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“We are, in a very real sense, deconstructing the Earth under the implicit 
assumption that ecosystems have evolved the ability to withstand such assault 
without collapse.” – Kevin McCann 
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Abstract 

Human action is transforming the species composition, biogeochemistry and 
habitats of the world’s oceans at unprecedented rates. The cumulative effect 
of natural and anthropogenic drivers is challenging to measure, in part due to 
indirect effects and the complexity of marine systems. Building on the 
theory of complex adaptive systems, this thesis aims to increase our 
understanding of how complex, heterogeneous marine social-ecological 
systems (SES) may respond to changing conditions. This thesis integrates 
resilience research with network science and describes change and structural 
patterns at several SES scales in order to advance our knowledge on the 
effects of multiple drivers. 
 
Paper I proposes a new, quantitative fish stock collapse definition, that 
accounts for fish stock dynamics and enables standardization and thus 
comparability across a large number of commercial fish stocks. Recognizing 
that substantial ecosystem changes are part of SES dynamics, in Paper II we 
review marine regime shifts worldwide to specify how co-occurring bundles 
of drivers are related to degraded ecosystem services for management 
purposes. A more detailed ecological study on regime shifts was performed 
in Papers III and IV. Paper III describes the late-1980s central Baltic Sea 
regime shift based on a food-web model. Paper IV uses a novel structural 
network analysis approach to detect functional shifts in complex food webs. 
The results of Paper IV imply that the Baltic Sea regime shift may not be a 
system-wide shift. Paper V uses a network approach to analyze fishing 
strategy diversification and social-ecological connectivity among Swedish 
Baltic Sea fishers, indicating that natural resource management evaluations 
should not be limited only to ecosystem conditions but also take account of 
social conditions. 
 
Overall, this thesis provides empirical evidence for the emerging perspective 
that marine resource science and management must account for the 
complexity of system elements in order to ensure the provision of ecosystem 
services in the future. The first application of Exponential Random Graph 
Modeling in ecology and an improved fish stock collapse definition provide 
new advanced tools for studying oceans from an SES perspective in the 
future. 
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Sammanfattning 

Antropogena drivkrafter, t.ex. klimatförändring och fiske, har allvarliga och 
ofta oväntade effekter på de marina systemen. Komplexiteten inom marina 
system är en viktig anledning till varför den kumulativa effekten av naturliga 
och antropogena drivkrafter är väldigt svår att uppskatta.  
 
Syftet med denna avhandling är att fördjupa förståelsen för hur komplexa, 
heterogena marina social-ekologiska system (SES) kan förändras under 
multipla drivkrafter. Avhandlingen kombinerar resiliensforskning med 
vetenskapen om nätverk och är främst baserad på teorin om komplexa 
adaptiva system. Avhandlingen beskriver havsförändringar på flera SES-
skalor genom studier på olika komponenter av SES.  
 
Artikel I visar att olika kriterier för kollapsade fiskbestånd ger 
motsägelsefulla uppfattningar om havets tillstånd, varför Artikel I föreslår en 
ny, kvantitativ definition av kollapsade fiskbestånd. För att undvika 
regimskiften specificerar Artikel II samtidigt förekommande drivkrafter för 
regimskiften samt försämrade ekosystemtjänster. Artikel III beskriver 
regimskiftet, baserat på en näringsvävsmodell, i Östersjön i slutet av 1980-
talet. Artikel IV introducerar ett nytt, strukturellt nätverksanalysverktyg för 
upptäckten av regimskiften i komplexa näringsvävar. Resultaten från Artikel 
IV ifrågasätter den näringsvävsomfattande förändringen Östersjöns 
regimskifte. Artikel V analyserar diversifiering av fiskestrategier och social-
ekologiska konnektivitet mellan svenska Östersjöfiskare och -fiskar. 
Artikeln visar att utvärderingar av naturresursförvaltningen inte bör 
begränsas till ekosystemets tillstånd utan bör även inkludera förändringar i 
sociala förhållanden. 
 
Denna avhandling ger empiriska bevis på den framväxande synen att 
forskningen på marina SES samt naturresursförvaltningen måste ta hänsyn 
till komplexiteten inom olika komponenter av SES för att säkerställa 
ekosystemtjänster i framtiden. Teoretiska och empiriska upptäckter i SES-
förändringar diskuteras i avhandlingen i förhållande till olika SES-
komponenter. Avhandlingen ger nya, avancerade verktyg för framtida 
havsforskning från ett SES-perspektiv.   
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Theoretical background 

The effects of a growing human population and our high rates of resource 
consumption are now discernible at the Earth system level (Crutzen & 
Stoermer 2000; Steffen et al. 2015; Waters et al. 2016). The best estimate of 
the global distribution of human impact shows that every square kilometre of 
the world’s ocean is affected, to varying degrees, by anthropogenic drivers 
of ecological change (Halpern et al. 2015). The ways that ecosystems 
respond to anthropogenic change is complex, and our understanding of the 
effect of human activities on marine ecosystems is limited in comparison to 
terrestrial systems (Hoegh-Guldberg & Bruno 2010; Sumaila et al. 2011). 
Singular effects of particular drivers on marine species and ecosystems have 
been documented but natural systems are almost always affected by multiple 
drivers. This includes both anthropogenic drivers and natural environmental 
variability (e.g. climate oscillations and extinctions).  
 
The impact of multiple drivers is challenging to both measure and predict. 
The effect is context-dependent and is rarely simply an additive 
accumulation of the impacts of single drivers (Crain et al. 2008; Côté et al. 
2016). Evidence of an individual species’ or populations’ response to 
different drivers exist (Parmesan 2014), but much less is known about 
changes to ecosystem structure and functioning. Studies show, however, that 
food web structure and hence, species roles within the food web, is subject to 
change driven by both environmental and anthropogenic drivers (Walther 
2010; Pauly & Palomares 2005; Kortsch et al. 2015; Vinagre & Costa 2014). 
The effect of food web structure on ecosystem response is indicated in 
several studies (e.g. Stouffer & Bascompte 2011; Bascompte, C. J. Melián, 
et al. 2005; Dunne et al. 2005; Eklöf & Ebenman 2006), and both empirical 
and theoretical work suggests that the response of species to environmental 
variation can be modified by the complex network of interactions in which 
individual species are embedded (e.g. Gudmundson et al. 2015). Science has 
only recently started to unravel the interplay among and between complex 
network structures, ecosystem dynamics and stability (Strogatz 2001; Dunne 
et al. 2005). Distinguishing the degree to which the ecosystem response is 
determined by environmental conditions, and the degree to which it results 
via processes of self-organization is a crucial question (Levin 1998).  
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Nature is usually assumed to respond to gradual change in a gradual way, 
but theoretical and empirical studies have shown that catastrophic shifts to 
new regimes occasionally occur in natural systems (Scheffer et al. 2001). For 
example, changes in dominant species and major trophodynamic pathways 
may cause a food web to shift to an alternate state (Scheffer et al. 2001). The 
shift between ‘states’ or ‘regimes’ has been labeled in a number of ways. For 
example “regime shifts” (used in the present thesis), “ecosystem 
reorganizations” and “catastrophic transitions”. Regime shifts can be defined 
as “large, persistent, and often abrupt changes in the structure and dynamics 
of (social-ecological) systems that occur when there is a reorganization of 
the dominant feedbacks in a system” (Biggs et al. 2015; ref. Scheffer et al. 
2001; Scheffer 2009 (parantheses added by thesis author)). Feedback 
processes (e.g. sea ice melt – albedo) stabilize the new state, which often 
leads to irreversibility or hysteresis (Scheffer et al. 2001). Marine regime 
shifts are often caused by a multitude of interacting drivers, such as climate, 
eutrophication and overfishing (Conversi et al. 2014; Blenckner & Niiranen 
2013).  
 
The existence of ecological regime shifts was originally suggested with 
theoretical models (May 1976; Holling 1973). Regime shifts have since been 
documented empirically in diverse marine systems, for instance in the Baltic 
Sea (Möllmann et al. 2009), Black Sea (Daskalov et al. 2007), 
Mediterranean Sea (Conversi et al. 2010) and the North Pacific Ocean (Hare 
& Mantua 2000). However, linking empirical observations to the theory of 
complex systems is challenging, and the scientific community continues to 
debate the validity and usefulness of the regime shift concept (Scheffer & 
Carpenter 2003; Conversi et al. 2014). The nature of the underlying 
processes of regime shifts remain poorly understood, and identifying and 
defining a regime shift via empirical data has proven difficult (Lees et al. 
2006; Andersen et al. 2009). Experimental manipulations are rarely, if ever, 
possible on a large scale in the open sea. Therefore, the identification of 
regime shift relies primarily on time-series analysis and modeling. In 
practice, any large, abrupt and persistent change in any of the key state 
variables describing a system may be defined as a regime shift (Walker et al. 
2004; Doney & Sailley 2013). A more complete understanding of regime 
shifts requires a better integration of the theories of regime shifts and 
complex adaptive systems (described later in the text), together with the 
application of diverse regime shift detection methods on empirical and 
model data. Despite these challenges, a better understanding of regime shifts 
is needed, as they are frequently surprising, difficult to reverse, and have 
substantial social-ecological consequences. Management and governance 
strategies often presume that changes are gradual and reversible, and 
strategies for anticipating shifts or responding to regime shifts, are scarce 
(Peterson et al. 2003; Folke et al. 2004).  
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Early warning signals, e.g. rising variance (Carpenter & Brock 2006), have 
been suggested for detecting a regime shift during the onset phase. The 
detection may nevertheless be too late for avoiding the shift (Biggs et al. 
2009). Whether the system response to drivers is gradual or abrupt depends 
to a large extent on the structure of the system (Scheffer et al. 2012). Certain 
structural features may be generic markers of vulnerability to abrupt large-
scale changes (Scheffer et al. 2012; Gao et al. 2016). For example, Scheffer 
et al. (2012) suggest that when viewing the system as a network, 
compartmentalization1 (Figure 1) and heterogeneity of the units lead to local 
losses (low possibility to replace lost units) and gradual change (perturbation 
does not easily spread outside the compartment). By contrast, high 
connectivity within units (all units densely connected instead of 
compartmentalized) and homogeneity of the units (similarity among units 
enables replacement of local units) leads to local repairs. However, the latter 
system may reach a tipping point when local perturbation cascades into a 
systemic transition. In the former system structure, the compartmentalization 
would buffer the spreading. Similar structural findings promoting resilience 
were presented by Gao et al. (2016) for complex networks. As an example of 
the compartmentalization effect, Stouffer and Bascompte (2011) showed that 
presence of compartments in a food web buffers the propagation of 
extinction events through food webs.  
 
 

 
From a structural perspective, a regime shift can be understood as a shift in 
which underlying micro-level processes interact in such ways that the system 
is pushed beyond a critical tipping point where these changes will escalate, 
and finally drive the whole system into a new alternate state  (Scheffer et al. 
2001; Scheffer & Carpenter 2003). The new regime is characterized by the 
                                                      
1 Scheffer (2012) use the term modularity for the same structural pattern as in Figure 
1. Due to application of network science in many disciplines, numerous terms exist 
for the structural features. Terms “compartmentalization” and “compartments” are 
used in the present thesis.   

Figure 1. Compartmentalization in 
system structure. Compartments 
(indicated with different colors) are 
densely connected subgroups of system 
units that interact to a large degree with 
other units (high connectivity) within 
their compartment, and have sparser 
interactions (lower connectivity) with 
the units of different compartments.  

 



 

  

14 

reorganization of structure and function of the system (Scheffer et al. 2001; 
Scheffer & Carpenter 2003). Complexity science, and complex adaptive 
systems (CAS) science specifically, provides a theoretical framework 
through which system-wide changes can be studied (Kauffman 1995; Levin 
2002). The key to CAS (defined below) is to understand the 
interrelationships between micro-scale and macro-scale processes: how the 
complicated structures and patterns of interactions arise, and what kind of 
rules guide self-organization as the system adapts to change (Levin 2002). 
CAS are defined through their properties. They are characterized by patterns 
at higher levels emerging from localized interactions among system 
components and selection processes acting at lower levels (Levin 1998). 
Such emergence of complexity can be viewed as a systems’ capacity to self-
organize (i.e., adapt to change) (Levin 1998). Simon Levin (Levin 1998; 
Levin 2002) summarizes the essential elements of CAS into three points: 

1. Diversity and individuality of the components 
2. Localized interactions among these components 
3. An autonomous process that uses the outcomes of those interactions 
to select a component subset for replication or enhancement. 

 
The ability of CAS to self-organize can lead to numerous possible 
developmental pathways, but the potential pathways are restricted by the 
system’s historical development, which produces certain resistance to 
change (Kauffman & Levin 1987). Because local rules of interaction change 
as the system develops, continuous variation can produce discontinuous 
effects in ecosystems (May 1976; Levin 1998). This nonlinearity (Levin 
1998) explains how ecosystems exposed to gradual changes can suddenly 
shift to alternative states (Scheffer et al. 2001). Although the patterns by 
which the system components interact with each other can inform large-scale 
system behavior, the complexity of many systems makes predictive 
modeling difficult (Scheffer et al. 2012). Scheffer et al. (2012) suggest that 
integrating network science with resilience research may enhance our 
understanding of regime shifts, and generate new research directions. 
Importantly, following the universality of networks (Cf. Strogatz 2001), such 
research may uncover features that should in principle hold for any complex 
system (Scheffer et al. 2012). Network analysis has been increasingly used 
for modeling complex systems, and will be discussed further in the Methods 
section.  
 
The effect of ecosystem complexity has recently been recognized in natural 
resource management research. For example, Travis et al. (2014) motivate 
the importance of knowledge on marine ecological networks for fisheries 
management as follows: “There will be no substitute for the clearer 
understanding of the direct and indirect interactions among human and 
nonhuman species. Understanding these linkages and their consequences is 
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not only crucial for making policy decisions [...] but also for anticipating, 
diagnosing and reacting to the trends and surprises that will continue to 
emerge as these systems confront global change." The traditional command-
and-control approach in the field of natural resource management attempted 
to reduce the highly variable, and to a large degree unknown, ecosystem 
complexity (Holling & Meffe 1996). Proponents of this approach 
erroneously believed that humans can change a component of a self-
sustaining natural system to a fundamentally different configuration without 
other, related changes in the larger system (Holling & Meffe 1996). An 
emerging approach to deal with ecosystem complexity is to move away from 
the assumption of such systems being predictable and controllable. Instead, 
resource management should adapt to uncertainty and change, and focus on 
resilience: the capacity of a system to absorb disturbance and reorganize 
while undergoing change, and still retain essentially the same function, 
structure, identity, and feedbacks (Holling 1973; Walker et al. 2004). 
 
Resilience thinking considers humans and nature as a set of truly intertwined 
social-ecological systems (Folke 2006; Folke et al. 2011). Although a 
conceptual separation is often made between anthropogenic and 
environmental drivers, humans are part of Earth’s biosphere and not external 
drivers. This perspective adds another level of complexity to marine 
systems: strong interactions and feedbacks between social and ecological 
components determine the overall dynamics of the system (Folke et al. 
2010). Due to the evolution of the social-ecological systems perspective, 
social sciences are rapidly gaining ground in global environmental change 
research and resilience thinking (Bodin & Prell 2011). Research that 
contributes to the increased understanding of integrated social-ecological 
components and their complex interdependencies is of great significance, 
albeit methodologically challenging (Folke 2006).  
 
This background aims to illuminate the challenge that science is facing in 
helping to secure healthy marine systems and the provision of seafood at a 
time, when humans are contributing to changing the Earth in ways that 
threatens its ability to sustain humanity and many other species. The 
Anthropocene (Crutzen & Stoermer 2000; Crutzen 2002) is an increasingly 
used term among many scientists and media to refer to a period in Earth’s 
history when humans (as single species, unlike ever before in Earth’s more 
than 4 billion years’ history) have a substantial impact on the state, dynamics 
and future of ecosystems at the global scale. Although the term 



 

  

16 

Anthropocene remains informal2 and is not thoroughly defined (Zalasiewicz 
et al. 2010) the diversity and intensity of anthropogenic drivers has increased 
(Halpern et al. 2015; Sanderson et al. 2002; Waters et al. 2016), demanding 
new ways of complexity thinking.  
 
 

                                                      
2 Anthropocene is currently being considered to possibly be formalized either as a 
new epoch within the Quaternary Period terminating the Holocene, or as a 
subdivision of the on-going Holocene Epoch (The Subcommission on Quaternary 
Stratigraphy. International Commission on Stratigraphy. n.d.; Zalasiewicz et al. 
2010)  
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Aim of the thesis 

The present scale, speed, and connectivity of human action leads to the 
interaction of anthropogenic drivers with the Earth systems in ways that are 
difficult to predict. Different drivers act on different scales, and indirect 
effects produced by the complexity of marine systems at all levels make the 
cumulative effect of multiple drivers challenging to measure. Whilst 
awareness of the human impact on the marine environment has grown, 
people have also become more aware of human dependence on nature 
(Millennium Ecosystem Assessment 2005).  
 
The challenges to understand and moderate human impact on marine 
systems calls for new ways of thinking. An emerging research perspective 
for sustaining marine ecosystems and linking ecological resilience to social 
systems is the complex adaptive systems (CAS) approach (Hughes et al. 
2005). The CAS approach examines how interactions between system 
elements give rise to functioning of the system (emergence), and how the 
system interacts with its environment (Levin 2005).  
 
The aim of the thesis is to apply CAS perspective to describe and understand 
the effects of multiple drivers on the structure of marine SES. The thesis 
disentangles changes in marine SES dynamics through studies on diverse 
components of marine SES and further, by mapping and analyzing the 
structure (the system elements and their interactions) of these components. 
The research included in the thesis is summarized in Table 1.  
 
This thesis has two main research questions. i) Whether exposure to multiple 
drivers has changed the structure and interactions of marine social-ecological 
systems. ii) Whether, and in which ways, do such structural changes affect 
system functioning. The main foci for these questions are large-scale shifts 
(mainly regime shifts) and the structural patterns of system components’ 
interdependencies. Additional key concepts can be found in Table 1. 
Research in this thesis combines network science with resilience research to 
study the “architecture of fragility” (Scheffer et al. 2012; Gao et al. 2016; 
Strogatz 2001; Bascompte 2009). In doing so, a diverse set of novel tools are 
tested or developed for marine SES research. The main methods for each 
study are listed in Table 1.  
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This thesis focuses separately on natural resources, SES drivers and impacts 
on ecosystem services (ESS), ecosystems and resource users (Table 1). The 
purpose of this research design is to include the scale (physical dimension) 
in marine SES research. Empirical studies are usually conducted at a single 
scale that the study question determines, although in reality, the study object 
is connected across a range of scales. The thesis unravels how marine 
systems are changing at diverse scales, and discusses the implications that 
the findings have on SES research and scientific knowledge in general.  
 
In conclusion, the thesis sets out to provide new insights and increased 
understanding on how heterogeneous, structurally complex marine systems 
respond to changing conditions. A short introduction to each paper is given 
below. 
 
 
Table 1. Research papers included in the thesis. The research can be divided into 
four components that are part of marine social-ecological system dynamics. Papers 
I and II focus on global scale, while Papers III-IV focus on the Baltic Sea as a study 
region. Research focus indicates the SES concepts that each paper is build upon. 
SES refers to social-ecological system, ESS to ecosystem services, and CAS to 
complex adaptive system.  

 
Paper I: How should “fish stock collapse” be defined to be informative for 
science and management?  
 
Paper I argues that the numerous fish stock collapse criteria in use contribute 
to confusion about the state of the world’s fish stocks. A new quantitative 
definition for fish stock collapse is proposed and tested.  
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Paper II: Which drivers of regime shifts and ecosystem service impacts co-
occur?  

 
Paper I strives to find generalities within a wide range of marine regime shift 
case studies. The work explores similarities in the co-occurrence of both 
regime shift drivers and their impacts to inform management strategies. 
 
Paper III: How has the Baltic Sea ecosystem changed under a regime shift?  
 
Paper IV Can a significant shift in community-wide food web functioning 
be detected in a food web regime shift?  
 
Papers III and IV examine the regime shift impact on marine ecosystems at 
the regional scale. Paper III describes Baltic Sea ecosystem properties in 
terms of food web resilience, structure and fisheries impacts. Paper IV 
introduces a social networks approach to food web research to study 
functional change in food webs.  
 
Paper V: Has fisheries management in the Baltic Sea affected Swedish 
fishers’ adaptability to future ecosystem fluctuations?  
 
Paper IV examines how changes in the diversity of fishing strategies among 
Swedish Baltic Sea fishers have affected the fishers’ ability to respond to 
future ecosystem changes. Paper IV models the social system (fishers) as 
well as social-ecological connectivity (fisher-fish). 
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Methods and study region 

Based on the methodological aim of testing novel tools for research on SES 
patterns, large part of the thesis research is conducted through application of 
network analysis (Papers II-V). In addition, literature reviews (Papers I, II) 
and time-series analysis (Paper I) are performed. Network science is an 
enormous field of study, and in this section the applied network tools are 
briefly presented. Network motif approach is presented more thoroughly due 
to the novelty of motif analyses in Papers IV and V. The specific methods 
employed in Papers I-V and data sources are listed in Table 2 and described 
in detail within the papers and their supplementary materials. In the end of 
the section the main study region, the Baltic Sea, is described mainly in 
relation to the late-1980s regime shift. 

Network modeling enables studying connectivity and structure 
Research on the structural complexity of networks is part of the broader 
movement towards research on complex systems. Scientists want to unravel 
how complex networks of interacting elements behave collectively, given 
their individual dynamics and coupling architecture (Strogatz 2001). 
Intriguingly, despite the diversity of networks observed in nature and human 
systems, the diverse networks share several universal structural 
characteristics (Barzel & Barabási 2013).   
 
Network analysis is a theoretical framework based on interactions (network 
links) between system elements (network nodes) and the nature of the 
interactions, represented by a graph. Paper II in the present thesis is an 
example of modeling system relations as networks, which then can be 
quantified and studied. In Paper II the regime shift types, drivers and impacts 
were modeled as a tripartite (three types of nodes) network to study their 
relations. One-mode (one type of nodes) and bipartite (two types of nodes) 
networks were then constructed by reducing the more complex tripartite 
network to simpler one- or two mode network. In analyzing the regime shift 
complexities as networks, we were able to perform a cross-scale and cross-
type comparison across different marine regime shifts. In fact, we were able 
to study system-level processes through an analyses of the patterns of 
relationships among driver, regime shifts, and impacts. Paper I as well as  
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Table 1. Summary of methods applied in the thesis research. 
PAPER DATA NETWORK  

APPROACHES 
OTHER  

APPROACHES 
I -Literature review 

-Total biomass, spawning 
stock biomass and catch 
abundance time series for 
fish species (mainly from 
RAM Legacy Stock database 
(Ricard et al. 2013)  
-Fish life histories 
information 

No network 
approach used  

Time series 
analysis: 
application of 
collapse 
definitions 

II Scientific literature review 
(Anon n.d.) 

Network analysis for 
co-occurrence 
patterns  

Hierarchical 
cluster analysis 

III Ecopath with Ecosim (EwE) 
Baltic Sea food web model 
and model forcing data 
(Tomczak et al. 2013 and 
references within). The EwE 
Baltic Sea food web contains 
21 functional groups, 
including three fishing fleets 
on cod, sprat and herring.   

Ecological network 
analyses indices, 
ecosystem metrics 
and biomass 
diversity indices  

Sequential t-test 
analysis on 
regime shifts 
(STARS), 
Principal 
Component 
Analysis (PCA), 
STARS on PCA 
scores, 
Chronological 
Clustering 
Analysis (CC) 

IV -Predation interactions for 
food webs (Paper IV 
supplementary information) 

-Exponential 
Random Graph 
Modeling (ERGM) 
-Descriptive motif 
analysis 

 

V -Baltic Sea fishers fishing 
strategy occupations and 
catches for years 1996 and 
2009. (Jonas Hentati-
Sundberg) 
-Fish species predation 
interactions (Yletyinen et al. 
2016) 

-Compartment 
detection 
-Social-ecological 
motif analysis 
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Paper IV demonstrate the universality of the networks, as the methods 
successfully applied in the research were inspired (Paper I) and borrowed 
(Paper IV) from other disciplines. 
 
To test whether the detected network structures in empirical networks are 
meaningful, the empirical network is often compared to theoretically 
justifiable randomized networks (Artzy-Randrup et al. 2004; Itzkovitz et al. 
2004; Butts 2009). Such a procedure forms a null-hypothesis for network 
structure (Callaway et al. 2001; Milo et al. 2002) and is performed in this 
thesis for Papers II, IV and V.  
 
Network analysis framework can be quite restrictive, as it requires reducing 
a system to well-defined set of system elements, although it is exactly the 
reductive nature of graphical structure that has enabled the rich mathematical 
development of network science and application of network analysis on a 
wide variety of scientific questions (Butts 2009). Another limitation for 
network analysis is its static nature, meaning that the processes or flows are 
modeled at a steady state, in which links represent persistent interactions 
until they are broken (Blonder et al. 2012). The dynamic behavior of 
complex networks is mostly studied by examining the network before and 
after a certain change, as done in Papers III, IV and V in the thesis. Finally, 
network analysis is based on assumptions on what is interacting, the nature 
of interaction, and the time scale in which interactions take place. Hence, 
getting the correct results is influenced by appropriate assumptions (Butts 
2009).  

Network indices describe network functioning and structure 
A fundamental question in network analysis is describing the structure of a 
system. In addition to advancing our knowledge on a specific system, 
structural features can be studied to find unifying principles underlying 
network structure. Much of the value of network analysis comes from 
analyzing the system-wide network properties and their relation to network-
level or node-level outcomes. Quantifying the network structure with 
network indices allows for the correlations between structural characteristics 
and ecosystem behavior as well as system comparisons (Ulanowicz 2004; 
Dunne et al. 2004). Such indicators are for example connectivity (see 
Theoretical Background) and maximum chain length (the maximum number 
of links found in any food chain in a food web (Williams & Martinez 2000)). 
Network degree (number of links per node (Prell 2012)) – related indicators 
were calculated in Paper V to give a general understanding on how much 
fishers switch between fishing strategies. A great number of network indices 
is available and their relevance depends on the study question. In ecology, 
ecological network analysis (ENA) indicators have allowed detecting 
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correlations between structural characteristics and ecosystem behavior and, 
importantly, cross-comparisons among food webs (e.g. Wulff et al. 1989; 
Kones et al. 2009; Dunne et al. 2004; Ulanowicz 2004; Dunne et al. 2002). 
ENA indicators are commonly calculated for static models or between 
different time periods, but such accumulated data does not reveal patterns 
that occur over time. In Paper III we calculated temporal ENA indices from 
the results of temporally modeled food web data to describe the temporal 
change of food web functioning and structure. Indices selected for Paper III 
describe ecosystem properties in terms of ecosystem/food web resilience, 
structure and fisheries impacts (see Paper II and Paper II supplementary 
materials for descriptions of used indices). System-level based indicators 
give a general impression on the network, but do not allow lower network 
level examinations (Loeuille & Loreau 2005). Lower network level analyses 
were performed on Papers IV and V.  

Compartmentalization analysis detects densely connected 
network subgroups  
In Paper V, compartment detection analysis is used to detect densely 
connected network subgroups. In Paper V, compartments represent groups of 
fishing strategies among which fishing strategy switching occurs more than 
with the outside-compartment fishing strategies. The presence of 
compartmentalization can rarely be interpreted without more detailed 
examination. For instance, ‘wrong’ compartmentalization could prevent 
desired stabilizing feedbacks (May et al. 2008), or there may be a trade-off 
between local and system-wide effect: spreading may occur fast within the 
compartment but not from one compartment to another, bringing stability 
effect on the whole systems’ level (the entire network) but not on the 
individual’s or subgroup’s level (inside the compartment) (May et al. 2008). 
The compartmentalization effect was in Paper V interpreted based on the 
number of compartments and node and link attributes. Link weights 
indicated how many fishers switch between the fishing strategies, and node 
sizes represented the number of fishers that had the fishing strategy as their 
primary fishing strategy.  

Motifs: the building blocks of complex networks 
Both Paper IV and Paper V use network motif analysis, although in Paper IV 
we used a dynamic approach and in Paper V a descriptive approach. Motifs 
are network substructures (“building blocks”) (Figure 2) that occur more 
often or more rarely than can be expected in relation to randomized network 
(Milo et al. 2002). Motifs have been detected in several types of networks 
(Milo et al. 2002), and examples of motif studies include investigations on 
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roles of species in ecological communities, and interdependences between 
resource users and ecological resources (Stouffer et al. 2012; Bodin & Tengö 
2012). As motifs are formed of interactions between species or/and social 
actors, motifs represent natural phenomena that have evolved under system 
conditions, for instance apparent competition (Milo et al. 2002; Stouffer et 
al. 2007).  
 

 
Figure 2. A) Motif as a substructure of a network representing natural phenomena. 
B) In Paper IV, motifs represent ecological processes such as apparent competition.  
 
 
A common approach to study network motifs is to compare the frequency of 
relevant motifs in the empirical network to their frequency in a large number 
of random networks (mean value and standard deviation), and examine 
which – if any – of the chosen motifs are over- or underrepresented in 
relation to random. Descriptive motif analysis was applied in Paper V to 
study the social-ecological coupling between fishing strategies and fish 
species. Social-ecological motifs approach provides a framework for 
studying interdependencies between social actors and ecological resources 
(Bodin & Tengö 2012). By defining a set of motifs that represent important 
characteristics of SES, and examining how frequently the motifs of interest 
appear in the empirical social-ecological networks, it is possible to unpack 
and define the ways social actors and nature are connected, and link the 
detected characters to relevant theories (Bodin & Tengö 2012). The motif 
analysis in Paper V was performed with set of six motifs that describes 
alternatives for Swedish fishers’ ecological independence, e.g. whether the 
switch in fishing strategy includes another or the same target species. Motif 
frequencies in the empirical networks were compared to the mean value 
drawn from random networks with the same number of switching, fishing, 
and predation links. Paper V motif analysis conceptually follows a novel 
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social-ecological motif approach suggested by Cinner and Bodin (2010), 
adapted for our specific study system.  
 
The motif analysis in Paper IV differs in many ways from Paper V analysis 
and the previous food web motif studies in general. In Paper IV we applied a 
social sciences network modeling framework, i.e. Exponential Random 
Graph Modeling (ERGM) (Robins et al. 2007), on food webs. In spite of the 
important insights previous motif-based studies of food webs have provided 
(e.g. Stouffer et al. 2007), these earlier approaches have a limitation of being 
purely descriptive when statistically analyzing the structures of the observed 
food webs. Therefore, the ability to rigorously differentiate between the 
prevalence of certain motifs as being the cause or the effect of any 
underlying processes is inherently limited. ERGM differs from the 
descriptive approach in that it encourages and supports identifying the 
minimal but sufficient (core) set of motifs (called “configurations” in ERGM 
language and Paper IV, but for clarity I here discuss them as motifs) that 
explains the whole structure of the network.  
 
The overall methodological purpose of ERGM is to search for a well-fitting 
statistical model for an empirical network by estimating the structural effect 
(driving/inhibiting/neutral effect for the entire network structure) of each 
selected motif, and evaluating how adequately the resulting model represents 
empirical network structure (Lusher et al. 2013). Instead of motif frequency, 
as in descriptive motif studies, the results describe the driving or inhibiting 
tendency for each selected configuration in the process of replicating the 
entire observed network structure. Thus, ERGM is a tool to examine which 
minimal set of motifs  can give rise to the entire network structure observed 
in empirical data rather than counting the frequency of motifs in the network. 
ERGM indirectly takes into account ‘dynamic effects’ in that the prevalence 
of specific configurations in shaping the structure of the network can give 
rise to over/underrepresentation of other configurations. This ability to 
differentiate between motifs is an important feature that distinguishes ERGM 
from earlier approaches.  
 
In Paper IV, we build ERGM models using the Baltic Sea food webs for the 
coastal region (Åland islands) and Central Baltic Sea before and after the 
late-1980s regime shifts. We then examined whether the sets of driving 
motifs, i.e. the core ecological processes in the food webs, are different in 
1980s than in 2000s, indicating a shift in ecological functioning. 
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Case study region: The Baltic Sea 
 
The analyses in Papers I-II include several regime shifts or fish stocks 
worldwide, whereas Papers III-V focus on the Baltic Sea (Figure 3) as a 
study region. Since the Baltic Sea forms such an important part of the thesis, 
the Baltic Sea ecosystem will here by briefly described with a focus on the 
late-1980s regime shift.  
 

        Figure 3. The Baltic Sea. Image: Peter Hermes Furian, Shutterstock. 
 
The Baltic Sea is an almost fully enclosed, brackish and relatively shallow 
water body with steep horizontal and vertical gradients in its hydrography 
(salinity, temperature, oxygen concentration). Salinity levels, for instance, 
range from being almost fully marine in the Danish Straits (south-west) to 
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nearly freshwater in the northern Bothnian Bay. Less obvious gradients, such 
as the coast-offshore gradient, may play crucial roles for ecosystem structure 
as well, as distinct systems display dissimilar responses to environmental 
drivers with the coast acting as an ecological filter towards the open sea 
(Collie et al. 2008; Lloret & Marín 2011; Weigel, Andersson, et al. 2015). 
Along such gradients, even small changes in environmental conditions can 
potentially affect entire communities, especially in areas where species are 
already living at their physiological distribution limit (Segerstråle 1957; 
Bonsdorff 2006). The relatively young “ecological age” of the Baltic Sea 
(current ecosystem state ca. 6000 years old) makes it favorable for invasive, 
non-indigenous species, as it is considered to still be in an on-going 
successional stage with many ecological niches still remaining open for 
occupation (Bonsdorff 2006).  
 
From the late 1980s to the early 1990s, several, almost synchronous, marine 
regime shifts took place in the northern hemisphere, including in the Baltic 
Sea (Möllmann et al. 2011). The central Baltic Sea food web is relatively 
simple and the fish community is dominated by three species: cod, sprat and 
herring. A major period of ecological stress and anthropogenic impacts in 
the late-1980s and early-1990s pushed the biotic part of the central Baltic 
Sea into an altered state of reduced cod productivity (Österblom et al. 2007; 
Casini et al. 2008). It is assumed that the regime shift in the open Baltic Sea 
was induced by a combination of interacting effects, firstly from 
eutrophication and fishing pressure and secondly, by shifting sources of 
natural environmental variability, such as increasing temperature and 
decreasing salinity (Conversi et al. 2010; Möllmann et al. 2011). A trophic 
cascade occurred when the shift from cod to clupeids took place in 
combination with climate-driven changes in zooplankton composition, 
which in turn changed the zooplankton regulation of phytoplankton 
(Möllmann & Köster 1999; Österblom et al. 2007; Casini et al. 2008). 
Because of reduced predation by cod and environmental conditions 
favorable for sprat, the sprat stocks increased, leading to high predation 
pressure on cod eggs and juveniles (Köster & Möllmann 2000; Österblom et 
al. 2007; Möllmann & Köster 1999). Changes in zooplankton composition 
influenced prey availability for both cod and sprat and promoted algal 
blooms in the Baltic Sea (Möllmann & Köster 1999; Österblom et al. 2007; 
Casini et al. 2008). Predator-prey feedback loops thus appear to be 
stabilizing the system. The central Baltic Sea regime shift has been relatively 
well described in numerous studies, focusing mainly on shifts in zooplankton 
composition and inverse changes of cod and sprat abundances (and 
biomasses) (e.g. Alheit 2007; Möllmann et al. 2009), enforcing altered 
trophodynamic pathways (e.g. Tomczak et al. 2012). 
 
Coastal areas, on the other hand, are less studied regarding regime shift 
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analysis than the central Baltic Sea. However, some studies show that coastal 
communities have undergone major species compositional changes at 
coinciding years as well (Rousi et al. 2013; Weigel, Blenckner, et al. 2015; 
Olsson et al. 2015; Mustamäki & Mattila 2015). The benthic components at 
the Åland Islands show a gradual change in community composition over 
time, and the magnitude of change seemed pronounced in times coinciding 
with the suggested time frame of the late Baltic Sea regime shift, and 
supports its reported potential impact on all trophic levels (Weigel, 
Andersson, et al. 2015). This corresponds well with Rousi et al. (Rousi et al. 
2013) who found, in  an area close by (entrance of the Gulf of Finland), 
significant shifts in the long-term zoobenthos composition data. Also 
changes in fish abundance had been reported during the same period (late-
1980s), mainly caused by changes in Secci depth (water transparency 
measure) and temperature (Snickars et al. 2014; Mustamäki & Mattila 2015). 
In general, it has been shown that many ecosystems around the world 
changed drastically in the late-1980s due to fluctuations in temperature (Reid 
et al. 2015). The impact of anthropogenically induced eutrophication, 
originating from land, as well as climate change induced shifts in 
hydrographical conditions are more pronounced in the comparably shallow 
coastal areas than in the larger and deeper water bodies offshore (Snickars et 
al. 2014; Weigel, Andersson, et al. 2015). Overall, there is some evidence 
that the drivers are similar in the case of the offshore and coastal regime shift 
but the food web responses to those drivers are different. This suggests that 
regime shifts previously described for the open Baltic Sea, might also be 
found in their adjacent coastal areas, influencing community compositions 
and food-web dynamics of these highly productive zones.  

Many Baltic Sea fisheries are characterized by overfishing and fleet 
overcapacity (Aps & Lassen 2010). Fishing is a significant economic activity 
in the Baltic Sea (ICES Advisory Committee 2013). The main target species 
(approximately 95% of the catch) are cod Gadus morhua, sprat Sprattus 
sprattus, and herring Clupea harengus (ICES Advisory Committee 2013). 
International agreements (Total Allowable Catch (TAC)) as well as regional 
and local agreements regulate the harvest of most important species but the 
negotiated TACs have regularly exceeded those considered ecologically 
sustainable by science (Aps & Lassen 2010). The catches of pelagic fish are 
used for both human consumption and reduced to oil and meal and as an 
input to animal fodder (ICES Advisory Committee 2013). 
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Thesis contribution 

The research of this thesis begins with an essential component of marine 
social-ecological systems: fish. Fish play an important role in structuring 
marine food webs and in human food provision, and are threatened by 
overharvesting worldwide (Pauly 1998; FAO 2014; Pauly 2008). The 
complexity of fish stock dynamics contributes to the difficulty of estimating 
the state of the world’s fish stocks (e.g. Pitcher & Cheung 2013), and to 
confusion on the classification status of fish stocks (e.g. Pauly et al. 2013; 
Stokstad 2009). Paper I, a literature review and analysis of fish stocks, shows 
that the criteria in use for determining and quantifying fish stock collapses 
are numerous and lack important components in relation to stock dynamics. 
Our results indicate that the diversity of collapse criteria lead to inconsistent 
status reporting. In Paper I, we propose a new quantitative collapse 
definition that considers fish stock dynamics in relation to the collapse 
process. Tests of our new collapse definition on diverse fish stocks globally 
indicate that the new definition is sensitive to species-specific dynamics and 
robust against classifying short-term declines in abundance as a collapse. 
Although not tested for fish stocks, similar results of increased precision 
have been shown when including species trait information alongside 
abundance time-series in detecting early warning signals of population 
collapses (Clements & Ozgul 2015; Pinsky et al. 2011). One unanticipated 
finding was that many of the collapsed stocks have recovered, in line with 
Fernandes & Cook (2013). Besides enabling the standardization of status 
reporting for a large set of commercially important fish stocks, Paper I 
stresses the precise communication of scientific findings, promoting 
interdisciplinary collaboration and non-alarmist narratives (see Paper I 
Summary for more detailed discussion).  
 
Paper I leaves out the important aspect that fish stocks are embedded in 
complex marine ecosystems that may affect, and may be affected by, the 
collapse and recovery of fish species. In fact, Travis et al. (2014) state that 
despite ecological research that shows food webs exhibiting nonlinear 
dynamics and feedback loops that can produce sudden and unexpected shifts, 
fisheries science and management has not developed a sharper focus on 
species interactions. Large-scale food web perturbations resulting in 
transformations in ecosystem structure and function have been observed in 
many systems (Estes et al. 2011). Disrupting marine species interactions can 
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push an ecosystem past the tipping point to a new state of ecosystem 
structure and function, a state in which recovery of the fishery could be more 
difficult (Estes et al. 2011; Travis et al. 2014). The paradigm shift that Travis 
et al. (2014) consider essential for fisheries management includes 
consideration of the nature and strength of species interactions (indirect 
effects), environmental stress and fishing pressure, as well as the risk for a 
regime shift. Paper II recognizes that large-scale ecosystem changes are 
often products of social-ecological dynamics, or, at the very least, affect 
humans. In Paper II, a literature synthesis and systemic quantitative 
comparison of marine regime shifts worldwide is performed to study their 
drivers and ecosystem service impacts. 
 
Regime shifts have been extensively studied case-wise in order to report the 
drivers and impacts, with varying degrees of detail (e.g. lake eutrophication 
is presumably more well-studied than the more recent and unique regime 
shifts, such as the potential collapse of the Western Antarctic Ice Sheet). A 
finding that has emerged in regime shift research is that multiple drivers 
cause regime shifts and ecosystem services are often degraded together 
(known as ‘in bundles’ in the literature) (Conversi et al. 2014). Based on 
structural network modeling and clustering analysis, Paper II results show, 
first of all, that patterns in co-occurrence of drivers and regime shift impacts 
on ecosystem services are non-random. The noteworthy contribution that 
Paper II makes is providing knowledge on which sets of drivers and 
ecosystem service losses are connected with each type of marine regime shift 
(see Paper II Summary for details). Knowledge on which drivers can be 
anticipated with different types of regime shifts aids in the development of 
management strategies to avoid regime shifts. Understanding the scale at 
which drivers operate of drivers and degraded ecosystem services 
contributes to motivation for international action and management of local 
drivers. In order to compare similar phenomena in different ecosystems 
across different spatial and temporal scales in Paper II, we needed to reduce 
the level of system abstraction to generic types of regime shifts, their causes 
and impacts. This simplification has the advantage of enabling comparison 
on a global level and to find general patterns of marine regime shifts.  
However, a lot of the information richness of case studies is lost. To gain 
such detailed understanding of marine system change, Papers III-V examine 
structural changes on a local scale.  
 
The objective of Papers III and IV is to examine a regime shift case in detail 
to enhance our understanding on what a regime shift entails at an ecosystem 
level. Both studies apply network analysis to the Baltic Sea ecosystem in 
order to describe the ecosystem changes associated with the previously 
reported regime shift (Möllmann et al. 2009; Österblom et al. 2007). Paper 
III investigates temporal changes in the mass flow within the food web that 



   

31 

are associated with the regime shift. Paper IV focuses on the shift in the core 
ecological processes (i.e., the minimal but sufficient set of community 
ecology processes giving rise to the entire food web structure) at a food-web 
level. Surprisingly, only one of the two studies (Paper III) detects a regime 
shift. In Paper III, ecological network analysis (ENA) indices are calculated 
for the time period of the regime shift, complemented by statistical methods 
to detect possible abrupt shifts. The results show abrupt shifts for the 
majority of the applied ENA indices, and describe in detail two different 
ecosystem states before and after the late-1980s regime shift (see Paper III), 
associated with an overall decrease in the ENA resilience index over time. 
Our results show a shift from a benthic-dominated to a more pelagic-
dominated flow in the food web in the late-1980s Baltic Sea regime.  
 
The analyses in Paper IV complement the Baltic Sea food web flow research 
in Paper III with an entirely structural network analysis. In Paper IV, the 
Baltic Sea is studied as a case study to introduce a new structural network 
approach for studying marine regime shifts. Scientific reports exist for 
numerous marine regime shifts worldwide. Still, it is largely an open 
question to what extent these reported regime shifts pervade the whole 
system, i.e. to what extent do the empirically detected regime shifts change 
community ecology processes ecosystem-wide. Food web data can be 
extremely complex, and to study whether the functioning of the food web 
has changed, as the presence of regime shift would suggest, we needed to 
develop a new approach that would detect the core ecological processes in a 
food web. The approach was based on linking a complex adaptive systems 
perspective to traditional community ecology through the application of a 
network motifs framework Exponential Random Graph Modeling (ERGM). 
ERGM is a social network analysis framework, which is applied to food 
webs for the first time in Paper IV. The purpose of the analysis is to detect 
food web-specific core ecological processes and how they change, using the 
Baltic Sea as a case. 
 
Previously published studies on food web structure have not dealt with to 
what extent changes in complex food web structure qualify as a regime shift 
(see however Móréh et al. 2009 with limitation of studying minimal food 
web models). In Paper IV, we suggest that an ecosystem-wide regime shift 
would, from complex systems perspective, result in i) large changes in the 
magnitude of specific core ecological processes (a shift in a process that is 
structuring the entire food web); ii) the need for new ecological processes to 
explain the food web structure; iii) the change that some previously 
significant ecological processes would no longer be significant, or iv) a 
move to simpler food web (fewer core ecological processes) as in the  case 
of biodiversity degradation. Our hypothesis in Paper IV was that if we detect 
one of the aforementioned changes, the studied food web would have 
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experienced a regime shift. The use of structural tools such as network 
analysis is an important knowledge gap for empirical regime shift research, 
and further empirical research in this field is needed.  
 
The case study in Paper IV demonstrates that our novel approach and the 
application of the ERGM tool worked well for marine food webs. Detecting 
core ecological processes at the scale of species assemblages is certainly an 
interesting area of further investigation for all ecologists (Bascompte 2009). 
An intersting finding in Paper IV, with respect to the Baltic Sea, is that the 
analysis did not indicate a regime shift for the Baltic Sea coastal and 
offshore (central Baltic Sea) species assemblages, which raises questions 
about the well-documented late-1980s central Baltic Sea regime shift as a 
system-wide shift. This finding is based on two components of evidence. 
First, to be considered a regime shift, a shift in core ecological functioning 
should have been detected (according to our earlier described hypothesis for 
regime shift in the structure of a food web). Second, in Paper IV, the analysis 
was performed on food webs that have more species than the food webs that 
are used in Paper III for example. The effect of a larger species assemblage 
may indicate that the reported Baltic Sea regime shift could take place within 
one component of the food web, with no effect on the entire food web. The 
findings in Paper IV do not argue against the Baltic Sea having undergone a 
regime shift. Instead, the results suggest a shift in a more limited number of 
interacting species. The maintenance of core ecological processes could be 
explained by the food web structure (high connectivity and no strong 
compartmentalization). However, the food web structure might only be able 
to absorb changes until a critical threshold is reached, at which point the 
system collapses and enters a fundamentally different regime (Scheffer et al. 
2012).  
 
The Baltic Sea regime shift research in this thesis has intriguing implications 
for both empirical and theoretical regime shift research. The differences in 
the results between biomass-based time-series approaches (Paper III, 
Möllmann et al 2009) and structural network analyses (Paper IV) 
demonstrate that regime shift detection should, at its best, be undertaken 
using a number of complementary research approaches and methods. The 
results further emphasize the importance of including many species from the 
whole food web in regime shift research, following the regime shift 
definition by Scheffer et al. (2001), to distinguish whether the shift occurs 
for a subsystem or in the entire food web. For instance, a fish collapse is not 
necessarily a regime shift. Fish productivity appears to even naturally shift 
between high productivity and low productivity periods, which are further 
amplified by fishing (Shelton & Mangel 2011; Essington et al. 2015). These 
periods of different fish productivity have been named productivity regime 
shifts (Vert-pre et al. 2013) but, for example, the results of Paper I show the 
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recovery of many previously collapsed fish stocks, indicating a lack of 
hysteresis or substantial ecosystem change. These findings lead to a 
knowledge gap that needs to be examined more closely: the definition of 
structural and functional regime shifts in complex empirical food webs.  
 
The key contribution of Paper IV is the conclusion that when applying a 
complex adaptive system perspective in regime shift research (or food web 
research in general), it is important to differentiate processes giving rise to 
the system structure from their secondary structural effects (see 
Methodological Contributions for continued discussion) (Note, however, the 
significant contributions of descriptive motif analysis, e.g. Bascompte & 
Stouffer 2009; Stouffer et al. 2007; Stouffer & Bascompte 2010; Bascompte 
& Melián 2005; Camacho et al. 2007; Bascompte, C. Melián, et al. 2005).  
 
Papers III and IV scrutinize Baltic Sea ecosystem change by examining food 
web flow, structure and functioning. Although anthropogenic drivers are 
included in all of the previous thesis studies, Papers I-IV have considered 
humans almost as an external driver, or as the subject of ecosystem service 
degradation. Seen from a complex SES perspective, humans are an internal 
part of marine systems. To also address the social component of SES, Paper 
V focuses on the social actors and social-ecological connectivity by 
examining fishers and their adaptability to changes in fish productivity. 
Regulating fishing effort is a common management tool to avoid fish stock 
collapses or to rebuild depleted fisheries. Management outcomes are often 
assessed by evaluating ecosystem change and fish productivity, but the 
effects on resource users are rarely examined. However, the often 
unintentional changes within fisher communities in turn affect the fish stocks 
through altered harvesting strategies. Paper V builds on the results of 
Hentati-Sundberg et al. (2014), who reported changes in the Baltic Sea 
Swedish fisher community in relation to their fishing strategies. The changes 
were mainly driven by management striving to limit fishing effort (Hentati-
Sundberg et al. 2014). Further, the authors argued that the reported change 
among fishers counteracted resilient development in the Baltic Sea fishery 
system (Hentati-Sundberg et al. 2014).  
 
Paper V results provide an empirical example of how coupled social and 
ecological systems may have different degrees of resilience, and how social-
ecological connectivity can change over time (Liu et al. 2007). Structure of 
social-ecological systems, and social-ecological connectivity specifically, is 
a relatively unexplored feature (Biggs et al. 2015). Paper V is based on 
conceiving fisheries as complex social-ecological systems (Mahon et al. 
2008) where social agents have the capacity to self-organize and adapt to 
changing conditions as a community (micro-scale changes creating system 
patterns), which, in turn, affects the ecosystem because social-ecological 
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systems are characterized by reciprocal interactions between people and 
nature (Levin 1998; Biggs et al. 2015). Paper IV uses structural network 
analysis to model and interpret the change from one time period to another, 
namely for years 1996 and 2009. Specifically, the study explores changes in 
the switching behavior between different fishing strategies among Swedish 
fishers. The ability to switch between different strategies and social-
ecological connectivity (fisher-fish) are linked to fishers’ adaptability to fish 
stock fluctuations. The changes we find in the network patterns of fishing 
strategies are generally in agreement with the results of Hentati-Sundberg et 
al. (2014). Surprisingly, the results of Paper V show increased adaptability 
among fishers, although mainly with respect to small-scale fishers, as well as 
minor improvements in the fishers’ possibility to change the target species. 
The structural changes detected in the analysis may produce unwanted 
ecosystem developments (overfishing of all commercial stocks) but the 
restructuring is also an opportunity for positive change. The study points to 
an important management opportunity (related to small-scale fisheries) in the 
Baltic Sea, and indicates a less gloomy picture for the social-ecological 
resilience of the Baltic Sea for the studied Swedish fisheries than was 
previously thought. Paper V increased understanding on SES changes is 
based on the previous recognition that resilience-related diversity is a 
complex concept (Stirling 2007; Biggs et al. 2015). The empirical study that 
is the subject of Paper V confirms that response diversity entails not only the 
variety of system elements, but also the difference between the elements, the 
abundance of each element, and how different the elements are from each 
other (Stirling 2007; Biggs et al. 2015; Elmqvist et al. 2003). 
 
The empirical research in Paper V clearly demonstrates that evaluating 
natural resource management outcomes should not be limited to ecosystem 
dynamics. The study provides empirical evidence that the adaptive SES 
capacity (to address changing environmental conditions) includes 
restructuring of the social system, which affects future resource harvesting 
opportunities and the success of ecosystem management. Ecosystem changes 
are most often driven by multiple drivers, potentially leading to 
unpredictable and unexpected outcomes (Crain et al. 2008; Holling et al. 
2002). Management and resource users should be able to adapt to change 
(Holling et al. 2002; Folke et al. 2005) yet still maintain long-term 
socioeconomic benefits while maintaining the function of the related 
ecosystem. (Pikitch et al. 2004). Although not specifically aimed at 
management, many of the thesis papers have management implications. 
Papers III and IV highlight the fact that efforts at managing marine 
ecosystems and avoiding tipping points are often hampered by a lack of 
information about the ecological networks (Travis et al. 2014). This is 
especially important in relation to Paper IV, which acknowledges that the 
seemingly unchanged food web may in fact exhibit ‘false’ resilience, 
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indicating the need for proactive management since the Baltic ecosystem 
may be approaching a threshold (Scheffer et al. 2012). Paper V strongly 
implies broadening the scope of fisheries management to include the entire 
social-ecological system, which is in agreement with ecosystem-based 
management approaches. For the Baltic Sea, Paper V encourages regional 
governance to take the opportunity to consider social restructuring of small-
scale fisheries as a means to guide the sea towards sustainable harvesting 
rather than overfishing. The collapse definition of Paper I intends to 
contribute to fisheries decision-making, which requires an adequate picture 
of the state of fish stocks and definitions that can be applied across fisheries 
datasets.  
 
The emerging resource management approach that points to the importance 
of actively managing system resilience requires improved understanding of 
the dynamic and complex processes and structures that support or undermine 
resilience (Hughes et al. 2005; Scheffer et al. 2012; Bascompte 2009). The 
importance of studying marine systems as complex, adaptive social-
ecological systems is well-established and increasingly applied in empirical 
research (e.g. Lade et al. 2015). The empirical findings of the present thesis 
confirm the influence of complexity for the functioning of SES components 
across scales, which in turn supports the importance of multi-scale 
ecological and social studies for measuring and predicting change in marine 
systems. The thesis clearly shows that consequences of multiple, interacting 
drivers cannot be assessed by monitoring the abundance of only a few 
species. Papers I-V provide a new understanding of the extent and 
complexity of change in marine systems, and demonstrate the value of a 
complex systems approach in empirical research.  

Methodological contribution 
 
A partial aim of the thesis was to test and develop novel tools for conducting 
research on marine systems. A first contribution is the extension of the fish 
stock collapse definition (Paper I). Although our analysis indicates that the 
definition performs remarkably well for diverse species and stock dynamics, 
and we strived to make the definition as practical as possible, the use of the 
definition is nevertheless limited by the availability of biomass data.  
 
A substantial methodological contribution is made in Paper IV, which is the 
first application of the social network analysis framework - Exponential 
Random Graph Modeling (ERGM) - to ecological networks. The approach 
provides a framework for moving from descriptive motif analysis to 
dynamics motif analysis. The approach taken in Paper IV, which combines 
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ERGM with complex adaptive systems theory (emergence especially) and 
traditional community ecology, investigates which ecological processes give 
rise to complex food web structures, allowing analysis even on very complex 
networks (at least 1500 nodes). Hence, the method can be used to study 
whether the core ecological functioning of a food web has substantially 
changed from one time period to another. To the authors’ knowledge, a tool 
to detect functional shifts has not been previously been available for 
complex, large food web datasets. Future research on the approach should be 
conducted with food web datasets from different locations to test the extent 
of change in ecological processes that ought to be classified as a regime 
shift. A definition for a substantial change in empirical ecological processes 
in complex food webs has to the authors’ knowledge not existed prior to our 
study. The key strength of the Paper IV approach is the ability to 
differentiate the processes giving rise to the system structure (e.g. food web) 
from their secondary structural effects. For instance, the presence of several 
V-shaped motifs form triangles, but it is the V-shaped motifs (driving 
processes) and not triangles (secondary effects) that are in that case shaping 
the network. For this, Paper III provides a significant methodological 
contribution by introducing a tool that can detect the processes driving the 
food web and, indeed, changes in the main ecological functioning of food 
webs. 
 
Papers II, III and IV apply existing network tools to different systems, 
demonstrating the flexibility of network analysis. The time-dynamic 
ecological network analysis (ENA) approach was novel for the Baltic Sea, 
and was performed to test whether the ENA indices would detect the regime 
shift. The analysis in Paper III on regime shift drivers and impacts 
emphasizes the universality of network science, because the analysis was 
discovered in medical research. In Paper V, the social-ecological motif 
approach provided new knowledge on the linkages between Swedish fishers 
and target species, which led to noteworthy insights regarding the fishers’ 
adaptability to ecological change. Research on social-ecological systems has 
advanced conceptually, but less so methodologically especially in terms of 
tools for studying integrated systems of humans and nature using 
quantitative approaches. Paper V presents a successful application of the 
social-ecological motif approach and hopefully encourages the increased use 
of the approach. 

Conclusions 
 
To gain understanding of how complex marine systems might respond to 
changing conditions, this thesis aimed to disentangle changes in marine SES 



   

37 

dynamics through studies of different SES components and further, by 
mapping and analyzing the structure of these components. In order to 
provide a comprehensive perception of the effects of multiple drivers on 
marine systems, the thesis describes change and structural patterns at several 
scales from the dynamics of a single fish stock to global regime shift drivers. 
The research draws strongly from complex adaptive systems theory and 
applies, for the most part, network analysis to model the system structure as 
an interacting, self-organizing system with a number of elements. With 
diverse approaches and different perspectives on marine social-ecological 
systems, the thesis research provides significant insight into how 
heterogeneous, structurally complex marine systems respond to changing 
conditions and drivers. 
 
Taken together, the thesis studies provide empirical evidence for the 
emerging view that marine resource management and research must account 
for the complexity of system elements to ensure the provision of ecosystem 
services in the future. Further, the research on SES components at varying 
scales highlights the importance for research on all SES components. One of 
the advantages of larger scale research is the conversion of external drivers 
to internal drivers subjected to within-system self-organization. However, 
the integration of diverse marine SES components limits the level of detail 
obtained from the analysis and, consequently, limits the level of complexity 
that can be included following such an approach. Therefore, the thesis 
emphasizes the importance of interdisciplinary research cooperation in 
marine science to bring complementary approaches together for studying 
complex marine social-ecological systems.  
 
The food web research in the thesis was to some extent limited by a lack of 
data for commercially non-important species, and the use of novel network 
tools brings uncertainty to the interpretation of results. Future research 
should be undertaken to apply the approach used in Paper IV to a large set of 
marine food webs for determination of functional shifts in empirical food 
webs. Inclusion of more fish species or an entire food web to the research 
presented in Paper V would give a more complete picture of the Baltic Sea 
SES change. Nevertheless, the thesis contributes to generating and 
answering scientifically novel and innovative research questions as the 
studies tests theoretical research suggestions on empirical data, link the 
structure of diverse SES components to their functioning, and integrate 
social and ecological networks dynamically. The first application of 
Exponential Random Graph Modeling in ecology, structural modeling of 
social-ecological connectivity, and the improved “fish stock collapse” 
definition provide - or encourage the use of - new tools for studying oceans 
in the future.  
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Paper summaries 

Paper I: When is a fish stock collapsed? 
 
The marine science community is here shown to lack an established 
definition for fish stock collapse. Our quantitative collapse proposition is 
designed for ecologically stringent communication of research findings 
and co-operation across disciplines.   

 
Paper I examines a loss of a crucial provisioning ocean ecosystem service, 
marine fish stocks, and addresses the challenge of evaluating the state of 
marine resources. Scientific studies on fish stock collapses attract broad 
media attention due to the fact that the loss of fish increases the risk for food 
insecurity and biodiversity declines. At the same time, underutilization of a 
renewable natural resource should be seen as undesirable since fish is a vital 
source of nutrition for millions of people (Zhou et al. 2015; FAO 2014). 
While there is a scientific consensus that overfishing is a problem, there is 
no consensus on how severe the problem is and what the underlying trends 
are.  
 
A substantial body of literature has voiced concern for stocks being 
overfished, and in many cases the word “collapse” has been used to decribe 
the situation. In 2006, a projection by Worm et al. (2006) of a global 
collapse of all currently fished stocks by 2050 fuelled the scientific debate 
on the state of the world’s fish stocks and provoked considerable media 
attention. Issues were raised within the scientific community about 
sensationalism, misinterpretation of data, and data units. The debate was 
valuable, because unnecessarily alarmist narratives and inaccurate language 
can lead to apocalyptic public perception on the state of fisheries. Besides 
glass half-full or half-empty perspectives, the debate reflected worldviews of 
two camps: conservation scientists and fisheries scientists. In Paper I we 
argue that part of the background for the debate lies in the lack of an 
established definition among scientists of what a fish stock collapse entails. 
We ask what is a collapse, and what are the implications of a particular 
definition for our perception of the state of the sea.  
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We carried out a review of published fish stock collapse definitions and 
performed a time series analyses on 18 diverse fish stocks to study the 
implications of different definitions. The review shows that fish stock 
collapse criteria are numerous and remain underdeveloped in relation to fish 
stock dynamics, leading to inconsistency in stock status reporting. Building 
upon the strengths and weaknesses detected in the literature review and our 
analysis, we suggest a quantitative definition of collapse (see Figure 4). Our 
definition takes into consideration not only the magnitude of the decline, but 
also the potential recovery phase, and the differences in life histories 
amongst species and populations. The perspectives of both conservation and 
fisheries scientists are included in the proposed definition to provide a 
common ground for understanding.  
 
Consequently, despite the considerable fish stock status debate, little 
attention has been paid to the nature of the collapse itself. The review 
revealed multitudinous definitions for a collapse, which in our analysis led to 
a conflicting assessment of whether a particular stock is collapsed or not. 
Examining the performance of the proposed definition on fish stocks with 
different dynamics and species suggests that our definition is more sensitive 
to the diverse life histories of fish stocks than existing definitions on 
average, and can thus provide a standardized measure for a large set of 
socio-economically important fish stocks. Through the inclusion of a 
quantified state of no/prolonged recovery, our definition is able to separate a 
depletion with prolonged (or lack of) recovery from, short-term stock 
fluctuations, and thus limits the term “collapse” to alarming cases. Lastly, 
our definition reports collapse “in relation to the year n” to clearly mark the 
baseline for measurement (following shifting baseline syndrome as defined 
by Pauly 1995), and to clarify why possible depletions after the first collapse 
are flagged as collapsed or non-collapsed.  
 
Recent findings suggest that the words used to describe scientific results may 
no longer be chosen by the content of the findings but by marketability, 
driven by publication pressure (Vinkers et al. 2015). Accurate reporting of 
the state of world’s fisheries is especially important since fish is of high 
interest to a wide audience. With robust scientific definitions and use of 
concepts that correctly reflect the research findings we can avoid 
unnecessarily apocalyptic narratives, interpret findings with care and co-
operate across disciplines to provide evidence that can help to secure healthy 
fish stocks in a rapidly changing, globally connected world where an 
increasing human population is relying on marine food resources. 
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Figure 3. Our collapse definition proposition defines a collapsed fish stock through 
two steps: i) abrupt decline (green line) to 70% (blue line threshold) or 90% (red 
line threshold) of spawning stock biomass within three species-specific generation 
times or 10 years; and ii) state of depletion (grey area) when the biomass is below 
the threshold. Our definition uses the 70% threshold, but we included the 90% 
threshold in the analysis as well. The thresholds are based on International Union 
for Conservation of Nature (IUCN) “endangered” (70%) and “critically 
endangered” (90%) criteria for harvested fisheries (IUCN Standards and Petitions 
Subcommittee 2014). In addition, we distinguish collapsing and recovering years 
based on mean positive/negative growth rate (not marked in the figure, see Paper I). 
The collapse is defined in relation to the year where measuring the decline began. 
Consequently, if the SSB falls below the threshold after some recovery years above 
the collapse threshold, even these years are defined as “collapsed in relation to year 
n”. The range of existing criteria shows approximate variety of thresholds for 
decline-based collapse definitions detected in literature review. This figure is 
conceptual and does not refer to any specific data.  

Paper II: Marine regime shifts: drivers and impacts on 
ecosystem services 
 
Describing co-occurrence patterns in the multiple drivers and the impacts 
of regime shifts contributes to developing management that reduces the 
risk of marine regime shifts.  
 
The second study in the thesis provides a systematic and general comparison 
of the wide variety of marine regime shifts. Our research on the similarities 
in the underlying patterns of regime shifts aims to generalize case-specific 
findings. Synthesizing the knowledge on regime shift drivers and impacts is 



   

41 

increasingly crucial, since the anthropogenic global change increases 
processes that can drive regime shifts, result in substantial impacts on 
ecosystem services (Carpenter et al. 2009; Millennium Ecosystem 
Assessment 2005). In general, ecosystem management is built on the 
assumption of a gradual response to drivers rather than the possibility of 
abrupt shifts that are hard to reverse (Scheffer et al. 2012; Scheffer et al. 
2009). Predicting regime shifts has proven difficult, although time series 
indicators (e.g. Carpenter & Brock 2006) or even socio-economic 
information (Richter & Dakos 2015) could be used to detect early warning 
signals. However, significant changes in the indicators appears to occur once 
a regime shift is initiated, during which it is usually too late for management 
to avert the shift (Biggs et al. 2009). Therefore, a better understanding of the 
drivers of regime shifts would contribute to avoiding undesired shifts before 
their onset. In addition, although marine regime shifts have been reported 
worldwide (Möllmann et al. 2009; Daskalov 2002; Conversi et al. 2010; 
Hare & Mantua 2000), empirical research often focuses on specific regions 
or types of regime shifts. In understudied areas, management may have to be 
based on poor or unavailable data.  
 
In this study, we aimed to identify general patterns across marine regime 
shifts to facilitate better management strategies. We examined whether 
general patterns exist across marine regime shifts by studying similarities in 
the combinations of regime shift drivers and impacts. A driver was defined 
as “any natural or human-induced factor that directly or indirectly causes 
change in marine systems”. We performed a literature review on published 
academic literature, synthesizing the information on marine regime shift 
drivers and consequences across cases. 13 general types of marine regime 
shifts were identified, and network analysis was applied to study co-
occurrence patterns among drivers, similarities among regime shifts, and the 
co-occurrence of impacts with ecosystem services. The network analysis was 
based on first modeling the regime shift types, drivers and impacts as a 
tripartite network to establish connectivity among the elements. We then 
compared the observed patterns of one-mode networks to randomized 
networks, and applied hierarchical clustering to cluster similar drivers and 
ecosystem services.  
 
All regime shifts in our literature review had multiple identified drivers, with 
an average of 12 drivers (54 identified drivers were included in the study in 
total). In the study we report detailed findings for the co-occurrences of 
drivers, for instance the drivers that co-occur most frequently (nutrient input 
and fishing), and a group of drivers that affect most analyzed regime shift 
types (climate change, nutrient inputs, urbanization, fishing, demand for 
food and fiber and deforestation). Our analysis shows that the dominant 
driver categories are climate-related drivers and biophysical processes.  
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Our results show that on average, regime shift types affect four (26 in total) 
ecosystem services (ESS). All marine regime shift types affect biodiversity 
(supporting ESS) and fisheries (provisioning ESS). The most commonly 
affected ecosystem services were wild animal and plant foods for 
provisioning services, water purification for regulating services, and 
aesthetic values for cultural services. We found that different regime shift 
types impact ecosystem services similarly but with variation in the set of 
impacts, and we identify groups of drivers that impact similar sets of 
ecosystem services. All marine regime shift types affect fisheries and 
biodiversity. Finally, our findings show that most regime shifts arise from a 
set of drivers that require management at multiple scales. 
 
The analysis indicates that the multiple drivers causing regime shifts as well 
as their multiple consequences co-occur in a non-random pattern. The co-
occurrence varies among the categories of drivers, and we speculate that 
strong driver interactions suggest synergistic effects, or feedback dynamics. 
Indirect drivers are strongly connected, which might be caused by 
intermediate or more direct drivers between them. Drivers related to food 
production, climate change and coastal development are the most common 
co-occurring causes of regime shifts, while cultural services, biodiversity 
and primary production are the most common cluster of ecosystem services 
affected. The results emphasize that multiple drivers must be addressed, and 
coordinated actions across multiple drivers and scales is needed to reduce the 
risk of marine regime shifts. Importantly, based on similarities and 
connections among drivers of different regime shifts, the analysis indicates 
driver/impact clusters that can be used as prioritized sets of drivers for 
management. 
 
Paper II results are based on a literature synthesis and may thus be biased 
towards well-established scientific knowledge and uncertainties for case-
specific regime shift detection. Despite the uncertainties, our results are in 
agreement with previously reported drivers of marine change, and 
complement previous research with the detailed co-occurrence patterns 
detected in the study.  
 
Management strategies are likely to fail if they only address well-understood 
or data-rich variables. Co-occurrence of drivers and impacts on similar 
regime shifts, as identified in our study, may point out additional 
management needs or opportunities. Importantly, the diversity of drivers at 
different scales shows the potential for managing local drivers to increase the 
resilience of marine systems to global drivers despite the lack of global 
action. By providing a better understanding on the underlying patterns of 
marine regime shifts, our research contributes to the development of 
managerial strategies with the goal of reducing the risk of high-impact 
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marine regime shifts. The general clusters of drivers coupled to ecosystems 
are crucial information especially for data-poor areas.  

Paper III: Ecological network indicators of ecosystem 
status and change in the Baltic Sea 
 
Several marine regime shifts have food web reorganization in common. 
Here the Baltic Sea food web reorganization is described from one regime 
to another, year by year, at the ecosystem-level.  
 
Regime shifts in several marine regions have food web reorganization in 
common. The third study in the thesis examines a marine regime shift as a 
change in the internal structure, organization and size of the ecosystem. In 
the central Baltic Sea, the late-1980s regime shift is associated with food-
web reorganization within the trophic levels of fish and zooplankton, and the 
redirection of energy flow pathways (Möllmann et al. 2009; Österblom et al. 
2007). In this study, we strived to describe the Baltic Sea food-web 
reorganization at the ecosystem level. Ecological network analysis (ENA) is 
a powerful tool for describing food web reorganization, and it has been used 
to describe the Baltic Sea before. However, previous research has not taken 
into account temporal changes in the ENA indices. We applied time-
dynamic ENA indices analysis for the time period 1974-2006, including the 
late-1980s regime shift, to describe changes in the ecosystem processes 
underlying the Baltic Sea regime shift. The indices were interpreted in 
relation to the theories of resilience and regime shifts.  
 
Long-term Baltic Sea food-web dynamics were simulated using an Ecopath 
with Ecosim food web model forced by climate and fishing from years 1974-
2006. 15 network analysis indices, ecosystem metrics and biomass diversity 
indices were calculated, complemented with statistical methods to test for 
shifts, including Chronological Clustering Analysis (CC), Principal 
Component Analysis (PCA) and sequential t-test analysis.  
 
Our analysis on the temporal food web changes detected a significant shift in 
the ENA indices, and through that distinguished two different ecosystem 
regimes. Our results described the first regime, from 1974 to 1988 as (in 
comparison to the second regime) “a more mature and balanced ecosystem 
with more diverse flow structure, higher resilience, high primary production, 
and high fishing pressure at relatively high trophic levels”. The regime 
between 1994 and 2006 was characterized as “a more stressed, less resilient 
regime with high primary production and high fishing pressure on lower 
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trophic levels, indicating a more productive food web”. The food web 
structure changed from web-like to a linearized structure. The results 
indicate that the Baltic Sea ecosystem’s resilience was higher prior to 1988 
and lower thereafter. After the regime shift, the ecosystem was (among other 
characteristics described in the paper) more stressed, it conserved less 
nutrients and needed more time to recover.  
 
The results may be affected by high cross-correlation, the lack of seasonality 
and aggregated, simplified food web structure. The results do agree well, 
however, with previous research findings. In addition to the detailed Baltic 
Sea regime shift description, our results show that time-dynamic ENA 
indices can be used to demonstrate an abrupt regime shift at intermediate and 
long time-scales. The scale of ecosystem-level changes detected in this study 
emphasizes the importance of including internal ecosystem characteristics in 
studies together with anthropogenic and environmental drivers. Such a 
holistic approach is the cornerstone for ecosystem-based management.  

Paper IV: Regime shifts in marine communities: a 
complex systems perspective on food web dynamics 
 
A new approach for detecting driving ecological processes in food webs 
reveals that a previously reported regime shift may not be a system-wide 
structural and functional shift.  
 
In the fourth study, we consider regime shifts as system-wide shifts in 
structure and functioning of ecosystems (Scheffer et al. 2001), and address 
the challenge of detecting a shift in food web-wide functioning. The severity 
of marine regime shifts has been widely acknowledged, but elucidating the 
precise nature of their underlying processes and explicitly detecting and 
defining them has remained difficult. This is especially true in empirical 
studies, due in large part to often large and complex datasets, for instance 
food web data. In practice, any large, abrupt and persistent change in key 
state variables describing the system may be conceived as a regime shift 
(Walker et al. 2004). This is also acknowledged in the methodological 
uncertainties detailed for the time-series analysis used in Paper III. Here we 
contribute to this knowledge gap by presenting a new approach to reveal 
driving processes in food webs and whether they have changed significantly. 
We then apply our approach to the Baltic Sea coastal and offshore food webs 
before and after the reported Baltic Sea regime shift (Möllmann et al. 2009; 
Casini et al. 2008; Österblom et al. 2007; for coastal region see Weigel, 
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Andersson, et al. 2015; Snickars et al. 2014; Rousi et al. 2013; Olsson et al. 
2015) to investigate possible system-wide structural and functional changes.  
 
Our new approach is based on complexity theory and uses a social network 
tool, Exponential Random Graph Modeling (ERGM) (Robins et al. 2007), in 
combination with community ecology (see thesis methods section for further 
details). With this approach, we adopted a dynamic perspective on the 
emergence of ecological networks, based on identifying the minimal but 
sufficient set of ecological processes (network motifs (Milo et al. 2002)) that 
can explain the whole structure of the food web. The Baltic Sea food webs  
used in this study were constructed for this paper based on sampling data 
when available, literature and expert opinions. All food webs consist of 
approximately 30 nodes. 
 
Our results present the minimal set of ecological processes that give rise to 
the entire structure of Baltic Sea food webs. The results provide us insights 
into the processes of community ecology that assemble food webs, discussed 
in detail in the study. Our findings indicate that despite the regime shift, the 
dominant food web processes have remained largely the same in the Baltic 
Sea food webs, although we did detect changes in the magnitude of their 
effect on the food web (so called parameter estimates, for details see Paper 
IV supplementary materials). Contrary to previous research, the results 
suggest that the Baltic Sea regime shift may not be a system-wide shift in the 
food-web structure, but instead may have occurred in a sub-food web 
component including a limited number of commercial species. This study 
thus emphasizes the importance of addressing the empirically and 
theoretically challenging question of whether reported regime shift 
constitutes a system-wide shift. 
 
The study has several implications for marine regime shift research. In 
addition to extending Baltic Sea regime shift research, it introduces a new 
dynamic approach for empirical marine food web analysis. Our case study 
demonstrates the analytical ability of ERGM to link the often hard-to-
observe species interaction processes with the observable food web 
structure. The approach provides for a better integration of community 
ecology theory with empirical analyses of complex food webs. Lastly, the 
study greatly contributes to empirical research on marine regime shifts by 
detection of significant changes in the functioning of entire species 
assemblages, and highlights the importance of applying food web topology 
analysis and time-series analyses as complementary approaches to detect and 
define regime shifts.  
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Paper V: How patterns of interactions between and 
among fishing strategies and targeted fish species affect 
adaptive capacity: an integrated analysis of the Baltic 
Sea fishery 1996-2009 
 
Restructuring of Swedish fishers community made the Baltic Sea fisheries 
more vulnerable to poor management, but also more susceptible to 
sustainable management. This mostly applies to small-scale fishers – 
large-scale fishers appear to be less adaptive in their practices now than 
two decades ago. 
 
The last study of the thesis focuses on social actors (fishers) within the 
fisheries and couples them to the harvested resources (target fish). The 
human dependency on marine systems and the impact that humans have on 
marine systems, as well as how they are intertwined through a set of social-
ecological feedbacks (Folke et al. 2005), motivates studying (and governing) 
the fisheries as an entwined social-ecological system. In this study, fisheries 
are recognized as complex social-ecological systems (Cf. Mahon et al. 2008) 
where humans need to adapt to natural variation, and manage both the direct 
and indirect impacts of their actions. Fishers are affected by multiple drivers, 
such as fish stock fluctuations, weather, prices and regulations. Their 
adaptation to the changing conditions created through the interaction of 
humans and environment results in diverse fishing strategies (Christensen & 
Raakjær 2006). Fishing strategies categorize fishers’ long term (annual) 
fishing behavior (Christensen & Raakjær 2006). Diversity in fishing 
strategies is important especially for multispecies fisheries (Boonstra & 
Hentati-Sundberg 2014), and can be linked to resilience. Diversity among 
the fishing strategies of a particular fisher community partly determines their 
ability to self-organize without outside influence, and in so doing provides 
possibilities to adapt to ecological and economic changes (Holling 1973; 
Walker et al. 2004; Folke et al. 2004).  
 
Previous research has shown that the Baltic Sea management has, over a 
period of 15 years (1996-2009), led to a significant changes in specialization 
of Baltic Sea Swedish fishers’ fishing strategies (Hentati-Sundberg et al. 
2014). Large-scale fishers have become increasingly specialized, i.e., there 
has been a decrease in the diversity of fishing strategies. By way of contrast, 
small-scale fishers have increasingly combined different fishing strategies 
and through doing so increased their diversity (Hentati-Sundberg et al. 
2014). Hentati-Sundberg et al. (2014) suggest that the changes have lead to a 
social system (fishers community) that is less resilient to environmental and 
economic changes.  
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Paper IV asks how the restructuring of the fishers community has affected 
the fishers’ ability to adapt to future changes through their resource sharing 
and their ability to switch between different fishing strategies. We modeled 
the Swedish marine fishers community as a weighted network where the 
nodes represent fishing strategies, and the links represent the number of 
fishermen that during a year permanently or temporarily switch between any 
pair of strategies. In the second part of the analysis, social-ecological 
network is created by adding the targeted fish species to the network of 
fishing strategies.  
 
In agreement with previous findings (Hentati-Sundberg et al. 2014), our 
analysis detects the increased specialization for large-scale fishers and 
decreased specialization for small-scale fishers. Importantly, our results 
show that although the fishers’ social system as a whole became more 
specialized, there was also indications of increased flexibility (i.e., more 
switching between fishing strategies in magnitude, although not more 
switching opportunities). We also noted that the fisher community had 
become more heterogeneous through more equal distribution of fishers 
across fishing strategies, which may add to the redundancy present in the 
system. When also accounting for the links to the targeted fish species, our 
results reflecting the social-ecological connectivity suggest an overall lack of 
flexibility in fishers’ ability to change their target species. However, we 
detected an increased ability to change target species during the latter time 
period: although the ecological adaptability of fishers is still low, switching a 
fishing strategy entails a fisher changing to another target species more often 
in 2009 than in 1996. 
 
Natural resource management can increase or decrease resilience, depending 
on how the system self-organizes itself in response to management actions 
(Holling 2001). Paper V suggests that although we detected marked 
fragmentation at the whole-community level, in that two clearly 
distinguishable subgroups of strategies developed from 1996 to 2009, the 
increased flexibility within the subgroups has increased the ability of the 
social system to adapt to future changes. Changes in social-ecological 
coupling increasingly enable fishers moving away from fisheries that need 
rebuilding or, on the other hand, enable multi-species fishing. The detected 
changes indicate that the potential for adaptive management in the Baltic Sea 
has increased, but if mismanaged, the potential for overfishing of 
commercial species may have also increased. Also, it is only a part of the 
fishery community that has increased its switching behavior. Large-scale 
fishers have, on the contrary, increased their specialization (reduced 
opportunities of switching between strategies). The Baltic Sea fishery is 
perhaps more vulnerable today than in 1996 to poor management, but also 
more susceptible to interventions aimed at sustainable management.  
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Paper V study clearly demonstrates that evaluating fisheries management 
outcomes should not be limited to ecosystem dynamics. The resource 
management may, through fishers’ capacity to transform and self-organize, 
produce community-wide social change. Such a change may alter the 
resource users’ capacity to respond to future ecosystem fluctuations.  
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