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1! Abstract 
In a changing climate, it is increasingly important to be able to model environmental 

effects on food webs, and to do that, one must have appropriate dynamic models. I 

present a shallow lake ecosystem model where producers, grazers, carnivores, piscivores, 

and detritivores are coupled through resource (light, nutrients and detritus) fluxes 

between the benthic and pelagic habitats and through carnivore life history events 

(ontogenetic habitat and diet shifts). The two habitats each contain primary producers, 

grazers, carnivores and detritivores. Within the habitats, there is strong top-down 

regulation, but across habitat boundaries, bottom-up interactions drive production. In 

the absence of piscivores, stage-structured carnivores cause intriguing patters of 

alternative stable states. Notably, the model predicts a lesser dependence on benthic 

production with detritus presence. Model predictions are largely in agreement with 

empirical studies. The results have implications for management of freshwater, and for 

the interpretation of previous models.  

2! Background 
In the wake of climate change, lakes can expect big changes. Already, many northern 

lakes are experiencing an increase in the concentration of colored terrestrial dissolved 

organic matter (DOM) (Clark et al. 2010). Also known as browning, this process shades 

out light (Ask et al. 2009), reducing the euphotic zone, and can supply nutrients to the 

lake (Klug 2002). Even when the nutrients of the DOM itself are not available to the 

lake ecosystem, shading out benthic primary producers stops them from intercepting 

nutrients from the sediment before they reach the pelagic zone, thus DOM enhances 

nutrient supply to the pelagic zone (Vasconcelos et al. 2018). Browning usually benefits 

primary and secondary production in the pelagic habitat, at the expense of production 

in the benthic habitat (Ask et al. 2009, Karlsson et al. 2009); only at very high DOM 

concentrations will even the pelagic habitat suffer (Karlsson et al. 2009). The 

disadvantage to the benthic habitat is a problem, as most lakes on earth are small, 

shallow, and nutrient poor (Henriksen et al. 1998, Downing et al. 2006), and a great 

many of them are located in the boreal or subarctic zones (Verpoorter et al. 2014); all 

conditions that imply a potentially heavy reliance of lake food webs on benthic 

production. 

Mineral nutrients enter the lake both via surface inflow and from the bottom sediment, 

and light filters down from the surface. In spatially structured lake ecosystems (which is 

most of them), this causes an asymmetry in the resource availability, where pelagic 

producers are nutrient-limited, and benthic producers are light-limited (Ask et al. 2009).  

In addition to the resource-mediated habitat connection, habitats are often connected 

by fish. This has been modelled before, with carnivorous fish that move between 

habitats depending on their profitability (Thomsson 2015, Vasconcelos et al. 2019) and 

is reasonably well understood. However, there is more than one reason a fish may move 

between habitats. Ontogenetic diet shifts can result in a fish living in different parts of 

the lake during different stages of its life. Ontogenetic diet shifts are very common in 

fish (Werner & Gilliam 1984) and cause more complicated, counterintuitive dynamics 

than simple movement, such as stage-specific bottlenecks. Stage-specific bottlenecks 
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occur when the ontogenetic stage that is resource limited has the higher population 

biomass (de Roos & Persson 2013). When a stage is limited, individuals in that stage get 

little food for reproduction or maturation and thus recruitment to the next stage is 

limited. As recruitment to the other stage is low, total biomass of the other stage is also 

low. Consequently there is a lot of food per individual, and they are able to mature or 

reproduce a lot, which causes further accumulation of biomass in the limited stage. 

Ontogenetic diet shifts can also cause bistability, which is a situation where different 

initial conditions can lead the system to different stable outcomes (de Roos & Persson 

2013). This is especially important to model, because it can be difficult to detect in 

natural systems (Schröder et al. 2005). 

Due to a combination of climate factors and dispersal barriers, a lot of lakes do not 

currently have any piscivores (Spens et al. 2007). Another effect of global climate change 

will be the invasion of new species to areas they were previously unable to access or 

survive in. By 2050, pike are expected to have spread to 7011 lakes where they do not 

currently live, in Sweden alone (Hein et al. 2011). This is expected to cause local 

extinctions of prey fish (Hein et al. 2014).This makes piscivore presence an important 

factor to model. 

Benthic secondary production is not exclusively dependent on benthic primary 

production. Sinking phytoplankton and dead organic matter from the pelagic habitat 

accumulate in a  detritus pool at the bottom of the lake, that can potentially support 

both detritivores and benthic fish feeding on detritivores (Wetzel 1995). When benthic 

algae are at a disadvantage, detritus may offer an alternative food source, to keep the 

benthic populations alive (Vasconcelos et al. 2019). 

Modelling the effects of all these factors is important in order to be able to protect and 

conserve our freshwater ecosystems in the future. Experimental data and sampling are 

far from enough, as it is too hard and expensive to closely monitor a system over a long 

enough time to get reliable data (Englund & Moen 2003). 

In this thesis, I extend a previous model of a two-habitat lake ecosystem including 

resources, algae, grazers and carnivores (Vasconcelos et al. 2019). I am adding a detrital 

food chain (including detritus and a detritivore), piscivores, and an alternative way of 

modelling carnivore connection between habitats, i.e. by modelling benthic and pelagic 

carnivores as different life history stages of the same species. By running the model with 

different food chain lengths, with and without detritivores and with different types of 

carnivores (with and without ontogenetic diet shifts), I hope to be able to see the effects 

of these factors on expected biomass patterns along gradients of nutrient and DOM 

input to a simplified shallow lake ecosystem, and the interplay of the dynamics described 

above. 

3! Methods 

3.1! Model mechanics 

The model is a modified and extended version of a coupled differential equation model 

of resource competition between benthic and pelagic algae (Jäger & Diehl 2014) to 

which a simple food web of grazers and carnivores had been added (Vasconcelos et al. 
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2019). The model extensions that are unique to my thesis include the incorporation of 

stage-structure into the life history of carnivores, and the addition of piscivores, detritus 

and detritivores (Figure 1). All equations and the definitions of state variables and 

parameters can be found in the appendix (Table A1, A2) 

The model describes the dynamics of 14 state variables (Figure 1). Four of the state 

variables describe inorganic resources: light penetration to the bottoms of the water 

column (Iz_max) and the benthic habitat (Iz_sed), and the concentration of nutrients in the 

water column (Rpel) and benthic habitat (Rbent). The remaining state variables describe 

living populations or organic matter: the biomasses of pelagic algae (A), grazers (Z), 

carnivores and piscivores (Pp), and the biomasses of benthic algae (B), grazers (G), 

carnivores, piscivores (Pb), and the biomasses of detritus that has sunk to the bottom of 

the lake (D) and of detritivores (V). In different versions of the model (see sections 3.1.1 

and 3.1.2), pelagic and benthic carnivores can be either separate populations (Cp and Cb 

respectively) or different life history stages of a single population (Cj and Ca 

respectively). 

This community exists in a simplified lake of uniform depth with three habitats; a 

sediment layer, a thin benthic layer of thickness zbent = 0.01 m, and a well-mixed water 

column of depth zmax = 2 m (Figure 2).  Pelagic algae, grazers and nutrients are 

homogeneously distributed in the well-mixed water column. The lowest part of the 

well-mixed water column, called the near-benthic habitat with thickness znb = 0.3 m, is 

where benthic carnivores reside and hunt for grazers and detritivores at the lake bottom. 

The rest of the well-mixed water column (of depth zpel) is the habitat where pelagic 

carnivores reside and hunt for pelagic grazers. Benthic and pelagic piscivores use the 

same habitats as their carnivore prey. 

Light comes into the system from above, and is absorbed by terrestrial DOM, and by 

pelagic and benthic algae with the light attenuation coefficients kDOM, kA and kB, 

respectively, as it filters down. This attenuation follows the Beer-Lambert law. The 

model assumes a single limiting nutrient. In all numerical implementation, this limiting 

nutrient was assumed to be phosphorous. Nutrients can enter the lake from the 

catchment area as surface inflow and from the sediment. The nutrient flux from the 

sediment is positive if the concentration of mineral nutrients in the sediment (Rsed) is 

higher than the concentration of mineral nutrients in the benthic layer (Rbent). Nutrients 

from the catchment enter the water column at rate (Dsurf), both in mineral form (at 

concentration Rsurf and in organic form bound up in terrestrial DOM. The DOM-bound 

nutrients are described by the expression cDOM*tDOM, where cDOM is the phosphorus-to-

carbon ratio of the terrestrial DOM, while tDOM is the concentration of terrestrial 

DOM in the water. It is rarely known which fraction of the nutrients in terrestrial DOM 

are accessible. In this study, I assumed that organic nutrients become instantly and 

completely available in mineral form when entering the lake. Nutrients also flow 

between the benthic and pelagic habitats, proportionally to the concentration 

differences between these habitats. 

Specific pelagic and benthic algal growth (PA(I,R), PB(I,R)) is limited by light and  

mineral nutrients and is described by a maximum specific growth rate (pA, pB) and two 

multiplicative Monod functions with half-saturation constants for light (HA, HB) and 

nutrients (MA, MB). As algae are measured in carbon and nutrients in phosphorus, 

removal of mineral nutrients through algal growth is calculated by multiplying gross 

primary production with the algal phosphorus-to-carbon ratio (cA, cB). 
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In each of the two habitats, the algae are consumed by grazers, who in turn are consumed 

by carnivorous fish that also feed on detritivores and are themselves consumed by 

piscivores. Grazers, carnivores, piscivores and detritivores all feed with a type 3 

functional response. This is described by aJKJ2/(1+aJKhJKJ2) where aJK and hJK are 

clearance rates and handling times of consumer K feeding on resource J. Predators 

convert their prey into their own biomass with carbon conversion efficiency eJK. In the 

case of grazers, who can differ strongly in elemental composition from their algal food, 

conversion efficiency is either eJK (if the food’s carbon content is limiting) or cJ/cK (if the 

food’s nutrient content is limiting).  

 

Figure 1.  Graphical representation of state variables and their links in the stage-structured carnivore model. The 

upper row shows the pelagic food chain, the middle row shows the benthic food chain and the bottom row shows 

the detrital food chain. For clarity, abiotic resources (light, I, and nutrients, R) are indicated by one symbol each, but 

were each modelled as two separate state variables in the benthic habitats (see Figure 2). The pelagic food chain 

consists of pelagic producers (A), pelagic grazers (Z), juvenile carnivores (Cj), and pelagic piscivores (Pp). The benthic 

food chain consists of benthic producers (B), benthic grazers (G), adult carnivores (Ca), and benthic piscivores (Pb). 

The detrital food chain consists of the detritus (D) and the detritivore (V). Solid arrows point from resources to 

recipients, with the colors indicating abiotic resource consumption (blue), nutrient recycling (yellow), grazing or 

predation (black) and detrital input (red; the red bracket indicates that all 8 state variables above it give input to the 

detrital compartment). The dashed arrows show life-history events linking juvenile and adult carnivores. A graphical 

representation of the baseline model looks identical, except that the dashed arrows are removed because pelagic and 

benthic carnivores (called Cp and Cb, respectively) are separate species. 

But not all algae are lost to predation. The pelagic algae are phytoplankton, and as such 

float freely in the well mixed pelagic water column. This means that as water flows out 

from the lake at rate Dsurf, this water has the same concentration of algae as the pelagic 

habitat. This fate is shared with the pelagic grazers, who are also planktonic. Pelagic 

algae are also lost when they sink out of the well-mixed water column at velocity v, and 

suffer losses from background mortality and respiration (lA), which are instantly 

remineralized. The corresponding losses in the benthic algae (lB) are only partially 

remineralized (at fraction fB) and the rest is added to the sediment, feeding the detritus 

pool. Consumers also suffer losses from respiration and background mortality (lK), of 

which the respired fraction (fr) is lost from the system, while the remaining fraction (1-

fr) enters the detritus pool. For simplicity, nutrient excretion by consumers and nutrient 

recycling from detritus in the sediment is not accounted for in the model.  
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Figure 2. Graphical representation of the physical setting of the lake and of the habitats/locations of all state variables 

and external inputs. Pelagic algae (A), grazers (Z) and nutrients (Rp) are well mixed in the water column of depth zmax 

(blue box and dashed arrows). Benthic/adult carnivores (Cb/Ca) and piscivores (Pb) inhabit the lowest part of the 

water column (near-benthic layer of thickness znb) and pelagic/juvenile carnivores (Cp/Cj) and piscivores (Pp) inhabit 

the remaining water column of thickness zpel. Benthic algae (B), grazers (G) and nutrients (Rbent) are found in the 

benthic layer of thickness zbent (green box), and detritus (D) and detritivores (V) in the surface of the sediment. Light 

enters the lake at the surface at intensity I0 and is attenuated to intensities Iz_max and Iz_sed at the bottom of the water 

column and the benthic layer, respectively. Nutrients enter the water column from the catchment at concentration 

Rsurf and enter the benthic layer at concentration Rsed from the sediment. 

To address the consequences of stage structure and ontogenetic niche shifts during the 

life-history of carnivorous fish I created two versions of this model. One with separate 

carnivores in the benthic and pelagic habitats, and another where the pelagic and benthic 

fish are the juveniles and adults, respectively, of the same population. 

3.1.1! Baseline model - separate benthic and pelagic carnivores 

The baseline model is designed to be as simple as possible. This model has two separate 

carnivores (Figure 1, without dashed arrows). They live separate lives in separate 

habitats and their population dynamics are modelled separately. Without detritivores, 

this system functions as two separate food chains, connected only through shared 

resources of the primary producers. This kind of food web is known as a branched food 

web (Wollrab et al. 2012). Detritus adds an additional connection at the carnivore level, 

as detritus is generated from all populations, both pelagic and benthic, and is eaten by 

the detritivore which is itself eaten by the benthic carnivore. 

3.1.2! Stage-structured carnivore model 

In the full model depicted in Figure 1, benthic and pelagic carnivores are assumed to be 

different life history stages of one and the same fish population.  The description of the 

resulting stage-structured carnivore population dynamics are based on a model by 

(Schellekens et al. 2010).  As a juvenile, the carnivore lives in the pelagic habitat, eating 

pelagic grazers and being preyed on by pelagic piscivores. Upon maturation, the 

carnivore moves to the benthic habitat, switches to a diet of benthic grazers and 

detritivores, and is instead preyed on by benthic piscivores. All of the adult net 

production is converted into new juvenile biomass through reproduction. The adult 

population can only grow via maturation of juveniles. Net production of both stages (μj, 

μa) is calculated as ingestion rate times conversion efficiency minus metabolic losses (F). 

The juvenile maturation rate (γ) is a function of juvenile net production rate (μ), 

mortality (m), and the newborn-to-adult body mass ratio (q), meaning that only a 
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fraction of juvenile net production is converted into adult biomass. The net production 

rate is nearly identical to the type 3 functional response described above, but the loss 

rate is broken up in metabolic loss (F) and death (m). This web, which is connected both 

at the basal resource and carnivore level, is what Wollrab et al. (2012) called a looped 

food web. There is also a connection via the detritivore, as described in the previous 

section.  

3.2! Parameters and analyses 
To maximize traceability, the parameters of this model are kept identical to those used 

in analyses of the predecessors of this model (Vasconcelos et al. 2019). All parameter 

values can be found in the appendix (Table A2). Parameters for the detritivore were 

assumed to be identical to those of the benthic grazer. Parameter values of piscivores 

were based on literature data (Bevelhimer et al. 1985) and metabolically scaled assuming 

an average individual body mass of 2000 mg C. 

To facilitate comparisons between the baseline model with separate carnivores and the 

full model with stage-structured carnivores, juvenile carnivores were assumed to have 

identical parameters to (separate) pelagic carnivores, and adult carnivores were assumed 

to have identical parameters to (separate) benthic carnivores. Benthic/adult and 

pelagic/juvenile carnivores were parameterized based on literature data for fish with an 

individual wet mass of approximately 5 g (250 mg C). This parameterization disregards 

the size difference between juvenile and adult carnivores. To minimize bias in the 

comparison of the separate and stage-structured carnivore models, I assumed a relatively 

high value of 0.1 for the newborn-to-adult biomass ratio q. 

I performed extensive simulations under individually varied tDOM and Rsurf values. 

The light conditions, driven by tDOM was varied in regularly spaced steps between 0.02 

and 40 g C/m3 (yielding a range of background light attenuation coefficients (Kbg) of 

0.004-8 m-1). The nutrients were varied in logarithmically spaced steps between 0.001 

– 1 g P/m3.  

All simulations were performed in Matlab R2015b. The code was run using two nested 

for-loops. Calculations were run through the whole range of Rsurf, using the first element 

in the tDOM range, before moving on to the next element of the tDOM range and 

looping through the Rsurf range again, and so on, until it had looped though the whole 

tDOM range. At each point in these loops (i.e. for each unique combination of tDOM 

and Rsurf values), the system was run either until equilibrium or a set time point, if an 

equilibrium was not reached before then. The latter was rare and typically an indication 

that the system was on an oscillating path. Figure 3 shows an example of a run leading 

to a stable equilibrium. The final densities of all state variables were used to build up a 

vector of equilibrium densities along the parameter ranges. This resulted in a three-

dimensional matrix, with two of the dimensions being the parameter ranges, and the 

third dimension being the state variables, expressed as biomass per area or volume 

(populations or detritus) or volumetric concentrations (nutrients). These were then used 

to calculate equilibrium light intensity (photon flux). This matrix was then plotted as 

heatmaps in Rsurf  – Kbg space, where colors along a gradient indicate different equilibrium 

densities.  
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Table 1. Overview of the different food web structures that I explored in my thesis. Rows indicate the trophic levels 

that were initially present (in both the benthic and the pelagic habitats), and columns indicate the type of carnivores 

(none, separate benthic and pelagic populations or a single stage-structured population) and whether detritivores 

were present or absent. I explored all food web structures marked by ‘X’. 

 no carnivores separate carnivores stage-structured 
carnivores 

 with 
detritivores 

without 
detritivores 

with 
detritivores 

without 
detritivores 

with 
detritivores 

without 
detritivores 

algae only X1      

algae, 
grazers X2      

algae, 
grazers, 
carnivores 

  X3  X5 X7 

algae, 
grazers, 
carnivores, 
piscivores 

  X4  X6 X8 

 

To explore the influence of trophic structure on food web dynamics, I ran simulations 

for a variety of sub-systems of the baseline and full models, as detailed in Table 1. All 

simulations were started from identical initial conditions, except for the carnivores. 

Every simulation I did was done twice, with the system initially dominated by a high 

abundance of either pelagic/juvenile or benthic/adult carnivores. This was done to 

explore the possibility of alternative stable states. 

 

Figure 3. Densities of biotic components of system run until equilibrium reached. Run without detritus and with 

separate carnivores at Rsurf = 0.02 and tDOM = 10. 



8 

 

4! Results 
The effect of trophic structure was explored in section 4.2 by comparing biomasses of 

different ecosystem components while successively adding more and more trophic levels 

in the system with separate carnivores. In essence, this means moving from X
1
 to X

4
 in 

Table 1. The effects of stage structure was explored in section 4.3 by comparing X
3
 and 

X
4
 with X

5
 and X

6
, respectively. Finally, the effects of adding a detrital food chain was 

explored in section 4.4 by comparing X
5
 and X

6
 with X

7
 and X

8
, respectively. 

4.1! Introduction to analyses 

In the most basic system consisting of only producers and lacking carnivores (system X
1
 

in Table 1), we find that the pelagic producer is relatively abundant (>1g C/m
2
) in 

almost the entire Rsurf - tDOM parameter space, except for the lower left corner, where 

water is clear and surface nutrient inputs are low, and the very top of the parameter 

space, where the water has a high concentration of terrestrial DOM (Figure 4). The 

benthic producer tolerates only moderate levels of browning, but is very abundant in 

clear waters, except for under high nutrient conditions where it is shaded out by pelagic 

algae. Detritus is generally low, kept down by a very abundant detritivore. Nutrients are 

kept at low levels by pelagic producers in most of the parameter space, increasing slightly 

with higher DOM. In the upper right corner where both DOM and nutrient inflow are 

high, the pelagic nutrient concentration is high despite abundant pelagic producers. This 

is because pelagic producers are light limited in this area, as seen in the same corner of 

the light penetration subplot. 

 

Figure 4. Heatmaps showing equilibrium resource levels, and carbon biomasses of various system compartments of a 

food web lacking consumers. The x-axis is Rsurf, varied in logarithmically placed steps between 0.001 – 1 g P/m3, and 

the y-axis is Kbg, varied in regularly spaced steps between 0 and 8 m-1
. The colors represent the varying abundances of 

resources (pelagic nutrient concentration Rpel and light penetration to the bottom of the water column Iz_max), and 

biomasses of producers. The numbers along the colorbars indicate values of exponents with base 10. For example, -

4 along the g C/m2
 colorbar means that that color represents a biomass of 10

-4
 g C/m2

. 

The color scale is calibrated to show high levels of detail in low and medium densities, 

at the expense of detain in higher densities, where it is truncated, making the pelagic 

producer and detritivore abundances seem more uniform than they are. In addition to 

this approach lending a higher resolution to lower densities, the point where the color 
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scale is truncated is also very close to where where the feeding rates of all consumers 

reach saturation, meaning that fields of solid yellow contain enough information to be 

useful at low resolution. Higher resolution at lower densities doesn’t appear helpful in 

Figure 4, but will prove useful in more complicated models. 

To better illustrate the nuances of the high abundances, unhindered by the truncated 

color scale, I ran two transects along Rsurf at tDOM = 5.7 (Figure 5A) and along tDOM 

at Rsurf = 0.02 (Figure 5B) respectively. Pelagic algae and detritivores respond to nutrient 

enrichment by becoming very abundant. Detritus is heavily suppressed by the 

detritivore, and the benthic algae go extinct around Rsurf= 0.15 as the pelagic algae shade 

them out, which gives the pelagic algae a boost. Along the tDOM transect, benthic 

producers quickly go extinct at around tDOM = 10, because browning quickly shades 

them out. The pelagic producers benefit from the decline of the benthic producer with 

increased browning, because a larger fraction of the nutrient flux from the sediment 

reaches the water column. This causes pelagic producers to increase sharply until the 

extinction of benthic producers due to shading. After this, the pelagic producer is using 

the sediment nutrients fully and can only increase with an increase of DOM-carried 

nutrients, and thus the curve flattens out. When the trade-off between nutrients and 

shading finally starts to disadvantage the pelagic producer (at around tDOM = 25), the 

trend turns downwards, and pelagic producers go fully extinct when the browning is so 

severe that photosynthesis becomes impossible thoughout the water column (around 

tDOM = 38).The detritus is supressed throughout, and the detritivores follow the 

summed patterns of both the producers. 

 

Figure 5. Transects of pelagic producer, benthic producer, detritus and detritivore for a food web lacking consumers. 

Subfigure A is a transect along Rsurf for tDOM = 5.7. Subfigure B is a transect along tDOM for Rsurf =0.02. 

4.2! Influence of trophic structure on the baseline system 

With the addition of grazers (Figure 6A), the limitations of pelagic producers in the 

lower left corner and the limitations of benthic producers in the lower right corner 

disappear. This tells us that, in the system without grazers (Figure 4), pelagic producers 

were outcompeted by benthic producers under low surface nutrient inflow. The benthic 

producers are not affected by a low level of surface nutrients as they have access to 
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sediment nutrients, which they are able to itercept before they reach the pelagic zone. 

In the absence of grazers, the high inflow of surface nutrients causes the pelagic 

producers to completely shade out the benthic producers (lower right corner of Figure 

4). Pelagic grazers control pelagic algae and thus release benthic algae from this shading 

(Figure 6A). Another thing that changes as a result of added grazers is the abundance of 

detritivores. As grazers suppress producers, and have metabolic costs that prevent them 

from reaching abundances comparable to those of producers, accumulation of detritus 

slows down. This is not visible in the detritus itself, as it is already controlled at a low 

level by detritivores. It is instead visible in a lower abundance of detritivores. The pattern 

of the detritivores looks like the patterns of the two grazers overlayed on top of each 

other, which is logical, as those two ought to be the biggest contributor to detritus. This 

assumption of lower overall production is further reinforced by what we can see in the 

resources (light and nutrients); they are both more abundant than in the system without 

grazers, which indicates that they are not the limiting factor of the producers.  

 

Figure 6. Heatmaps showing equilibrium resource levels and carbon biomasses of food web compartments in 

(sub)models of the baseline system of increasing food chain length: (A) up to grazers, (B) up to (separate) carnivores 

and (C) the full system up to piscivores. In each subplot, the x-axis is Rsurf, varied in logarithmically placed steps 

between 0.001 – 1 g P/m3, and the y-axis is Kbg, varied in regularly spaced steps between 0 and 8 m-1
. The colors 

represent the varying abundances of resources (pelagic nutrient concentration Rpel and light penetration to the bottom 

of the water column Iz_max), and biomasses of producers, consumers and detritus. The numbers along the colorbars 

indicate values of exponents with base 10. For example, -4 along the g C/m2
 colorbar means that that color represents 

a biomass of 10
-4

 g C/m2
. Green lines indicate that there are alternative stable states in that parameter space. The 

state caused by initially high densities of pelagic carnivores is shown in graph. In the alternate state caused by initially 

high benthic carnivores, carnivores go extinct, and detritivores and pelagic grazers control detritus and pelagic 

producers, respectively. This looks like a continuation of the color pattern to the left of the green frame. Note the 

different scale bars for nutrient concentration, light penetration and carbon biomass. 

Adding separate benthic and pelagic carnivores (Figure 6B) suppresses the grazers, so 

that - in the parameter space where the carnivores survive - the lower food chain behaves 

similarly to the system with only producers. The suppression of the pelagic food chain 

in the lower left corner (low pelagic nutrient inflow, clear water) is reinforced by the 

addition of another trophic level. This is seen even in the part of the parameter space 

where pelagic carnivores are not present, telling us that it is driven through competition 

with the benthic food chain. Top down dynamics in the benthic food chain cause an 

abundant benthic producer which intercepts sediment nutrients and thereby suppresses 

the pelagic producer in that area of the graph. The consequences of this propagate up 
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through the pelagic food chain. In addition to this, the detritivore is no longer the top 

of its food chain as it is eaten by the benthic carnivore, which releases feeding pressure 

on the detritus so that it starts to accumulate. Detritus therefore looks like the sum of 

all other components. 

We can also see an interesting phenomenon in the top right quadrant of the parameter 

space. The system has alternative stable states. Depending on which carnivore is initially 

abundant, the system can reach two different equilibria. These are marked with a green 

frame in the figure (Figure 6B). The figure shows the equilibrium densities when pelagic 

carnivores are initially abundant. If benthic carnivores are initially abundant, the 

pictured ‘hump’ does not appear, and the carnivores within the green frame instead go 

extinct and pelagic grazers instead control pelagic producers like in Figure 6A. 

The addition of the piscivores (Figure 6C) causes a classic trophic cascade. The 

piscivores control the carnivores, causing a release of pressure on the grazers. This is turn 

causes the lower food chain (resources, producers, grazers, and the detrital food chain) 

to return to a similar state to the one the system was in before the addition of carnivores 

(Figure 6A). The alternative stable states that appeared with the carnivore disappears 

with the piscivores.  

 

Figure 7. Plots showing the equilibrium densities of the system with separate carnivores and a detrital food chain over 

time. Once equilibrium is reached (vertical black line), a pelagic piscivore is introduced. This piscivore drives the 

pelagic carnivore to extinction, which in turn causes the extinction of both the benthic carnivore and the piscivore 

itself. Rsurf and tDOM values are both high, so as to place the system within the region of the parameter space where 

there are alternative stable states. Initial conditions included an abundant pelagic carnivore, to coax the system into 

the high-biomass alternative state. Figure A shows the whole range of biomasses, while figure B zooms in on lower 

abundances, to help with visibility. 

Addition of only a single piscivore at a time reveals that pelagic piscivores alone are 

responsible for collapsing the alternative stable states into a single state (as seen in Figure 

6, Figure 8C, and Figure 9C), while benthic piscivores just cause simple trophic 

cascades. To confirm that this is really the case, I picked out Rsurf and tDOM values inside 

the region of the parameter space where carnivores can in one alternative state persist 

at high densities (Figure 6B), and ran a system with separate food chains and no 

piscivores to equilibrium, with a high initial abundance of pelagic carnivores. Once this 

reached equilibrium, I did a new run, using the equilibrium conditions as initial 

conditions, and adding a small biomass of pelagic piscivores. The carnivore densities 

were initially high enough for the piscivores to have positive growth, but quickly went 

extinct upon piscivore introduction, causing the carnivore to crash as well (Figure 7). 
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Adding a lone benthic piscivore in the same region does not have the same effect, but 

rather two alternative states remain possible. Influence of stage-structured carnivores 

4.3! Influence of stage-structure 

Stage structure adds another layer of complexity to the system (Figure 8A, B). There 

are two very noticeable differences from the separate food chains system. First, there is 

now no area in the parameter space where only one of the carnivores persists; as they 

are different life stages of the same species, neither can persist in the absence of the 

other. Secondly, in the absence of piscivores, the biomasses of adults and juveniles are 

inversely related, i.e. in regions of parameter space where juvenile biomass is high, adult 

biomass is low, and vice versa (Figure 8A, B). There is also a larger region with 

alternative states in this version compared to the baseline. All of the parameter space 

except for a small region in the bottom left (at approximately Kbg < 2 and Rsurf < 0.1) 

experiences alternative states. 

With high initial juvenile biomass (Figure 8A), the region in which carnivores persist is 

large. Throughout this region, juveniles have a high biomass, indicating that they are 

strongly resource limited. Juveniles are therefore the bottlenecked stage (see background 

for more detailed information about stage-specific bottlenecks).  

 

Figure 8. Equilibrium resource levels and carbon biomasses in the system with stage structure with piscivores either 

absent (A, B) or present (C). In each subplot, the x-axis is Rsurf, varied in logarithmically placed steps between 0.001 

– 1 g P/m3, and the y-axis is Kbg, varied in regularly spaced steps between 0 and 8 m-1
.. The numbers along the 

colorbars indicate values of exponents with base 10. For example, -4 along the g C/m2
 colorbar means that that color 

represents a biomass of 10
-4

 g C/m2
. A and B show alternative stable states of identical systems.  

The other alternative state looks quite different (Figure 8B). Above the area without 

alternative states (at Kbg < 2), there are no benthic grazers or producers, and the adult 

carnivore subsists entirely on detritivores. There are not enough detritivores to release 

adults from limitation, so they are the bottleneck stage and are much more abundant 

than the juveniles. To the right of the area without alternative states, the same general 

pattern holds true (i.e. adults are the bottleneck stage), but both juveniles and adults are 

more abundant because the system is overall more productive (high nutrient supply and 
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less shading by DOM). In this alternative state, the system is also more sensitive to 

shading, and carnivores go extinct at Kbg > 4, regardless of Rsurf.  

The addition of piscivores to this system (Figure 8C), too, causes a simple trophic 

cascade, and removes the possibility of alternative stable states. Here, too, the lower 

ecosystem (grazers, algae and resources) responds to browning and eutrophication in a 

similar way to in the absence of carnivores (Figure 6A). 

4.4! Influence of detrital food-chain 

Without detritus, or more importantly, detritivores, the realized niche of the carnivores 

is severely reduced (Figure 9A, B). Adult carnivores no longer have detritivores as a 

backup food source and must rely completely on benthic grazers. Carnivores are thus 

limited in the parameter space to regions where benthic algae can persist. Alternative 

stable states still exist, but only in a very small region: between Rsurf values of 

approximately 0.09 and 0.11, in a triangle reaching up to Kbg ≈ 1.1. If piscivores are 

initially abundant, they remain abundant within this triangle. If on the other hand they 

are initially low, they will stay low. As before (Figure 8), the abundant stage is the 

limited stage. 

Both stable states are quite similar to the stable state reached with an initially high 

abundance of adult carnivores in the system with detritivores (Figure 8B), with only 

slight variations in where along the nutrient axis the carnivores switch from juveniles to 

adults being the limited stage. Adding piscivores still removes the possibility of 

alternative stable states and causes a standard trophic cascade (Figure 9).  

 

Figure 9. Stage structured system without the detrital food chain. In each subplot, the x-axis is Rsurf, varied in 

logarithmically placed steps between 0.001 – 1 g P/m3, and the y-axis is Kbg, varied in regularly spaced steps between 

0 and 8 m-1
. The numbers along the colorbars indicate values of exponents with base 10. For example, -4 along the g 

C/m2
 colorbar means that that color represents a biomass of 10

-4
 g C/m2

. A and B only up to carnivore level, with 

initially high pelagic carnivores and benthic carnivores respectively. C shows system including piscivores.  
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5! Discussion 
The simulations of all models predict that pelagic production will dominate the lake 

under moderately brown conditions, as the benthic habitat is progressively shaded out, 

and that at very high terrestrial DOM levels, even the pelagic habitat will be strongly 

shaded. These effects are both well supported by data. Moderately brown waters are 

associated with a greater dominance of pelagic primary production (Ask et al. 2009, 

Karlsson et al. 2009), while very high levels of browning on the other hand are associated 

with low production in both the benthic and the pelagic habitat (Karlsson et al. 2009). 

Nutrient enrichment causes greater dominance of pelagic over benthic primary 

production. This is also well-supported by literature, and has been demonstrated in 

several studies (Vadeboncoeur et al. 2003, Karlsson et al. 2009). 

Comparing the models with stage-structured carnivores to the models with unstructured 

separate benthic/pelagic or mobile carnivores (Thomsson 2015, Vasconcelos et al. 
2019), we see differences and similarities between the three systems. The most unique 

characteristic of the model with stage-structured carnivores is the frequent occurrence 

of stage-specific bottlenecks.  

At low Rsurf and low tDOM the system always goes to an equilibrium where adult 

carnivores are strongly supported by both the benthic grazing chain and the detrital 

chain, leading to high reproduction and, consequently, high juvenile biomass and slow 

juvenile maturation. In the remaining Rsurf - tDOM parameter space this is also a possible 

outcome, but alternative states are possible. In the region Kbg 2-4 (for all values of Rsurf), 

benthic primary production is completely shaded out. Therefore, the opposite limitation 

pattern can arise, where adult carnivores are strongly resource limited, reproductive 

output is low, and juvenile carnivore biomass is low. As a consequence, pelagic grazers 

are abundant, ensuring fast juvenile growth and maturation. The abundant grazers also 

control pelagic algal biomass at low levels, thus suppressing resource flux to adult 

carnivores via the detrital pathway. At Kbg >4, pelagic production becomes sufficiently 

light limited that the pelagic input to the detrital food chain becomes too low to support 

reproduction, and carnivores go extinct in the alternative state. Finally, in the region 

Rsurf 0.1-1, Kbg < 2, abundant nutrients support such high pelagic primary production 

and grazer biomass, that the resulting fast juvenile growth and maturation build up an 

extremely high adult biomass that depresses benthic grazers and detritivores to very low 

levels and thus strongly limits reproductive output. 

Alternative stable states have also been observed in many previous models of 

unstructured populations (Yoshiyama et al. 2009, Thomsson 2015, Vasconcelos et al. 
2019), and the presence of alternative states in shallow, eutrophic lakes is well-known 

(Scheffer et al. 1993). The mechanism behind the piscivore-mediated collapse of 

bistability is still in question, and could be the focus of future studies. 

Complete niche separation of adults and juveniles is not entirely realistic. Partial habitat 

and food choice in a mobile carnivore were explored by Thomsson (2015), but the most 

realistic scenario for a lake is of course a mixture of all three of these modes (separate 

carnivores, ontogenetic niche shifts, and partial habitat and food choice). Populations 

that undergo incomplete ontogenetic diet shifts, i.e. a partial shift in their food 

preferences, have been modelled before (de Roos & Persson 2013), and could be 

implemented in a future version of this model. Another possible issue with the stage-

structured model is the parametrization of q, the newborn-to-adult body mass ratio, 

which was kept high compared to natural populations to minimize bias between the 
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baseline and stage-structured models. Further studies should explore the consequences 

of this parametrization, compared to lower q values. 

It is hard to consolidate some of my results with results from previous stage structure 

models. Bistability appears to collapse with the addition of pelagic piscivores, but only 

a very quick analysis was performed to see if this was really the case. More extensive 

analyses have to be performed before any reasonably well-grounded conclusions can be 

drawn. The observed collapse could be the result of the complexity of my model, 

compared to earlier models; food webs studied in de Roos & Persson (2013) have the 

stage structured population feeding either on one shared resource, or on completely 

separate resources. In my model, the resources of the stage structured population are 

two levels up in the food chain from their shared basal resources. If the basal resources 

were available in exactly equal amounts in both habitats, a structure like this would not 

differ from one where the stage-structured population feeds directly on the basal 

resources, as the length of both food chains up to the stage-structured population are 

odd (Wollrab et al. 2012). However, the very basis of my model is asymmetrically 

supplied resources, so it is not consolidable with simpler models. 

My model shows that the detrital food chain is an important food source to the benthic 

habitat. This is in agreement with experimental data from Vasconcelos et al. (2019), 

showing that, under high DOM conditions, carnivores were supported by detritivores 

to a high degree. Previous models that do not take detritus into account (Thomsson 

2015, Vasconcelos et al. 2019) may have overestimated the severity of the effects of 

browning on benthic ecosystem compartments. On the other hand, once benthic 

primary producers go extinct and there is no longer any photosynthesis producing 

oxygen, the bottom of the lake is likely to begin suffering from anoxia (Brothers et al. 
2014). Depending on how well-mixed the water is, anoxia may make it difficult for 

detritivores, carnivores and piscivores to survive. 

Testing models is essential for knowing if they’re valid (Englund & Moen 2003). The 

two main issues I see with translating this model to nature are transient temporal 

dynamics and alternative stable states. In most of the parameter space, it takes the 

system around a thousand days to reach equilibrium; in many parts of the parameter 

space it takes several thousand days. Considering that a thousand days is just under three 

years, this is prohibitively slow if the model is applied to seasonally varying 

environments. The alternative stable states are also an issue: they are complicated to 

detect (Schröder et al. 2005). Manipulating whole lakes can be complicated, and indirect 

or short-term studies may be insufficient. 

Studies of previous versions of this model have looked explicitly at gross primary 

production (Vasconcelos et al. 2018) and modelled moving piscivores (Thomsson 2015, 

Vasconcelos et al. 2019).These would both be interesting to bring back and look at under 

the influence of piscivores, stage structure and the detrital food chain. Gross primary 

production is just a different way of expressing the productivity of a lake, but may shed 

light on different aspects than standing stock (as in my analyses) can do. With all three 

modes of carnivore population structure present (i.e. ontogenetic niche shifts, partial 

habitat choice, and separate benthic vs. pelagic carnivores), they could be compared to 

empirical data, to determine which level of complexity is sufficient for this model.  

One possible improvement to the model could be to make the ontogenetic diet shifts 

partial. This would essentially combine the stage structure of this model with the habitat 

choice of previous models, and could prove more realistic. Seasonality could also be 

implemented. Since a large proportion of earth’s lakes are in the boreal and subarctic 
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zones (Verpoorter et al. 2014), ice cover and seasonal mixing might both have significant 

effects, especially over the long time periods needed to reach equilibrium. Another thing 

to consider might be an explicit comparison of the relative contributions of Rsurf and Rsed 
under different conditions. 

By necessity, a lot if things in this model are simplified. No real lake is cylindrical, 

completely devoid of a littoral zone. However, going from a one-dimensional to a two-

dimensional lake might add a lot of complexity for very little payoff.  
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A! Appendix 
Table A.1. Differential and algebraic equations describing state variables, and functions describing specific algal production and habitat distribution of carnivores. Equations 
marked with an asterisk (*) are used in both the separate carnivores model and the stage-structured carnivores model, but contain elements that can be either benthic or adult 
(marked with a β) or either pelagic or juvenile (marked with a π). Equations marked with a dagger (†) are used only in the baseline model with separate carnivores, and equations 
marked with a double dagger (‡) are used only in the model with stage-structured carnivores. Parameters and state variables are defined in Table A.2. 

Pelagic producer biomass 
[g C m-3] zmax ( )( )

max

2
max max max0

1
,

1

z
surfAZ

A pel A
AZ AZ

Da AdA vp I z R dz Z l A
dt z a h A z z

⎡ ⎤
= − − − −⎢ ⎥+⎢ ⎥⎣ ⎦

∫  (1)    

Pelagic grazer biomass 
[g C m-3] zmax 

2

2 2
max max

min ;
1 1

pel surfZCA AZ
AZ Z

Z AZ AZ ZC ZC

z Da Zc a AdZ e C l Z
dt c a h A a h Z z z

π
π

π π

⎡ ⎤⎛ ⎞
= − − −⎢ ⎥⎜ ⎟ + +⎝ ⎠⎣ ⎦

 (2)* 

Benthic producer biomass 
[g C m-3] zbent 

( )( )
max

2

1
,

1

sedz
BG

B bent B
bent BG BG bentz

a BdB Gp I z R dz l B
dt z a h B z

⎡ ⎤
= − −⎢ ⎥

+⎢ ⎥⎣ ⎦
∫  (3) 

Benthic grazer biomass 
[g C m-2] 

2

2 2 2min ;
1 1

GCBGB
BG G

G BG BG GC GC VC VC

a Ga BcdG e C l G
dt c a h B a h G a h V

β
β

β β β β

⎡ ⎤⎛ ⎞
= − −⎢ ⎥⎜ ⎟ + + +⎢ ⎥⎝ ⎠⎣ ⎦

 (4)* 

Pelagic carnivore biomass 
[g C m-3] zpel 

2

2 21 1
p ZCp CpP p

ZCp p Cp p
ZCp ZCp CpP CpP p

dC a Z a C
e P l C

dt a h Z a h C
⎡ ⎤

= − −⎢ ⎥+ +⎢ ⎥⎣ ⎦
 (5)† 

Juvenile carnivore biomass 
[g C m-3] zpel [ ] [ ] 2max 0; max 0;

1
j CpP j

a a j p Cj j
CpP CpP j

dC a C
C P m C

dt a h C
µ µ γ

⎡ ⎤
= + − − −⎢ ⎥+⎢ ⎥⎣ ⎦

 (6) ‡ 

Benthic carnivore biomass 
[g C m-2] znb 

2 2

2 2 21 1
b GCb GCb VCb VCb CbP b

b Cb b
GCb GCb VCb VCb CbP CbP b

dC e a G e a V a C P l C
dt a h G a h V a h C

⎡ ⎤+= − −⎢ ⎥+ + +⎣ ⎦
 (7)† 

Adult carnivore biomass 
[g C m-2] znb 

[ ] [ ] 2max 0; min 0;
1

a CaP a
j a b Ca a

CaP CaP a

dC a CC P m C
dt a h C

γ µ
⎡ ⎤

= + − −⎢ ⎥+⎣ ⎦
 (8) ‡ 

Pelagic piscivore biomass 
[g C m-3] zpel 

2

21
p C P

CPp Pp p
C P C P

dP a Ce l P
dt a h C

π π

π π π

⎡ ⎤
= −⎢ ⎥+⎣ ⎦

 (9) * 



21 
 

Benthic piscivore biomass 
 [g C m-2] znb 

2

21
C Pb

C P Pb b
C P C P

a CdP e l P
dt a h C

β β
β

β β β

⎡ ⎤
= −⎢ ⎥+⎢ ⎥⎣ ⎦

 (10) * 

Dissolved pelagic nutrient 
concentration 
[g P m-3] 

( ) ( ) ( )( )
max

01
max max max 0

,
z

pel pel surf A
bent pel surf DOM pel A A A pel

dR D D c AR R R a c tDOM R c l A p I z R dz
dt z z z

= − + + − + − ∫  (11) 

Dissolved benthic nutrient 
concentration 
[g P m-3] 

( ) ( ) ( )( )
max

,
sedz

pelbent bent B
sed bent bent pel B B B B bent

bent bent bent z

DdR D c BR R R R c f l B p I z R dz
dt z z z

= − − − + − ∫  (12) 

Detritus 
[g C m-2] 

max

2
2

2

(1 ) (1 )*( )

1

B B bent r Z C pel Pp p pel G C Pb b V

DV
D

DV DV

dD vA f l Bz f l Zz l C z l P z l G l C l P l V
dt

a D V l D bD
a h D

π π β β= + − + − + + + + + +

− − −
+

  (13)* 

Detritivore 
[g C m-2] 

22

2 2 21 1
VCDV

DV V
DV DV GC GC VC VC

a Va DdV e V C l V
dt a h D a h G a h V

β
β

β β β β

= − −
+ + +

  (14)* 

Specific production rate of 
pelagic algae [d-1] Apel

pel

A
ApelA MR

R

HzI
zI

pRzIp
++

=
)(
)(

)),((  (15) 

Specific production rate of 
benthic algae [d-1] Bbent

bent

B
BbentB MR

R
HzI
zI

pRzIp
++

=
)(
)()),((  (16) 

Light intensity at depth zmax 

[μmol γ m-2 s-1] 
max( )

_max 0
A DOMk A k tDOM z

zI I e− +=  (17) Light intensity at depth zsed 

[μmol γ m-2 s-1] 
( )

_ _max
B DOM bentk B k tDOM z

z sed zI I e− +=  (18) 

Specific net production of 
juvenile carnivore [d-1] 

2

21j
ZC

j ZC
ZC ZC

a Ze F
a h Z

µ = −
+

 (19) ‡ 
Specific net production 
adult carnivore 
[d-1] 

2 2

2 21
GCa GCa VCa VCa

a
GCa GCa VCa VCa

e a G e a V F
a h G a h V

µ += −
+ +

 (20) ‡ 

Maturation rate of juvenile 
consumer 
[d-1] 

(1 )

1
C j

j

j Cj
m

m

q µ

µ
γ

−

−
=

−

 
(21) ‡ 

  



22 
 

Table A.2. Definitions, values, and units of variables and parameters. 

 Definition Value Units  Definition Value Units 

State variables    a C b P  - of benthic predator feeding on carnivore 0.4 [m4 d-1 g C-2] 

A pelagic  producer biomass  [g C m-3] a C j P  - of pelagic predator feeding on juvenile carnivore 3 [m6 d-1 g C-2]  

Z pelagic grazer biomass  [g C m-3] a C a P  - of benthic predator feeding on adult carnivore 0.4 [m4 d-1 g C-2]  

C p  pelagic carnivore biomass  [g C m-3] a D V  - of detritivore feeding on detritus 5 [m4 d-1 g C-2]  

C j  juvenile carnivore biomass  [g C m-3] a V C b  - of benthic carnivore feeding on detritivore 0.8 [m4 d-1 g C-2]  

P p  pelagic piscivore biomass  [g C m-3] a V C a  - of adult carnivore feeding on detritivore 0.8 [m4 d-1 g C-2]  

B benthic producer biomass  [g C m-2] b  burial rate coefficient of detritus in sediment 0.01 [m2 d-1 g C-1] 

G benthic grazer biomass  [g C m-2] c A  nutrient to carbon quota of pelagic producer 0.015 [g P g C-1] 

C b  benthic carnivore biomass  [g C m-2] c B  - of benthic producer 0.025 [g P g C-1] 

C a  adult carnivore biomass  [g C m-2] c Z  - of pelagic grazer 0.03 [g P g C-1] 

P b  benthic piscivore biomass  [g C m-2] c G  - of benthic grazer 0.009 [g P g C-1] 

D detritus mass  [g C m-2] D b e n t  nutrient flux rate coefficient sediment to benthic habitat 0.05 [m d-1] 

V detritivore biomass  [g C m-2] D p e l  nutrient flux rate coefficient benthic to pelagic habitat 0.05 [m d-1] 

R p e l  concentration of dissolved nutrient in the pelagic habitat  [g P m-3] D s u r f  water exchange rate coefficient 0.01 [m d-1] 

R b e n t  concentration of dissolved nutrient in the benthic habitat  [g P m-3] e A Z  food carbon conversion efficiency of pelagic grazer 0.6 dimensionless 

I z _ m a x  light intensity at bottom of pelagic habitat  [μmol γ m-2s-1] e B G  - of benthic grazer 0.5 dimensionless 

I z _ s e d  light intensity at bottom of benthic habitat  [μmol γ m-2s-1] e Z C p  - of pelagic carnivore feeding on pelagic grazers 0.6 dimensionless 

Parameters    e G C b  - of benthic carnivore feeding on benthic grazers 0.6 dimensionless 

a 0 1  availability of organic nutrients in tDOM for primary 
producers 1 (0,1) dimensionless e Z C j  - of juvenile carnivore feeding on pelagic grazers 0.6 dimensionless 

a A Z  clearance rate of pelagic grazer 20 [m6 d-1 g C-2]  e G C a  - of adult carnivore feeding on benthic grazers 0.6 dimensionless 

a B G  - of benthic grazer 0.0005 [m6 d-1 g C-2]  e C p P  - of predator feeding on carnivore 0.5 dimensionless 

a Z C p  - of pelagic carnivore feeding on pelagic grazers 6 [m6 d-1 g C-2]  e C b P  - of predator feeding on carnivore 0.5 dimensionless 

a Z C j  - of juvenile carnivore feeding on pelagic grazers 6 [m6 d-1 g C-2]  e C j P  - of predator feeding on carnivore 0.5 dimensionless 

a G C b  - of benthic carnivore feeding on benthic grazers 0.8 [m4 d-1 g C-2]  e C a P  - of predator feeding on carnivore 0.5 dimensionless 

a G C a  - of adult carnivore feeding on benthic grazers 0.8 [m4 d-1 g C-2]  e D V  - of detritivore feeding on detritus 0.5 dimensionless 

a C p P  - of pelagic predator feeding on carnivore 3 [m6 d-1 g C-2]  e V C b  - of benthic carnivore feeding on detritivore 0.6 dimensionless 
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e V C a  
food carbon conversion efficiency of adult carnivore 
feeding on detritivore 0.6 dimensionless l A  loss rate of pelagic producer 0.1 [d-1] 

F  metabolic rate of juvenile and adult carnivores 0.005 [d-1] l B  - of benthic producer 0.1 [d-1] 

f B  proportion of benthic algal losses recycled in benthic 
algal habitat 0.3 dimensionless l Z  - of pelagic grazer 0.09 [d-1] 

f r  proportion of losses that are respiration 0.5 dimensionless l G  - of benthic grazer 0.03 [d-1] 

H A  half-saturation constant of light-limited pelagic 
production 100 [μmol γ m-2s-1] l C p  - of pelagic carnivore 0.01 [d-1] 

H B  half-saturation constant of light-limited benthic 
production 60 [μmol γ m-2s-1] l C b  - of benthic carnivore 0.01 [d-1] 

h A Z  handling time of pelagic grazer 1.25 [d] l P p  - of pelagic piscivore 0.005 [d-1] 

h B G  - of benthic grazer 3.8 [d] l P b  - of benthic piscivore 0.005 [d-1] 

h Z C p  - of pelagic carnivore feeding on pelagic grazers 12 [d] l D  - of detritus (to bacterial consumption) 0.1 [d-1] 

h G C b  - of benthic carnivore feeding on benthic grazers 12 [d] l V  - of detritivore 0.03 [d-1] 

h Z C j  - of juvenile carnivore feeding on pelagic grazers 12 [d] m C j  mortality rate of juvenile carnivore 0.005 [d-1] 

h G C a  - of adult carnivore feeding on benthic grazers 12 [d] m C a  mortality rate of adult carnivore 0.005 [d-1] 

h C p P  - of pelagic predator feeding on carnivore 10 [d] M A  half-saturation constant of nutrient-limited pelagic 
production 0.003 [g P m-3] 

h C b P  - of benthic predator feeding on carnivore 10 [d] M B  half-saturation constant of nutrient-limited benthic 
production 0.005 [g P m-3] 

h C j P  - of pelagic predator feeding on juvenile carnivore 10 [d] p A  maximum production rate of pelagic producer 1.5 [d-1] 

h C a P  - of benthic predator feeding on adult carnivore 10 [d] p B  maximum production rate of benthic producer 1.5 [d-1] 

h D V  - of detritivore feeding on detritus 3.8 [d] q  ratio mass at maturation/mass at birth of carnivore 0.1 dimensionless 

h V C b  - of benthic carnivore feeding on detritivore 12 [d] R s e d  concentration of dissolved nutrient in the sediment 0.001 - 1 [g P m-3] 

h V C a  - of adult carnivore feeding on detritivore 12 [d] R s u r f  concentration of dissolved nutrient in surface influx 0.01 [g P m-3] 

I 0  light intensity at surface 300 [μmol γ m-2s-1] v  sinking velocity of pelagic producer 0.01 [m d-1] 

k A  light attenuation coefficient of pelagic producer 0.3 [m2 g C-1] z b e n t  vertical extension of benthic algal habitat 0.01 [m] 

k B  light attenuation coefficient of benthic producer 0.5 [m2 g C-1] z n b  vertical extension of benthic carnivore habitat 0.3 [m] 

k D O M  light attenuation coefficient of dissolved organic matter 0.2 [m2 g C-1] z m a x  depth at bottom of well-mixed water column 2 [m] 

tDOM concentration of terrestrial dissolved organic matter 
(tDOM) 

0.02 - 
40 (g C m-3) z p e l  vertical extension of pelagic carnivore habitat 1.7 [m] 

cDOM phosphorus to carbon quota of tDOM in surface influx 0.0017
6 (g P g C-1) z s e d  depth at sediment surface 2.01 [m] 

 


