooms (Bonsdorff 

et al. 1997). The Archipelago Sea food web (Fig. 1) has gone through changes, for 

example after invasive species, like the round goby (Neogobius melanostomus, P.) and the 

harris mud crab (Rhithropanopeus harrisii, G.) have spread to the area (Ljungberg et al. 

2011, Kornis et al. 2012, Puntila et al. 2018). The effects of non-indigenous species and 

other factors on the food web dynamics are however yet to be thoroughly studied.  

 

 

Fig. 1. Archipelago Sea Food web in present day (2014), adapted from Riikka Puntila, SYKE 

 

A biogeochemical model, FICOS, has been constructed to model the water quality in 

different amount of loading in the Archipelago Sea (Lignell 2016, Lignell et al. 2018). The 

model is able to give results of system change regarding primary producers but not further. 

Thus, there is a need for holistic models both scientifically and societally to understanding 

the changing ecosystem thoroughly and to provide contribution in the decision-making 

processes of environmental management actions. 
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  Aim of the study 

 

The aim of this study is to find out how the state of the Archipelago Sea food web has 

changed from 1990 to 2014 by creating three steady-state trophic models of the study area 

and comparing the calculated ecological indices and fishing impact indicators. The goal is 

to also test the quality of the models and whether they represent the food web accurately. 

Finally, a deliberation of possible future steps is carried to out to point out challenges and 

opportunities in food web modelling of the Archipelago Sea. 

 

The modelling work for this study was first started in fall 2017 during an internship in the 

Finnish Environmental Institute SYKE for the project BLUEWEBS.  As an intern, I was in 

charge of data collecting and going through numerous databases to get an overview of the 

reliable data available as well as extrapolating the data needed. The model construction 

continued as a master’s thesis worker in 2018 in the same institute and was concluded 

during summer and early fall 2020. I constructed two of the three models (1990 and 2014) 

independently and based the modelling work of 2000’s model on the model by Riikka 

Puntila (SYKE).  

 

Participation in the Ecopath 35 years -conference and a three-day introductory course to 

Ecopath with Ecosim in St Petersburg, Florida in December 2019 deepened my 

understanding of ecosystem modelling and gave confidence in working with Ecopath. The 

ecological network analyses based on modelling results were carried by me, with a help of 

my supervisor Riikka Puntila and with guidance by Maciej Tomczak (Stockholm 

University).  
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2. Material and Methods 

  Area of study 

 

Archipelago Sea is located in the South-West coast of Finland in the Northern Baltic Sea 

(Fig. 2). It is characterized by large gradients in salinity and numerous islands (Virtanen et 

al. 2018). The Archipelago Sea is rather shallow with approximately 23 metres in mean 

depth and the deepest areas are in the outer archipelago, where the maximum depth can 

reach 100 m (Ymparisto.fi 2019). The area is also greatly affected by human impact as 

previously stated (Bonsdorff et al. 1997). The surface area of Archipelago Sea is 6190 km2 

and the area can be divided into three sections: inner, mid, and outer archipelago (EU 

2000). 

 

 

Fig. 2. Map of Archipelago Sea  
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  Modelling approach 

 

A trophic steady state model of the Archipelago Sea for three different years (1990, 2000 

and 2014) was constructed to represent the food web in different time periods using 

Ecopath modelling software and approach. The models capture changes in the system such 

as before and after the invasion of non-indigenous species, increase of cormorants, increase 

of seals, and decrease of cod.  

 

The Ecopath was first developed by Polovina (1984) and its main goal was to analyse and 

describe the energy flows in an aquatic ecosystem. Ecopath is a steady-state trophic model 

that has been further developed by Christensen and Pauly (1992, 1993, Pauly et al. 2000). 

In addition to Ecopath, Ecosim and Ecospace routines were developed to enable 

simulations in time and space (Walters et al. 1997, 1999).  

 

Ecopath constructs a mass-balanced model of an ecosystem by using the two master 

equations, where it estimates the unknown parameter by simultaneously solving all 

equations for each group (Christensen et al. 2008). (Fig. 3) 

 

 

Fig. 3. Ecopath master equations presented visually (adapted from Ainsworth 2019) 
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The first equation calculates the production term for each functional group included in the 

system: 

 

Production = Catches + Predation mortality + Biomass accumulation  

+ net migration + other mortality  Eq. 1 

 

𝑃𝑖 = 𝑌𝑖 +  𝐵𝑖𝑀2𝑖 + 𝐸𝑖  + 𝐵𝐴 𝑖 +  𝑃𝑖(1 − 𝐸𝐸𝑖) 

Where 

Pi  =  Total Production of group i 

Yi =  Total fishery catch rate for group i 

Bi  =  Biomass of group i 

M2i =  Total predation rate for group i 

Ei = Net migration (emigration – immigration) 

BAi = Biomass accumulation rate for group i 

M0i = Pi (1 – EEi) is the ‘other mortality’ rate for group i, fraction of group i’s 

production assumed to be dying from causes other than predation. EE is the 

ecotrophic efficiency 

 

The equation can be re-expressed as: 

𝐵𝑖 (
𝑃

𝐵
)

𝑖
= ∑ 𝐵𝑗 (

𝑄

𝐵
)

𝑗
× 𝐷𝐶𝑖𝑗 + 𝑌𝑖 +  𝐸𝑖 + 𝐵𝐴𝑗

𝑛

𝑗 = 1

+ 𝐵𝑖 (
𝑃

𝐵
)

𝑗
× (1 −  𝐸𝐸𝑖) 

Where,  

∑ 𝐵𝑗 (
𝑄

𝐵
)

𝑗
× 𝐷𝐶𝑖𝑗

𝑛
𝑗 = 1  = The fraction of production of group i (prey) is used by 

predator j 

(P/B)i   = Production of i per unit of biomass, equivalent to total 

mortality 

(Q/B)i   = Consumption of i per unit of biomass 

 

Ecopath then solves the equations simultaneously for each functional group (Fig 4.). 
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Fig. 4. A set of linear equations is simultaneously solved by ECOPATH for each functional group. 

 

To construct an Ecopath model, three out of four basic input parameters for each functional 

group must be added to the Ecopath’s basic input. These parameters are biomass (B, tons 

km2 year-1), production per biomass (P/B), consumption per biomass (Q/B) and eutrophic 

efficiency (EE). The input values for the models are presented in Tables 1a-1c.  

 

One parameter is left unknown for the Ecopath to estimate to ensure consistency 

(Ainsworth 2019). Production per biomass (P/B) and consumption per biomass (Q/B) are 

highly predictable based on group’s life history and trophic characteristics. Biomass 

accumulation and biomass are not predictable and should usually not be left for the 

modelling software to estimate. In most cases, as well as in this study, ecotrophic 

efficiency (EE) was the parameter left for Ecopath to estimate, except for the group 

Mysids.  

The second master equation calculates the energy balance of each group as follows: 

Consumption = production + respiration + unassimilated food Eq. 2 

This equation is used after the ‘missing’ parameters have been estimated to ensure mass 

balance for each group and the model. As first equation is the one gathering all the 

information available about the ecosystem components and their interaction and 

exploitations, the other serves as a ‘mass balance filter’ of Ecopath. (Christensen et al. 

2008) 

  



15 

 

  Functional groups 

 

The models consist of 23 (1990), 25 (2000) and 27 (2014) different functional groups from 

predators to producers and detritus. The groups were selected so that all the main 

ecological groups of Archipelago Sea food web were represented. The groups include 

homeotherms such as seals (Halichoerus grypus, F. and Pusa hispida, S.) and benthivorous 

birds (e.g. Somateria mollissima, L.) as well as the great cormorant (Phalacrocorax carbo 

sinensis, S.). The fish species or fish groups included in the models are piscivorous fish 

such as cod (Gadus morhua, L.), pikeperch (Sander lucioperca, L.), pike (Esox lucius, L.) 

and perch (Perca fluviatilis, L.), benthivorous fish (e.g. gobies, sculpins and flatfish), 

planktivorous fish such as herring (Clupea harengus, L.), sprat (Sprattus sprattus, L.) and 

three-spined stickleback (Gasteroteus aculeatus, L.). Other benthic feeders like predatory 

benthos, benthic bivalves, and other benthos as well as Mytilus trossulus, (L.), ‘the bay 

mussel’, are included.  

 

Models also include grazer groups such as zooplankton and invertebrate grazers and 

primary producers such as phytoplankton, cyanobacteria as well as benthic primary 

producers, ‘the bladder wrack’ Fucus vesiculosus, (L.) and filamentous algae. Models 

constructed with Ecopath must contain at least one detritus group which is the group where 

the “other mortality” expressed in the model equation end up (Christensen et al. 2008). 

Therefore, the last group, below the living groups, is detritus. 

 

The three non-indigenous species in this study, round goby (Neogobius melanostomus, P.), 

Harris mud crab (Rhithropanopeus harrisii, G.) and fishhook water flea (Cercopagis 

pengoi, O.), are not included in the 1990’s model because they had not yet invaded the 

study area. Also, the great cormorant was at one of its lowest levels (Vösa et al. 2018) in 

1990 and is therefore absent in the model. The 2000 model includes the great cormorant as 

well as the invasive species, fishhook water flea. In the 2014 model round goby and Harris 

mud crab were added as well as they were detected in 2005 and 2010, respectively 

(Karhilahti 2010, Ljungberg et al. 2011). The models do not contain age structured groups 

although Ecopath does provide this option. The complete list of functional groups or taxa 

included in the models is presented in Appendix, table A1. 
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  Ecopath parameterization 

2.4.1 Basic input parameters 

 

The biomass (B) of functional groups was expressed in tons per km2 and averaged over a 

one-year-period in the study area. Biomasses were also entered relative to the habitat area. 

It was assumed that even though some groups might experience changes in their biomass 

during the time period selected (one year in this study), an average value could be used 

(Christensen et al. 2008). All the biomasses were entered to the models, except for the 

group Mysids, where the biomass was estimated by Ecopath since there is no reliable 

estimate of their biomass due to poor monitoring. 

 

Most of the biomasses of invertebrates were obtained from the open access interface for 

environmental data provided from the Finnish Environmental Institute, SYKE Hertta and 

Pohje databases. Also, VELMU, The Finnish Inventory Programme for the Underwater 

Marine Environment distribution data was used to estimate the biomass of benthic primary 

producers. Biomass estimates for zooplankton were obtained from Archipelago Research 

Station’s monitoring data. For fish species and groups, the biomasses originated from 

Natural Resources Institute Finland, Luke.  

 

Production per biomass ratio (P/B) is equivalent to the rate of total mortality (‘Z’). The P/B 

is the sum of fishery mortality, predation mortality, net migration (if included in the 

model), biomass accumulation and other mortality (Christensen et al. 2008). Consumption 

captures the amount of food one group has consumed over the study period and is input 

into Ecopath as the ratio of consumption and biomass (Q/B). (Christensen et al. 2008) 

Production per biomass (P/B) and consumption per biomass (Q/B) input parameters were 

obtained from literature or calculated based on Fishbase.org parameters.  

 

Ecotrophic efficiency (EE) describes the mortality that is not entered elsewhere in to the 

model and it is physically impossible for a functional group to be a part of a balanced food 

web and have predation more than it can sustain (Ainsworth & Walters 2015). Ecotrophic 

efficiency was estimated by Ecopath in all cases except for the group Mysids (see above). 

Also, the net migration was estimated for Herring by entering all four parameters. 
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The full list of references for all the input parameters can be found in the Appendix table 

A2.  

 

2.4.2 Diet composition 

 

In Ecopath, diet compositions are important in order to inform the model about predator-

prey relationships. The diet composition data was derived from literature, unpublished data 

available and amended based on existing relative biomasses in the model. The diet 

composition matrix for each model as well as the full list of references can be found in the 

Appendix (table A2 and tables A3-A5). 

 

2.4.3 Additional parameters 

 

As an additional parameter, landings of fish species were calculated according to Natural 

Resources Institute Finland’s commercial and recreational catch. Landings represent the 

impact of fishery, “human predation”, to the ecosystem. The fleets used in the models were 

nets, traps, lines, ‘other’ and trawls. Also, hunting, and recreational fishing are included in 

the models. The references can be found in the Appendix Table A2. 

 

Table 1a. Basic input parameters of 1990’s model. B is Biomass (t/km2/year), P/B is production 

per biomass ratio, Q/B is consumption per biomass ratio and EE is Ecotrophic efficiency. Landings 

represent the fishing predation (t/km2/year). Estimated by Ecopath in bold. 

 Functional group B P/B Q/B EE Landings 

1 Seals 0.003723 0.1 16.28  0.00002 

2 Cod 0.09485 0.89 3.81  0.06147 

3 Pikeperch 0.238314 0.84 4.9  0.04947 

4 Pike 0.637657 0.57 2.5  0.1401 

5 Perch 0.959985 0.615 4.84  0.2274 

6 Benthivorous birds 0.011708 0.36 18.25  0.002 

7 Benthivorous fish 1.023376 0.985 4.212121  0.07137 

8 Herring 7.327472 1.185 4.4 0.75 4.0475 

9 Sprat 0.445044 1.55 6.77  0.02032 

10 Three-spined stickleback 0.8 0.9 3.85   

11 Cyprinids 10 0.45 2.1  0.17008 

12 Mysids 1.16683 4.5 14.89 0.75  

13 Predatory benthos 1.092487 2 9.7   

14 Invertebrate grazers 5 2.7 13.875   
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15 Mytilus trossulus 9.143781 1.75 8.73   

16 Benthic bivalves 18.2533 0.4 2   

17 Other benthos 6 6.17 31.17   

18 Zooplankton 9.513479 20 88   

19 Fucus vesiculosus 4.5 3.3    

20 Filamentous algae 4 23    

21 Phytoplankton 6.385334 150    

22 Cyanobacteria 0.225126 135    

23 Detritus 150     

 

 

Table 1b. Basic input parameters of 2000’s model. B is Biomass (t/km2/year), P/B is production 

per biomass ratio, Q/B is consumption per biomass ratio and EE is Ecotrophic efficiency. Landings 

represent the fishing predation (t/km2/year). Estimated by Ecopath in bold. 

 Functional group B P/B Q/B EE Landings 

1 Seals 0.016343 0.1 16.28  0.00002 

2 Great cormorant 9.04E-06 0.2 66.3   

3 Cod 2.98E-05 0.89 3.81  0.00002 

4 Pikeperch 0.255449 0.84 4.9  0.07956 

5 Pike 0.375229 0.57 2.5  0.09956 

6 Perch 1.172394 0.615 5.28  0.32174 

7 Benthivorous birds 0.005854 0.36 18.25  0.002 

8 Benthivorous fish 1.691179 0.985 4.212121  0.0113 

9 Herring 5.850959 1.185 4.4 0.75 1.22475 

10 Sprat 2.081165 1.55 6.77  0.35859 

11 Three-spined stickleback 0.85 0.9 3.85   

12 Cyprinids 10 0.45 2.1  0.0636 

13 Cercopagis pengoi 0.001092 10 40   

14 Mysids 1.29034 4.5 14.89 0.75  

15 Predatory benthos 1.95 2 9.7   

16 Invertebrate grazeres 5.269162 2.7 13.875   

17 Mytilus trossulus 8.6 1.75 8.73   

18 Benthic bivalves 25 0.4 2   

19 Other benthos 6 6.17 31.17   

20 Zooplankton 5.288639 20 88   

21 Fucus vesiculosus 3.5 3.3    

22 Filamentous algae 4 23    

23 Phytoplankton 7.258744 150    

24 Cyanobacteria 0.403982 135    

25 Detritus 150     
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Table 1c. Basic input parameters of 2014’s model. B is Biomass (t/km2/year), P/B is production 

per biomass, Q/B is consumption per biomass and EE is Ecotrophic efficiency. Landings represent 

the fishing predation (t/km2/year). Estimated by Ecopath in bold. 

 Functional group B P/B Q/B EE Landings 

1 Seals 0.07 0.1 16.28  0.00002 

2 Great cormorant 0.00192 0.2 66.3   

3 Cod 3.30E-05 0.89 3.81  0.00002 

4 Pikeperch 0.22894 0.84 4.9  0.03465 

5 Pike 0.139355 0.57 2.5  0.04375 

6 Perch 0.915493 0.615 4.84  0.1033 

7 Benthivorous birds 0.00115 0.36 18.25  0.00033 

8 Benthivorous fish 0.42 0.985 4.212121  0.0024 

9 Round goby 0.53938 1.74 5.9   

10 Herring 10.5 1.185 4.4 0.75 4.12316 

11 Sprat 1.6505 1.55 6.77  0.93875 

12 Harris mud crab 0.843969 4.3 7   

13 Three-spined stickleback 0.94 0.9 3.85   

14 Cyprinids 13.4 0.45 2.1  0.07948 

15 Cercopagis pengoi 0.17472 10 40   

16 Mysids 1.57373 4.9 14.89 0.75  

17 Predatory benthos 1.675775 2 9.7   

18 Invertebrate grazers 5.4 2.7 13.875   

19 Mytilus trossulus 7.82 1.75 8.73   

20 Benthic bivalves 30 0.4 2   

21 Other benthos 3 6.17 31.17   

22 Zooplankton 3.929069 20 88   

23 Fucus vesiculosus 2.273754 3.3    

24 Filamentous algae 4.5 23    

25 Phytoplankton 11.30702 150    

26 Cyanobacteria 0.400651 135    

27 Detritus 150     

 

 

  Balancing the models 

 

After all the input parameters were entered to the modelling software, the models had to be 

balanced. To obtain a balanced model, the value of ecotrophic efficiency (EE) must be 

under 1. Ecotrophic efficiency is often the parameter that is left for Ecopath to estimate and 

this was done for this study as well. The EE value is close to 1 for most of the groups 

except those that die outside of system, are not predated (e.g. large predators) or those who 

die from factor not considered in the system (e.g. disease, old age). Small animals are not 

considered to ever die from old age. (Ainsworth & Walters 2015) 
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In a situation where the EE was found to be over 1 for a certain group, meaning the model 

was unbalanced, the mortality rates were taken under examination (Heymans et al. 2016). 

Often in those cases there was too much predation targeted to the group in question and it 

was solved by looking at the predator-prey interaction matrix (Appendix Tables A3-A5) or 

rechecking the biomasses of predator and prey groups (Tables 1a-c).  

 

It is more recommendable to change the parameters that are less accurate than others (e.g. 

biomass) in order to achieve a model representation that has as little uncertainty as possible 

(Christensen et al. 2008). The ecotrophic efficiency values for each functional group in 

balanced models are presented in table 3 in results (section 3.1) with other estimated output 

parameters. 

 

 

  Studying the changes in the state of the ecosystem 

 

Ecological indices for ecosystem change based on the ecological network analysis (sensu 

Ulanowicz 1986) and indices for fishing impacts were calculated to describe the changes in 

the food web dynamics of the study area between modelling years.  

 

Indices selected to describe the structure of the ecosystem were total system throughput 

(TST), ascendency (A), capacity (C), relative ascendency (A/C), redundancy (R), average 

mutual information (AMI), entropy (H), mean path length (MPL) and Kempton Q index 

(Q). Structural indices included also the indices describing ecosystem recycling such as, 

Finn’s cycling index (FCI), predatory cycling index (PCI), proportion of flows into detritus 

(PFD), system turnover rate (TP/TB) and total production per total respiration (TPP/TR).  

 

Fishing impact indices included total primary production required to sustain fishery per 

primary production (PRR/PP), mean trophic level of catch (mTLc) and total catch (TotC). 

The selected indices and their definitions are presented in Table 2. Indices were calculated 

based on Ecopath basic output parameters (Tables 4) and respiration parameters 

(Appendix, A6-A8). 
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Table 2. Ecological indices and their definitions. Adapted from Tomczak et al. (2013). 

Indices Formula Definition 

TST =
ij

ijTTST  

Total system throughput is the sum of all 

flows. It can be seen as the representation 

of the size of the system concerning flows 

(Ulanowicz 1986) and it implicates while 

decreasing that the system is becoming 

more deteriorated (Shannon et al. 2009). 

C  







=

ij

ij

ij
TST

T
TC log  

The development capacity measures the 

ecosystem development potential 

(Shannon et al. 2009) and represents also 

the theoretical maximum of ascendency 

(Ulanowicz 1986). This means that when 

the development capacity is at its highest, 

the ecosystem is as mature as it can be. 

A  
















=

ji ij

ij

ij
TT

TSTT
TA

,

log)(

 

The ascendency increases as the system 

becomes more mature and is a description 

of growth and development (Ulanowicz 

1986). 

A/C A/C 

The relative ascendency (A/C) is the ratio 

of ascendency and capacity. It enables the 

comparison between different systems 

and is negatively related to maturity 

(Heymans et al. 2014). 
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The redundancy can be described as an 

index of resilience of the system 

(Heymans et al. 2007). According to 

Heymans (2003) internal overhead (Φ) 

can be used as a measure of redundancy 

and resilience. 

AMI  





















=

ji ij

ijij

TT

TSTT

TST

T
AMI

, *

*
log*  

Average Mutual Information (AMI) 

measures the exchanges between groups 

and components. An increase implicates 

that the system is restraining. (Ulanowicz 

& Abarca-arenas 1997) 
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H 







−= 

TST

T

TST

T
H

ij

ij

ij
log  

Entropy (Ulanowicz 1986), or in other 

words, Shannon’s diversity index, 

measures the species diversity in a 

community. It increases with diversity 

increasing. 

MPL 
MPL = throughput/sum of exports + 

respiration 

The mean path length (MPL) describes 

how many groups the flow passes through 

(Finn 1976). When fishing increases, the 

mean path length is expected to decrease 

(Shannon et al. 2009). 

Q 
𝑄90 =

0.8𝑆

log (
𝑅2

𝑅1
)
 

Kempton Q index (Q) includes functional 

groups with a trophic level (TL) of three 

or higher. Increase in Q therefore suggest 

an increase in biomass of high TL groups. 

(Ainsworth & Pitcher 2006) 

FCI 𝐹𝐶𝐼 =
𝑇𝑆𝑇𝑐

𝑇𝑆𝑇𝑡𝑜𝑡

 

The Finn’s cycling index (Finn 1976) 

represents the proportion of total system 

throughput (TST) that is recycled back to 

the system. It is an indicator of the 

recovery time to conserve nutrients. The 

lower the FCI value is, the longer it takes 

for the system to recover, especially in a 

degraded situation (Vasconcellos et al. 

1997, Shannon et al. 2009).  

PCI 𝑃𝐶𝐼 =
𝑇𝑆𝑇𝑛𝑜 𝑑𝑒𝑡

𝑇𝑆𝑇𝑡𝑜𝑡
 

The Predatory Cycling index is very 

similar to FCI but there the detritus is 

excluded. Short PCI indicates a disturbed 

system (Christensen 1995). 

PFD 
Proportion of total flows that flow into the 

detritus 

Increases with fishing impact (Shannon et 

al. 2009) 

ToTP/ToTB Total Production / Total Biomass ratio 

The system turnover rate describes the 

mean size of organisms and is studied to 

increase with fishing (Shannon et al. 

2009). 
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TPP/TR 
Total primary productivity / Total system 

respiration ratio 

Total primary productivity per total 

system respiration (TPP/TR) is an 

indicator of system maturity. The closer 

the value is to 1, the more mature the 

system is. (Odum 1953) 

PRR  














=

paths ij

ij

jj

j

i

i DC
EEP

Q

P

Y
PPR

,

,  

Primary production required (PPR) to 

sustain fisheries allows the comparison of 

fishing activities (Pauly & Christensen 

1995). It is known to increase with fishing 

intensity. 

mTLc 


 

=

j

j

j

j

j

Y

TLY

mTLc  

The mean trophic level of catch is the 

average trophic level of caught species 

(Pauly et al. 1998). It decreases with 

fishing intensity (Shannon et al. 2009). 

 

In addition to the indices mentioned above (Table 2) trophic level of the community 

(TLcom), total catch (Tot C) and total catch per fleet were taken under examination. 

Trophic level of the community can indicate changes in system trophic composition 

(Shannon et al. 2009). Also, the total biomass per total system throughput as an indicator 

of maturity (Christensen 1995) was calculated among other statistical parameters. 

 

As the models included the invasion of three non-indigenous species, their biomass in 

different modelling years and the change in proportion of total biomass were examined. 

The changes in abundance of cod, benthivorous fish, seals and cormorant were also 

observed.  

 

  Model quality control 

 

In order to thoroughly investigate and test any uncertainties that the models could have, 

three tests were carried out: 

 

1. PREBAL approach (Link 2010) 

2. Sensitivity analysis (Majkowski 1982) 

3. Pedigree index (Pauly et al. 2000) 
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2.7.1 PREBAL 

 

Ecosystems have certain overarching properties, for example thermodynamics and the 

nature of predator-prey interactions. To ensure that the ecosystem models represent the 

biological processes and other properties as accurately as possible the PREBAL approach 

(Link 2010) was used. The PREBAL process was implemented using R and a script 

written by Barbara Bauer (Stockholm University). 

 

In the PREBAL approach certain steps are made to check whether the model reflects the 

studied food web properly. The steps are: 

 

1. The biomass declines as trophic level increases with the slope on a logarithmic 

scale between negative 5-10 %,  

2. Range of biomass should span 5 to 7 orders of magnitude across all groups, 

3. Ratio of predator biomass to prey biomass should not approach or exceed 1,  

4. Consumption (Q/B), production (P/B) and respiration (R/B) should generally 

decline with increasing trophic level, and  

5. Predator Q/B, P/B and R/B should be less than their prey. 

 

As a preparation for the PREBAL, the basic estimates (Table 4) and diet compositions 

(Appendix, Tables A3-A5) as well as the respiration data (Appendix, Tables A6-A8) from 

the Ecopath software for each model were extracted. The groups were organized in the 

order of increasing trophic level and then by names alphabetically. After this, the steps 

mentioned above were taken. 

 

2.7.2 Sensitivity analysis 

 

Sensitivity analysis (Majkowski 1982) is a way to test how sensible models are to small 

changes. The analysis gives information of the parameter sensitivity, that is, pointing out 

the parameters that are the most sensitive to change.  A simple routine was carried out to 

test the sensitivity of the three models in this study. Sensitivity analysis routine was 

introduced into the previous versions of Ecopath but then removed and implemented into 
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Ecosim. This is why the sensitivity analysis was performed manually by changing the 

parameters one by one using One-at-a-time (OAT) approach. 

 

The basic input parameters (biomass, production/biomass, and consumption/biomass) of 

four functional groups for all models were changed from -50% to +50% separately to see 

how the estimated parameters change in each case. The functional groups selected to this 

analysis were: great cormorant (not included in 1990’s model), cod, pikeperch and mysids. 

These groups were estimated to have the most affect to their prey and where therefore 

chosen. 

 

2.7.3 Pedigree index 

 

The pedigree index routine is implemented in the Ecopath modelling software (Christensen 

et al. 2005). It enables the comparison of models in terms of uncertainty and quality, even 

though the models are from different areas and with different amount of functional groups 

(Morissette 2007). A pedigree indicator score was addressed to each input parameter based 

on the source of information. This was done using the index value scale ranging from 0.0 

to 1.0 (Table 3).  

 

Biomass (B) is very hard to estimate accurately over the whole model area and that is why 

the pedigree index scale is weighted so that local observations have more value to the total 

index. Ecopath relies highly on accurate diet composition and fishing catches, so the index 

value scale is constructed accordingly.  For production per biomass (P/B) and consumption 

per biomass (Q/B) the parameter values can be more easily estimated based on for example 

empirical relationships and this is taken into account. (Christensen et al. 2008)  
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Table 3. Pedigree index values and scale for estimating the pedigree for biomass (B), diet 

composition, catch, production per biomass (P/B) and consumption per biomass (Q/B) 

 B Index Diet Catch Index  P/B, /B Index 

1 
Estimated by 

Ecopath 
0.0 

General knowledge 

of related 

group/species 

Guesstimate 0.0 1 
Estimated by 

Ecopath 
0.0 

2 
From another 

model 
0.0 

From another 

model 

From another 

model 
0.0 2 Guesstimate 0.1 

3 Guesstimate 0.0 

General knowledge 

of same 

group/species 

FAO statistics 0.2 3 
From another 

model 
0.2 

4 
Approximate or 

indirect method 
0.4 

Qualitative diet 

composition study 

National 

statistics 
0.5 4 

Empirical 

relationship 
0.5 

5 
Sampling/locally

low precision 
0.7 

Quantitative, but 

limited diet 

composition study 

Local study, 

low precision/ 

incomplete 

0.7 5 

Similar species, 

similar system,  

low precision 

0.6 

6 
Sampling/locally

high precision 
1.0 

Quantitative, 

detailed, diet 

composition study 

Local study, 

high 

prevision/ 

complete 

1.0 6 

Similar species, 

same system,  

low precision 

0.7 

      7 

Same species, 

similar system,  

high precision 

0.8 

      8 

Same species,  

same system,  

high precision 

1.0 

 

After pedigree index value for each type of input parameter was entered, Ecopath 

calculated the overall pedigree for the model. This routine was done for each of the 

models.  

 

 

3. Results 

 

The results below show how the state of the Archipelago Sea food web has changed from 

1990 to 2014 based on the calculated ecological indices and fishing impact indicators. 

Furthermore, the quality of the models was confirmed by sensitivity analysis, pedigree and 

PREBAL procedure. 

 

 

  Ecopath output parameters  

 

All the models were balanced, and the output parameters calculated by Ecopath (Table 4). 

The mean ecotrophic efficiency was 0.634 (1990), 0.589 (2000) and 0.577 (2014). The 
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output parameters were used to calculate the ecological indices to point out possible 

changes in the ecosystem (see section 3.2, table 5).  

 

Table 4. Basic estimated output parameters. TL is trophic level, EE is ecotrophic efficiency and 

P/Q is production per consumption (/year). Input values in bold. 
 

1990 2000 2014  
TL EE P/Q TL EE P/Q TL EE P/Q 

Seals 4.09 0.862 0.006 4.09 0.814 0.006 4.07 0.803 0.006 

Great cormorant       4.23 0.775 0.003 4.31 0.8 0.003 

Cod 3.76 0.908 0.234 3.76 0.806 0.234 3.73 0.647 0.234 

Pikeperch 4.10 0.505 0.171 4.08 0.418 0.171 4.11 0.417 0.171 

Pike 4.10 0.517 0.228 4.10 0.614 0.228 4.11 0.712 0.228 

Perch 3.88 0.797 0.127 3.88 0.646 0.116 3.67 0.751 0.127 

Benthivorous birds 3 0.475 0.02 3 0.951 0.02 3 0.807 0.02 

Benthivorous fish 3.16 0.741 0.234 3.16 0.446 0.234 3.16 0.851 0.234 

Round goby             3.04 0.002 0.295 

Herring 3.03 0.75 0.269 3.03 0.75 0.269 3.03 0.75 0.269 

Sprat 3.03 0.706 0.229 3.03 0.399 0.229 3.03 0.570 0.229 

Harris mud crab             2.82 4.8E-06 0.229 

Three-spined stickleback 3.03 0.787 0.234 3.03 0.929 0.234 3.03 0.554 0.234 

Cyprinids 3.06 0.867 0.214 3.06 0.982 0.214 3.06 0.443 0.214 

Cercopagis pengoi       3 0.063 0.25 3 0.052 0.25 

Mysids 2.63 0.75 0.302 2.63 0.75 0.302 2.61 0.75 0.329 

Predatory benthos 2.49 0.957 0.206 2.49 0.688 0.206 2.49 0.534 0.206 

Invertebrate grazers 2 0.451 0.195 2 0.472 0.195 2 0.775 0.195 

Mytilus trossulus 2 0.379 0.2 2 0.424 0.2 2 0.722 0.2 

Benthic bivalves 2 0.729 0.2 2 0.627 0.2 2 0.556 0.2 

Other benthos 2 0.328 0.198 2 0.441 0.198 2 0.96 0.198 

Zooplankton 2 0.240 0.227 2 0.484 0.227 2 0.981 0.227 

Fucus vesiculosus 1 0.467 
 

1 0.633 
 

1 0.999 
 

Filamentous algae 1 0.715 
 

1 0.765 
 

1 0.707 
 

Phytoplankton 1 0.88 
 

1 0.437 
 

1 0.212 
 

Cyanobacteria 1 0.310 
 

1 0.106 
 

1 0.086 
 

Detritus 1 0.470 
 

1 0.311 
 

1 0.134 
 

 

As part of Ecopath modelling approach, the software created a visual representation of the 

trophic flows in the ecosystem. The flow diagrams for each model are presented in the 

appendix (Fig. A7-A9) and are composed of round boxes for each functional group. These 

boxes are proportionally sized to the biomass they represent.  
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  Studying the changes in the food web 

3.2.1 Ecological indices  

 

The ecosystem indices extracted from the models showed that there had been system wide 

changes (Table 5). The changes occurred are more closely presented in following sections. 

 

Table 5. Calculated ecological indices 

Indices Value Unit 

 1990 2000 2014 
 

Sum of all consumption 1309.572 968.7629 796.3196 t/km2/year 

Sum of all exports 340.7409 686.9177 1404.671 t/km2/year 

Sum of all respiratory flows 759.2857 564.9801 461.4673 t/km2/year 

Sum of all flows into detritus 630.68 989.0306 1611.381 t/km2/year 

Sum of all production 1383.414 1456.929 2036.733 t/km2/year 

Calculated total net primary production 1095.042 1246.899 1861.144 t/km2/year 

Total primary production/total respiration 1.4422 2.206979 4.033101 
 

Net system production 335.7564 681.9191 1399.677 t/km2/year 

Total primary production/total biomass 12.61243 13.72322 18.29935 
 

Total biomass/total throughput 0.028557 0.028308 0.023797 t/km2/year 

Total biomass (excluding detritus) 86.82246 90.86057 101.7055 t/km2/year      

Throughput cycled excluding detritus  0.26753 0.41817 0.34717 
 

Throughput cycled including detritus  126.94 118.164 68.5157 
 

Ascendency 2844.67 2413.19 2908.14 Flowbits 

Capacity 7391.05 8090.82 8752.86 Flowbits 

     

Finn's straight-through path length 

(excluding detritus) 

2.32235 2.15721 2.22893 
 

Finn's straight-through path length 

(including detritus) 

2.64843 2.46947 2.25349 
 

TL of community 1.411235 1.425987 1.464804 
 

Gross efficiency (catch/net p.p.) 0.004398 0.002871 0.002862 
 

     

Ecosystem structure indices       
 

Total system throughput 3040.279 3209.691 4273.839 t/km2/year 

Relative ascendency 38.5% 29.8% 33.2% % 

Redundancy 4546.6 5677.62 5874.43 Flowbits 

Relative overhead  39.3446 45.2671 42.1538 % 

Average mutual information 0.935661 0.751845 0.680451 
 

Entropy (Shannon diversity index) 2.463097 2.441555 2.347267 
 

Finn's mean path length 2.76382 2.56386 2.2902 
 

Total biomass per TST 0.02856 0.02831 0.0238 t/km2/year 

Kempton Q index 1.616573 1.118058 2.153614 
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Finn's cycling index 4.17528 3.68148 1.60314 
 

Predatory cycling index 0.015039 0.033952 0.03303 
 

System turnover rate 15.93383 16.03478 20.02579 
 

Proportion of flows into detritus (PFD) 21% 31% 38% % 

Total primary production/total respiration 1.4422 2.206979 4.033101 
 

     

Fishing impact indices       
 

Primary production required to sustain 

catch per Primary production 

37.3945 17.4542 5.71035 % 

Mean trophic level of the catch 3.130262 3.156156 3.057776 
 

Total catch 4.81558 3.579705 5.325869 t/km2/year 

 

3.2.2 Ecosystem structure indices 

 

Total system throughput (TST), representing the sum of all flows in the ecosystem, has 

increased especially in 2014 (fig. 5). This can implicate that the system was less 

deteriorated in 2014 than in 1990 or 2000 (Shannon et al. 2009).  

 

 

Fig. 5. Total system throughput (TST) and the change compared to 1990 

The results show that there has also been a change in maturity. Total primary production 

per total respiration (TPP/TR) values have increased from 1990 to 2014 (Fig. 6). Values 

close to 1 indicate a mature ecosystem (Odum 1953) so according to this, the system has 

been more mature in 1990 than in 2014. 
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Fig. 6. Total primary production per total respiration (TPP/TR) 

 

Ascendency (A), which describes the system growth (Ulanowicz 1986), and relative 

ascendency (A/C), which is negatively related to maturity and more commonly used to 

compare model results (Heymans et al. 2014), did not show notable changes (Fig. 7).  

 

 

Fig. 7. Ascendency (A, flowbits) and relative ascendency (A/C, %)  
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Redundancy increased in the system already in 2000 and then again in 2014 (Fig. 8). 

Redundancy can be seen as the measure of resilience (Heymans et al. 2007), therefore the 

ecosystem has become more resilient to changes. However, the Finn’s cycling index (Fig. 

9) has decreased, indicating that the recovery time of the ecosystem has gotten longer 

(Shannon et al. 2009). Yet, the FCI values were rather low already in 1990 compared to 

other ecosystems (Ullah et al. 2012). 

 

 

Fig. 8. Change in redundancy (R) compared to 1990 

 

 

Fig. 9. Change in Finn’s cycling index (FCI) compared to 1990 
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Calculations of predatory cycling index (PCI) showed a considerable increase from 1990 to 

2000 (Fig. 10). The PCI values were however found to be rather short compared to some 

other systems (Heymans & Baird 2000, Heymans 2003) which means that the system, no 

matter the change, is disturbed (Christensen 1995). 

 

 

Fig 10. Change in predatory cycling index (PCI) compared to 1990 

 

Proportion of flows into detritus increased by over 80% during the study period (Fig. 11).  

Also, the average mutual information (AMI) decreased from 0.93 to 0.68 (Table 5), which 

is a sign of a less efficient system (Ulanowicz & Abarca-arenas 1997). 

 

 

Fig 11. Proportional flow to detritus and change compared to 1990.  
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System turnover rate, which indicates the average size of ecosystem organisms (Shannon 

et al. 2009), increased as well (Table 5). No changes were detected in entropy (H), 

however, the Kempton Q index was at its highest in 2014 indicating that the diversity of 

predator species has grown (Ainsworth & Pitcher 2006).  

 

The ecosystem structure indices indicate that there has been structural change in the 

ecosystem, which can be seen especially in the decrease of system maturity and increase of 

resilience but also in the increase of proportional flow to detritus. 

 

3.2.3 Fishing impact indices 

 

Primary production required to sustain catch was calculated in t/km2/year and per primary 

production to show the percentage of primary production used to maintain catches. The 

results show a decrease compared to 1990 (Fig. 12). This means that the catches need less 

primary production. 

 

Fig. 12. Primary production required to sustain catches (PPR). The primary production required 

per primary production (PPR/PP) shows the percentage of PP used to sustain catches. 
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influenced the mean trophic level of the catch and it is shown also in the changes in trophic 

level of the catch and total catch (Fig. 14). Total catch was 4.82 t/km2/year in 1990, 

decreased to 3.58 t/km2/year in 2000 and increased to 5.33 t/km2/year in 2014. 

 

 

Fig. 13. Changes in trophic level of the catch and trophic level of the during the study 

period 

 

 

Fig. 14. Changes in total catch and trophic level of the catch during the study period 

 

 

The change in total catch per fleet from 1990 to 2014 (Fig. 15) show a change in practising 

fishery as the use of trawls has grown in recent years. This is seen also in the total catch as 

-4.00%

-3.00%

-2.00%

-1.00%

0.00%

1.00%

2.00%

3.00%

4.00%

1990 2000 2014

Changes in TL of the catch and TL of the 
community

TL Catch TL Community

-5%

-4%

-3%

-2%

-1%

0%

1%

2%

3%

4%

5%

-30%

-20%

-10%

0%

10%

20%

30%

1990 2000 2014

C
h

an
ge

 in
 T

L 
o

f 
ca

tc
h

C
h

an
ge

 in
 t

o
ta

l c
at

ch

Changes in Catch TL and Total Catch

Total catch TL of catch



35 

 

lower trophic level fish, such as herring and sprat which are usually caught by trawling 

(Natural Resources Institute, Finland, commercial catch data), represent the largest 

proportion of the total catch in 2014. 

 

 

 

Fig 15. Change (%) in total catch per fleet from 1990 to 2014  
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Fig. 16. Total biomass (t/km2/year) of non-indigenous species each modelling year and the change 

in proportion of total biomass (TB, %) 
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homeotherms and Cercopagis pengoi in models 2000 and 2014. All the results of the 

PREBAL are presented in Table 6.  

 

Table 6. Food web diagnostics used to evaluate all the Archipelago food web models according to 

Link (2010) 

Class of diagnostics Rules of thumb Result Notes 
 

Biomass across 
taxa/Trophic levels 

Biomass should span 5-7 orders of 
magnitude 

OK 
  

 
Slope (on log scale) should be 5-10% 
decline 

OK  

 
Few taxa notably above or below 
slope-line 

OK Exception for homeotherms, invasive species, cod, and 
cyprinids 

Biomass ratios Predator B less than that of their prey OK 
 

    

Vital rates across 
taxa and trophic 

levels 

Decline of Q/B, P/B and R/B along 
increasing TLs 

OK 
 

 
A few taxa notably above or below 
slope-line 

OK 
 

     

Vital rate ratios Predator vital rate less than that of 
their prey 

OK 
 

 
P/B across taxa less than P/B of PP OK 

  

 
P/Q less than 1 for each taxa OK 

  

 
P/R less than 1 for each taxa OK 

  

     

Total production 
and removals 

Q by a taxa greater than its own P OK 
 

 
Total, scaled P, Q and R decline along 
increasing TLs 

OK 
 

 

 

3.3.2 Sensitivity analysis 

 

The sensitivity analysis was performed by changing the input parameters of four functional 

groups one by one. In a result, the changes in output parameters (mostly ecotrophic 

efficiency, EE) ranged from less than 1 % to 25% (Fig. 17). The biggest effect was on 

perch and benthivorous fish when the biomass or consumption per biomass of pikeperch 

was increased by 50%.  
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Fig. 17. Change in input parameter resulting in change in Ecotrophic Efficiency (EE). *) Great 

cormorant did not have any impact on other modelling years, same for cod. 

 

3.3.3 Pedigree index 

Pedigree routine implemented in Ecopath calculated the overall pedigree for each model. 

The value ranged from 0.72 (1990) to 0.76 (2014) (Table 7). The pedigree value can range 

from 0.0 to 1.0 and values closer to 1 signify a more confident origin of data. 

 

Table 7. Overall pedigree of each model.  

Model Ecopath pedigree 

1990 0.72 

2000 0.73 

2014 0.76 
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4. Discussion 

  Changes in the state of the food web  

 

When studying the changes in an ecosystem, the system health is one of the main 

characteristics to define. Mageau et al (1998) stated that a healthy ecosystem is a system, 

that can endure stress and is in stable state. Furthermore, good ecological state is a goal in 

national and international policies (Water Framework Directive, EU 2000, Marine Strategy 

Framework Directive, EU 2008) which also offer tools to regain the health in different 

aquatic environments, in coastal ecosystems for instance. However, defining more specific 

recovery targets and indicators is needed when deciding on the most suitable management 

measures (Duarte et al. 2015).   

 

Ecological indices calculated in this study indicate that Archipelago Sea food web has 

overgone changes from 1990 to 2014. Changes related to the global climate change, such 

as increase in sea temperature and decrease in salinity have occurred and had effects on the 

ecosystem (Uusitalo et al. 2012, Reinikainen et al. 2018, Kokkonen et al. 2019) like the 

invasion of non-indigenous species, as the ones included in the study: fishhook water flea, 

Harris mud crab and round goby (Puntila 2016).  

 

The ratio of total primary production and total respiration (TPP/TR) indicate the level of 

maturity of the system (Odum 1953). The closer the ratio is to 1, the more mature the 

ecosystem is. In a mature ecosystem the recycling of detritus and its role in nutrient cycling 

is more important than in an immature one and there are usually more species. A mature 

ecosystem is also more resilient to changes and therefore more stable (Odum 1953). 

Christensen and Pauly (1998) studied the consequences of increasing biomass of top 

predators to the system and compared it to Odum’s theory. It was shown that especially in 

a top-down ecosystem, when the top predator biomass increases in high magnitudes, the 

food web structure changes as Odum (1971) suggested.  

 

As we can see from the results, the increase in the ratio of total primary production and 

total respiration within modelling years suggests that the maturity of the Archipelago Sea 
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ecosystem has decreased. Also, the changes in mean path length (MPL) and Finn’s cycling 

index confirm the remark as well. Though, relative ascendency (A/C), which is also an 

indicator of maturity (Shannon et al. 2009), showed no notable changes between modelling 

years. Johnson et al (2009) argued that aggregation of models can lead to some 

inconsistency in ecological indices, e.g. in ascendency. Total biomass per total system 

throughput ratio did not show major changes, but the values were rather low. According to 

Christensen (1995) that indicates that the ecosystem is in a development phase and an 

increase in value would be a sign of maturity. This is because total biomass per total 

system throughput is directly connected to maturity. Average mutual information (AMI) 

values decreased during the study period and that supports the finding that the ecosystem is 

in a less mature and therefore in a less efficient state (Ulanowicz & Abarca-arenas 1997). 

 

Redundancy, equal to the internal flow overhead according to Heymans et al. (2014), 

measures the ecosystem’s ability to remain balanced and resist changes leading to a more 

imbalanced environment (Odum 1953, Christensen 1995, Christensen et al. 2008). High 

redundancy can indicate that the ecosystem can endure environmental stress well and is 

mature in nature (Bondavalli et al. 2000). The level of redundancy compared to 1990 

increased during the study period, already in 2000’s model. As stated previously, the 

Archipelago Sea ecosystem has been under great pressure for decades and is the only area 

in Finland listed as HELCOM hotspot (HELCOM 2019). Nevertheless, according to the 

results the ecosystem shows resilience. 

 

The state of the food web is therefore less mature but more resilient than in 1990. This can 

be explained by various reasons. As suggested above, top predator biomass can have an 

effect on food web structure. In the recent years, the predator biomass has increased due to 

increase in grey seals (Natural Resources Institute Finland, HELCOM 2015) and 

cormorant (Vösa et al. 2018). Furthermore, number of predator species has grown in the 

Archipelago Sea as non-indigenous species have invaded the area (Puntila 2016).  

 

The proportional flow to detritus increased greatly between modelling years and the 

development was observed also in the total system throughput (TST), which sums all the 

flows in the ecosystem. Also, even though the predatory cycling index (PCI) increased 

considerably during the study period the values remained low indicating a detritus-based 

secondary production (Tomczak et al. 2009) and an disturbed system (Christensen 1995). 
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This supports the assumption that the decrease in maturity can be also explained by the 

changes in flows into detritus. Increasing sea water temperature, in addition to nutrient 

loading to the area, has boosted the net primary production to exceed predation resulting in 

higher flows into detritus. 

 

The structure of the food web has experienced changes in species composition and their 

ratios in biomass. As mentioned before, cod has not recovered in the Archipelago Sea or in 

the eastern Baltic Sea after the collapse in 1980’s. Also, among benthivorous fish, the 

flounder (Platichthys flesus, L.) has declined in the area from 2000 due to the combination 

of different changes in the ecosystem caused by climate change (Jokinen et al. 2015). At 

the same time homeotherms and invasive species have increased, however with 

proportional biomasses remaining at low levels.  

 

Other changes include the change in fishery. The results showed that the trophic level of 

catch decreased while total catch increased. By looking at the distribution of catch per 

fleet, it appeared that fishery had changed to a more effort efficient mean where trawling 

has become more common and with it the proportion of lower trophic level catch, such as 

herring and sprat, has grown. This reflected also to the primary production which can be 

seen in the decrease of primary production required to sustain fishery. Lower trophic level 

fish are assumed to need less primary production than higher trophic level predator fish. 

However, part of the smaller PRR/PP values can be explained by the increase in total net 

primary production.   

 

The state of the Archipelago food web in the end of the study period can be characterized 

by high primary production and higher fishing pressure on lower trophic level fish species. 

The food web is less mature but can endure stress better therefore is more resilient to 

changes which indicates that it is in a developmental phase.  

 

  Quality of the models 

 

Addressing uncertainty in input data is essential for models done by Ecopath with Ecosim 

(Heymans et al. 2016). The modelling software provides different tools to measure and 

address model uncertainty and few of these were also used during this study. According to 
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the results from PREBAL (Link 2010), sensitivity analysis (Majkowski 1982) and pedigree 

index analysis (Christensen et al. 2008), the models can be said to adequately represent the 

Archipelago Sea food web and ecosystem. The pedigree index was in average scale of 

Ecopath models and all the PREBAL steps were concluded according to guideline. 

 

It is however important to point out that the amount of data used to build these models was 

massive and since not all included the metadata for uncertainty, it is possible that some had 

weaknesses. Archipelago Sea is characterized by a large number of islands and is therefore 

a very clustered ecosystem. The models represent the area as a whole and local variation in 

the area can be large. Some compromises were obliged to be made in order to construct 

consist models of the whole ecosystem.  

 

  Future steps 

 

Modelling whole ecosystems enables to understand the aspects of species interactions and 

food web functions more profoundly. The comparability between different ecosystems is 

facilitated by ecological network analysis and ecological indices which enabled the 

comparison of Archipelago Sea food web models as well. Even though, these Ecopath 

models are not constructed to enable simulations, they can be the fundament of future 

modelling. 

 

Ecosim routine (Walters et al. 1997), that builds upon Ecopath models, allows simulations 

in time. Investigating the history of Archipelago Sea food web by creating a simulation to 

see how the regime shift in the 1980’s affected the area would be while looking at. This 

would also enable more profound testing of the model quality to see whether the models 

can foresee events accurately. 

 

Simulations of the future are without doubt an important contribution modelling food webs 

can offer. Implementing abiotic factors and their change such as temperature, nutrient 

loading and salinity to the models and creating simulations of the plausible future scenarios 

of the ecosystem can ease the work in selecting the best management application for the 

future. This has been done with Ecopath with Ecosim models for different ecosystems 

(Christensen & Walters 2004, de Mutsert et al. 2012). Decision support tool (Uusitalo et al. 
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in prep.), made as a part of BONUS BLUEWEBS project for central Baltic Sea ecosystem 

could be extended to coastal ecosystems, like the Archipelago Sea. Using the Ecospace 

routine (Walters et al. 1999) would provide a possibility to pay attention to the clustered 

feature of the Archipelago Sea by adding the spatiality into modelling.  

 

In the end, to construct as accurate and useful models as possible, large quantity of quality 

monitoring data is needed. Since, in ecosystem modelling, we need all the data we can get. 

Monitoring of the changes systematically and continuously in the Archipelago Sea help 

build a more consistent presentation of the food web now and here after. 

 

5. Conclusions  

 

The state of the Archipelago food web changed during the study period to a less mature but 

more resilient condition. This was due to the increase in number of predator species and 

higher primary production and flow to detritus. The fishing impact on ecosystem changed 

as fishery practice experienced a change into a more industrialized direction. 

 

Changes in trophic levels and ecosystem composition were observed. The invasion of non-

indigenous species and the increase in top predators such as seals and the great cormorant 

affected the structure of the food web. The decrease of flounder and unsuccessful recovery 

of cod have had an impact on the ecosystem.  

 

However, further research on the Archipelago food web is needed. The ecosystem is 

stressed and does not show recovery; hence, management actions may become necessary. 

To choose the most suitable ecosystem management application knowledge of the whole 

ecosystem and its health is required and this can be achieved with the help of ecosystem 

modelling. 
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Appendix 

 
Table A1. Complete list of functional groups and taxa included in the models 

Functional group Species Functional group Species 

Seals Halichoerus grypus, F. Other benthos Amphipoda  
Pusa hispida, S.  Marenzelleria  

Great cormorant Phalacrocorax carbo, L.  Nematoda 

Cod Gadus morhua, L.  Oligochaeta 

Pikeperch Sander lucioperca, L.  Priapulida 

Pike Esox lucius, L.  Chironomidae 

Perch Perca fluviatilis, L. Zooplankton Bosmina 

Benthivorous birds Somateria mollissima, L.  Daphnia 

Benthivorous fish Cottus gobio, L.  Copepoda  
Gobius niger, L.  Rotifera  
Gymnocephalus cernua, L. Fucus vesiculosus Fucus vesiculosus f. balticus, L.  
Myoxocephalus quadricornis, L. Filamentous algae Cladophora  
Platichthys flesus, L.  Enteromorpha  
Pomatochistus sp. Phytoplankton Diatoma  
Scophthalmus maximus, L.  Dinophyceae  
Taurulus bubalis, E. Cyanobacteria Cyanophyceae  
Zoarces viviparus, L. Detritus  

Round goby Neogobius melanostomus, P.   

Herring Clupea harengus membras, L.   

Sprat Sprattus sprattus balticus, L.   

Harris mud crab Rhithropanopeus harrisii, G.   

Three-spined 

stickleback 

Gasterosteus aculeatus, L.   

Cyprinids Abramis brama, L.    
Alburnus alburnus, L.    
Blicca bjoerkna, L.    
Leuciscus idus, L.    
Rutilus rutilus, L.    
Scardinius erythrophthalmus, L.    
Tinca tinca, L.   

Cercopagis pengoi Cercopagis pengoi, O.   

Mysids Mysis relicta, L.    
Neomysis integer, L.    
Praunus flexuosus, M.   

Predatory benthos Bylgides sarsi, K.    
Halicryptus spinulosus, W-L.    
Hediste diversicolor, M.    
Leptocheirus pilosus, Z.    
Nemertea    
Saduria entomon, L.   

Invertebrate grazers Gammarus    
Idothea    
Theodoxus   

Mytilus trossulus Mytilus trossulus, G.   

Benthic bivalves Cardium    
Cerastoderma glaucum, P.    
Macoma balthica, L.    
Mya arenaria, L.   
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Table A2. References for Ecopath input parameters: Biomass, production per biomass (P/B), 

consumption per biomass (Q/B), Diet and landings (fishery catch, t/km2/year).  

*) Luke is Natural Resources Institute Finland, RKTL is Finnish Game and Fisheries Institute (merged to Luke in 2015), 

SYKE is Finnish Environment Institute. VELMU is The Finnish Inventory Programme for the Underwater Marine 

Environment.  The monitoring data was measured in the Archipelago Sea area, if not stated otherwise. 

Functional group Biomass P/B Q/B 

Seals (HELCOM 2015) (Harvey et al. 2003) (Bauer et al. 2018) 

Great cormorant (Vösa et al. 2018) (Razinkovas-Baziukas et al. 

2017) 

(Bauer et al. 2018) 

Cod Luke’s coastal monitoring data, 

average catch 1990, 1998-2002 

and 2013-2015, ICES stock 

assessment 

(Bauer et al. 2018) (Bauer et al. 2018) 

Pikeperch Luke coastal monitoring data, 

average catch 1990, 1998-2002 

and 2013-2015, (Hovgêrd & 

Lassen 2008, Jennings et al. 

2009) 

(Razinkovas-Baziukas et al. 

2017) 

(Razinkovas-Baziukas et al. 

2017), Riikka Puntila 

Pike Luke’s coastal monitoring data, 

average catch 1990, 1998-2002 

and 2013-2015, (Hovgêrd & 

Lassen 2008, Jennings et al. 

2009) 

(Palomares & Pauly 1998) (Palomares & Pauly 1998) 

Perch (Kokkonen et al. 2019) (Salmi et al. 2015) (Razinkovas-Baziukas et al. 

2017) 

Benthivorous birds (Hario & Rintala 2008, Vösa et 

al. 2018) 

(Jorgensen, S.E. et al. 1991) (Jorgensen, S.E. et al. 1991) 

Benthivorous fish Luke coastal monitoring data, 

average catch 1990, 1998-2002 

and 2013-2015, (Hovgêrd & 

Lassen 2008, Jennings et al. 

2009) 

(Bauer et al. 2018) (Witek 1995) 

Round goby (Puntila et al. 2018) (Rogers et al. 2014) FishBase life history tool 

(Loo 15, temp 9) 

Herring Luke coastal monitoring data, 

average catch 1989-1991, 1998-

2002 and 2013-2015 

(Bauer et al. 2018) (Bauer et al. 2018) 

Sprat Luke coastal monitoring data, 

average catch 1989-1992, 1998-

2002 and 2013-2015 

(Bauer et al. 2018) (Bauer et al. 2018) 

Harris mud crab Archipelago research station 

monitoring data average 2014-

2016, Seili, (Fowler et al. 2013) 

(Ullah et al. 2012) (Alberts-Hubatsch et al. 

2016) 

Three-spined 

stickleback 

Luke coastal monitoring data, 

average catch 1989-1991, 1998-

2002 and 2013-2015 

(Palomares & Pauly 1998) (Palomares & Pauly 1998) 

Cyprinids Luke’s coastal monitoring data, 

average catch 1989-1991, 1998-

2002 and 2013-2015, 

(Lappalainen et al. 2005) 

 
(Lappalainen et al. 2005) 

Cercopagis pengoi Archipelago Research station 

monitoring data 2000-2014, Seili 

(Gorokhova et al. 2005) Estimated 

Mysids Estimated by Ecopath  (Bauer et al. 2018) (Bauer et al. 2018) 

Predatory benthos SYKE monitoring data, avg 1990-

1992, 1998-2002, 2013-2015, soft 

bottom 

(Witek 1995) (Witek 1995) 

Invertebrate grazers SYKE monitoring data, avg 1990-

1992, 1998-2002, 2013-2015 

(Razinkovas-Baziukas et al. 

2017) 

(Razinkovas-Baziukas et al. 

2017) 

Mytilus trossulus SYKE monitoring data 2000-

2014, estimated for 1990 

(Vuorinen et al. 2002) 

(Vuorinen et al. 2002) (Bauer et al. 2018) 
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Benthic bivalves SYKE monitoring data, avg 1990-

1992, 1998-2002, 2013-2015, soft 

bottom 

(Bauer et al. 2018) (Bauer et al. 2018) 

Other benthos SYKE monitoring data, avg 1990-

1992, 1998-2002, 2013-2015 

(Tomczak et al. 2012) (Bauer et al. 2018) 

Zooplankton Archipelago Research station 

monitoring data 1990- 2014 

(Bauer et al. 2018) (Bauer et al. 2018) 

Fucus vesiculosus VELMU Fucus spp. distribution 

data, hard bottom 

(Guterstam 1979) 
 

Filamentous algae VELMU, filam. algae distribution 

data, hard bottom  

  

Phytoplankton SYKE monitoring data, 1990-

2014 

(Bauer et al. 2018) 
 

Cyanobacteria SYKE monitoring data 1994, 

2000, 2014 

  

Detritus Kuosa, H. (personal comment, 

2020)  

  

 

Functional group Diet Landings 

Seals (Lundström et al. 2007, 2010, 

Lehosmaa 2014) 

Hunting estimated based on Luke and 

BALSAM project 

Great cormorant (Lehikoinen 2005, Salmi et al. 

2015, Veneranta et al. 2020) 

 

Cod (Uzars 1994, Hüssy et al. 

1997) 

1990: commercial catch from Luke, 

recreational from RKTL 

2000, 2014: commercial and recreational 

from Luke 

Pikeperch (Salmi 2007) As above 

Pike (Staskiewicz 2014) As above 

Perch (Lappalainen et al. 2001), fish 

dietary data from 2018 

organized by BLUEWEBS 

As above 

Benthivorous birds (Vösa et al. 2018) Hunting estimated based on Luke data 

Benthivorous fish (Antholz et al. 1991, Aarnio 

& Bonsdorff 1993, Aarnio et 

al. 1996) 

1990: commercial catch from Luke, 

recreational from RKTL 

2000, 2014: commercial and recreational 

from Luke 

Round goby (Karlson et al. 2007, Puntila 

2016) 

 

Herring (Peltonen et al. 2004) 1990: commercial catch from Luke, 

recreational from RKTL 

2000, 2014: commercial and recreational 

from Luke 

Sprat (Peltonen et al. 2004) Commercial catch from Luke, recreational 

catch for 2000 from Luke 

Harris mud crab (Czerniejewski & Rybczyk 

2008, Puntila 2016) 

 

Three-spined 

stickleback 

(Peltonen et al. 2004) 
 

Cyprinids (Lappalainen et al. 2001, 

2005) 

1990: commercial catch from Luke, 

recreational from RKTL 

2000, 2014: commercial and recreational 

from Luke 

Cercopagis pengoi (Holliland et al. 2012) 
 

Mysids (Lehtiniemi & Nordström 

2008) 

 

Predatory benthos (Ejdung & Bonsdorff 1992) 
 

Invertebrate grazers (Salemaa 1987) 
 

Mytilus trossulus (Vuorinen et al. 2002) 
 

Benthic bivalves (Korpinen et al. 2010) 
 

Other benthos (Kotta & Ólafsson 2003) 
 

Zooplankton (Kivi et al. 1996) 
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Table A3. Model 1990. Diet composition 

 
 

Table A4. Model 2000. Diet composition 

 
  

 
Prey \ predator 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 

1 Seals 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 

2 Great cormorant 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 

3 Cod 9.E-06 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 

4 Pikeperch 0.011 0.05 9.E-06 0 0.02 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 

5 Pike 9.E-06 0.02 0 0 0.03 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 

6 Perch 0.046 0.12 2.E-05 0.06 0.08 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 

7 Benthivorous birds 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 

8 Benthivorous fish 0.047 0.18 0.089 0.3 0.04 0.05 0 0 0 0 0 0 0 0 0 0 0 0 0 0 

9 Herring 0.36 0.12 0.149 0.15 0.11 0.1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 

10 Sprat 0.214 0.08 0.149 0.05 0.04 0.02 0 0 0 0 0 0 0 0 0 0 0 0 0 0 

11 Three-spined 
stickleback 

0.064 0.04 0.064 0.05 0.06 0.04 0 0.05 0 0 0 0 0 0 0 0 0 0 0 0 

12 Cyprinids 0.258 0.39 0.078 0.28 0.54 0.56 0 0 0 0 0 0 0 0 0 0 0 0 0 0 

13 Cercopagis pengoi 0 0 0 0 0 0 0 0 2.E-05 1.E-05 1.E-05 0 0 0 0 0 0 0 0 0 

14 Mysids 0 0 0.235 0.11 0.05 0.09 0 0.07 0.048 0.048 0.05 0.05 0 0 0 0 0 0 0 0 

15 Predatory benthos 0 0 0.118 0 0 0.04 0 0.14 0 0 0 0.05 0 0 0.02 0 0 0 0 0 

16 Invertebrate grazeres 0 0 0 0 0 0.09 0 0.14 0 0 0.238 0.19 0 0.02 0 0 0 0 0 0 

17 Mytilus trossulus 0 0 0 0 0 0 0.8 0.14 0 0 0 0.25 0 0 0 0 0 0 0 0 

18 Benthic bivalves 0 0 0 0 0 0 0.2 0.19 0 0 0 0.19 0 0 0.05 0 0 0 0 0 

19 Other benthos 0 0 0.118 0 0 0.01 0 0.19 0 0 0.428 0.19 0 0.09 0.41 0 0 0 0 0 

20 Zooplankton 0 0 0 0 0.04 0.01 0 0.07 0.952 0.952 0.285 0.09 1 0.51 0 0 0 0 0 0 

21 Fucus vesiculosus 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0.1 0 0 0 0 

22 Filamentous algae 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0.9 0 0.09 0 0 

23 Phytoplankton 0 0 0 0 0 0 0 0 0 0 0 0 0 0.19 0 0 0.1 0.09 0 0.99 

24 Cyanobacteria 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0.01 0.01 0 0.01 

25 Detritus 0 0 0 0 0 0 0 0 0 0 0 0 0 0.19 0.52 0 0.89 0.81 1 0 
 

Import 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 
 

Sum 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 
 

(1 - Sum) 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 
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Table A5. Model 2014. Diet composition

 
 

 

Table A6. Model 1990. Respiration parameterisation  

 

Functional group 

Respiration 

(t/km²/year) 

Assimilation 

(t/km²/year) 

Respiration / 

assimilation 

Production / 

respiration 

Respiration / 

biomass(/year) 

Seals 0.048116 0.048488 0.992322 0.007738 12.924 

Cod 0.204686 0.289103 0.708005 0.412419 2.158 

Pikeperch 0.734007 0.93419 0.785714 0.272727 3.08 

Pike 0.91185 1.275314 0.715 0.398601 1.43 

Perch 3.126672 3.717063 0.841167 0.188824 3.257 

Benthivorous birds 0.166718 0.170932 0.975343 0.025281 14.24 

Benthivorous fish 2.440442 3.448467 0.707689 0.413051 2.384697 

Herring 17.10965 25.7927 0.663352 0.507495 2.335 

Sprat 1.720541 2.410359 0.713811 0.400931 3.866 

Three-spined stickleback 1.744 2.464 0.707792 0.412844 2.18 

Cyprinids 12.3 16.8 0.732143 0.365854 1.23 

Mysids 8.64851 13.89923 0.62223 0.607124 7.412 

Predatory benthos 6.292727 8.477702 0.742268 0.347222 5.76 

Invertebrate grazers 42 55.5 0.756757 0.321429 8.4 

Mytilus trossulus 47.85854 63.86016 0.749427 0.334352 5.233999 

Benthic bivalves 21.90396 29.20528 0.75 0.333333 1.2 

Other benthos 112.596 149.616 0.752567 0.328786 18.766 

Zooplankton 479.4793 669.749 0.715909 0.396826 50.39999 
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Table A7. Model 2000. Respiration parameterisation 

Functional group 

Respiration 

(t/km²/year) 

Assimilation 

(t/km²/year) 

Respiration / 

assimilation 

Production 

/ respiration 

Respiration / 

biomass(/year) 

Seals 0.211211 0.212845 0.992322 0.007738 12.924 

Great cormorant 0.000478 0.000479 0.996229 0.003785 52.84 

Cod 6.43E-05 9.08E-05 0.708005 0.412419 2.158 

Pikeperch 0.786782 1.001359 0.785714 0.272727 3.08 

Pike 0.536577 0.750458 0.715 0.398601 1.43 

Perch 4.231171 4.952194 0.854403 0.170407 3.609 

Benthivorous birds 0.083359 0.085466 0.975343 0.025281 14.24 

Benthivorous fish 4.032949 5.698761 0.707689 0.413051 2.384697 

Herring 13.66199 20.59538 0.663352 0.507495 2.335 

Sprat 8.045784 11.27159 0.713811 0.400931 3.866 

Three-spined stickleback 1.853 2.618 0.707792 0.412844 2.18 

Cyprinids 12.3 16.8 0.732143 0.365854 1.23 

Cercopagis pengoi 0.024024 0.034944 0.6875 0.454545 22 

Mysids 9.563989 15.37051 0.62223 0.607124 7.412 

Predatory benthos 11.232 15.132 0.742268 0.347222 5.760001 

Invertebrate grazers 44.26096 58.4877 0.756757 0.321429 8.400001 

Mytilus trossulus 45.0124 60.0624 0.749427 0.334352 5.234 

Benthic bivalves 30 40 0.75 0.333333 1.2 

Other benthos 112.596 149.616 0.752567 0.328786 18.766 

Zooplankton 266.5474 372.3202 0.715909 0.396825 50.4 

 

Table A8. Model 2014. Respiration parameterisation  

Functional group 

Respiration 

(t/km²/year) 

Assimilation 

(t/km²/year) 

Respiration / 

assimilation 

Production 

/ respiration 

Respiration / 

biomass(/year) 

Seals 0.90468 0.91168 0.992322 0.007738 12.924 

Great cormorant 0.101453 0.101837 0.996229 0.003785 52.84 

Cod 7.12E-05 0.000101 0.708005 0.412419 2.158 

Pikeperch 0.705135 0.897444 0.785714 0.272727 3.08 

Pike 0.199278 0.27871 0.715 0.398601 1.43 

Perch 2.981759 3.544787 0.841167 0.188824 3.257 

Benthivorous birds 0.016374 0.016788 0.975343 0.025281 14.24 

Benthivorous fish 1.001573 1.415273 0.707689 0.41305 2.384697 

Round goby 1.607352 2.545873 0.631356 0.583893 2.98 

Herring 24.5175 36.96 0.663352 0.507495 2.335 

Sprat 6.380833 8.939109 0.713811 0.400931 3.866 

Harris mud crab 3.375875 4.726224 0.714286 0.4 4 

Three-spined stickleback 2.0492 2.8952 0.707792 0.412844 2.18 

Cyprinids 16.482 22.512 0.732143 0.365854 1.23 

Cercopagis pengoi 3.84384 5.59104 0.6875 0.454545 22 

Mysids 11.035 18.74628 0.58865 0.698802 7.012 

Predatory benthos 9.652464 13.00401 0.742268 0.347222 5.759999 

Invertebrate grazers 45.36 59.94 0.756757 0.321429 8.4 

Mytilus trossulus 40.92988 54.61488 0.749427 0.334352 5.234 

Benthic bivalves 36 48 0.75 0.333333 1.2 

Other benthos 56.298 74.80801 0.752567 0.328786 18.766 

Zooplankton 198.0251 276.6064 0.715909 0.396825 50.40001 
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Fig. A1. PREBAL, Model 1990. Biomass across all taxa declining with increasing trophic level. 

The slope on log scale is -0.0726 

Fig. A2. PREBAL, Model 2000. Biomass across all taxa declining with increasing trophic level. 

The slope on log scale is -0.1282  
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Fig. A3. PREBAL, Model 2014. Biomass across all taxa declining with increasing trophic level. 

The slope on log scale is -0.09584 

 

 

Fig. A4. PREBAL, model 1990. Vital rates in a log ratio showing a decrease with increasing 

trophic level. B: biomass, Q: consumption, P: production, R: respiration, TL: trophic levels. 

Trendlines are also added. 
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Fig. A5. PREBAL, model 2000. Vital rates in a log ratio showing a decrease with increasing 

trophic level. B: biomass, Q: consumption, P: production, R: respiration, TL: trophic levels. 

Trendlines are also added. 

 

Fig. A6.  PREBAL, model 2014. Vital rates in a log ratio showing a decrease with increasing 

trophic level.. B: biomass, Q: consumption, P: production, R: respiration, TL: trophic levels. 

Trendlines are also added. 
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Fig A7-A9. Flow diagrams of each model representing the trophic interactions and levels of model 

groups. Fleets (fishery, hunting) also included.  


