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Abstract 

The majority of lakes on Earth are shallow, unproductive and located at high 

latitudes. These lakes are experiencing big changes due to climate change, 

where two environmental drivers operate simultaneously, browning and 

warming. How they affect lake ecosystems is not well understood. Here, I 

addressed this issue by using a theoretical and an experimental approach. In 

particular, I generated model predictions and compared them with the results 

of a realistic large-scale experiment, where browning and warming were 

manipulated in a factorial design. In addition, model outcomes were 

compared with data from 12 unproductive lakes sampled along a gradient of 

browning. Another novelty of my thesis is that it integrates benthic and pelagic 

food web components in the model and experimental approaches. I found that 

browning affected the resources availability for benthic and pelagic producers 

in the model and in the experiment. With browning, benthic primary 

producers became increasingly light limited and declined, while pelagic 

producers became less nutrient limited and increased. Pelagic nutrient 

limitation was alleviated by two non-exclusive mechanisms. Browning directly 

enriched the water with nutrients, and browning indirectly increased the 

nutrient flowing from the sediment to the pelagic habitat via suppression of 

benthic producers. To tease apart these two mechanisms I applied structural 

equation modeling (SEM). The indirect evidence by SEM suggests that both 

mechanisms contributed equally to the pelagic nutrient concentration in the 

experiment. Interestingly, a model food web with only primary producers 

shows similar qualitative behavior as a food web with grazers and carnivores 

included. This happens because carnivorous fish exert strong top-down 

control in the more productive habitat, which relaxes grazing pressure on 

primary producers and increases resource limitation in the adjacent habitat. 

Biomass of benthic and pelagic consumers followed the same pattern as their 

resources. The lake data were largely congruent with model expectations and 

supported the findings of the experiment. Furthermore, the model also 

predicted a negative relationship between total phosphorus and both primary 

and fish production, which was observed across the 12 lakes. Warming effects 

were more complex. The model predicts that warming effects should depend 

on browning and are expected to be strongest in the more productive of the 

two (benthic and pelagic) habitats. For example, at low levels of browning the 

biomasses of benthic algae and fish are expected to decline with warming, 

which was observed in the experiment. In contrast, observed warming effects 

at high levels of browning deviated from model expectations. The mechanisms 

by which browning and warming interactively affect lake food webs are still 

poorly understood. This thesis offers a conceptual foundation for their further 

study through the integration of within- and between-habitat interactions.
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Introduction 
 

Shallow northern lakes are the most abundant lake type on Earth (Downing 

et al. 2006). They are highly influenced by their surrounding ecosystem by 

input of terrestrial derived dissolved organic matter (tDOM; Williamson et al. 

1999; Seekell et al. 2015a) and by warming. Climate change is expected to 

increase both the concentration of tDOM and the temperature in northern 

lakes. On the one hand, increased tDOM concentration in aquatic ecosystems 

may subsidize the system with organic nutrients, which are bound to the 

tDOM complex molecules (Cottingham & Narayan 2013). On the other hand, 

tDOM may subtract light and increase light limitation of the primary 

producers, due to the chromophores contained in tDOM (Thrane et al. 2014). 

The latter contributes significantly to the ‘brownification/browning’ of aquatic 

ecosystems (Kritzberg & Ekstrom 2012). In aquatic ecosystems, temperature 

may act in different ways. For example, it can affect several biological rates 

(e.g. losses, sinking, mineralization, feeding and production rates), which may 

have implications for the top-down and bottom-up control of primary 

producers (Kratina et al. 2012; Shurin et al. 2012). Both factors act 

simultaneously and their effects on benthic and pelagic food web components 

are complex and need further investigation.   

 
Cross-habitat interaction 
Aquatic ecosystems functioning are affected by flow of material and energy 

between the terrestrial and water interface, and between benthic and pelagic 

habitats. For instance, benthic and pelagic primary producers affect the flow 

of resources between their respective habitats, which gives rise to a 

fundamental asymmetry (Jäger & Diehl 2014). Asymmetry is caused because 

pelagic algae can shade benthic algae while benthic algae can intercept 

nutrients that are regenerated in the sediment. Not least, active habitat choice 

of consumers is important in determining the flow of material and energy 

between benthic and pelagic environments (Vanni 1996; Rooney et al. 2008).  

Therefore, to better understand the dynamic of aquatic ecosystems it is 

necessary to integrate spatially separated environments (Loreau et al. 2003). 

In face of ongoing climate change, the use of this meta-ecosystem framework 

will give us more insights when forecasting the future of aquatic ecosystems 

in warmer and browner conditions. 

 

Browning and warming 
Predicting the effects of browning on aquatic food web is not trivial (Solomon 

et al. 2015). Browning affects the availability of essential resources to benthic 

and pelagic primary producers, which in turn has distinct effects on 

consumers in the aquatic food web. On the one hand, browning suppresses 
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benthic algal production due to increase light limitation, which has negative 

consequences for benthic grazers and fish (Karlsson et al. 2009; Finstad et al. 

2014). On the other hand, browning can have a positive effect on pelagic algal 

production via two pathways. First, tDOM contains organic nutrients (carbon, 

phosphorus and nitrogen) in its structure, which favour pelagic production 

(Cottingham & Narayan 2013). Second, by suppression of benthic production, 

tDOM indirectly enrich the pelagic habitat by increasing flow of nutrients 

from the sediment to the water column (Hansson 1988a; Brothers et al. 2014; 

Vasconcelos et al. 2016). Thus, pelagic habitat becomes more productive, 

which leads to a high secondary and fish production (Finstad et al. 2014). 

Nevertheless, with increased water colour, pelagic algae eventually become 

light limited and the pelagic productivity decreases with negative effects on 

their consumers and fish production (Karlsson et al. 2009; Finstad et al. 2014; 

Kelly et al. 2016). Thus, the subsidy vs. subtraction effects of browning is a 

matter of debate (Jones et al. 2012; Solomon et al. 2015). Hence, the 

understanding of how the simultaneous effects of browning on nutrient 

addition and light subtraction affect lake food webs is imperative (Seekell et 

al. 2015a, b). 

Temperature affects distinctly all trophic levels of the food web by means 

of its effects on growth and loss rates (Yvon-Durocher et al. 2010a). Loss 

processes change faster than growth processes with increasing temperature 

(Vázquez-Domínguez et al. 2007; Yvon-Durocher et al. 2012). Therefore, even 

though consumers have higher feeding activity with warming (Shurin 

et al., 2012; Kratina et al., 2012), the net effect of consumers on their 

resources will depend on the balance between loss and growth rates. 

Generally, it has been shown that warming increases the top-down control in 

aquatic food web (Gyllström et al. 2005; O’Connor et al. 2009; Yvon-Durocher 

et al. 2011; Shurin et al.2012; Kratina et al. 2012). However, consumers may 

intensify their own resource limitation, because of their higher feeding 

activity, which may have negative consequence for consumers’ population size 

(O’Connor et al. 2011). These quite complex responses make warming effects 

on food web difficult to predict.  

Overall, browning and warming are drivers of lake ecosystems dynamics 

that are changing simultaneously. However, the predictions of their effects on 

lake ecosystems are uncertain, and so far have been only verbally derived. For 

instance, Solomon et al. (2015; Figure 4) show the uncertainties regarding 

browning effects on aquatic primary producers. Due to its interacting and 

counteracting effects on nutrients and light, for example, browning may drive 

a hump or U-shaped response on primary production. In another example, 

Jeppesen et al. (2014) show in a conceptual model (Figure 4 in the paper) the 

possible direction of warming effects on lake food webs: warming will increase 

the top-down control in these systems, with less abundance of zooplankton 

and more algal biomass. Hence, a more rigorous approach to the exploration 
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of browning and warming effects on lake ecosystems using dynamical models 

is lacking. The same is true for the lack of experiments testing the possibility 

of interactive effects between browning and warming, in particular at relevant 

spatial scale, including realistic coupling of benthic and pelagic habitats. 

Based on this, I list below the research questions I address in this thesis. 
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Research questions and approaches 
 

I used two lines of research, a theoretical and an empirical approach. In the 

theoretical approach, I used dynamical models to explore possible responses 

of benthic and pelagic food web components to variation in environmental 

conditions, such as browning, warming, and nutrient enrichment. In the 

empirical approach, I collected data from a field experiment on a shallow lake 

community in which browning and warming were manipulated over multiple 

years. I also used published and unpublished data from a field survey of lakes 

along a browning gradient. The two approaches are integrated into all four 

chapters of this thesis.  

The specific research questions are listed below and refer to the individual 

chapters (Figure 1b): 

  

I. How do browning, warming and nutrient supply affect competition 

for light and nutrients between benthic vs. pelagic algae? 

II. How is the flow of essential algal resources across the benthic-pelagic 

habitat boundary affected by browning? 

III. How do browning, warming and nutrient supply affect bottom-up and 

top-down control of lake food webs? 

IV. How do browning and nutrient supply affect cross-habitat 

interactions between benthic and pelagic components of lake food 

webs?  
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Materials and methods 
 

In this section, I summarize the model structure and analyses, and the 

experimental setup and statistical analyses.  

  

Model description  
The models used throughout this thesis depart from Jäger & Diehl’s (2014) 

model of competition for nutrients and light between benthic and pelagic 

primary producers in shallow lakes. The one-dimensional structure of the 

model is depicted in Figure 1a. The model is a simplified version of a lake with 

a uniform depth, where two layers exist: a benthic and a pelagic layer. The 

benthic layer lays on the sediment, which is the main source of nutrients. 

Additionally, nutrients come also from lateral sources. The pelagic layer lays 

on the benthic layer, closer to the light source. Light decreases exponentially 

(due to algal absorption and light attenuation by other particles, e.g. due to 

tDOM) towards the sediment. Benthic algae inhabit the benthic layer and 

pelagic algae inhabit the pelagic layer. I extended this model by adding two 

grazers and a top consumer and by including temperature dependence of vital 

rates (Figure 1b). In addition, I also included a new source of nutrients that 

comes to pelagic habitat via tDOM (tDOM-nutrients). 

In the model, benthic grazers feed directly on benthic algae and pelagic 

grazers feed directly on pelagic algae (Figure 1b). The top consumer uses both 

habitats and feeds on both benthic and pelagic grazers (Figure 1b). I included 

temperature dependence in the following vital rates: maximum production 

rate of benthic and pelagic algae; loss rate of benthic and pelagic algae; sinking 

rate of pelagic algae; attack rate and handling time of benthic and pelagic 

grazers, and benthic and pelagic fish; and on loss rates of benthic and pelagic 

grazers, and fish. I used Q10 values from the literature to model the 

temperature dependence. 

 

Model analyses 
The model analyses in all chapters focus on equilibrium states assuming 

constant environmental conditions. Thus, seasonality of environmental 

drivers was deliberately excluded from model analyses, in order to focus on 

stable attractors as a first step in charting the territory of dynamic system 

responses. It would, however, be possible to make environmental drivers 

seasonally variable in future extensions of the model. 

In chapter I, I explored how browning, nutrient enrichment from the 

catchment, and warming affect the equilibrium performances of benthic and 

pelagic primary producers (arrows 1, 3 and 4; Figure 1b). The consequences of 

browning and warming were systematically explored over a grid of very 

nutrient poor to highly eutrophic conditions combined with very clear to 
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highly colored water. The consequences of warming were explored in a more 

limited parameter space representative of an ambient and a future (+5°C) 

summer temperature scenario. The theoretically explored scenarios included 

the approximate environmental conditions encountered in the treatments of 

the field experiment. 

In chapter II, I explored the direct and indirect contribution of tDOM to 

nutrient supply to pelagic primary producers (arrows 2, 3 and 6; Figure 1b). 

The consequences of browning on pelagic nutrient concentration was 

explored in two extreme conditions, tDOM-nutrients available and tDOM-

nutrients unavailable. 

Chapter III, similar to chapter I, explores the consequences of browning, 

nutrient enrichment and warming. However, in this chapter the full food web 

is included (arrows 1-5; Figure 1b). Again, browning and nutrient supply were 

varied over the entire parameter space, whereas temperature was varied to 

represent ambient and a future (+3 and +6°C) summer temperature scenario. 

The theoretically explored scenarios included the approximate environmental 

conditions encountered in the treatments of the field experiment. 

Previous chapters explored the consequences of browning and nutrient 

enrichment focusing on external nutrient supply. In contrast, chapter IV 

explores the consequences of browning and nutrient supply by focusing on 

internal nutrient supply from the sediment (arrows 3 and 6; Figure 1b). In 

addition, this chapter explores the generality of model predictions in the face 

of parameter uncertainty. Therefore, 1000 iterations were run, where 

consumer parameters were collected randomly from 10 fold intervals. For a 

comparison between model expectations and field data, model output 

representing lakes with relatively low sediment nutrient content, but with 

highly variable light attenuation was chosen. This output was compared with 

12 unproductive lakes sampled along a gradient of DOM concentration in the 

northern region of Sweden (Karlsson et al. 2009). 
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Figure 1. Diagram of the one-dimensional habitat (a) and of the food web structure 

(b) assumed in the model. The green square contains the food web components studied 

in chapters I and II. In chapters II and IV, the whole food web was studied. Numbers 

represent the drivers studied in the different chapters. Chapter I: drivers 1, 3 and 4. 

Chapter II: drivers 2, 3 and 6. Chapter III: drivers 1-5. Chapter IV: drivers 3 and 6. 

Dashed arrows show the movement of top consumer between benthic and pelagic 

habitats (Cbent and Cpel, respectively), and of resources light and nutrient between 

benthic and pelagic habitats (Ibent and Ipel; and Rbent and Rpel, respectively). Full arrows 

represent the uptake processes (nutrient uptake, light absorption and food ingestion).  

A is for pelagic algae, Z is for pelagic grazers, B is for benthic algae and G is for benthic 

grazers. I0 is the incoming light at the surface, and Rsurf and Rsed is the dissolved 

nutrient in lateral inflow and in the sediment, respectively. tDOM concentration is one 

of the major cause behind browning, and Temp. stands for temperature. 
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Experimental design 
The experiment was performed at Umeå Experimental Ecosystem Facility 

(Figure 2; EXEF, 63º48´N, 20º14´E). EXEF is a large pond divided in 20 

sections, each section having an area of 12.5m x 7.3m and depth of 1.6m. 

Sections are separated by watertight dark green PVC. Each section has its 

separate water supply system and has natural lake communities including a 

top predator, three-spined stickleback (Gasterosteus aceulatus). An 

experiment was run at EXEF in which browning and warming was 

manipulated from May 2012 to October 2014. For this thesis, I used data from 

the first two years, 2012 (Chapter I) and 2013 (Chapters II and III). ). In 2012, 

relatively sparsely occurring macrophytes were not controlled, whereas in 

2013, macrophytes were removed early in the season. 

For treatment establishment, 16 sections were used. Temperature and 

browning (tDOM) were manipulated in a 2x2 factorial design with four 

replicates of each following treatment: ambient temperature and low tDOM 

input (subsequently called ‘amb, low tDOM’); ambient temperature and high 

tDOM input (‘amb, high tDOM’); warming and low tDOM input (‘warm, low 

tDOM’); and warming and high tDOM input (‘warm, high tDOM’). In 2012 the 

sections received a continuous input of water of 0.57 m3/day, while in 2013 

the input was doubled to 1.14 m3/day. Humic stream water was 100 µm 

filtered prior to addition, and in 2012 was characterized by seasonal averages 

of 22.5 g/m3 of dissolved organic carbon (DOC) and 0.079 g/m3 of total 

phosphorous (TP). In 2013, humic water was characterized by seasonal 

averages of 19.5 g/m3 of DOC and 0.05 g/m3 TP. Tap water in 2012 was 

characterized by seasonal averages of 1.6 g/m3 DOC and 0.003 g/m3 TP. In 

2013, it was characterized by seasonal averages of 1.5 g/m3 DOC and 0.003 

g/m3 TP. I also measured DIN, but DIN:TP ratios indicated that P was the 

limiting nutrient in the supply water. Treatments were blocked by 

temperature, the ‘ambient’ and ‘warmed’ treatments being separated by two 

buffer sections not used in this study (Figure 2). Warming to 3°C above 

ambient water temperature was accomplished by continuously circulating 

water from the warmed sections through a heat exchanger. 
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Figure 2. Aerial photograph of the experimental facility (EXEF) showing the warmed 

and ambient temperature sections separated by buffer sections. Note that the low and 

high tDOM treatments can be easily distinguished visually. A container for the storage 

of high tDOM stream water and the shed harboring the heat exchanger are visible to 

the lower right.    

  

For both years, sampling was performed during the ice free season (May 

to October for each year).  A sensor in the middle of each section (at 0.5m 

depth) recorded the water temperature. Light availability was calculated by 

determining the light attenuation coefficient kd in each section. Every 3-4 

weeks, water samples were taken for determination of DOC, TP, SRP, TN, 

DIN, chlorophyll a (chl a) and particulate organic carbon (POC) 

concentration. In 2012, due to treatment differences in POC:chl a ratios, 

pelagic chl a was converted to carbon units adjusted for treatment specific 

differences in POC:chl a ratio. In 2013, there were no such differences, and 

chl a was used as the measure of algal biomass. Benthic POC and chl a were 

sampled on artificial substrates.  In 2012, I used 200µm plankton mesh 

attached to circular frames as substrates for benthic algae, and in 2013 I used 

ceramic tiles. The substrates were placed on the sediment of each section for 

algal colonization. 

Primary production was estimated from benthic and pelagic incubations 

and calculated from oxygen dynamics during 48h incubations (Rodríguez et 

al. 2016). In 2012, an oxygen logger was deployed twice in the season in the 

middle of each section in order to determine whole ecosystem production. In 

2012, I estimated macrophyte (+epiphyte) production as the difference 

between estimated whole ecosystem production and the sum of benthic and 

pelagic production.   

Animal components of the food web were assessed as follows. 

Zooplankton was sampled every third week by pulling a zooplankton net 
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(mesh size 100 µm) vertically through the upper 1.3 m of the water column in 

each section Zoobenthos was sampled three times in the season by pulling a 

30cm wide bottom net 70cm along the bottom of each section. Fish was 

sampled twice per season (May and October) by pulling a seine-net three 

sequential times through each section. A fraction of the captured animals was 

measured (length), and numbers of counted animals were transformed to 

biomass using length-weight relationships (Chapter III).  

 

Statistical analyses 
For comparison of the model expectations with the experimental data, I 

calculated temporal averages of all relevant variables for the periods mid-

August – mid-September 2012 (Chapter I) and July – September 2013 

(Chapters II and III). To test for the effects of browning (low vs. high), 

warming (ambient vs. warmed) and the interaction between both factors on 

the mean values of the dependent variables, I ran two-way ANOVAs.  

In chapter II, I did not attempt to measure nutrient flux from the 

sediment. Hence, I used piecewise structural equation modeling (piecewise 

SEM; Lefcheck 2016) to disentangle the direct and indirect effects of browning 

on resource availability and on interactions and feedbacks between benthic 

and pelagic primary producers. 
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Results and discussion 

In this section, I highlight and discuss the major findings from chapters I-IV. 

 

Effects of browning 
 

Light, nutrients and primary producers 
Analyses of both the full food web model (Chapters III and IV) and the model 

excluding consumers (Chapters I and II) reveal that effects of browning 

operate from the bottom-up by altering the availability of the essential 

resources light and nutrients. Because fish exert strong top-down control on 

grazers (and thus release primary producers from grazing pressure), the 

bottom-up effects of browning operate similarly in the full food web model 

and the sub-model excluding consumers. I therefore illustrate them with a 

numerical example of the full food web model analysed in chapter III (Figure 

3).  

Under nutrient poor and clear conditions, benthic algae receive enough 

light to be able to grow and build up biomass (Figure 3a, c, e). Consequently, 

a large fraction of the nutrients leaking out of the sediment are intercepted by 

benthic producers and pelagic algae suffer from nutrient limitation (Figure 3b, 

d, f). However, with browning, benthic algae become gradually light limited; 

consequently, benthic producers intercept less nutrients, and more nutrients 

leak from the sediment to the pelagic habitat. This alleviates nutrient 

limitation experienced by pelagic algae (Figure 3a-f). When browning reaches 

a threshold (around a light attenuation of 2 m-1) an abrupt decline of benthic 

algae occurs due to a strong positive feedback of pelagic algae on themselves. 

Pelagic algae shade out benthic algae sufficiently to increase the nutrient flow 

from the sediment to the pelagic habitat, which favors pelagic algal biomass 

development (Figure 3a-f).  

The experimental data were largely congruent with these predictions.  

Browning deteriorated the light climate in the experimental sections and 

increased the nutrient availability in the water column (Figure 4a-b; Chapter 

I-III).  Consequently, benthic algal biomass and production decreased with 

browning, while pelagic algal biomass and production increased (Figure 4c-f).  

The main mechanisms are related to the alleviation of nutrient limitation of 

pelagic algae by direct and indirect pathways: tDOM contributes directly to 

the pool of nutrients in the pelagic habitat (Cottingham & Narayan 2013), and 

simultaneously subtracts light and limits benthic producers, thus increasing 

the flow of nutrients from the sediment. Chapter II went further into this 

subject and attempted to tease apart both effects using piecewise SEM. The 

analysis provided indirect statistical evidence suggesting that the relative 

contributions of direct vs. indirect effects on the availability of nutrients in the 
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water column were approximately equally important in the experiment. 

Nevertheless, experiments are still lacking to test the importance of the direct 

and indirect effects of browning on nutrient supply. For instance, the direct 

quantification of the flow of nutrients from the sediment to the water column 

along a gradient of browning should be a high research priority. 

Field observations from 12 unproductive lakes were also in agreement with 

the above predictions. In the lakes, browning was positively correlated with 

light attenuation, total pelagic phosphorus, and pelagic primary production, 

while benthic primary production was negatively correlated with browning 

(Chapter IV; Ask et al. 2009; Karlsson et al. 2009). In addition, the model 

predicts that pelagic primary production will not indefinitely increase with 

browning, i.e. at very high tDOM concentration, also pelagic algae eventually 

become light limited and decline with browning (Figure 3d; Chapter IV; 

Seekell et al. 2015a). This unimodal relationship between pelagic primary 

production and browning arises because of the trade-off between tDOM 

subsidizing the system with nutrients and subtracting light (Seekell et al. 

2015b). This was supported by the lake data (Chapter IV). 

Consumers 

Predictions of consumer responses to browning are a consequence of the 

bottom-up effects of browning on light and nutrient availability. In a food web 

with three trophic levels, where habitat choice of top consumers is assumed to 

be highly adaptive, the following expectations hold (Chapters III and IV). 

In general, under very nutrient poor and clear water conditions, there is 

enough light to sustain high benthic algal production. Benthic grazers then 

benefit from the high benthic production, and the benthic habitat is more 

profitable for the fish. Fish then spend most time in this habitat, exerting 

strong top-down control on benthic grazers, which alleviates the grazing 

pressure on benthic algae (Figure 3c, e, g, i). With browning, benthic algae 

become light limited and more nutrients leak to the pelagic habitat, increasing 

the growth of pelagic algae. This benefits zooplankton biomass, turning the 

pelagic habitat more profitable for the fish. Fish then exert strong top-down 

control on zooplankton and alleviate the grazing pressure on pelagic algae 

(Figure 3d, f, h, j). 

Interestingly, strong top-down control in one habitat is predicted to lead to 

concomitant bottom-up control in the adjacent habitat through a positive 

feedback loop related to cross-habitat resource flow. For example, when fish 

exert strong top-down control on grazers in the preferred, more productive 

habitat, then primary producers in the preferred habitat are released from 

grazing pressure and can grow uninhibited. Therefore, they intercept the flow 

of the most limiting resource to the less productive habitat (Figure 1a). The 

producer in the less productive habitat is then suppressed and cannot 

intercept the reciprocal flow of resources to the more productive habitat 
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(Figure 1a), which further benefits producers in the more productive habitat, 

and so on (Chapters III and IV). 

 

 
 

Figure 3. An example of equilibrium model predictions of the effects of browning 

(increasing light attenuation coefficient kDOM*DOM) and warming on a relatively 

nutrient poor system. Shown are: light at the bottom of the water column IZmax as 

percentage of incoming light (a), concentration of dissolved pelagic phosphorus (b), 

benthic (c) and pelagic (d) algal production, benthic (e) and pelagic (f) algal biomass, 

benthic (g) and pelagic (h) grazer biomass, fish biomass in the benthic (i) and pelagic 

(j) habitats, and fish biomass (k) and total algal production (l). Temperatures are 

ambient (17°C, full blue line) and warmer conditions (+3°C, full red line, and +6°C, 

dashed red line). 
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The experiment produced patterns that are similar to model expectations. 

In clear water conditions, light reaching the benthic habitat, benthic algal 

biomass and production, and zoobenthos and fish biomass were higher than 

under browner conditions (Figure 4a, c, e, g, i). Under browner conditions, 

pelagic nutrient concentration, pelagic algal biomass and production, and 

zooplankton biomass were higher than in clear conditions (Figure 4b, d, f, h). 

In addition, model expectations were largely congruent with data from field 

observation (Chapter IV). Benthic primary production and the biomasses of 

benthic invertebrates and benthic fish decreased with browning in the 12 

study lakes. In the model, pelagic primary production, and pelagic grazer and 

fish biomass are predicted to show a unimodal trend with browning. In the 

lake data, similar, but very noisy, trends emerged for pelagic primary 

production and pelagic fish biomass, while zooplankton only showed an 

increasing trend with browning. As predicted by the model, total primary 

production and total biomass of fish decreased with browning. Similar 

patterns have been reported in other observational studies performed along 

gradients of browning (Finstad et al. 2014; Benoît et al. 2016).  

Interestingly, the model predicts a negative relationship between total 

pelagic phosphorus (TP) concentration and both primary and fish production. 

While such a pattern is in stark contrast to the commonly observed positive 

correlation between total phosphorus and most measures of lake productivity 

(Shindler 1977; Downing et al. 1990), it is in line with the data from the 12 

study lakes (Chapet IV; Karlsson et al. 2009). In these lakes, light rather than 

nutrient limits primary production (benthic + pelagic). TP is not an 

independent driver, but a dynamic property of the system which tends to 

increase with increasing light limitation along a browning gradient in shallow, 

unproductive lakes (Karlsson et al. 2009). This negative relationship likely 

holds true in relative unproductive lakes within a natural variation of 

browning and nutrient input, while the ‘classic’ positive relationship between 

TP and primary production holds for more productive lakes, e. g. eutrophic 

lakes.  

Effects of warming 
Expectations regarding effects of warming on the model system are not as 

straightforward as browning expectations (Chapters I and III). The model was 

parameterized for a generic lake system without any species traits being 

tailored to the experimental study. Only a few environmental parameters were 

set to identical values as encountered in the experiment (e.g. water depth, 

incoming light, water inflow etc.). Thus, the model predictions are of a 

qualitative nature. In addition, browning and warming are predicted to 

interact. This makes qualitative predictions sometimes ambiguous, because at 

a certain level of browning, warming can have positive or no effects on a 

response variable, but have negative effects at another level of browning.  
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Figure 4. Ecosystem responses to browning and warming in the experiment reported 

in chapters II and III. Shown are: light at the bottom of the water column IZmax as 

percentage of incident light (a), concentration of dissolved pelagic phosphorus (b); 

depth-integrated production of benthic(c) and pelagic (d) algae; depth-integrated 

biomass of benthic (e) and pelagic (f) algae; biomass of zoobenthos (g) and 

zooplankton (h); total fish biomass (i) and total algal production (j). Shown are 

treatment means (±1 SE, n=4) of measurements taken in the time window shown in 

Fig. 2 of III (Julian days 184-273). Response variables are plotted against mean light 

attenuation kd in the respective treatments. In panel 4a, horizontal error bars indicate 

the standard error of the light attenuation coefficient kd (±1 SE, n=4) in the different 

treatments. 



16 

With that in mind, the expected effects of warming depend on two factors. 

First, they depend on whether consumption and growth rates or loss rates are 

more temperature sensitive. Based on literature data we assumed that loss 

rates increase faster with temperature than consumption and growth rates 

(Vázquez-Domínguez et al. 2007; Yvon-Durocher et al. 2012). Second, 

expected effects of warming depend on whether the benthic or the pelagic 

habitat is more profitable for fish, which in turn depends on browning. Fish 

reside and forage primarily in the more profitable habitat. Under warming 

conditions, fish then require a higher prey (grazer) availability in that habitat 

to balance their increased losses. Higher grazer densities then translate into 

lower equilibrium producer biomass in the more profitable habitat, which 

leads to higher resource (light, nutrient) availability (Figure 3). In contrast, 

grazers largely control producers in the less profitable habitat. Expected 

warming effects on producers are therefore opposite, i.e. algal biomass should 

increase with warming in the less profitable habitat to balance the increased 

losses of grazers (Figure 3). Primary production may increase or decrease with 

warming, but in general the effects are small (Figure 3c-d). 

The experimental results showed similar patterns as the model 

predictions (Chapters I and III). Pelagic total phosphorus concentration 

(including algae in Chapter I), and benthic and pelagic algal biomass 

decreased with warming (Chapters I and III; Figure 4b, e, f). Contrary to 

expectations, benthic and pelagic primary production decreased with 

warming in the experiment in 2012 (Chapter I). Probably, the presence of 

macrophytes affected algal production negatively, because macrophytes 

(which were present in the experimental pond in 2012) respond positively to 

warming (Barko et al. 1982; Landkildehus et al. 2014). Our estimates of 

macrophyte production are in line with this hypothesis, because indirectly 

estimated macrophyte production responded positively to warming in the 

experiment (Chapter I). In 2013 (when macrophytes were controlled; Chapter 

III), algal production showed no statistically significant responses to 

warming, which is in line with the model expectation of overall small effects 

of warming on algal production (Figure 3c-d; Figure 4c-d). 

For consumers, the experimental data are fairly consistent with model 

expectations at low levels of tDOM, i.e. fish biomass declined with warming, 

while zoobenthos and zooplankton were not affected by warming (Figure 4g-

i; note that the predicted slight increase in benthic grazers with warming 

would be impossible to detect in noisy, real data, Figure 3g). In contrast, in 

high tDOM levels, experimental results deviated from expectations (compare 

Figures 4g-i with Figures 3g-h, k).  

The experimental system deviated from the simplified model system in 

that zoobenthos included other trophic groups than grazers (Chapter III). The 

model may therefore not be adequate for describing responses of zoobenthos, 

especially in high tDOM systems where benthic primary production is low and 
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zoobenthos can be expected to consist primarily of deposit feeders. 

Furthermore, the overall zooplankton biomass was very low, being orders of 

magnitude lower than expected from the model. This suggests that the model 

underestimates feeding pressure from planktivorous fish, and that the 

observed very small treatment differences in zooplankton biomass may be 

ecologically insignificant. Zooplankton was found in fish guts in all 

treatments, but there were no systematic treatment differences (Per 

Hedström, unpublished data). 
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Conclusion 

Two environmental drivers linked to climate change, browning and warming, 

are currently causing changes in northern aquatic ecosystem processes. 

However, relatively little attention has been paid to their potential interactive 

effects, their effects on the benthic compartment, and to the coupling between 

benthic and pelagic habitats in these ecosystems. It is well known that benthic 

and pelagic habitats are linked by passive movement of abiotic resources and 

by active movement of mobile organisms. Theoretical, comparative and 

experimental studies that include benthic-pelagic processes are therefore 

required to improve our understanding of how lake ecosystems will respond 

to future climate change. This thesis constitutes a step in this direction, with 

a focus on browning and warming effects on shallow lake ecosystems. 

Effects of browning and warming are complex to predict. The results of 

my thesis suggest that browning will affect benthic and pelagic habitats 

primarily from the bottom-up by altering the flux of essential resources 

accross the benthic-pelagic boundary, while warming will affect the most 

productive habitat by weakening top-down control by fish. These effects may 

have big implications for lake ecosystem services. For example, both browning 

and warming are expected to lead to a decline in fish production. 

Experimental results are congruent with this, and highlight that processes 

which alter the direction and strength of benthic-pelagic coupling strongly 

contribute to these patterns.  
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