
 

Master thesis in Sustainable Development 2021/13 
Examensarbete i Hållbar utveckling 

 

 

 

 

 

 
 
 

Quantifying panarchy of lake systems: 
Implication for resilience and 

management (Case study) 
 

Ran Hur 

 

 

 

 

 

 

 

 

 

 

 
 

 

 
 

 

 
  

DEPARTMENT OF 

EARTH SCIENCES 

I N S T I T U T I O N E N  F Ö R  

G E O V E T E N S K A P E R  



 

  



 

                                         

 

 Master thesis in Sustainable Development 2021/13 
Examensarbete i Hållbar utveckling 

 

 

 

 

 
 

Quantifying panarchy of lake systems: Implication 
for resilience and management (Case study) 

 
Ran Hur 

 
 

 
 
 
 
 
 
 
 
 

 
  Supervisor: David G. Angeler 

 Subject Reviewer: Thorsten Blenckner 
 



 

 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
 
 

 
 

 

 

 

 

 

 

Copyright © Ran Hur and the Department of Earth Sciences, Uppsala University. Published at 
Department of Earth Sciences, Uppsala University (www.geo.uu.se), Uppsala, 2021.



I 

Contents 

Contents .......................................................................................................................................... I 

1. Introduction ............................................................................................................................. 1 

1.1. Complex systems dynamics ................................................................................................. 3 

1.1.1. Adaptive cycle .............................................................................................................. 3 

1.1.2. Resilience ..................................................................................................................... 4 

1.1.3. Regime shifts ................................................................................................................ 6 

1.1.4. Coerced regime ............................................................................................................. 7 

1.1.5. Panarchy ....................................................................................................................... 8 

1.2. Quantification of panarchy theory ...................................................................................... 11 

2. Methods .................................................................................................................................. 13 

2.1. Ethics Statement ................................................................................................................ 13 

2.2. Study lakes ........................................................................................................................ 13 

2.3. Sampling procedures .......................................................................................................... 16 

2.3.1. Multivariate time series modeling: AEM-RDA ............................................................ 16 

2.3.2. Spearman Correlation Analysis ................................................................................... 17 

3. Results ..................................................................................................................................... 18 

3.1. Physicochemical environment ............................................................................................ 18 

3.2. Multivariate Time Series Modeling .................................................................................... 19 

3.3. Spearman Correlation Analysis .......................................................................................... 20 

4. Discussion ............................................................................................................................... 21 

5. Acknowledgment ..................................................................................................................... 24 

6. References ............................................................................................................................... 25 

Appendix A .................................................................................................................................... 32 

Appendix B .................................................................................................................................... 34 

 

  



II 

Quantifying panarchy of lake systems: Implication for resilience and 
management (Case study) 

RAN HUR 

Hur, R., 2021: Quantifying panarchy of lake systems: Implication for resilience and management (Case study). 
Master thesis in Sustainable Development at Uppsala University, No. 2021/13, 35 pp, 30 ECTS/hp   

 

Abstract:  

Liming has been used extensively in Sweden, but the management success has been only partial, mostly mitigating the 
impact of acidification rather than restoring the ecological communities to a self-maintaining pre-acidified state. Rather 
than a sound restoration tool, liming is a form of command-and-control management that comprises a significant 
disturbance in the system, which manifests in the form of profound alterations of biophysical settings of lakes. This thesis 
aims to assess biological responses to liming with a special focus on resilience by looking at the cross-scale interaction 
aspects of littoral invertebrate communities in limed lakes within the framework of panarchy theory.  

The thesis is based on multivariate time series modeling (AEM-RDA) to extract hierarchical temporal fluctuations 
patterns (temporal scales) in littoral invertebrate communities. This analysis tested for the premise of panarchy theory 
that complex systems are hierarchically structured. Time series analyses were followed by Spearman rank correlation 
analysis to test another premise of panarchy theory; namely, that “information” (e.g., management interventions) flows 
between these hierarchical scales. Specifically, Ca:Mg ratios were used as a surrogate of liming, and correlated with each 
temporal pattern identified by the AEM-RDA. The result showed the distinct temporal scales in littoral invertebrate 
communities in limed lakes, fitting the premises of panarchy theory and agreeing with previous studies that found 
hierarchical temporal organizations in other lake communities. The correlation analyses indicated weak cross-scale 
manifestation of Ca:Mg ratios in the littoral invertebrate communities, suggesting a weak information flow of liming in 
managed lakes. This “dilution” of management may provide one mechanism that could explain why liming is not effective 
in creating a self-organizing, resilient system. 

The results of this study allow shedding further light on liming as a coerced regime (degraded complex systems forced 
into a state of desired conditions (e.g., ecosystem service provisioning) through constant management). Most research 
has so far focused on the evaluation of traditional metrics of biodiversity, which have shown that community structure is 
substantially altered in limed lakes, deviating from those in circumneutral reference lakes and degraded acidified lakes. 
This thesis, therefore, concludes that integration of traditional ecological approaches and complexity studies may provide 
complementary insight into the organization of ecosystems and sustainable resource management. 
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Summary:  

Natural resource conflicts are increasingly a source of international concern due to rising pressure on resources in the 
Anthropocene era and its negative consequences on ecosystems and societies. This calls for management planning in 
compliance with the idea of sustainable development, defined in the Bruntland report as “development that meets the 
needs of the present without compromising the ability of future generations to meet their own needs” (WCED 
1987:43). However, conventional management has focused on controlling highly variable, dynamic, and non-linear 
ecosystems, forcing them into states where their variability is suppressed in order to optimize the production of a range 
of ecosystem services (e.g., food and fiber). However, such management forms, referred to as command-and-control 
management, often had disastrous consequences and ecosystems shifted into a state where desired ecosystem service 
provisioning was highly compromised (e.g., clear lakes shifting into a turbid state with toxic algal blooms that affected 
recreational fisheries due to excessive nutrient enrichment). 

Sweden has practiced liming on a large scale since the 1970s by applying lime to surface waters and catchments to 
counteract the effects of anthropogenic acidification of freshwater systems. Liming has mitigated the acidification 
impact but has not been successful in restoring the original lake communities of the pre-acidified state. Liming 
management is inefficient in the long term; that is, constant liming is needed to avoid that lakes fall back into acidified 
states once management is discontinued. This means that costly management is constantly required to fulfill the 
management goals of liming, namely the maintenance of biodiversity (threatened fish, mussel, and crayfish species) 
and desired ecosystem services (recreational fisheries) for human needs. 

Resilience is an emergent system property used to describe complex system dynamics, a system’s capacity to deal with 
unexpected changes and adapt to them. Ecological resilience refers to the amount of disturbance that a system can absorb 
and keep its functions. Panarchy theory, which is rooted in resilience, considers that complex systems are hierarchically 
structured and that ecological patterns and processes interact between these hierarchical structures (“scales”). The 
panarchy framework enables to capture the dynamics of a complex adaptive system, accounting for the cross-scale 
interactions and their effects in the system that can influence the resilience of the ecosystem.  

This study assessed the biological responses to lake liming through the lens of panarchy, using littoral invertebrate 
communities in Swedish limed lakes. The results indicate that liming as a command-and-control management form is 
not efficient for restoring the community structures since weak cross-scale interactions and resilience of the community 
make the system difficult to self-organize and attain pre-acidified system conditions. The thesis demonstrates the 
potential of the nexus between resource management and complexity study (e.g., panarchy) to assess the management 
outcomes through quantification of the resilience attributes in ecosystems, which is useful for addressing the inherent 
complexity of sustainable resource management. 
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1. Introduction 
Natural resource conflicts, as for example water demands for drinking and irrigation, are increasingly 
a source of international concern due to population growth and the need to maintain material wealth 
(Steffen 2005). In the Anthropocene era, struggles for improvement and maintenance of living 
standards at the expense of global resources have often resulted in unsustainable demands on 
ecosystem services, causing degradation of ecosystems, which is often aggravated by climate change. 
The deterioration of ecosystem services has direct and indirect repercussions for human well-being 
and manifests for instance in challenges to control pests or produce food (Steffen et al. 2011). In 
addition, there are increasing international concerns that the earth system has almost approached or 
already transgressed some of the planetary boundaries of a sustainable future for humans (Rockström 
et al. 2009).  

Rising human-driven pressures on natural resources and their services suggest that we need to 
fundamentally alter our relationship with the planet to tackle the global sustainability crisis (Steffen 
et al. 2011). As the report published in the Bruntland Commission, Our common future, defined 
sustainable development as “development that meets the needs of the present without compromising 
the ability of future generations to meet their own needs” (WCED 1987:43), the sustainable resource 
management is necessary to sustain the ecosystems services and stop compromising environmental 
sustainability over social needs. The challenges of sustainable management have resulted in increased 
calls for resilience-based ecosystem management. Such an approach strives to retain critical types and 
ranges of natural variation in resource systems while managing for adaptation to rapidly changing 
environments (Holling & Meffe 1996; Chapin et al. 2009). Resilience-based management provides a 
holistic approach necessary to address interlinked planetary system challenges (e.g., land conversion, 
biodiversity loss, and emergent infectious diseases) to ensure sustainable resource management at 
national and international levels.  

Growing pressure on the efficiency of natural resource management is evident in attempts to control 
highly variable, dynamic, and non-linearly operating ecosystems and force them into states where this 
variability inherent in natural disturbance regimes is suppressed to facilitate the predictability and 
optimization of ecosystem service production (Chapin et al. 2009; Angeler et al. 2020). Such 
management forms have been referred to as command-control management (Holling & Meffe 1996), 
which targets the efficiency of managing only for one variable (often a single ecosystem service such 
as food production) without having further consideration of the resilience of the whole ecosystem. It 
is clear that such an approach is based on narrowly defined management goals assuming that 
optimization can increase linearly and indefinitely, ignoring the fact that ecosystems can undergo 
complex change, manifested often in non-linear and abrupt regime shifts (Steffen et al. 2005). Even 
though in many cases the short-term result of management has been successful or partly successful in 
providing desired ecosystem services (e.g., agricultural production, commercial fishing), long-term 
consequences have often been disastrous with ecosystems collapsing into hostile environments, 
resulting in severe crises for human societies. Such was the case, for instance, in the 1930s when 
unsustainable agriculture collapsed into the large-scale American Dust Bowl (Worster 2004). Such 
non-linear dynamics are ubiquitous and have been discussed in different contexts, including mental 
illness in human subjects, agriculture, lake and rangeland management, and the global climate 
(Angeler et al. 2020). 

Unfortunately, management based on command-and-control approaches needs constant interventions 
to mimic the condition of the desirable state for humans. Command-and-control often forces systems 
into so-called coerced regimes (Angeler et al. 2020). The implication of coerced regimes is that 
management never restores fully self-organizing ecosystem regimes that would no longer require 
management for guaranteeing the ecosystem services of interest. Lake liming has been discussed as 
such a management form and will comprise the topic of this thesis.  

Liming in Sweden and elsewhere is one example, where management success has been only partial in 
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mitigating the impacts of anthropogenic acidification, such as on biodiversity, water quality, and 
conditions for fishing (see below), but which was rather unsuccessful when viewed from ecosystem-
based resilience management. Anthropogenic activity during the industrial epoch has resulted in 
increased atmospheric deposition of sulfur and nitrate, which were eventually released into lakes in 
the form of acid rain (Warfvinge et al. 2000). Thousands of lakes in Scandinavia are located in low 
weathering bedrock or surrounded by lime-poor soils, so many lakes in Sweden have an insufficient 
capacity to buffer against acidification which this deposition caused. Many lakes and other surface 
waters in Sweden have therefore suffered from acidification and its deleterious consequences on both 
the abiotic and biotic environment. Deposited acid has led to leaching Aluminum (Al) from the soils, 
which is highly toxic for fish in the pH range 4.5-6 (Bengtsson et al. 1980). Not only pH but also metal 
deposition has greatly increased in Swedish lakes due to the high atmospheric metal deposition from 
anthropogenic pollution. As a result, the aquatic biota in lakes has been largely affected by low pH 
and increasing metal pollution, manifested in the loss of biodiversity, resulting in major changes in 
community structure and ecosystem processes and therefore leading to poor conditions for fishing 
(Schindeler 1988).  

Liming is a management form intended to counteract the effects of anthropogenic acidification of 
freshwaters, such as lakes, wetlands, and streams, by adding buffering materials. Most commonly used 
is calcite (calcium carbonate, limestone, CaCO3) to provide acid neutralization. The aim of liming is 
to return the conditions of acidified surface waters to pre-acidification states by restoring and 
improving the water chemistry, including pH level, acid-neutralizing capacity (ANC), and reduced 
Aluminum concentration (Clair & Hindar 2005). The biological aim of liming is to recolonize the 
natural fauna and flora, thus restoring biodiversity and ecosystem services of the original (pre-
acidification) state (Svenson et al. 1995).  

Sweden has practiced liming on a large scale since the 1970s by applying lime to surface waters and 
catchments (Guhrén et al. 2007), and since then, 8000 lakes and 12,000 km of aquatic ecosystems 
have been limed at a yearly cost of ~€1.8 million to restore biodiversity by facilitating the recovery 
of biotic communities threatened by high acidity (Appelberg & Svenson 2001; SEPA 2007; Angeler 
et al. 2017). 

Despite the mitigation efforts to restore lake ecosystems to a pre-acidified state, lake responses to 
liming have been equivocal (Angeler et al. 2017). For example, according to the reports from Europe 
and North America, biological responses to liming showed varied results, including both partial 
success and failure in mitigating acidification effects, depending on the liming context (Clair & Hindar 
2005; Angeler & Goedkoop 2010). Liming has helped acidified lakes to improve pH and alkalinity, 
resulting in creating favorable abiotic conditions for aquatic biota to an extent to approach the 
biophysical conditions of unmanaged lakes that were not affected by acidification due to their high 
buffering capacity (Henrikson et al. 1995; Svenson et al. 1995), but effects were not long-lasting to 
provide complete protection against reacidification due to complexly interacting abiotic and biotic 
factors that confounded management (Mant et al. 2013). Eventually, liming effects dissipate and lakes 
return to acidified conditions once management is discontinued (Clair & Hindar 2005).   

Many of the current analyses of biological responses to liming are based on the traditional approach 
to biodiversity assessments, including simple indicators of species richness and taxonomic diversity. 
Despite the usefulness of such indicators, they do not account for the ecological complexity inherent 
in ecosystems (Angeler et al. 2017). Analyses that are rooted in complexity science have the potential 
for obtaining a complementary understanding of the profound management effects on ecosystems. 
This is motivated by the recognition of the complex nature of rising natural resource management 
challenges (Folke 2006). “Systems thinking” is therefore useful for understanding the structure and 
behavior of complex systems and provides a holistic way to envision relationships between different 
components of a defined system and how they respond to different changes (Grant 1998). Thus, 
systems thinking approaches offer a comprehensive framework to analyze and understand the 
complexity and uncertainty within systems (Bosch et al. 2007). Applying a systemic perspective in 
resource management informs managers, and thereby facilitate the processes of conceptualizing, 
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quantifying, and evaluating the current problems and opportunities for natural resource management 
(Grant 1998).  

1.1. Complex systems dynamics 

Before assessing the impact of liming on ecological communities in lakes based on systems thinking, 
it is worth discussing basic concepts of complex systems dynamics. A complex system is a collection 
of feedback processes where elements are interconnected and coherently organized to function 
(Meadows & Wright 2008). The sets of feedbacks, called feedback loops, create consistent behavior 
patterns of the system, which stabilize (balancing feedback) or amplify (reinforcing feedback) system 
behavior towards whatever direction that achieves a goal or a purpose of the system (Meadows & 
Wright 2008). As an example of balancing feedback loops, consider biological interactions where 
more predators lead to less prey, which in turn reduces the number of predators due to the lack of food 
supply, thus recovering the number of prey. This balancing mechanism allows the system components 
to fluctuate but stay in a certain range. Reinforcing loops occur, for instance, when the ice sheet melts 
due to the high temperature of the ocean, leading to reduced bright spaces that reflects the sunlight 
back and increased dark water areas absorbing solar energy and thus resulting in surface warming. 
More warming tends to cause more snow melts and consequently gives rise to more light absorption 
which induces more warming. Therefore, dynamics in reinforcing feedback accelerate snow melts and 
surface warming. The system is not in a static or fixed state but stays within a determined range 
through exchanging information between agents (e.g., species in an ecological community) composing 
the system. Many relationships in systems are nonlinear, exemplified by regime shifts, for instance 
when a lake shifts from a clear-water to a turbid regime. The nonlinearities change the dominant 
feedback dynamics, which in turn completely shifts the behavior of the system (Meadows & Wright 
2008). These system properties and dynamics create system complexity.  

Ecosystems and human systems are inherently complex being comprised of nested feedback loops 
with numerous variables (Levin 1998), and even more, systems are nested within systems (e.g., 
populations nested within communities nested within ecosystems), further reflecting such complexity. 
The framework of complex adaptive systems enables ecologists to analyze the large-scale organization 
and its maintaining processes embedded in smaller scales of organization. This understanding expands 
our capacity to manage complex ecological systems (Hartvigsen et al. 1998). In the following sections, 
I will present the complex system properties, including resilience (Holling 1973), self-organization, 
“ball in a basin” model with thresholds within the framework of the adaptive cycle (Holling 2001) and 
panarchy theory (Gunderson & Holling 2002), upon which this thesis is built. It will be this complex 
view of resilience, referred to as ecological resilience as an emergent phenomenon (Gunderson 2000), 
rather than the more simplistic view of resilience as a recovery process studied in ecological stability 
research (Donohue et al. 2013), that will be the focus of this study.   

1.1.1. Adaptive cycle 

The adaptive cycle originates from ecology and describes how an ecosystem organizes and responds 
to a changing environment (Gunderson & Holling 2002). In ecology, the adaptive cycle is considered 
as a fundamental concept in the understanding of complex systems from simple cells to ecosystems, 
and it accounts for transformational change (Holling 2001). The adaptive cycle model describes the 
phenomenon that a particular system, such as an ecosystem, undergoes dynamic change within and 
across specific temporal and spatial scales (Figure 1) (Garmestani et al. 2009). The adaptive cycle 
proceeds through four phases: growth (r), conservation (k), release (Ω), and reorganization (α) phase 
(Holling 1986). These four phases need to be understood as a metaphor or simple heuristic against 
which more complex ecosystem trajectories can be benchmarked (Redman & Kinzig 2003; Sundstrom 
& Allen 2019), and empirically tested (Angeler et al. 2015)  

The growth and exploitation phase (r) and conservation phase (k) comprise a slow and accumulative 
phase, visualized in the forward loop of the adaptive cycle heuristic. As the system progresses towards 
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the k phase it accumulates, for instance, nutrients and consequently biomass (e.g., nutrients boosting 
phytoplankton growth in a lake). However, biomass growth is not infinite: nutrients and biomass 
become more and more tightly bound and the system becomes increasingly rigid (Gunderson & 
Holling 2002). This means that an ecosystem becomes vulnerable to disturbances through a loss of 
adaptive capacity (Angeler et al. 2019). When a disturbance threshold is exceeded and collapse ensues, 
represented by the Ω phase, biomass and nutrients become released and available for new processes. 
These new processes are initiated in the reorganization phase or the α phase, in which the system 
attains new configurations by, metaphorically speaking, taking advantage of “new opportunities 
(Gunderson & Holling 2002). During the reorganization phase, the system can shift into a new or 
different configuration (i.e. regime shifts) (Garmestani et al. 2009). The processes in the Ω and α 
phases are unpredictable and are symbolized with the back loop in the adaptive cycle heuristic (Walker 
et al. 2004).  

Multiple variables, structures, and processes in an adaptive cycle construct complex feedbacks, 
allowing for “learning” in terms of creating ecological memory (Nyström & Folke 2001) that allows 
the system to adapt to changing environmental conditions and respond to disturbances. This capacity 
of the system to make its own structure via interactions among agents (e.g., species), variables 
(environmental factors), and the system itself, leads to self-organization (Meadows & Wright 2008). 
The self-organizing system has a capacity to adapt to a novel environment through holistic and 
integrative responses emerging from multiple interactions among system components (Hartvigsen et 
al. 1998). And these self-organization processes shape the patterns of complex systems (Levin 1998).  

 

 

Fig. 1. The adaptive cycle (Gunderson & Holling 2002). The cycle comprises four phases (r, k, Ω, 
α). The arrows show the flow in the cycle, where short, closely spaced arrows indicate a slowly 
changing situation and long arrows indicate a rapidly changing situation. The cycle reflects changes in 
two properties: Y-axis- the potential inherent in the accumulated resources of biomass and nutrients; 
X-axis- the degree of connectedness among controlling variables.  

 

1.1.2. Resilience 

Ecological resilience, the notion of resilience used in this thesis, is an emergent property of complex 
adaptive systems (Figure 2) (Gunderson & Holling 2002). The term resilience was first introduced by 
Holling (1973). Resilience has many definitions, depending on the branch of engineering, ecology, or 
system science. Following Walker et al. (2004: 4), we here use the term resilience to refer to “the 
capacity of a system to absorb disturbance and reorganize while undergoing change so as to still retain 
essentially the same function, structure, identity, and feedbacks”. Ecological resilience is defined as 
the amount of disturbance that an ecosystem could withstand without changing self-organized 
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processes and structures (Gunderson 2000). To cope with disturbances, a complex adaptive system 
continuously gains, metaphorically speaking, knowledge from experience and adjusts its responses to 
changes based on what it has learned. This constant learning process of the system gives rise to 
adaptability that arises from responses to and preparation for natural and anthropogenic disturbances 
and helps to sustain its function while going through changes (Folke et al. 2004). A system can also 
generate a fundamentally new system trajectory when existing system regimes are untenable, that is, 
no longer able to absorb disturbances so it cannot help but undergoing a transformation as a result of 
resilience erosion and exhaustion (Folke et al. 2010).  

Unfortunately, nowadays, heavily managed systems tend to have highly controlled and simplified 
dynamics with interactions and components being shaped through external forces (e.g., selected 
management forms) rather than spontaneous processes arising from their self-organization process 
(Levin et al. 1998). This is due to the fact that managers often want to put the system in a stability 
domain, forcing the system into one particular configuration, limiting the space for adaptation to 
changing conditions (Levin et al. 1998). This often has the goal to optimize the production of a single 
or few specific ecosystem services without having broader ecosystem dynamics in mind. That is, 
managers tend to focus on efficiency and optimization, managing for factors (ecosystem services) that 
are directly and immediately beneficial, without recognizing that their interventions can eventually 
lead to a drastic loss of resilience (Walker & Salt 2006). Optimizing isolated components of the system 
undermines the variability and heterogeneity and therefore reduces its ability to respond and adapt to 
changing environments (Walker & Salt 2006). Consequently, many management efforts make the 
system fragile and vulnerable to natural and anthropogenic disturbances. From a practical perspective, 
they are well-intended but detrimental in the long run, but at the same time, they facilitate the system 
to easily collapse and tip into an alternative state due to the absence of adaptive response (Scheffer et 
al. 2001).   

 

Fig. 2. Adaptive cycle of resilience (Holling 2001). A third-dimensional expansion of the model 
showing that resilience expands and contracts throughout the cycle as a function of changing directions 
(i.e., increases/decreases) of interlinked components such as connectedness, capacity to adapt, and 
changes in resilience. As the forward loop of the cycle proceeds (r-k), the connectedness and 
accumulated energy increases, but resilience decreases due to the increased rigidity of the system. 
When the transition from Ω to α phase proceeds, where the system goes through rapid collapse and 
creative assembly of components, resilience of the system increases.  
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1.1.3. Regime shifts 

Carpenter (1999, 1997) and Scheffer (1993) have used the heuristic of a ball-in-cup to describe the 
equilibrium state of an ecological system and its resilience (Gunderson 2000). In the same vein, 
Walker (2004) defined “a basin of attraction” as a metaphor of the state space of a system, in which it 
can perform a maximum capacity of the function (Figure 3). The ball stands for the current state of 
the system, and the basin of attraction is the set of possible configurations within the state of a system, 
in which a system has the same structures and functions (Walker & Salt 2006). Resilience is visualized 
by the size of the associated basins of attraction (Fath et al. 2003). The bigger and deeper the basin, 
the higher is the capacity of the system to resist disturbances and stay in the basin. In the real world, 
complex adaptive systems are continuously buffeted by disturbances – intentionally or unintentionally 
through management – and therefore systems can either operate within a particular basin of attraction 
or move to another basin, rather than statically staying in one stable state (Walker et al. 2004). The 
regime shift happens when the ball moves from one basin of attraction to another, causing the abrupt 
change of system behaviour (Fath et al. 2003).  

That is, complex systems exhibit multiple dynamic regimes (Fath et al. 2003) and flip between 
multiple stable dynamic regimes (Scheffer & Carpenter 2003). These multiple regimes (stable states) 
are separated by thresholds (Walker & Salt 2006). And when a system passes the threshold, the system 
changes its feedback structure and dynamics (Walker & Meyers 2004). There are two ways of moving 
the system to another regime (Scheffer & Carpenter 2003). First, if the system goes beyond the limit 
of a disturbance due to external or internal factors, the system shifts into another basin, an alternative 
equilibrium state. The other way of moving balls to another basin is to alter the “stability landscape”, 
which symbolizes a resilience loss, represented by narrower and shallower basins of attraction 
(Beisner et al. 2003). Rather than happening in isolation, regime shifts need to be understood as a 
combination of both.  

Understanding regime shifts and thresholds of the system, as well as the drivers of the shift, gives 
insights on resilience-based management of the targeted complex system. Past human activities over 
time have increased the intensity and frequency of disturbances that make the ecosystem vulnerable 
to changes and altered the disturbance regimes of ecosystems (Holling & Meffe 1996; Scheffer et al. 
2001). Such concern currently centers around the detrimental effect of climate change (Folke et al. 
2004). Anthropogenic activities have triggered rapid transition and reorganization into another regime 
(Johnstone et al. 2016). Regime shifts in ecosystems are increasingly common as a consequence of 
human activities that erode resilience (Folke et al. 2004). With regards to our study case, 
anthropogenic acidification of surface water in northern Europe have lowered the pH and its 
implications have caused profound alteration of community structure and ecosystem processes, which 
in turn led to many cases of shifts from circumneutral regime to the acidified regime (Schindler 1988; 
Baho et al. 2014). However, this interpretation from a complexity and resilience point of view is novel, 
as the mainstream perception in the acidification context is that ecosystems still have not had enough 
time to recover. This interpretation is at odds that complex systems, including ecosystems, undergo 
non-stationary change as opposed to stationary change. That is, ecological baselines constantly shift 
so that the attainment of pre-degradation system states becomes obsolete and therefore elusive. 
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Fig. 3. Three-dimensional stability landscape with two basins of attraction from Walker and Salt (2006). 
The ball is the state of the social-ecological system. The basin in which it is moving is the set of states 
which have the same kinds of functions and feedbacks, resulting in the ball moving towards the 
equilibrium. The dotted line is a threshold separating alternate basins (Walker et al. 2004). Once the 
system crosses the threshold due to disturbances or changes in the size of the basin of attraction, the 
ball moves into another alternative regime as shown on the right side. This indicates a regime shift. 

 

1.1.4. Coerced regime 

It is increasingly recognized that the liming management, rather than restores pre-acidified regimes, 
only alleviates the impacts of acidification by managing the acidified lakes in a way to mimic lake 
conditions helpful for the production of desired ecosystem services (Angeler et al. 2020). But limed 
conditions eventually go back to an acidified conditions when liming is discontinued (Clair & Hindar 
2005). The acidified system states are maintained by idiosyncratic sets of reinforcing feedbacks 
(Scheffer et al. 2001). These feedbacks are very difficult to break, and liming is not enough to push 
the ecosystem towards a self-organizing state that emulates conditions of a pre-acidification regime. 
That is, in the liming context, management creates only an artificial regime that only targets enhanced 
production of certain ecosystem services within it but fails to achieve self-organization (Angeler et al. 
2020). 

This leads us to the concept of the coerced regime (Angeler et al. 2020), the state where the ball in the 
space of an undesired basin is pushed towards the direction of the desired basin by management efforts 
serving as an external force (Figure 4). When external forces are keeping the system close to the 
desired regime, the system tends to mimic the behavior of the targeted regime. But, when management 
stops, the ball rolls back into the undesired basin, indicating the failure of achieving self-organization. 
That is, besides all management efforts, the ball never rolls into an alternative desired regime that 
self-organizes. Coerced regimes are therefore untenable without management, only comprising “the 
‘ghosts’ of desirable self-organizing regimes, and therefore essentially are ‘dead regimes walking’ 
that collapse once management is discontinued” (Angeler et al. 2020:2).  
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Fig. 4. Illustration of the coerced regime of the limed lake system. Modified version from Angeler et 
al. (2020). The disturbance (yellow arrows), liming, push up the ball (current state of lake ecosystem) 
from the acidified regime (red) towards pre-acidification regime (blue), but never managing to toss a 
ball into desired regime (pre-acidified regime) rather keeping closer to it. The coerced regime 
approximates the community structure of the desired regime but does not create self-sustaining system 
dynamics. This model emphasizes management aiming at shifting a system towards the desired basin 
of attraction has eventually made the system untenable without management. When liming stops, the 
ball rolls back into the acidified regime. 

 

1.1.5. Panarchy 

Patterns and processes operating at different spatio-temporal scales structure a self-organizing system 
(Allen et al. 2005). A few dominant interacting processes generate “discontinuities”, highly variable 
ecological transition zones with scarce or no resources to sustain life, between scales, resulting in, for 
example, aggregated patterns of biotic body mass distribution (Allen & Holling 2008). That is, 
discontinuities separate discrete size classes of variables in complex systems, creating hierarchies 
(Allen et al. 2005). The panarchy structure (Gunderson & Holling 2002) is based upon such 
discontinuities that are also referred to as “scale breaks”, and which contribute to the formation of 
hierarchical organization. At the same time, scales can interact in some form of cross-scale 
connectivity, adding to the resilience of complex systems (Garmestani et al. 2009). It is now well 
accepted in the scientific literature, to which research on discontinuity theory has contributed, that 
ecosystems operate at distinct spatial and temporal scales. This translates in a panarchy context in 
distinct spatiotemporal dynamics that manifest, for instance, in fast cycles (such as diurnal migration 
of lake plankton), intermediate cycles (manifested in seasonal phytoplankton dynamics) to slow cycles 
(exemplified by decadal water turnover in lakes) (Levin 1992; Allen et al. 2005).  

Panarchy theory was developed to explain cross-scale dynamics of adaptive cycles across different 
scales (Figure 5). In the panarchy model, individual adaptive cycles operate at a discrete range of 
scales that are nested in a hierarchy of time and space processes (Gunderson & Holling 2002) and are 
interconnected. Adaptive cycles in a panarchy are interlinked and subject to the process of growth, 
collapse, and renewal, evident in the adaptive cycle (Allen & Holling 2008). The panarchy structure 
sustains its structure by continuous and multiple interactions of changing processes across scales and 
is thus not static (Gunderson & Holling 2002).  

Unlike traditional hierarchy theory, which only envisions top-down control, panarchy considers both 

Acidified regime

Pre-acidified regime
Disturbance (Liming)
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top-down and bottom-up interaction. Those cross-scale connections from levels below and above are 
labeled “Revolt” (bottom-up) and “Remember” (top-down). Revolt is the bottom-up cross-scale 
interaction where the collapse of the smaller and faster scale propagates into a higher level, 
particularly if that level is at the conservation (k) phase, where resilience is low. So, instability of the 
smaller scale triggers the higher system to proceed from conservation (k) to release (Ω) phase by 
“attacking” accumulated vulnerabilities and rigidities (Gunderson & Holling 2002). The Arab spring 
in the early 2010s is an example of such a “bottom-up revolt”. The top-down cross-scale interaction, 
represented as Remember, is the process that, accumulated knowledge and skills from the conservation 
(k) phase of large scale significantly influence the reorganization phase of smaller scale by providing 
memory for the initiation of a new cycle (Gunderson & Holling 2002). In more practical terms, 
cascading effects from fish predation via zooplankton to phytoplankton in a lake provide an example 
of a dynamic top-down process. 

In panarchy, the resilience of a specific focal system is largely influenced by the cross-scale 
interactions between adjacent scales (Garmestani et al. 2009). The panarchy framework is useful in 
the assessment of the resilience of an ecological system that is inherently complex by examining the 
intra- and inter-scale dynamics from a holistic point of view. 

Many terms and definitions are currently used in resilience. Examples are provided in Box 1. 

 

 

Fig. 5. A panarchy, nested set of adaptive cycles (Gunderson & Holling 2002). Cross-scale interaction 
includes revolt and remember processes. The revolt process can cause a critical change in one cycle to 
propagate to a k stage in a larger one. The remember process facilitates reorganization of a smaller 
scale by drawing on the potential that has been accumulated in a larger cycle.  
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Box. 1. Glossary of selected terms currently used in resilience research which exemplify the complexity 
inherent in ecosystems (Angeler et al. 2019). 

 

1.2. Quantification of panarchy theory 

The inherent complexity in ecosystems has so far limited the empirical evaluation of the dynamic 
behavior of complex adaptive systems, especially in natural resources management (Angeler et al. 
2011). Panarchy as a conceptual framework enables the assessment of cycles of collapse and 
reorganization at each distinct scale and cross-scale linkages between those hierarchical scales. 
Therefore, the theory has facilitated the understanding of complex ecosystem dynamics and their 
hierarchical structuring (Allen et al. 2014). Besides, viewing nature as a panarchy presents 
opportunities to suggest a number of relevant hypotheses, regarding discontinuity, resilience, cross-
scale phenomena, and regime shifts, which can be empirically tested (Allen & Holling 2008; Angeler 
et al. 2015). This thesis will use panarchy theory and test if the structure of the ecological community 
in lakes follows panarchic organization, especially how management (liming) contributes to shaping 
a panarchy.  

It is timely to assemble the best evidence with regards to the implication of liming management on 
the lake biotic environment. Therefore, this thesis will use littoral invertebrate communities as models 
of complex lake ecosystems to test the influence of management perturbations on biotic communities 
and their structure from a panarchy perspective (Allen et al. 2014). Littoral invertebrate communities 
are being used to assess the impact of varied stressors such as nutrient concentrations (Donohue et al. 
2009), hydro morphological alterations (Brauns et al. 2007; Miler et al. 2015), and especially are used 
as a bioindicator for acidification (Fjellheim & Raddum 1990; Johnson et al. 2007; Schartau et al. 
2008; Stendera & Johnson 2008; Johnson & Angeler 2010). Also, littoral invertebrates are a major 
component of lake ecosystem functioning such as nutrient recycling and predation (Wetzel 2001). 
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Given their sensitivity to acidification and various functional roles in lake systems, littoral 
invertebrates are suitable to investigate the response of biotic communities to liming management 
(Lindegarth et al. 2016), which has led to the shift in the physicochemical environment of the 
freshwater.  

While studies regarding the liming impact on ecological community have been increasingly carried 
out using traditional indicators of biodiversity and community structure (Angeler & Goedkoop 2010), 
empirical assessments of liming management using complexity theory, including panarchy, are largely 
lacking. Panarchy theory allows the identification of the discrete community patterns existing in the 
lake ecosystem. Moreover, this theory provides the underpinning for empirical quantifications of 
cross-scale interactions between different scales of the biotic communities, specifically, allowing to 
assess the degree of propagation effect of liming across littoral invertebrate communities in limed 
lakes (i.e. cross-scale connectivity). Panarchy theory can therefore give insight into the effects of 
management disturbances and provide information about the legitimacy of repeated liming on 
restoring the biotic lake environment.  

The main aims of this thesis were to assess abiotic and biotic responses to liming management in the 
Swedish lake environment, especially littoral invertebrate communities in limed lakes, within the 
framework of panarchy theory. The paper will objectively identify temporal scales present in a littoral 
invertebrate community of limed lakes and assess system resilience by looking at the information flow 
between different scales, represented by cross-scale interaction. The analysis will investigate the 
implication of recurrent liming projects in Sweden for restoring the biotic community structure as a 
complementary follow-up of a study by Angeler and colleagues (“Panarchy and management of lake 
ecosystems”, currently under re-review in Ecology and Society), which assessed the liming 
implication on the abiotic environment of the lakes used in this thesis. Given the known strong 
biogeochemical footprints of liming in Swedish lake ecosystems, studying aspects of the biotic 
environment from a complex systems perspective holds the potential to further our knowledge of the 
resilience of aquatic ecosystems.  

In this paper, we review the evidence of panarchy theory in aquatic ecosystems and demonstrate the 
application of coerced regimes. We discuss the rationale for the failure of restoration of biotic 
community structure regardless of liming efforts in Sweden. This research is expected to contribute 
to a deeper understanding of lake ecosystem management, which can potentially guide more effective 
and sound management of the lake ecosystem.  

We use littoral invertebrate communities from 4 limed lakes (Ejgdesjön, Gyslättasjön, 
Stengårdshultasjön, Stora Härsjön) for the analysis and contrast them with 4 reference lakes 
(Allgjuttern, Stora Skärjön, Fiolen, Stora Envättern). We use the premises of panarchy theory to 
evaluate liming from a complexity perspective. We specifically test two hypotheses: 

1) That distinct temporal patterns of the invertebrate community manifest within individual lakes. 
Verifying this hypothesis is essential to test the premise of panarchy theory that complex systems are 
hierarchically organized.  

2) Following from the preceding postulate, we hypothesize that, in order to verify the information 
flow aspect of panarchy, the impacts of liming manifest across scales in the limed lakes due to liming 
impact propagating between hierarchical levels in the lakes. Specifically, we will use Ca:Mg ratios as 
a surrogate of liming to assess the strength of management footprints across temporal scales of limed 
lakes.  

 



13 

2. Methods 

2.1. Ethics Statement 

All field sampling and laboratory analyses are part of either the Swedish Lake Monitoring Program 
IKEU (Integrerad kalkningseffektuppföljning) coordinated by the Swedish Agency for Marine and 
Water Management. All data are publicly available through the website of the Department of Aquatic 
Sciences and Assessment of Swedish University of Agricultural Sciences (SLU) (www.slu.se/aquatic-
sciences). Permission is not required for the use of the data. 

2.2. Study lakes 

Four limed lakes (Ejgdesjön, Gyslättasjön, Stengårdshultasjön, Stora Härsjön) situated in the mixed 
forests ecoregion of southern Sweden were studied for the analysis. Liming was carried out through 
the application of limestone powder by boat or helicopter at different time intervals across lakes for 
more than 20 years (Table 1). The lakes have been monitored regularly for surface water 
physicochemical variables and biological communities since the initiation of the program in 1989 by 
the Swedish Environmental Protection Agency (SEPA). The following physicochemical variables used 
for this study were measured three times per year (early spring, summer, and late autumn) between 
1998 and 2019 (Figure 6): water color, alkalinity, concentrations of Ca, K, Mg, Na, Si, oxygen, Total 
Organic Carbon (TOC), Total Phosphorus (TP), as well as pH, electrical conductivity, and water 
temperature.  

 

 

Table 1. Morphological characteristics and geographical location of study lakes. Shown are also liming regimes of the 
individual lakes. Coordinate system by the Swedish Meteorological and Hydrological Institute (SMHI) (Angeler et al. 
unpublished manuscript) 

  

 

SMHI X 
SMHI Y 

Lake area 
(km2) 

Max. Depth 
(m) 

Liming 
period 

Liming 
events Delivery 

Liming 
quantity 
(metric 
tons; 

means/SD) 
Limed lakes 

 
       

Ejgdesjön 653737 
125017 

0.83 28.60 1982-
2018 

16 Boat 60/32 

        
Gyslättasjön 633209 

141991 
0.33 9.80 1985-

2019 
32 Helicopter 11/7 

        
Stengårdshultasjön 638317 

138010 
4.98 26.80 1981-

2019 
23 Boat 235/325 

        
Stora Härsjön 640364 

129240 
2.57 42.00 1977-

2011 
13 Boat 294/145 



14 

 

 

 

  

Fig. 6. Temporal patterns of selected 13 water physicochemical variables of the four study lakes between 1998 and 2019.  
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Fig. 6. Continued. 
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2.3. Sampling procedures 

The surface water samples (0–2 m) were collected using a Ruttner sampler at 0.5m depth in the open-
water, mid-lake station in each lake. Water samples were collected with a Plexiglas sampler and were 
kept cool during transport to the laboratory for further analysis. Alkalinity, concentrations of Ca, Mg, 
Na, K, total P, Si, total organic carbon (TOC), and water color were measured in the laboratory. Water 
temperature, dissolved oxygen concentration, electrical conductivity, and pH were measured in situ. 
All physicochemical analyses were carried out at the Department of Aquatic Sciences and Assessment, 
following international (ISO) or European (EU) standards when available (Fölster et al. 2014).  

Littoral invertebrates were collected once from wind-exposed, vegetation-free littoral habitats in late 
autumn between October and November each year. Five samples were taken using standardized kick 
sampling and a hand net (European Committee for Standardization 1994) with a 0.5 mm mesh size. 
Each sample was taken by disturbing the bottom substratum for 20 seconds with a 1 m long stretch of 
the littoral region at a depth of c. 0.5 m; thus a total area of 1.25 m2 was sampled in each lake. Units 
of measurement are thus based on semi-quantitative abundance data (individuals per CPUE) (Angeler 
& Goedkoop 2010). Samples were preserved in 70% ethanol in the field and processed in the 
laboratory using dissecting and light microscopes under 10x magnification. Invertebrates were sorted, 
counted, and identified to the lowest taxonomic unit possible by the same person throughout the study, 
thus reducing a researcher-based bias in sample evaluation.  

2.3.1. Multivariate time series modeling: AEM-RDA  

This paper used a multivariate time series modeling analysis that extracts independent temporal 
patterns shown by different groups of species comprising the invertebrate communities (Angeler & 
Johnson, 2012; Figure 7). Time series models were based on redundancy analysis (RDA), where time 
was modeled using Asymmetric Eigenvector Maps (AEM) (Blanchet et al. 2008). The AEM analysis 
in time series modeling is useful for extracting independent temporal patterns of the ecological 
communities, including linear temporal structure in addition to, and in combination with, different 
patterns of temporal fluctuations (Blanchet et al. 2008; Baho et al. 2015). The AEM-RDA analysis 
revealed temporal patterns of groups of species that were statistically independent from each other. 
That is, distinct temporal structures at different time scales (i.e. temporal cross-scale structure) of 
ecological community dynamics can be displayed (Angeler & Johnson 2012). This time series 
modeling is suitable for testing hypothesis 1: the premise of panarchy theory that the temporal 
dynamics of littoral invertebrate communities in each lake are hierarchically structured. 

AEM analysis was carried out to extract orthogonal temporal variables derived from the time vectors 
comprising 22-time steps between years 1998 and 2019 (Ejgdesjön, Gyslättasjön, Stengårdshultasjön) 
and 21-time steps between years 1999 and 2019 (Stora Härsjön). The extracted temporal variables 
(AEMs) are independent from each other and used as explanatory variables in the RDA analyses. That 
is, RDA retained significant AEMs using forward selection and the selected AEMs were linearly 
combined to extract temporal structures from the Hellinger-transformed (Legendre & Gallagher 2001) 
invertebrate community matrices in the RDA models (Baho et al. 2014). Time series models were 
constructed individually for each lake. The modeled temporal patterns of invertebrate communities 
extracted from the dataset are collapsed on significant RDA axes, which are tested through 
permutation tests. The RDA then classifies species groups having similar temporal patterns in the 
species × time matrix and the temporal patterns are used to extract modeled trends of the species 
groups based on the linear combination of AEMs (Baho et al. 2014). These modeled temporal patterns 
are displayed as linear combination score (lc) plots and allow us to infer at how many scales temporal 
structure is present (Angeler et al. 2011).  
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Fig. 7. Flow chart summarizing the steps of time series modeling. First, the time vector is 
converted into Asymmetric Eigenvector Maps (AEM) variables, which are then linearly 
combined with species x time matrix through redundancy analysis (RDA). The RDA analysis 
extracts the temporal structure of individual species and identifies a modeled species group with 
similar temporal patterns. These modeled patterns are visually presented in linear combination 
(lc) score plots. The RDA axes are independent from each other and used to represent the 
temporal patterns at different scales (Figure courtesy of David Angeler). 

 

2.3.2. Spearman Correlation Analysis 

Spearman rank correlation analyses were carried out to test the second hypothesis that liming effects 
have propagated across the temporal scales of invertebrate community dynamics identified by the 
AEM-RDA analyses. Specifically, the manifestation of liming effects, measured by Ca:Mg ratios as a 
surrogate of liming, was considered the outcome of the cross-scale “information flow” inherent in 
panarchy. The Ca:Mg ratios used yearly averages, which were associated with the lc scores of each 
time scale identified through the RDA-AEM models.  
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3. Results 

3.1. Physicochemical environment 

The temporal trends of physicochemical variables fluctuated seasonally over the study period. Water 
color, TOC, and water temperature increased in all lakes. Electrical conductivity, pH, Mg, and Oxygen 
concentration decreased over time in all lakes. K, Na, and TP of Ejgdesjön and Stora Härsjön increased 
while these variables decreased in Gyslättasjön and Stengårdshjultasjön. Alkalinity tended to rise in 
Ejgdesjön and Gyslättasjön and fall in Stengårdshjultasjön and Stora Härsjön over time. The 
concentration of Ca showed decreasing trends in three lakes except for Ejgedesjön. The 2x2 group 
patterns, similar between Gyslättasjön and Stengårdshjultasjön and between Ejgdesjön and Stora 
Härsjön, are observed for seven variables, including pH, water color, TOC, Electrical conductivity, 
K, Mg, and Na, among 13 water variables. Ca:Mg ratios decreased in three lakes except Ejgdesjön 
during the study period (Figure 8). 

 

 

Fig. 8. Temporal trends of Ca:Mg ratios as a surrogate of liming in study lakes. The ratios 
decreased in three lakes over study periods except for Ejgdesjön. 
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3.2. Multivariate Time Series Modeling 

RDA-AEM time series modeling of littoral invertebrate communities revealed significant temporal 
patterns in all four study lakes. The models explained between 0.4268 and 0.7721 of the total adjusted 
variance, and the variables selected ranged from 7 to 14. Across the study lakes, the temporal pattern 
of RDA axis 1 explained the largest fraction of the variance and descended serially along the other 
axes (Table 2). The number of significant RDA axes was 4 for Ejgdesjön, 5 for Gyslättasjön, 2 for 
Stengårdshjultasjön, and 5 for Stora Härsjön (Table 2, Figure 9), indicating distinct temporal scaling 
patterns across the lakes.  

Table 2. Summary statistics of AEM-RDA time series models. Ns = axis not significant. 

  

Lakes Adjusted R2 
min. model 

Number 
of 

vectors 
selected 

Number of 
significant 

axes 

Variance 
RDA 1 

Variance 
RDA 2 

Variance 
RDA 3 

Variance 
RDA 4 

Variance 
RDA 5 

Ejgdesjön 54.86 7 4 12.0916 3.0095 2.2465 Ns Ns 

Gyslättasjön 70.93 7 5 18.1204 4.526 1.9206 1.7658 1.2349 

Stengårdshultasjön 42.68 5 2 9.5628 2.589 Ns Ns Ns 

Stora Härsjön 77.21 14 5 17.9084 3.7939 2.1787 1.3358 Ns 
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3.3. Spearman Correlation Analysis 

Ca:Mg ratios correlated significantly with two out of the five modeled temporal patterns of littoral 
invertebrate communities in Gyslättasjön and Stora Härsjön (Figure 9). In Ejgdesjön and 
Stengårdshultasjön, significant associations of Ca:Mg ratios with modeled temporal patterns were only 
observed on one out of the five and two axes, respectively. 

 

Fig. 9. Linear Combination (lc) score plots of study lakes. Each RDA axis represents temporal scaling patterns of the 
littoral communities. Orange lines indicate significant correlations with Ca:Mg ratios (indicated by Spearman rho and 
p-values). Blue lines represent the lack of such associations.  
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4. Discussion 
This study tested aspects of panarchy theory. We specifically tested two hypotheses related to core 
properties of the theory: The first hypothesis tested whether the hierarchical structure is present in 
littoral invertebrate communities in limed lakes in Sweden, and the second hypothesis tested whether 
liming manifests across scales, indicative of cross-scale connectivity (Gunderson & Holling 2002). 
Multivariate time series modeling and Spearman correlation analysis were conducted, respectively, to 
test each hypothesis. 

The result of the multivariate time series modeling analysis showed distinct temporal patterns of 
littoral invertebrate communities, supporting our first hypothesis that littoral invertebrate communities 
in limed lakes have dominant structuring dynamics at different temporal scales. The discontinuous 
temporal organization demonstrated the hierarchical structures of the invertebrate communities, fitting 
the premise of panarchy theory. The discrete patterns across scales, in turn, indicate the presence of 
cross-scale structure (Allen et al. 2006; Angeler et al. 2011), following predictions of panarchy theory 
(Gunderson & Holling 2002). 

This result is not surprising given that panarchy structures have been found in previous studies, 
detecting discontinuities in the dynamic organization of lake ecosystems, for instance in the abiotic 
environment (Angeler et al. n.d.) and biological communities such as phytoplankton (Angeler et al. 
2011; Baho et al. 2014) and littoral invertebrates (Angeler et al. 2011).  

We used littoral invertebrate communities as models of a complex adaptive system to assess panarchy 
quantitatively. So far, the adaptive cycle and its multi-scalar extension, panarchy, have been used as 
a metaphor and conceptual tool for the understanding of complex adaptive systems such as socio-
ecological systems (Fath et al. 2015; Garmestani et al. 2020); however, quantitative analyses using 
real data is widely lacking (Sundstrom & Allen 2019). Quantitative approaches are helpful for 
objectively identifying scales present in the invertebrate communities of limed lakes, which can be 
used for assessing the resilience of limed lake ecosystem (Allen et al. 2014), as explored by Angeler 
et al. (2015). In the next sections, the results of the panarchy analysis of limed lakes are discussed.  

The different patterns of temporal scales across the study lakes can likely be attributed to several 
factors. The following part will discuss possible aspects that might explain the different numbers of 
significant temporal patterns between limed lakes, for example, the implication of liming regime, lake 
morphology, abiotic, biotic environment, and complementary information from reference lakes.  

First, the liming regime is likely not important for explaining the difference of temporal patterns 
between individual lakes (see Table 1), as is the case with lake morphometric data. More specifically, 
Gyslättasjön and Stora Härsjön have the same numbers of significant temporal patterns (i.e., RDA 
axes), but they have different liming regimes and morphometric characteristics. However, it is 
acknowledged that, with only four lakes, the sample size is small, and interpretations need to be 
careful.  

Second, abiotic variables are not considered relevant because similar water quality trends between 
Stengårdshultasjön and Gyslättasjön are detected, but they have significantly different numbers of 
temporal scales, two and five respectively (Figure 9). In the temporal patterns of thirteen water 
physicochemical variables, there is no clear difference in the abiotic environment across the study 
lakes (e.g., electrical conductivity in Figure 6). Trends of abiotic variables of Stengårdshultasjön 
showed correlation with those of other lakes, especially, with Gyslättasjön. However, lakes that 
showed similar temporal patterns in the abiotic environment still had different numbers of temporal 
scales in the RDA models of invertebrates. It is preliminarily concluded that the abiotic environment 
contributes little to shape the hierarchical temporal scaling structure in the panarchy structure of 
invertebrates. 
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Third, in terms of biotic interactions such as predation or competition for resources, we do not have 
data for analyzing these effects on temporal patterns of the communities. Similarly, we were unable 
to assess any potential spatial effects like metacommunity dynamics on these patterns. 

A complementary study of invertebrate communities in four reference lakes found fewer temporal 
patterns (two and three significant RDA axes) in two of those lakes while in the other set of two lakes 
no significant temporal structure was detected (Appendix A). Although preliminary and thus needing 
careful interpretation, these findings might point towards liming interfering with the natural 
disturbance regime in a way to create a more deterministic structure of temporal patterns in community 
dynamics. This is at odds with the notion that disturbances, especially when they are of “sledgehammer 
type” like liming, disrupt community dynamics, which manifests in decreased deterministic structure 
and more chaotic/stochastic dynamics (White 1985; White et al. 1999). There are, however, other 
possible explanations. Johnstone et al. (2016) suggested that ecological communities with information 
legacies can have an immediate and powerful recruitment advantage after a typical disturbance event 
so that they can recover to a similar state when the system is perturbed. While a single liming event 
may disrupt communities (Scheffer et al. 2001), but after repetitive liming, an ecological memory may 
be quickly established that may help species to buffer against the management impacts. As part of this 
memory, new ecological niches may become created and existing ones may become more diverse, 
facilitating variability of species dynamics over time. This may potentially manifest in a more diverse 
temporal scaling structure in the limed lakes relative to the reference lakes. This interpretation is 
speculative and needs further investigation. 

Hypothesis 2, which assesses the cross-scale interaction in the littoral invertebrate communities, has 
been only weakly supported by the Spearman correlation analysis. The result of this study showed 
correlations of Ca:Mg ratios, a surrogate of liming management, with only one or two invertebrate 
fluctuation frequencies resolved by the RDA models. The weak manifestation of liming across scales 
indicates that management does not create the necessary cross-scale linkages and information flow 
between scales envisioned by panarchy. Cross-scale interactions are considered important for creating 
system resilience (Garmestani et al. 2009). In this context, our result provides insight into why liming 
never fully restores acidified lakes to a self-sustaining system similar to a circumneutral lake and only 
mitigates acidification impact (Angeler et al. 2020). That is, liming as a management form may not 
create the necessary cross-scale interactions to stabilize lakes in the desired regime akin to reference 
lakes.  

The weak cross-scale manifestation of liming in the time series models of invertebrates clearly 
indicates some “dilution” of management in the lakes. This is at odds with results from univariate and 
multivariate analyses of biodiversity traditionally carried out in community ecology. For example, 
comprehensive analyses comparing plankton, invertebrate, and fish communities in limed, acidified, 
and circumneutral lakes found a pervasive and substantial alteration of communities in limed lakes 
(Angeler & Goedkoop 2010; Angeler et al. 2017). A subset of the lakes studied by Angeler and 
colleagues were used in this study, which allowed for direct comparison with the previous 
“biodiversity” studies. Results suggest that traditional analyses and approaches rooted in complexity 
science can differ from an inference point of view. Ideally, accounting for their complementarity may 
improve the derivation of more holistic insights of liming management. 

In contrast to the present study, a complementary panarchy analysis of water quality found a 
comparatively high level of “information flow” across scales, manifested in the correlation of Ca:Mg 
ratios with several RDA axes in the time series models (Angeler et al. n.d.). This high degree of cross-
scale manifestation of liming in the previous water quality study a priori suggested that liming may 
create resilience in limed lakes due to cross-scale interactions. However, this was at odds with the 
notion that limed lakes are unable to self-organize; that is, they fail to create the necessary feedbacks 
for stabilizing limed lakes in desired regimes that no longer require management. According to the 
current state-of-the-art of research, limed lakes fall back into an acidified regime once management is 
discontinued (Clair & Hindar 2005), indicating that they only mitigate the impacts of acidification. 
The need for constant management input to mitigate the anthropogenic impact for maintaining 
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ecosystems in a desirable state for ecosystem service provisioning has recently been described as 
coerced regimes (Angeler et al. 2020). Technically, a coerced regime is not an alternative regime per 
se, but rather a forced condition of a specific regime. That is, the limed regime is a forced condition 
through the management of a genuine acidified regime. The results of this study allow shedding further 
light on liming as a coerced regime since only weak cross-scale interactions that partly mediate 
resilience were found (Peterson et al. 1998; Allen et al. 2005). Further research using other lake 
organism groups (plankton, invertebrates, fish) is needed to confirm our result of weak cross-scale 
interactions. If such a general pattern can be identified, the lack of attaining self-organization might 
be more accurately attributed to a system-wide dilution of liming in the biophysical lake environment.  

Liming as a coerced regime highlights the high stability of the acidified lakes regime. That is, liming 
fails to break the feedbacks of the acidified regime and restore a “non-acidified” regime. Although 
liming comprises a profound disturbance, there is still an overall high buffering ability of the acidified 
regime that maintains the stability of its sets of processes and functioning (Peterson et al. 1998; Allen 
et al. 2005). This stability may arise itself due to cross-scale interactions in the acidified lake regimes 
(Allen et al. 2005). The buffering capacity of the acidified regime that limits the regime shifts towards 
pre-acidified regime is in line with and support the idea that perturbed systems resist returning to the 
pre-disturbed state (Johnson & Angeler 2010), for instance, acidified lakes can be maintained in the 
impaired state due to novel physicochemical (Kowalik et al. 2007) and biological community 
dynamics (Ledger & Hildrew 2005). Although liming does significantly alter community composition 
and dynamics in traditional biodiversity analysis (Angeler & Goedkoop 2010), a focus on system 
complexity, as e.g. through the lens of panarchy, shows that these alterations do not create a self-
maintaining and self-organizing system. 

Overall, this thesis suggests that the interpretations of putatively strong cross-scale linkages of the 
acidified regime and weak cross-scale interactions in the coerced (limed) regime, provide 
complementary assumptions about mechanisms discerning factors that maintain acidified regimes in 
a pervasively degraded regime wherein liming only forms a coerced system state that is unsustainable 
without continued management (Baho et al. 2014). Limed lakes have been suggested to comprise 
“novel ecosystems” without natural analogues in the Swedish waterscape (Angeler et al. 2017). The 
connotation of novel ecosystems is that they can become pervasive in the environment (i.e. they do 
not need management to persist) (Hobbs et al. 2006). Limed lakes as coerced regimes suggest that 
further research is required to unambiguously label limed lakes as a novel in the strict sense of the 
definition of novel ecosystems.  

In this study, we have used the panarchy heuristic, for assessing the relevance of cross-scale 
interactions as a means to create resilience (Allen et al. 2005). Cross-scale interactions can be expected 
to be weak in a coerced regime, such as a limed lake regime. Our finding supports this expectation. 
However, we acknowledge that cross-scale analysis alone may not cover the full scope of resilience 
(Baho et al. 2014): Resilience also includes other aspects such as functional redundancy, response 
diversity, rare species, and adaptive capacity (Angeler et al. 2019). These factors can interact in 
complex ways and change significantly when disturbance thresholds are exceeded. For instance, lake 
ecosystems with decreased diversity within functional groups might still maintain ecological 
functions, but only to a certain degree: when faced with an additional disturbance, they might pass 
thresholds and flip into another alternative regime (Nyström et al. 2000). However, assessing all these 
facets of resilience is complex and data-demanding, and their coverage was therefore beyond the aim 
of this study. More generally this points to the high resource demand needed for analyzing the full 
spectrum of complex behaviour of ecological systems, which often by far exceeds the availability of 
these resources for management. 

Liming efforts in Sweden have been successful in mitigating acidification and its consequences on the 
lake ecosystem by enhancing water quality for aquatic biota (Svenson et al. 1995). However, 
“improved” biological and water chemistry conditions cannot be maintained in the long term without 
management. Once liming is discontinued, lakes generally return to an acidified state (Clair & Hindar 
2005). That is, liming the lakes in Sweden is a form of mitigation achieved through regime coercion 
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rather than a restoration indicative of a self-organizing regime desired for ecosystem service 
provisioning. In this context, liming has to be considered a form of command-control management, 
which comprises a significant perturbation of the system due to profound alterations of biophysical 
settings of lakes. The findings of similar cross-scale interaction and characteristics of the coerced 
regime in four limed lakes in Sweden can contribute to discuss the implication of liming management 
in Sweden and have the potential to be discussed with more managed lakes in different ecoregion in 
Sweden or even with a bigger sample size in order to see if the same interpretation can be applied in 
the wider context. 

Therefore, resource managers should be aware of the ecosystem impacts of human modification on 
the lake aquatic environment as liming constitutes an ecosystem-level disturbance (Mckie et al., 2006). 
This is especially required because with climate change the interaction of natural and anthropogenic 
disturbance regimes may become even more complex in the future and outcomes extremely difficult, 
if not, impossible to foresee due to potential synergistic and/or antagonistic interactions of stressors. 
In this vein, understanding fundamental ecological processes is critical for managing resources in 
ways to guarantee service provisioning in a way that is beneficial for human needs (Holling & Meffe 
1996). 

This thesis concludes by emphasizing that an assessment of resilience properties of a managed (limed) 
ecosystem can benefit from the integration of the traditional ecological approach with complexity 
studies. Such an approach captures ecological patterns and reflects realistic behavior of the ecosystem, 
allowing for utilizing a wide range of theories, including heuristics from resilience, such as the 
adaptive cycle and its nested extension, panarchy theory. Although largely studied qualitatively, this 
thesis supports the notion that these heuristics can be empirically assessed (Angeler et al. 2015) and 
compared with results from traditional biodiversity studies. Therefore, this combination of studies 
may serve to inform natural resource management and ultimately help human societies envision how 
anthropogenic disturbances affect the resilience, sustainable use, and management of ecosystems 
(Baho et al. 2014).  
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Appendix A 

Complementary analysis of reference (unmanaged) lakes following identical approaches described in the 
main body of this thesis.  

 

Lakes* Adjusted R2 
min. model 

Number 
of 

vectors 
selected 

Number of 
significant 

axes 

Variance 
RDA 1 

Variance 
RDA 2 

Variance 
RDA 3 

Allgjuttern 31.08 3 3 9.5546 2.6361 1.7998 

Stora Skärjön 26.38 6 2 3.9403 2.5859 1.8484 

Fiolen      0 Ns Ns Ns 

Stora Envättern      0 Ns Ns Ns 

 

Table. A1. Summary statistics of AEM-RDA time series models of reference lakes. Ns = axis not significant. *Lake 
characteristics: Allgjuttern (morphometric data: depth VALUE m; surface area: Value ha; coordinates: SMHI X Value; 
SMHI Y VALUE), Stora Skärjön..etc. Sampling (1998-2019) and analysis identical to the methods described in the main 
paper. 
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Fig. A1. Linear combination (lc) score plots of reference lakes. Allgjuttern and Stora Skärjön have respectively three 
and two temporal scales, representing temporal structures of the littoral invertebrate community. Fiolen and Stora 
Envättern have no significant scale. Orange lines indicate significant correlations with Ca:Mg ratios (indicated by 
Spearman rho and p-values). Blue lines represent the lack of such associations.  
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Appendix B 

Summary overview of water quality characteristics (1998-2019; this thesis) and structural analysis of littoral 
invertebrate communities from Angeler and Goedkoop (2010).  

 

 pH 
Alkalinity 
(meq/l) 

Ca 
(meq/l) 

Mg 
(meq/l) 

 K 
(meq/l) 

Na 
(meq/l) 

Si 
(meq/l) 

TOC 
(mg/l) 

Tot-P  
(µg/l) 

Water 
Temp 
(°C) 

Oxygen 
concentration 

(mg/l) 

Ejgdesjön 6.66 0.22 5.74 0.80 0.41 6.19 0.89 5.53 5.29 4.57 7.46 

 ±0.25 ±0.08 ±1.38 ±<0.17 ±<0.06 ±<0.73 ±0.27 ±<1.08 ±2.56 ±1.64 ±3.26 

Gyslättasjön 6.33 0.15 5.69 0.80 0.49 3.83 1.40 14.01 19.56 6.11 4.35 

 ±0.25 ±0.11 ±1.27 ±<0.17 ±0.08 ±0.55 ±0.55 ±<4.42 ±8.78 ±2.16 ±3.80 

Stengårdshultasjön. 6.65 0.15 5.27 0.95 0.68 3.63 1.92 11.60 9.22 6.37 8.27 

 ±0.28 ±0.05 ±0.96 ±<0.11 ±<0.06 ±<0.34 ±<0.52 ±<2.43 ±3.54 ±3.16 ±3.17 

Stora Härsjön 6.85 0.25 7.25 0.95 0.63 6.74 1.26 4.96 6.26 5.33 9.77 

 ±0.24 ±0.07 ±1.58 ±<0.14 ±0.07 ±<0.47 ±0.76 ±<1.41 ±8.81 ±2.89 ±2.28 

 

Table. B1. Summary of water physical and chemical variables of limed lakes. Values represent the interannual mean 
values based on August values ± 1 standard error for the time period 1998-2019.  

 

 

Fig. B1. Non-metric multidimensional scaling (NMDS) ordinations showing temporal trends of littoral 
macroinvertebrate communities in acidified (up-pointing triangles), circumneutral (down-pointing triangles), and 
limed lakes (squares) between 2000 and 2004 (Angeler & Goedkoop 2010). The analysis shows a clear separation 
of limed lakes from acidified lakes, at the same time limed lakes approximate community similarity of reference lakes. 
Grey full arrows indicate desired recovery trajectories from acid towards circumneutral conditions. Grey dotted arrows 
indicate observed community trajectories resulting from liming. RM-ANOVA (Repeated Measures Analysis of 
Variance) by Angeler and Goedkoop (2010) also revealed that total biomass and species richness of littoral 
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macroinvertebrate community between limed lakes and circumneutral lakes did not differ (not shown), indicating the 
desirable outcome of liming. The similarity of the community structure of limed and unmanaged lakes suggests a 
desirable outcome of management. 

 

 



 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 


