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ABSTRACT 

Freshwater lakes are among the most important ecosystems for both human and other 

biological communities. They account for about 87% of surface freshwater in the planet, thus 

constituting a major source of drinking water. They also provide a wide range of ecosystem services 

that go from the sustenance of a rich biodiversity to the regulation of hydrological extremes; from 

the provision of a means for recreation to the support of local economies, e.g., through tourism and 

fisheries, just to cite a few. Lakes are now also widely recognised as natural early warning systems, 

their responses potentially being effective indicators of local, regional and global scale phenomena 

such as acidification and climate change, respectively. This is because of their high sensitivity to 

environmental factors of the most diverse nature that can rapidly alter the course of their evolution. 

Examples of this are the observed abrupt shifts between alternative stable states in shallow lakes, 

which led them to become the archetype, go-to example in alternative stable state theory. Therefore, 

attaining a good scientific understanding of the many processes that take place within these 

ecosystems is fundamental for their adequate management. Among the tools that serve this purpose, 

ecological models are particularly powerful ones. 

Since their introduction in the 1960s, the development of mechanistic ecological models has 

been driven by their wide spectrum of potential applications. Nevertheless, these models often fall 

into one of the two following categories: overly simplistic representations of isolated processes, with 

limited potential to explain real-world observations as they fail to see the bigger picture; or overly 

complex and over-parameterised models that can hardly improve scientific understanding, their 

results being too difficult to analyse in terms of fundamental processes and controls. Moreover, it is 

now well known that an increased complexity in the mechanistic description of ecological processes, 

does not necessarily improve model accuracy, predictive capability or overall simulation results. To 

the contrary, a simpler representation allows for the inclusion of more links between model 

components, feedbacks which are usually overlooked in highly-complex models that partially couple 

a hydro-thermodynamic module to a biogeochemical one. 

However, ecological processes are now known to have the potential to significantly alter the 

physical response of aquatic ecosystems to environmental forcing. For example, steadily increasing 

concentrations of coloured dissolved organic carbon, a process known as brownification (also 

browning), as well as the intense phytoplankton blooms that characterise lakes undergoing severe 

nutrient enrichment, a process known as eutrophication, have been shown to have the potential to 

alter the duration of the stratified period, thermal structure and mixing regime of some lakes. 
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In this thesis, with the aim of addressing the limitation of partially-coupled models to 

account for such feedbacks, we further develop a process-based model previously reported in 

scientific literature. Subsequent studies have already built upon this model in the last few years. In 

Chapter 2, we do so too by integrating hydro-thermodynamics and biogeochemistry in a reduced 

complexity framework, i.e., customising the model so that each version only includes the 

fundamental processes that, brought together, sufficiently describe the studied phenomena. 

Two case studies served the purpose of testing the adaptability and applicability of the 

developed model under different configurations and requirements. Limnological data for these two 

studies were measured at high spatial and temporal resolutions by means of an automated profiling 

system and recorded as part of two large-scale mesocosm experiments conducted in 2015 and 2016 

at the IGB LakeLab in Lake Stechlin, Brandenburg, Germany. Meteorological datasets were also 

made available to us for both periods by the German Federal Environment Agency. 

The scope of the first experiment, which we describe in Chapter 3, was that of detecting any 

changes attributable to eutrophication and browning, in the competition for nutrients and light 

between four different groups of lake primary producers. These four groups are phytoplankton, 

periphyton, epiphyton and macrophytes. The model version for this study, therefore, includes 

equations for all four groups. By tailoring the model to these very specific needs with relative ease, 

we demonstrate its versatility and hint at its potential. 

The second experiment, described in Chapter 4, sought to shed light on the largely unknown 

effects of an increase in the diffuse luminance of the night sky that is due to artificial light at night 

(artificial skyglow) on lake metabolic rates, i.e., gross primary productivity, ecosystem respiration 

and net ecosystem productivity (the difference between the first two). For this purpose, an empirical 

equation for dissolved oxygen concentration was included, the parameters of which were estimated 

by means of a Markov Chain Monte Carlo sampling method within a Bayesian statistical framework, 

showing the compatibility, with these statistical methods, of our otherwise fully deterministic model. 

In Chapter 5, we present a theoretical study on the ecological controls of light and thermal 

patterns in lake ecosystems. A series of simulations were performed to determine in which cases 

ecological processes such as eutrophication and brownification may have an observable effect on the 

physical response of lakes to environmental forcing, which we assessed along a latitudinal gradient. 

Results show that, in general, across all examined latitudes, and consistent with previous studies, 

accounting for phytoplankton biomass results in higher surface temperatures during the warm-up 

phase, slightly lower water temperatures during the cool-down phase, and a shallower thermocline 

throughout the entire stratified period. This effect is relatively more important in eutrophic lakes 

where intense blooms are likely. This importance, however, decreases as lakes get browner. 
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Finally, in line with the overall scope of the SMART EMJD, in Chapter 6 we illustrate the case 

of Ypacaraí Lake, the most important lake in landlocked Paraguay, hoping to provide an example of 

how interdisciplinary research and international intersectoral collaboration can help bridge the gap 

between science and management of freshwater ecosystems. This lake presents very special hydro-

ecological conditions, such as very high turbidity that can impair phytoplankton growth despite its 

nutrient-based trophic state indices having consistently fallen within the hyper-eutrophic range in 

recent years. A strong interest in its complex functioning, through modelling, was taken early on. 

This led to a collaborative research line being established among several public and private 

institutions in Italy, Germany and Paraguay. Results so far include: 

 three concluded UniTN Master theses in Environmental Engineering, partly 

developed in Paraguay, the first two in collaboration with the “Nuestra Señora de la 

Asunción” Catholic University (UCNSA) and the third one with the National 

University of Asunción (UNA); 

 a collaborative UCNSA-UniTN research proposal submitted for consideration to 

receive funding through the PROCIENCIA Programme of the National Council of 

Science and Technology of Paraguay (CONACYT); and  

 the first multidisciplinary review that has ever been published about the case of 

Ypacaraí Lake, which highlights the importance of such a collaborative and 

integrative approach to further advance scientific knowledge and effectively manage 

this ecosystem. 
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CHAPTER 1 

GENERAL INTRODUCTION 

1.1. THE INTERDISCIPLINARY NATURE OF LIMNOLOGICAL SCIENCE 

Although it is most frequently associated with freshwater ecosystems only, limnology is 

defined as the study of all inland waters, including both freshwater and saline ones. Neither does it 

make a distinction between those that are natural and those that are man-made (e.g., reservoirs), or 

between those that roam the Earth’s land surface (rivers and streams) and those that fill the deep 

crevices of its rocks and the small voids in-between its sediment grains (aquifers). A sister science to 

oceanography, limnology studies ‘the structural and functional interrelationships of organisms of 

inland waters as they are affected by their dynamic physical, chemical and biotic environments’ 

(Wetzel, 2001). As such, it is closely related to aquatic ecology and hydrobiology, which study the 

interactions between the many groups and species of aquatic organisms, and also between these and 

their abiotic environment. However, inland water bodies interest not only biologists. Physicists, 

hydro-morphologists, geographers, chemists, climatologists (and the list goes on), all find an object 

of study in the many forms inland waters present and the many processes that take place inside 

them, around them and because of them. 

From its very definition, it is evident that limnological science is inherently an 

interdisciplinary field, which can be seen as the overlap between biology, physics and chemistry of 

inland waters, contained within a frame that is created by many other disciplines, from meteorology 

to sociology, from remote sensing to geology, from statistics to history (Figure 1.1). Nevertheless, it is 

true that, currently, the ranks of physical and chemical limnology are considerably much smaller 

than that of biological limnology. These differences are telling of a challenge that has fortunately 

been recognised in recent years and that needs to be overcome in order to push general limnological 

knowledge further: the integration of scientific disciplines which are many times disintegrated and 

are often unevenly important in terms of the numbers of their researchers and studies. 
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Figure 1.1. Limnology as the intersection between physics, biology and chemistry, within a supporting 

frame of many other disciplines. Concept inspired by the opening speech given by Yves T. Prairie as 

President of the International Society of Limnology (SIL), XXXIII SIL Congress in Turin, Italy, 2016. 

This integration is precisely the spirit of the SMART EMJD, within the framework of which 

this doctoral research project was carried out. The project involved active research work at the 

Department of Civil, Environmental and Mechanical Engineering of the University of Trento 

(UniTN, Italy), and at the Departments of Eco-hydrology and Experimental Limnology of the 

Leibniz-Institute of Freshwater Ecology and Inland Fisheries (IGB, Germany), in collaboration with 

scientists covering a range of backgrounds and expertise. This scenario, together with the 

background of the author of this thesis in environmental engineering, industrial engineering and 

computer applications programming, were the fertile field necessary to embark in a journey towards 

the development of an integrated lake ecosystem model. The envisioned model, however, does not 

have the intention to replace the many well-established lake models of general application that are 

already in use, in a way that could be seen as ‘re-inventing the wheel’. After all, this is indeed a 

tendency that has been recognised in the field of aquatic ecosystem modelling, the avoidance of 

which has been strongly encouraged in the past (Mooij, et al., 2010). The intention behind this work 

is therefore to devise a very simple, reduced complexity tool that can aid in very specific studies that 

might require special adjustments that are not always easy to implement in general models of higher 

complexity levels. To better illustrate this, in the next section, we briefly summarise the current state 

of the art of lake ecological modelling. 
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1.2. PROCESS-BASED ECOLOGICAL MODELLING OF LAKE ECOSYSTEMS 

In the past four decades, a large number of process-based, also called mechanistic (as 

opposed to stochastic) lake ecosystem models have been developed and published, an interest that 

evidences the great importance of lakes for society (Mooij, et al., 2010). Since the first Lotka-Volterra 

equations describing predator-prey interactions, until the structural dynamic models of today, the 

main intention behind a model has been that of including all the necessary ingredients (i.e., 

elements and processes) to capture the aspects of an ecosystem that the modeller wants to 

investigate (Jørgensen, 1999). The problem lies in the identification of these ingredients, the number 

of which, depending on the nature and complexity of the research question, can range from very few 

to as many as one can think of. 

As a rule, the process of designing a model should, therefore, start with the definition of the 

problem (or the system) one wants to investigate, determining which elements will act from the 

inside, and which elements will act from the outside, being thus regarded as ‘external’ or 

‘environmental’ forcing. A conceptual model usually follows, where the interactions between 

elements are mapped. These interactions that lead to responses or changes in the constituent 

elements are then mathematically formulated, a process which, in ecology, requires in most cases 

that data are collected and analysed to find empirical relationships between the system’s internal 

variables and the outside. This feat is accomplished by the use of diverse methods, among which is 

curve fitting. This is one of the most notorious differences with hydro-thermodynamic models, the 

formulation of which is usually based on physical laws that are well established, as they can be 

derived from fundamental principles. A practical consequence of this important difference is that 

many ecosystem models are actually not a single model, but the result of the coupling of two or 

more models of distinct nature. Well-known examples of this are the coupling of the reservoir model 

DYRESM (Imberger & Patterson, 1981) to the ecosystem model CAEDYM (Hipsey & Hamilton, 2008) 

or the more recent GLM (Hipsey, et al., 2017), usually coupled to AED (Hipsey, et al., 2013). 

In theory, coupling a hydro-dynamical model to a biogeochemical is possible as long as they 

are compatible with each other, e.g., in terms of their spatial domains. In practice, however, despite 

theoretical compatibility, this coupling is generally unnecessarily complex, so strategies are 

emerging to make this process more accessible to model users. This is, for instance, the case of 

FABM (Bruggeman & Bolding, 2014). Coupling, however, does not necessarily mean full integration, 

as the communication between models can be unidirectional, a condition that prevents the 

consideration of important feedbacks that the ‘passive’ model of the couple, i.e., the one that only 
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receives information from the ‘active’ one, may provide in the real world to the latter. This will be 

the main focus of the thesis, which we will comment upon in the next section. 

1.3. RESEARCH OBJECTIVES AND THESIS OUTLINE 

1.3.1. Research objectives 

As previously stated, the main intention behind this doctoral thesis was to capitalise on the 

interdisciplinarity of the research team, to identify aspects that might escape from sight when a 

limnological question is examined from the point of view of only one scientific discipline. Initially, 

our approach to this identification process was to look at the intersections between physics, 

chemistry and biology. For this, as an exploratory exercise, we first listed all aspects of aquatic 

ecosystems that came to mind, hoping that potential interactions between disciplines would thus 

emerge more easily. By classifying them into either hydromorphological or ecological aspects, we 

ended up with the ones we present in Table 1.1. 

Table 1.1. Hydromorphological and ecological aspects of aquatic ecosystems 

HYDROMORPHOLOGICAL ECOLOGICAL 

Hydrological and Hydrodynamic 
Water level/depth 
Surface inflows and outflows of water and 
sediments 
Groundwater inflows and outflows 
Hyporheic exchanges 
Flow velocity 
Turbulence and mixing intensity/regime 
Entrainment and detrainment processes 
Convective upwelling/downwelling 
Retention time 
 
Morphological 
Shape (longitudinal profile/slope, cross-section, 
surface area, storage capacity/volume) 
Bathymetry and hypsography 
Structure and substrate of the bed 
Structure and conditions of the shores/banks 
Sediment and bar dynamics 

Biological 
Plankton (phytoplankton, zooplankton, etc.) 
Nekton (fish, crustaceans, etc.) 
Benthos (benthic macroalgae, invertebrate and 
submerged macrophytes, etc.) 
Other macrophytes (e.g., floating, emergent) 
 
Geographical/Climate-related 
Geographical zones 
Elevation 
Topography 
Wind and precipitation regimes 
Solar irradiance 
Natural and artificial light sources (especially at 
night) 
 
Chemical and Physicochemical 
Water colour and turbidity/transparency 
Water temperature 
Ice cover/thickness 
Salinity, oxygenation and acidification conditions 
Nutrient concentration (and trophic state) and 
nutrient cycles 
Pollutants (absence/presence, concentration) 
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Next, by combining several of these aspects into specific problems that fall within the scope 

of limnology, we identified one where the influence of an ecological process on a physical one is 

usually neglected in models: the overlooked effects that life development in water bodies may have 

on their hydro-thermodynamic response to environmental forcing. A general question thus arose: 

can biological processes in aquatic ecosystems influence physical ones to an extent that is relevant 

for hydro-thermodynamic modelling problems? Can light and thermal patterns in lakes be 

substantially modified by organisms such as phytoplankton and macrophytes? What other effects 

can we expect? These were the questions that motivated this entire doctoral project. 

 To answer them, a quick survey of recent literature on the matter was undertaken, which 

gave us enough elements to begin the development of an integrated reduced complexity model, the 

applicability of which we explored by conducting two modelling studies based on large-scale 

mesocosm experiments for which high-frequency vertically resolved datasets were made available to 

us along with the necessary meteorological data. An additional theoretical study was also conducted, 

which required the consideration of ecological feedbacks on the thermal structure of a lake. These 

feedbacks are especially relevant in shallow lakes, where they determine the resilience of these 

systems to strong perturbations that, given certain conditions, can cause abrupt, catastrophic shifts 

between alternative stable states. Two well-known such states are those characterised by either clear, 

oligotrophic, macrophyte-dominated waters, or turbid, eutrophic, phytoplankton-dominated waters.  

The latter is the case of Ypacaraí Lake in Paraguay (López Moreira M., et al., 2018). Even 

though our initial intention was to immediately study this case through yet another application of 

the model, we saw it necessary to first gather all information available on its very particular 

conditions, and to conduct complementary studies prior to any theoretical modelling effort. For this, 

a research initiative to better understand this lake was established. As part of this initiative, three 

Master theses in Environmental Engineering were successfully carried out in international, 

intersectoral collaboration among Italian, German and Paraguayan institutions. As a result, the first 

multidisciplinary review of this case study was published in English language in an international 

peer-reviewed indexed scientific journal, and future steps that were identified as necessary to further 

advance knowledge about this system were outlined in a research proposal that was already 

submitted to be considered for funding and is currently under evaluation. We foresee that, in the 

future, when more datasets will be available, an integrated model such as the one we here developed 

might prove to be useful in the investigation of whether this lake could theoretically shift, through 

appropriate management strategies, from its currently turbid, macrophyte-deprived state to a more 

desirable, clear water one.    



Ecological Modelling of Lake Ecosystems:  
Integrating hydro-thermodynamics and biogeochemistry in a reduced complexity framework 

6 
 
 

1.3.2. Thesis outline 

Hereafter, the thesis is structured in six more chapters. The following one (Chapter 2) covers 

the details of the model development process, from the mathematical formulation of the governing 

equations to their discretisation and numerical implementation. In the subsequent two chapters 

(Chapters 3 and 4), we present the application of the model within the context of two large-scale 

mesocosm experiments conducted in 2015 and 2016 at the IGB LakeLab in Lake Stechlin 

(Brandenburg, Germany). Beyond the limnological questions we set out to answer through these two 

case studies, from a more technical model development perspective, they provided the datasets that 

served us in model validation. Once validated, the model was used in a theoretical study, the results 

of which we present in Chapter 5. Next, as a step towards bridging the gap between science and 

management, in Chapter 6, we present the first outputs of a long-term research initiative to better 

understand the complex functioning of a shallow subtropical lake, the most important one in 

Paraguay, whose ecological status is at present compromised. The thesis closes with a general 

discussion, presented in Chapter 7. For clarity, this methodological flow also is graphically presented 

in Figure 1.2. 

 

Figure 1.2. Methodological flow of this doctoral thesis.
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CHAPTER 2 

DEVELOPING AN INTEGRATED REDUCED COMPLEXITY MODEL 

2.1. INTRODUCTION 

2.1.1. Chapter motivation and overview 

Since the late 1960s, when the first eutrophication model was proposed (Vollenweider, 1968), 

the development of process-based lake ecosystem models has been driven by their wide spectrum of 

potential applications. They allow us to better reconstruct and interpret experimental results, test 

hypotheses and predict how these ecosystems will respond to future environmental changes under 

different scenarios, thus improving our understanding of the real world. 

These models often fall into one of two categories: simplified representations of a given 

subset of ecosystem processes and environmental drivers, with a very restrictive domain of 

application and a limited potential to explain whole-system behaviour; or heavily parameterised 

models that include a larger set of processes and drivers and have a broader application domain, but 

can hardly improve scientific understanding of the system due to a high level of complexity that 

renders modelling outputs too difficult to analyse in terms of individual processes and drivers. 

Recent attempts to overcome these limitations include the combined application of several 

models of different degrees of complexity to investigate a single research question (Mooij, et al., 

2009). The development of intermediate or reduced-complexity models that can be customised by 

the modeller for each specific study, to only include the subset of processes and drivers that are 

strictly necessary to reproduce an observed behaviour of the system, is therefore required to push 

scientific knowledge forward (Hannah, et al., 2010). In this sense, a question that remains open in 

limnological science is whether some ecological processes can significantly alter the physical 

behaviour of a water body and if so, at which temporal and spatial scales. The existence of such an 

influence would potentially give rise to nonlinear feedbacks and eventually lead to shifts between 

alternative regimes (Scheffer, et al., 1993; Scheffer & Van Nes, 2007). 
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With the aim of better understanding the importance of considering the feedbacks between 

ecological and physical processes when modelling lake ecosystems, we propose an integrated, 

process-based vertically-layered one-dimensional model of reduced complexity that simultaneously 

solves the most fundamental physical (light penetration, thermal and density stratification and 

turbulent mixing resulting from wind forcing) and ecological processes (brownification, 

eutrophication, nutrient cycling, primary production – i.e. phytoplankton blooms as well as 

macrophyte and periphyton growth, just to cite a few). 

State variables in the proposed model are described by a set of partial differential equations 

(PDEs) and potentially also ordinary differential equations (ODEs). These equations are 

simultaneously solved while keeping model complexity to a minimum so that the relative 

importance of the different processes can still be assessed, as well as that of the feedbacks between 

them. Coefficients in these PDEs/ODEs are dynamically calculated via another set of process-based 

equations that depend on the state variables and on parameters whose values are calibrated within 

ranges reported in the scientific literature. Thus, all processes are fully coupled in a way that 

feedbacks can be considered. External forcing can also be dynamically simulated so that the response 

of the system can be assessed not only under steady-state conditions but also under different 

scenarios involving the variation, at different time scales, of solar radiation, air temperature, wind 

speed, precipitation, nutrient loading, input of dissolved organic carbon (DOC) and coloured 

dissolved organic matter (CDOM), among others. The model also allows for the implementation of 

different boundary conditions such as lateral heat exchanges between the system and its 

surroundings, periodic input of nutrients and phytoplankton cells into specific water layers, etc. 

2.1.2. The case for an integrated model 

Most models are designed for very specific purposes in a way that no general model exists 

that can be applied to all cases found in nature. Neither can these models provide answers to all 

imaginable questions, especially when these questions come from different yet complementary 

disciplines such as biology, chemistry and physics. In this sense, the usual way to cope with the 

limitations of a single model is to partially couple it to another one, i.e., to feed the output of the one 

to the other, a strategy that, however, hinders the consideration of the feedbacks that processes 

modelled by the latter may provide to processes modelled by the former. It is important to note 

though, that efforts are being made to develop strategies to fully couple hydro-thermodynamics and 

biogeochemistry, e.g. GLM to AED via FABM (Bruggeman & Bolding, 2014). 
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In any case, most of these feedbacks have been traditionally assumed by physical 

oceanographers and physical limnologists to be rather insignificant or negligible. However, 

ecological processes are now known to have the potential to significantly alter the physical 

behaviour of aquatic ecosystems. For instance, a higher light attenuation due to increasing 

concentrations of CDOM in natural waters results in different physical responses of such systems to 

solar radiation (Persson & Jones, 2008). This is relevant because it is one of many alterations 

associated to land-use changes and climate change (increased input of CDOM from the catchment 

resulting from more frequent and intense rainfall events in more easily erodible terrain). The same is 

true for highly turbid systems, particularly those presenting high concentrations of phytoplankton 

biomass resulting from eutrophication (Rinke, et al., 2010). In fact, it has been shown that 

planktonic events can alter the duration of the stratified period, the thermal structure and the 

mixing regime of medium-depth temperate lakes (Shatwell, et al., 2016). 

Yet feedbacks are related not only to an altered underwater light climate but to changes in 

other physical properties of the system as well. For instance, studies have shown that exo-polymeric 

substances (EPS) secreted by some phytoplankton species present shear-thinning properties (i.e., the 

faster they shear, the less viscous they become), adding a non-Newtonian phase to the normally 

Newtonian behaviour of water (Jenkinson, et al., 2015). Phytoplankton blooms can thus potentially 

modify the rheological properties of water to the extent of altering, for instance, pycnocline 

thickness (Jenkinson & Sun, 2011). Lastly, the presence or absence of macrophytes in a shallow 

system can significantly change the effects on its thermal structure of environmental factors such as 

wind (by reducing wind-induced turbulent mixing) and solar radiation (by shadowing deeper water 

layers) (Herb & Stefan, 2004). 

2.1.3. The case for a reduced complexity model 

It is now well known that an increased complexity in the mechanistic description of 

biogeochemical processes does not necessarily improve model accuracy, predictive capability or 

overall simulation results (Arhonditsis & Brett, 2004). To the contrary, a simpler representation of 

these processes allows for the inclusion of more links between model components, which are usually 

overlooked in highly-complex partially-coupled hydrodynamic-ecological models. This results in an 

increased capacity of the model to capture, for instance, the complex interactions of natural food 

webs, which has been demonstrated to be lost in models whose food web representation is overly 

simplified (Fulton, et al., 2003). This is also true for other interactions occurring in natural 

ecosystems, such as intraspecific and interspecific competition for vital resources such as nutrients 

and light. 
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Accordingly, the development of intermediate complexity models has been fuelled recently 

by an increased interest in ecological concepts of functional diversity and community structure, as 

well as in their response to changes in environmental conditions. A case has been made for these 

reduced-complexity ecosystem models, where a high level of detail in process representation is 

sacrificed to increase the number of model components with the scope of better describing the 

structure of the ecosystem in a way that feedback loops can be considered (Hannah, et al., 2010). 

2.2. MODEL DEVELOPMENT 

2.2.1. Approach 

We propose a further development of the ecological model reported by Jäger et al. in 2010. 

The original model prescribes both environmental forcing (e.g., solar irradiance) and physical 

characteristics of the system (e.g., water column depth, light extinction coefficient and vertical 

turbulent diffusivity), keeping them constant throughout the entire run of the model. In this case, 

this was arguably valid because the aim was to study how the system responded under different 

combinations of parameter values. Other works have subsequently tailored this model to answer 

different research questions (Vasconcelos, et al., 2016; Jäger & Diehl, 2014; Peeters, et al., 2013). In all 

of them, however, water-column physics and environmental drivers remained externally prescribed. 

Our intent is, therefore, to implement a dynamic physical behaviour of the system through 

the incorporation of the one-dimensional heat equation with reaction terms that account for the 

absorption of solar radiation (as a function of water colour and turbidity) and the heat exchanges 

between the system and its surroundings. Under stable stratification conditions of the water column, 

vertical turbulent diffusivity is dynamically estimated by means of an empirical relationship based on 

the Richardson number which dynamically reduces turbulent exchanges across the thermocline. 

Ecological processes may include light- and nutrient-limited primary production as well as 

nutrient cycling between the water, the sediments (where remineralisation of organic nutrients 

occurs) and the biotic components of the system. For the latter, nutrient uptake rates are modelled 

as a function of the concentration of dissolved nutrients, the corresponding nutrient quotas of 

primary producer cells, which can be either fixed or dynamically simulated, and potentially also 

water temperature. Modelled primary producers may comprise multiple taxonomic groups or species 

of phytoplankton, periphyton and macrophytes, making it possible to analyse how community 

structure may be modified, for example, under different climate change scenarios (as in Vasconcelos, 

et al., 2016), where the temperature dependence of metabolic and other biological rates plays an 
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important role. Finally, predation pressure exerted on primary producers by their primary consumers 

can also be incorporated as a fixed or variable component of the biomass loss rates. 

2.2.2. Model versions 

Depending on the research questions, different versions of the model can be set up so that 

only relevant components of the system are modelled, thus keeping overall model complexity as 

reduced as possible. Each component is represented by a state variable, whose time evolution is 

described by either a partial differential equation (PDE) or an ordinary differential equation (ODE). 

Environmental forcing can also be adjusted accordingly and, when available, measurements can be 

input into the model as forcing data. For all other cases, synthetic forcing data generators can be 

used. These can be strictly deterministic or include a stochastic component, in the form of an 

additive term or a multiplicative factor, to simulate natural variability of meteorological processes. 

2.2.3. Model equations 

Governing equations 

As an example, we here introduce a simplified version of the model we will present in 

Chapter 3, which we will also use in Chapter 5. This simplified version will serve the purpose of 

illustrating our modelling approach, as it includes all types of governing equations used in this 

thesis: (a) two diffusion-reaction PDEs, one for 𝑇𝑤, the water temperature (eq. 2.1), and another one 

for 𝑃𝑑, the concentration of dissolved inorganic phosphorus (eq. 2.3); (b) an advection-diffusion-

reaction PDE for 𝐶𝑝ℎ𝑦𝑡𝑜, the concentration of phytoplankton carbon biomass (eq. 2.2); and (c) a 

reaction ODE for 𝑃𝑠𝑒𝑑, the areal density of organic phosphorus contained in the active layer of 

sediments (eq. 2.4). This system of equations is: 

{
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 𝑃𝑑
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 𝑃𝑠𝑒𝑑

  
     𝑃𝑠𝑒𝑑      

 

where   and   are the spatial and temporal coordinates of the system, respectively;   
  is the vertical 

turbulent thermal diffusivity;  𝑠𝑤 is the volumetric absorption rate of shortwave radiation;  𝑤 is the 

water density;  𝑝 is the specific heat capacity of water at constant pressure;   
  is the vertical 

turbulent mass diffusivity; parameter  𝑝ℎ𝑦𝑡𝑜 is a constant sinking velocity of phytoplankton cells; 
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 𝑝ℎ𝑦𝑡𝑜 and  𝑝ℎ𝑦𝑡𝑜 are the fractional growth and overall loss rates of phytoplankton biomass, 

respectively;  𝑑 𝑝ℎ𝑦𝑡𝑜 is the fractional cellular death rate of phytoplankton;  𝑝ℎ𝑦𝑡𝑜 is the phosphorus-

to-carbon quota of phytoplankton cells;    is the areal settling rate of organic phosphorus onto the 

active layer of sediments and   the rate at which this organic phosphorus is re-mineralised and re-

dissolved into the deepest layer of the water column. 

In all instances,  𝑤 is the density (kg·m-3) of de-aerated Vienna Standard Mean Ocean Water 

(VSMOW) at standard atmospheric pressure (101325 Pa), dynamically estimated following the 

empirical relationship proposed by Tanaka et al., 2001, valid for liquid water between 0 and 40 °C. 

This relationship is:  

  𝑤            [  
 𝑇𝑤             𝑇𝑤          

          𝑇𝑤           
]         

where 𝑇𝑤 is measured in °C (ITS-90 standard). The uncertainty of thus obtained water density 

estimates ranges between 0.83 10-3 and 0.88 10-3 kg·m-3 (Tanaka, et al., 2001). 

Note that, as presented in equations 2.1 to 2.4, this model is valid only for a lake of constant 

horizontal cross-section area. However, by substituting the diffusive and advective terms by 

appropriate formulations of diffusive and advective fluxes, the model can be generalised to enable 

the simulation of lakes of variable horizontal cross-section areas, as will be shown later. For more 

detail, a description of all system coordinates and state variables (and corresponding units of 

measurement) is included in Table 2.1. 

Table 2.1. Description and units of measurement of system coordinates and state variables 

System coordinate 
or state variable 

Description Units 

  Spatial coordinate of the system, with the origin at the 
water surface and positive direction downwards 

m 

  Temporal coordinate of the system, with the origin at the 
start of the simulated period and positive direction forward 

s 

𝑇𝑤 Water temperature °C 
𝐶𝑝ℎ𝑦𝑡𝑜 Concentration of phytoplankton biomass  mg C·m

-3
 

𝑃𝑑 Concentration of dissolved inorganic phosphorus mg P·m
-3

 
𝑃𝑠𝑒𝑑 Areal density of organic phosphorus in the sediments mg P·m

-2
 

 

  



Ecological Modelling of Lake Ecosystems:  
Integrating hydro-thermodynamics and biogeochemistry in a reduced complexity framework 

13 
 
 

Supplementary equations 

Vertical turbulent thermal diffusivity 

Under stable stratification conditions, vertical turbulent thermal diffusivity (  
 ) is estimated 

by means of an empirical relationship. The relationship is based on the Richardson number (𝑅𝑖), a 

measure of water column stability, which accounts for the reduction of turbulent heat exchanges 

across the thermocline. This is achieved by locally modifying a dynamically estimated reference 

profile of vertical turbulent thermal diffusivity (   𝑟𝑒𝑓
 ). A minimum   

  value is ensured in all cases 

by the addition of    𝑏𝑔
 , a background vertical turbulent thermal diffusivity. We thus have: 

   
     𝑟𝑒𝑓

     𝑅𝑖 𝑏     𝑏𝑔
         

where parameters   and 𝑏 are proposed in Munk & Anderson, 1948;    𝑟𝑒𝑓
  is the reference vertical 

turbulent thermal diffusivity at depth  , which is dynamically estimated following the Grisogono 

method (Jeričević, et al., 2010; Grisogono & Oerlemans, 2001a,b). In this method, in use in 

atmospheric chemistry and physics, the    𝑟𝑒𝑓
  profile is modelled as the linear-exponentially 

decaying function: 

 
   𝑟𝑒𝑓

  
   𝑟𝑒𝑓    

     

           
 

  

[ 
 
 
(

 
 
          
 

)

 

]

 
       

where    𝑟𝑒𝑓    
  is the maximum value of the    𝑟𝑒𝑓

  profile and            
  is the depth at which this 

maximum value occurs. 

In the Grisogono profile, a linear factor, which dominates near the surface, is thus combined 

with an exponentially decaying factor so that the maximum value of the    𝑟𝑒𝑓
  is given by 

    𝑟𝑒𝑓    
                 

where   is the maximum depth of the active turbulent layer,    is the horizontal shear velocity 

(defined later) and the factor 0.05 multiplying the product of the two is an empirical constant 

estimated from data (Jeričević, et al., 2010). 

Assuming that the    𝑟𝑒𝑓
  profile is that which occurs when the water column is fully mixed 

(non-stratified conditions) so that the whole column can be affected by wind-induced turbulence, 

we have that   is equal to  𝑏𝑜𝑡𝑡𝑜 , the maximum depth of the water column. Under this assumption, 

we can rewrite equation 2.8 in the equivalent form 

    𝑟𝑒𝑓    
       𝑏𝑜𝑡𝑡𝑜                     
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The depth at which this maximum value occurs is given by 

            
       𝑏𝑜𝑡𝑡𝑜         

where the factor 0.21 multiplying  𝑏𝑜𝑡𝑡𝑜  is an empirical constant estimated from data (Jeričević, et 

al., 2010). 

Under unstable stratification conditions (unstable density gradients with active convective 

overturning), or when the horizontal shear velocity is large enough to overcome the tendency of the 

stratified water column to remain stratified (𝑅𝑖 <     , the vertical turbulent thermal diffusivity is 

set to an arbitrarily high value (   𝑢𝑛𝑠𝑡
   to force turbulent mixing. This is defined as 

    𝑢𝑛𝑠𝑡
     𝑟𝑒𝑓    

     𝑏𝑔
          

where    𝑟𝑒𝑓    
  is the maximum value of the    𝑟𝑒𝑓

  profile and    𝑏𝑔
  is the background vertical 

turbulent thermal diffusivity. 

Vertical turbulent mass diffusivity 

For simplicity, in all our modelling studies we have taken the vertical turbulent mass 

diffusivity (  
 ) to be equal to the vertical turbulent thermal diffusivity, as previously defined. 

Examples of the Grisogono reference vertical turbulent diffusivity profile (   𝑟𝑒𝑓) and the 

corresponding effective vertical turbulent diffusivity profile (  ) for a strongly stratified water 

column, with suppression of the turbulent diffusion across the thermocline, are presented in Figure 

2.1, below. 

 

Figure 2.1. Examples of a reference (Grisogono) and the corresponding 

effective vertical turbulent diffusivity profiles. 
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Richardson number, Brunt-Väisäla buoyancy frequency and shear frequency 

The Richardson number (𝑅𝑖) is a dimensionless number defined as the ratio between a 

buoyancy term and a flow shear term (𝑁  and 𝑆 , respectively). This is: 

 𝑅𝑖  
𝑁 

𝑆 
        

In this equation: 

 𝑁 is the Brunt-Väisälä buoyancy frequency, given by 

 𝑁  √
 

 𝑤 

  𝑤 

  
         

where   is the positive local acceleration due to gravity and     is the potential density of 

water. Under this formulation, unstable density gradients (denser water laying on top of 

less dense water) are determined by complex values of   or, equivalently, negative values 

of the partial derivative 
    

  
. 

 𝑆 is the flow shear term, also known as shear frequency or shear rate, given by 

 𝑆  
  

  
         

where   is the horizontal flow velocity, the vertical gradient of which is estimated as 

 
  

  
 

  

  
         

   being the horizontal shear velocity and   the von Kármán constant. 

Replacing 𝑁 and 𝑆 in equation 2.11 with their respective formulations (equations 2.12 and 

2.13), we can write an equivalent expression for 𝑅𝑖 as 

 𝑅𝑖  
 

 𝑤 

  𝑤 

  
(
  

  
)
  

                   

Replacing 
𝜕𝑢

𝜕 
 in the latter with its formulation in equation 2.14 yields another equivalent equation 

for 𝑅𝑖:  

 𝑅𝑖  
 

 𝑤 

  𝑤 

  
(
  

  
)
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Horizontal shear velocity and wind-exerted tangential shear stress 

The horizontal shear velocity (  ), also called friction velocity, is a measure of the extent to 

which the wind-exerted tangential shear stress (𝜏𝑤𝑖𝑛𝑑) sets the water in motion. This horizontal 

shear velocity is useful to describe, among other things, the vertical turbulent diffusion of heat, 

suspended particles and other dissolved substances in fluid flows. It is given by 

    √
𝜏𝑤𝑖𝑛𝑑

 𝑤
         

𝜏𝑤𝑖𝑛𝑑 being the wind-exerted tangential shear stress, which is given by 

 𝜏𝑤𝑖𝑛𝑑    𝑖𝑟𝐶𝑑 𝑤𝑖𝑛𝑑
 ,        

where   𝑖𝑟 is the density of air, 𝐶𝑑 is an empirical wind drag coefficient and  𝑤𝑖𝑛𝑑 is the horizontal 

wind speed, generally measured at 10 m above the water surface. 

Replacing 𝜏𝑤𝑖𝑛𝑑 in equation 2.15 with its formulation in equation 2.16, we can also write the 

equivalent expression for   : 

    √
  𝑖𝑟𝐶𝑑 𝑤𝑖𝑛𝑑

 

 𝑤
                   

Volumetric rate of absorption of shortwave radiation energy and shortwave irradiance 

In equation 2.1,  𝑠𝑤, the volumetric rate at which shortwave radiation energy is absorbed by a 

given vertical layer of the water body, is calculated as the fraction of shortwave irradiance (𝐼𝑠𝑤) that 

is extinguished along its vertical dimension. This extinction is modelled following the Beer-Lambert 

law, here defined in the form of a PDE in  . Over any given depth increment   , we have: 

  𝑠𝑤  
𝜕   

𝜕 
   𝑡𝑜𝑡𝐼𝑠𝑤,        

where  𝑡𝑜𝑡 is the total light extinction coefficient resulting from adding the contribution of 

phytoplankton biomass,  𝑝ℎ𝑦𝑡𝑜, to that of water colour,  𝑏𝑔, which was here considered to be 

constant. This is: 

  𝑡𝑜𝑡   𝑝ℎ𝑦𝑡𝑜   𝑏𝑔,        

where  𝑝ℎ𝑦𝑡𝑜 is given by 

  𝑝ℎ𝑦𝑡𝑜   𝑝ℎ𝑦𝑡𝑜 𝑠𝑝𝑒 𝐶𝑝ℎ𝑦𝑡𝑜,        
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 𝑝ℎ𝑦𝑡𝑜 𝑠𝑝𝑒  being the specific light extinction coefficient (per unit concentration) of phytoplankton 

biomass. 

Fractional growth rate of phytoplankton biomass 

In this thesis, we will account for the dependence of phytoplankton biomass growth on water 

temperature, shortwave irradiance and dissolved inorganic phosphorus concentration, the 

corresponding fractional growth rate being 

  𝑝ℎ𝑦𝑡𝑜   𝑝ℎ𝑦𝑡𝑜 𝑟𝑒𝑓𝑇  𝑝ℎ𝑦𝑡𝑜   𝑝ℎ𝑦𝑡𝑜𝑃  𝑝ℎ𝑦𝑡𝑜         

where  𝑝ℎ𝑦𝑡𝑜 𝑟𝑒𝑓 is a reference fractional growth rate and 𝑇  𝑝ℎ𝑦𝑡𝑜,    𝑝ℎ𝑦𝑡𝑜 and 𝑃  𝑝ℎ𝑦𝑡𝑜 are 

modifier factors related to water temperature, light intensity and nutrient availability, the specific 

formulation of which we will explain in detail in the following chapter.   

Fractional loss rate of phytoplankton biomass 

In general, the overall fractional loss rate of phytoplankton biomass   𝑝ℎ𝑦𝑡𝑜) can be modelled 

as the sum of two fractional terms, one accounting for cell mortality ( 𝑑 𝑝ℎ𝑦𝑡𝑜), which can include 

grazing-related losses, and another one accounting for all other ‘background’ processes leading to 

cellular carbon losses ( 𝑏𝑔 𝑝ℎ𝑦𝑡𝑜 , including respiration. This is: 

  𝑝ℎ𝑦𝑡𝑜   𝑑 𝑝ℎ𝑦𝑡𝑜   𝑏𝑔 𝑝ℎ𝑦𝑡𝑜        

The specific formulation of  𝑑 𝑝ℎ𝑦𝑡𝑜 and  𝑏𝑔 𝑝ℎ𝑦𝑡𝑜 will be left for the following chapters as well. 

Rate of incorporation, into the active sediment layer, of phosphorus contained in settling 

phytoplankton biomass   

Appearing in eq. 2.4,   , the rate at which the organic forms of phosphorus contained in 

settling phytoplankton cells are incorporated into the sediments depends on the amount of biomass 

that settles per unit time. Determined by  𝑝ℎ𝑦𝑡𝑜, over a differential time   , this amount is equal to 

that which is contained in a volume 𝑉𝑠𝑒𝑑, given by 

 𝑉𝑠𝑒𝑑   𝑝ℎ𝑦𝑡𝑜    
̅̅ ̅        

where   
̅̅̅̅  is the average cross-section of the lake between its maximum depth,  𝑏𝑜𝑡𝑡𝑜 , and a depth 

 𝑠𝑒𝑑 given by 

  𝑠𝑒𝑑   𝑏𝑜𝑡𝑡𝑜   𝑝ℎ𝑦𝑡𝑜          
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Knowing 𝑉𝑠𝑒𝑑 and the concentration of biomass within that volume, 𝐶𝑝ℎ𝑦𝑡𝑜 𝑠𝑒𝑑,    can be 

calculated as 

    
 𝑝ℎ𝑦𝑡𝑜𝐶𝑝ℎ𝑦𝑡𝑜 𝑠𝑒𝑑 𝑝ℎ𝑦𝑡𝑜  

̅̅ ̅

 𝑏𝑜𝑡𝑡𝑜 
        

where  𝑏𝑜𝑡𝑡𝑜  is the surface area of the sediment-water interface. 

A full description of all supplementary variables and their units of measurement can be 

found in Table 2.2. 

Table 2.2. Description and units of measurement of supplementary variables 

Supplementary 
variable 

Description Units 

  
̅̅ ̅ Average cross-section of the lake corresponding to the 

settling volume 𝑉𝑠𝑒𝑑  
m

2
 

𝐶𝑝ℎ𝑦𝑡𝑜 𝑠𝑒𝑑  Concentration of phytoplankton biomass within the settling 
volume 𝑉𝑠𝑒𝑑  

mg C·m
-3

 

 𝑠𝑤 Volumetric shortwave radiation energy absorption rate J·m
-3

·s
-1
 

𝐼𝑠𝑤  Irradiance in the shortwave range W·m
-2

 

   𝑟𝑒𝑓    
  Maximum reference vertical turbulent thermal diffusivity  m

2
·s

-1
 

   𝑟𝑒𝑓
  Reference vertical turbulent thermal diffusivity  m

2
·s

-1
 

   𝑢𝑛𝑠𝑡
  Vertical turbulent thermal diffusivity for unstable 

stratification or weakly stratified conditions  
m

2
·s

-1
 

  
  Effective vertical turbulent mass diffusivity  m

2
·s

-1
 

  
  Effective vertical turbulent thermal diffusivity  m

2
·s

-1
 

   𝑝ℎ𝑦𝑡𝑜 Light limitation factor, phytoplankton growth (-) 

𝑃  𝑝ℎ𝑦𝑡𝑜 Phosphorus limitation factor, phytoplankton growth (-) 

𝑇  𝑝ℎ𝑦𝑡𝑜 Temperature mediation factor, phytoplankton growth (-) 

𝑉𝑠𝑒𝑑  Volume occupied by phytoplankton cells that settle into the 
sediments over a differential time      

m
3
 

 𝑝ℎ𝑦𝑡𝑜 Light extinction coefficient of live phytoplankton biomass m
-1
 

 𝑡𝑜𝑡 Total light extinction coefficient m
-1
 

 𝑏𝑔 𝑝ℎ𝑦𝑡𝑜 Fractional background loss rate of phytoplankton biomass s
-1
 

 𝑑 𝑝ℎ𝑦𝑡𝑜 Fractional death rate of phytoplankton biomass s
-1
 

 𝑝ℎ𝑦𝑡𝑜 Fractional overall loss rate of phytoplankton biomass s
-1
 

 𝑝ℎ𝑦𝑡𝑜 Fractional growth rate of phytoplankton biomass s
-1
 

   Settling rate of organic phosphorus contained in 
phytoplankton biomass per unit of areal surface 

mg P·m
-2

·s
-1
 

   Horizontal shear velocity m·s
-1
 

 𝑤𝑖𝑛𝑑 Horizontal wind speed m·s
-1
 

           
  Depth at which the maximum value of the reference vertical 

turbulent thermal diffusivity profile occurs 
m 

 𝑠𝑒𝑑  Starting depth from which volume 𝑉𝑠𝑒𝑑  is considered  m 
 𝑤 Water density kg·m

-3
 

𝜏𝑤𝑖𝑛𝑑  Horizontal shear stress exerted by wind Pa 
  Maximum depth of the active turbulent layer   m 
𝑁 Brunt-Väisälä buoyancy frequency s

-1
 

𝑅𝑖 Richardson number (-) 
𝑆 Wind shear frequency s

-1
 

  Horizontal water flow velocity m·s
-1
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Physical constants and model parameters 

Several physical constants and model parameters appear in the equations we have so far 

stated. A detailed description of these can be found, respectively, in Table 2.3 and Table 2.4. 

Table 2.3. Physical constants: description, values and units of measurement 

Physical 
constant 

Description Value Units 

 𝑝 Specific heat capacity at constant pressure of 
liquid water at 15°C and 1013.25 hPa 

4185.5 J·kg
-1
·°C

-1
 

  Standard acceleration due to gravity  9.80665 m·s
-2

 
  Von Kármán constant 0.41 (-) 

 

Table 2.4. Model parameters: description, reference/adopted values/ranges and units of measurement 

Parameter Description 
Reference/adopted 

value/range 
Units Note 

𝐶𝑑 Wind drag coefficient 1 x 10
-3

 (-) Adopted for all 
simulations 

   𝑏𝑔
  Background vertical 

turbulent thermal 
diffusivity  

1.43 x 10
-7

 m
2
·s

-1
 Thermal diffusivity of 

water at 25 °C 

 𝑏𝑔 

 

Water colour-
dependent background 
extinction coefficient 

0.3 – 1.5 m
-1
 Range explored in 

Chapter 5 

 𝑝ℎ𝑦𝑡𝑜 𝑙𝑖𝑣𝑒 𝑠𝑝𝑒  Specific light extinction 
coefficient of live 
phytoplankton biomass 

0.0003 m
2
·mg C

-1
 Value adopted in Jäger 

et al., 2010 

 𝑝ℎ𝑦𝑡𝑜 Phosphorus-to-carbon 
cellular quota, 
phytoplankton 

0.0244 mg P·mg C
-1
 Mass-based Redfield 

ratio 

 𝑝ℎ𝑦𝑡𝑜 Sinking velocity of live 
phytoplankton biomass 

0.25 – 0.5 m·(86400s)
-1
 Range explored in Jäger 

et al., 2010 
 𝑏𝑜𝑡𝑡𝑜  Depth of the lake 

bottom 

- m Value is specific to each 
lake 

 𝑏𝑜𝑡𝑡𝑜  Surface area of the lake 
bottom 

- m
2
 Value is specific to each 

lake 
 𝑝ℎ𝑦𝑡𝑜 𝑟𝑒𝑓 Reference fractional 

phytoplankton growth 
rate 

1.08 – 1.2 (86400s)
-1
 Values in Jäger et al., 

2010 

  𝑖𝑟  Air density 1.225 kg·m
-3

 Air density at 15 °C and 
1013.25 hPa 

  Parameter of the   
  

formulation 

  

 
 

(-) Value in Munk & 
Anderson, 1948 

𝑏 Parameter of the   
  

formulation 

-1.5 (-) Value in Munk & 
Anderson, 1948 

  Re-mineralisation rate 
of organic phosphorus 
in the sediments 

0.2 (86400s)
-1
 Value in Jäger et al., 

2010 
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Boundary conditions 

Water temperature 

The water column exchanges heat with its surroundings. These heat exchanges become 

source or sink terms (depending on the direction of the exchange) in the PDE describing water 

temperature. In general, the most important fluxes occur through the water-atmosphere interface, 

related to incoming shortwave radiation from the sun (𝐻𝑆), incoming longwave radiation from the 

atmosphere (𝐻𝐴), outgoing longwave radiation from the water surface (𝐻𝑊), and latent and sensible 

heat transfers (𝐻𝐸  and 𝐻 , respectively). In this thesis, we have modelled these fluxes (units W·m-2) 

as proposed by Martin & McCutcheon (1999). The net heat flux (𝐻𝑛), resulting from the direct sum 

of all these terms, is given by 

 𝐻𝑛  𝐻𝑆  𝐻𝐴  𝐻𝑊  𝐻𝐸  𝐻         

The heat flux due to shortwave radiation energy reaching the water surface is given by 

 𝐻𝑆  𝐻  𝑡   𝑅𝑠 𝐶          

where 𝐻  is the amount of radiation reaching the Earth’s outer atmosphere, which can be simulated, 

as we did for the study presented in Chapter 5;  𝑡 is an atmospheric transmission coefficient; 𝑅𝑠 is 

the albedo (reflection coefficient); and 𝐶  is the fraction of 𝐻  that is not absorbed by clouds. Note 

that in our model, this flux is already considered in the water temperature PDE, where the 

corresponding energy is absorbed as a result of light extinction at a volumetric rate  𝑠𝑤 (eq. 2.17). 

The heat flux related to longwave radiation from the atmosphere is given by 

 𝐻𝐴     𝑇 
          

where    is the emissivity of the air; 𝑇  is the dry-bulb air temperature (measured in K); and   is the 

Stefan-Boltzmann constant (~5.68 x 10-8 W·m-2·K-4). 

The outgoing longwave radiative flux is given by 

 𝐻𝑊   𝑤 𝑇𝑤 𝑠𝑢𝑟𝑓
          

where  𝑤 is the emissivity of water (approximately 0.97); 𝑇𝑤 𝑠𝑢𝑓 is the surface water temperature 

(measured in K); and   is, again, the Stefan-Boltzmann constant. 

The latent heat flux, related to evaporation, can be calculated as 

 𝐻𝐸   𝑤 𝑤          
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where  𝑤 is the latent heat of water (approximately 2.4 x 106 J·kg-1); and   the evaporation rate     

(m·s-1), for which empirical formulations are available. 

Finally, the sensible heat transfer, associated with convection and conduction, can be 

approximated as 

 𝐻   𝑤 𝑤 𝑤𝑖𝑛𝑑𝐶 

𝑃 𝑡 

𝑃 𝑡  𝑟𝑒𝑓
(𝑇𝑤 𝑠𝑢𝑟𝑓  𝑇 )         

where  𝑤𝑖𝑛𝑑 is an empirical function of wind speed; 𝐶  is an empirical coefficient; 𝑃 𝑡  is the 

atmospheric pressure; and 𝑃 𝑡  𝑟𝑒𝑓 a reference atmospheric pressure (at mean sea level). 

For the detailed explanation of all empirical relationships and coefficients appearing in these 

equations, please refer to Martin & McCutcheon (1999). 

2.3. MODEL IMPLEMENTATION 

2.3.1. Discretisation scheme 

Spatial discretisation of the water column 

The discretisation scheme of the system is based on the one-dimensional vertical layering of 

the water column, where some of the variables are interpreted as layer averages evaluated at the 

centre of each layer, while others are evaluated at the interfaces between them. The vertical layering 

scheme is shown in Figure 2.2, below (layers and interfaces are all indexed under the same  -index). 

Note that the model allows for the consideration of a variable layer thickness. 

 

Figure 2.2. One-dimensional vertical layering of the water column. 
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Discretisation of partial differential equations (PDEs) 

Diffusion-reaction PDEs 

Time derivatives were discretised using forward in time finite differences. The second-order 

derivative corresponding to the diffusive term was rewritten as in a finite volume scheme, replacing 

it by the sum of diffusive fluxes across the top and bottom boundaries of each layer, which was then 

discretised using centred in space finite differences. In this way, variable horizontal cross-section 

areas can also be considered. 

In all terms of the right-hand side of the equation, the state variable can be taken explicitly 

(at time level 𝑛), implicitly (at time level 𝑛   ), or semi-implicitly. This is achieved by introducing 

an implicitness factor (𝜃) that multiplies the implicitly formulated terms. This factor can vary 

between 0 (fully explicit) and 1 (fully implicit). For a semi-implicit scheme, this product is added to 

the explicitly formulated term multiplied by    𝜃  (for further reference, see, for instance, Casulli 

& Zanolli, 2002). 

Below, we show a discretisation example based on eq. 2.1, the water temperature governing 

equation. 

Original PDE: 

  𝑇𝑤
  

 
 

  
(  

 
 𝑇𝑤
  

)  
 𝑠𝑤

 𝑤 𝑝
                

Rewriting this equation in a finite volume scheme, to allow for a variable horizontal cross-

section area   , we get: 

  𝑇𝑤
  

 
 

  

 

  
(    

 
 𝑇𝑤
  

)  
 𝑠𝑤

 𝑤 𝑝
        

The following equation illustrates the fully implicit version of the discretised water 

temperature PDE for a generic water layer   for which boundary conditions don’t apply. 

Discretised PDE: 

 
𝑇𝑤  

𝑛   𝑇𝑤  
𝑛

  
   

    
 
 

  𝑛 𝑇𝑤  
𝑛   𝑇𝑤    

𝑛  

       

 
    

 
 

𝑉 
  

    
 
 

  𝑛 𝑇𝑤    
𝑛   𝑇𝑤  

𝑛  

       

 
    

 
 

𝑉 
 

 𝑠𝑤  
𝑛

 𝑤  
𝑛  𝑝
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Advection-diffusion-reaction PDEs 

Equation 2.2, repeated below, defines the partial derivative in time of the concentration of 

phytoplankton carbon biomass. This PDE is of the advection-diffusion-reaction type and can be 

discretised by first moving the advective term appearing on the right-hand side of the equation to 

the left-hand side. The sum of derivatives in the left-hand side can then be replaced by the total or 

Lagrangian derivative of the state variable, as illustrated next. 

Original PDE: 

 
 𝐶𝑝ℎ𝑦𝑡𝑜

  
 ( 𝑝ℎ𝑦𝑡𝑜   𝑝ℎ𝑦𝑡𝑜)𝐶𝑝ℎ𝑦𝑡𝑜   𝑝ℎ𝑦𝑡𝑜

 𝐶𝑝ℎ𝑦𝑡𝑜

  
 

 

  
(  

 
 𝐶𝑝ℎ𝑦𝑡𝑜

  
)                

Transformation of the time derivative: 

 𝐶𝑝ℎ𝑦𝑡𝑜

  
  𝑝ℎ𝑦𝑡𝑜

 𝐶𝑝ℎ𝑦𝑡𝑜

  
 ( 𝑝ℎ𝑦𝑡𝑜   𝑝ℎ𝑦𝑡𝑜)𝐶𝑝ℎ𝑦𝑡𝑜  

 

  
(  

 
 𝐶𝑝ℎ𝑦𝑡𝑜

  
) 

 

 
 𝐶𝑝ℎ𝑦𝑡𝑜

  
 ( 𝑝ℎ𝑦𝑡𝑜   𝑝ℎ𝑦𝑡𝑜)𝐶𝑝ℎ𝑦𝑡𝑜  

 

  
(  

 
 𝐶𝑝ℎ𝑦𝑡𝑜

  
)        

Rewriting Eq. 2.33 in a finite volume scheme, we have: 

 
 𝐶𝑝ℎ𝑦𝑡𝑜

  
 ( 𝑝ℎ𝑦𝑡𝑜   𝑝ℎ𝑦𝑡𝑜)𝐶𝑝ℎ𝑦𝑡𝑜   𝑝ℎ𝑦𝑡𝑜

 𝐶𝑝ℎ𝑦𝑡𝑜

  
 

 

  
(  

 
 𝐶𝑝ℎ𝑦𝑡𝑜

  
)        

For the discretisation, the time derivative on the left-hand side of the equation is taken with 

respect to the value of the state variable, at time level 𝑛, at the foot of the streamline, represented by 

layer-index    . In equation 2.35, below, the derivatives on the right-hand side were discretised by 

taking the state variable implicitly for the diffusive fluxes across the boundaries of the layer and for 

the reactive term. To avoid nonlinearities, however, it is possible and most times useful to evaluate 

explicitly all coefficients that multiply the state variable in the reactive term, as in the following 

example. 

Discretised PDE: 

𝐶𝑝ℎ𝑦𝑡𝑜  
𝑛   𝐶𝑝ℎ𝑦𝑡𝑜    

𝑛

  

 ( 𝑝ℎ𝑦𝑡𝑜    
𝑛   𝑝ℎ𝑦𝑡𝑜    

𝑛 )𝐶𝑝ℎ𝑦𝑡𝑜    
𝑛    

    
 
 

  𝑛 𝐶𝑝ℎ𝑦𝑡𝑜  
𝑛   𝐶𝑝ℎ𝑦𝑡𝑜    

𝑛  

       

        

𝑉 

  
    

 
 

  𝑛 𝐶𝑝ℎ𝑦𝑡𝑜    
𝑛   𝐶𝑝ℎ𝑦𝑡𝑜  

𝑛  

       

        

𝑉 
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Reaction ODEs 

All reaction ODEs, such as equation 2.4 (repeated hereafter), were discretised using a 

forward in time discretisation of the time derivative on the left-hand side. Again, the reactive terms 

on the right-hand side of the equation can be evaluated explicitly, implicitly or semi-implicitly. We 

illustrate the latter case next. 

Original ODE: 

  𝑃𝑠𝑒𝑑

  
     𝑃𝑠𝑒𝑑                

 

Discretised ODE: 

 
𝑃𝑠𝑒𝑑

𝑛   𝑃𝑠𝑒𝑑
𝑛

  
 𝜃  

𝑛      𝜃   
𝑛   [𝜃𝑃𝑠𝑒𝑑

𝑛      𝜃 𝑃𝑠𝑒𝑑
𝑛 ]         

where 𝜃 is the implicitness factor between 0 and 1. 

2.3.2. Numerical method 

Time evolution of the state variables 

To illustrate the numerical method used for the time evolution, after a given time step     of 

each vertically layered state variable, we present the solution of the system of equations describing 

water temperature, for the case of a three-layered water column of potentially variable distances 

between layer centres   . In this example, reactive terms are evaluated explicitly, as well as the 

vertical turbulent thermal diffusivities in the diffusive terms, where the state variable is evaluated 

implicitly: 

{
 
 
 

 
 
 
𝑇𝑤  

𝑛   𝑇𝑤  
𝑛

  
         

  𝑛 𝑇𝑤  
𝑛   𝑇𝑤  

𝑛  

     

        

𝑉 
 

 𝑠𝑤  
𝑛

 𝑤  
𝑛  𝑝

𝑇𝑤  
𝑛   𝑇𝑤  

𝑛

  
          

  𝑛 𝑇𝑤  
𝑛   𝑇𝑤  

𝑛  

     

        

𝑉 
         

  𝑛 𝑇𝑤  
𝑛   𝑇𝑤  

𝑛  

     

        

𝑉 
 

 𝑠𝑤  
𝑛

 𝑤  
𝑛  𝑝

𝑇𝑤  
𝑛   𝑇𝑤  

𝑛

  
          

  𝑛 𝑇𝑤  
𝑛   𝑇𝑤  

𝑛  

     

        

𝑉 
 

 𝑠𝑤  
𝑛

 𝑤  
𝑛  𝑝

 

The system can be rearranged moving all unknown terms to the left-hand side. 

{
 
 
 

 
 
 𝑇𝑤  

𝑛                                                                                
𝑇 𝑛 𝑇𝑤  

𝑛   𝑇𝑤  
𝑛  

     

        

𝑉 

 𝑇𝑤  
𝑛    

 𝑠𝑤  
𝑛

    
𝑛  𝑝

𝑇𝑤  
𝑛             

𝑇 𝑛 𝑇𝑤  
𝑛   𝑇𝑤  

𝑛  

     

        

𝑉 

           
𝑇 𝑛 𝑇𝑤  

𝑛   𝑇𝑤  
𝑛  

     

        

𝑉 

 𝑇𝑤  
𝑛    

 𝑠𝑤  
𝑛

    
𝑛  𝑝

𝑇𝑤  
𝑛             

𝑇 𝑛 𝑇𝑤  
𝑛   𝑇𝑤  

𝑛  

     

        

𝑉 

 𝑇𝑤  
𝑛    

 𝑠𝑤  
𝑛

    
𝑛  𝑝
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After grouping similar terms, the system can be rewritten in matrix notation: 

[
 
 
 
 
 
 
           

  𝑛   

     

        

𝑉 

         
  𝑛   

     

        

𝑉 

 

         
  𝑛   

     

        

𝑉 

          
  𝑛   

     

        

𝑉 

         
  𝑛   

     

        

𝑉 

         
  𝑛   

     

        

𝑉 

          
  𝑛   

     

        

𝑉 

          
  𝑛   

     

        

𝑉 ]
 
 
 
 
 
 
 

[
 
 
 
 
 
 
 
 
𝑇𝑤  

𝑛  

𝑇𝑤  
𝑛  

𝑇𝑤  
𝑛  ]

 
 
 
 
 
 
 
 

 

[
 
 
 
 
 
 
 
 
 𝑇𝑤  

𝑛    
 𝑠𝑤  

𝑛

 𝑤  
𝑛  𝑝

𝑇𝑤  
𝑛    

 𝑠𝑤  
𝑛

 𝑤  
𝑛  𝑝

𝑇𝑤  
𝑛    

 𝑠𝑤  
𝑛

 𝑤  
𝑛  𝑝]

 
 
 
 
 
 
 
 
 

 

The obtained tridiagonal system thus obtained is solved using the Thomas algorithm for 

tridiagonal matrices, which is a simplified form of Gaussian elimination that can be used to solve this 

kind of system. 

Time step restrictions for numerical stability 

To ensure numerical stability, it is usually the case that the time step    cannot be larger 

than a maximum admissible time step      . Time step restrictions are determined from the 

numerical scheme. As an example, we determine       for a semi-implicit Eulerian-Lagrangian 

discretisation (Casulli & Notarnicola, 1988) of an advection-diffusion-reaction PDE describing the 

time evolution, along spatial dimension  , of a generic variable 𝑋. This is: 

 
 𝑋

  
  𝑋  𝑏

 𝑋

  
 

 

  
( 

 𝑋

  
)        

After moving the advective term on the left-hand side to the right-hand side, and replacing 

the left-hand side by the corresponding Lagrangian derivative, as previously explained, we can 

discretise eq. 2.37 in a finite volume scheme as 

𝑋 
𝑛   𝑋   

𝑛

  
 𝜃  

𝑛𝑋 
𝑛      𝜃   

𝑛𝑋 
𝑛  𝜃 

  
 
 

𝑛 𝑋 
𝑛   𝑋   

𝑛  

       

        

𝑉 

 𝜃 
  

 
 

𝑛 𝑋   
𝑛   𝑋 

𝑛  

       

        

𝑉 

    𝜃  
  

 
 

𝑛 𝑋 
𝑛  𝑋   

𝑛

       

        

𝑉 

    𝜃  
  

 
 

𝑛 𝑋   
𝑛  𝑋 

𝑛

       

        

𝑉 

 

First multiplying both sides by   , to then move 𝑋   
𝑛  from the left-hand side of the equation 

to the right-hand side, and all terms where 𝑋 is evaluated implicitly from the right-hand side to the 

left-hand side, we have 

𝑋 
𝑛   𝜃  

𝑛𝑋 
𝑛     𝜃 

  
 
 

𝑛 𝑋 
𝑛   𝑋   

𝑛  

       

        

𝑉 

   𝜃 
  

 
 

𝑛 𝑋   
𝑛   𝑋 

𝑛  

       

        

𝑉 

  

 𝑋   
𝑛     𝜃   

𝑛𝑋 
𝑛      𝜃  

  
 
 

𝑛 𝑋 
𝑛  𝑋   

𝑛

       

        

𝑉 

  

    𝜃  
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By factoring all terms, we get 
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Moving forward, for notation simplicity, we will assume a constant horizontal cross-section 

area again. In this way, having    constant, 𝑉       , where     is the thickness of layer  . Factors 

        𝑉 ⁄  and         𝑉 ⁄  can thus be replaced with     ⁄ . 

Doing this, we can solve for 𝑋 
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See that if in the equation above, all coefficients that multiply different instances of the state 

variable 𝑋 are positive, and also the denominator, then the expression for 𝑋 
𝑛   can be seen as a 

weighted average between zero and the values of 𝑋 in the spatiotemporal vicinity of the considered 

point.  

Since besides the denominator, the only coefficient above that could potentially be negative 

is the one multiplying 𝑋   
𝑛 , sufficient conditions for the numerical stability of the method are: 
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On the one hand, in fully explicit methods (𝜃    , the second condition disappears, and so 

the restriction on the time step is: 
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On the other hand, in fully implicit methods (𝜃    , the first condition becomes trivial, and 

so the condition that must be satisfied for numerical stability is: 
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Note that if there are no reaction terms in the PDE (  
𝑛   ), the implicit method becomes 

unconditionally stable, as [   
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], which can 

never be negative. Also, note that in all cases where the time step has an upper limit, the thinner the 

layers (smaller    values), the larger the terms in the denominators that are divided by the products 

   ±      , and so       becomes considerably more restrictive. 
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2.4. CONCLUDING REMARKS 

In this chapter, we presented our approach to the development of an integrated reduced 

complexity model whose main strength lies in its simplicity. As we will show in the following 

chapters, this simplicity proved to be fundamental for the modelling studies we conducted as part of 

this doctoral project to investigate several research questions under very particular scenarios, which 

required us to tailor the model to very specific circumstances each time. This because the questions 

were related to the patterns of development and competition between different groups of primary 

producers under eutrophication and brownification pressures (Chapter 3), the effect on lake 

metabolic rates of artificial skyglow (the diffuse luminance of the night sky resulting from artificial 

light sources) (Chapter 4), and the influence of water colour and phytoplankton biomass on the 

thermal structure of a lake (Chapter 5). As a second intention behind these studies, we can mention 

the assessment of model performance and its validation as a potentially useful tool for other similar 

studies, by comparing simulation results to field measurements, thus ensuring a reasonable 

behaviour in terms of how realistically our predictions can simulate observed pattern. 
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CHAPTER 3 

MODELLING THE EFFECTS OF COMBINED NUTRIENT ENRICHMENT AND 
BROWNIFICATION PRESSURES ON THE COMPETITION BETWEEN PRIMARY 

PRODUCERS IN FRESHWATER LAKES 

3.1. INTRODUCTION 

3.1.1. Chapter motivation and overview 

In the summer of 2015, a large-scale mesocosm experiment was conducted at the IGB 

LakeLab in Lake Stechlin (Brandenburg, Germany), to study the combined effect of two stressors, 

nutrient enrichment and browning of the water, on the different components of a lake ecosystem, 

and on the interactions between them. For the experiment, 21 mesocosms were split into three 

groups, each subjected to one of three different browning treatments, including a control (i.e., ‘no-

browning’) treatment. Within each treatment group, a gradient of 7 different initial nutrient 

concentrations was applied (the lowest one being the control). 

 During part of this period, a sub-experiment led by IGB researcher Sabine Hilt was carried 

out, looking into the effects of these two stressors on the different groups of primary producers 

(submerged macrophytes, periphyton and phytoplankton). High-frequency vertically resolved 

limnological data and half-hourly time series of meteorological data for the entire duration of the 

experiment were made available to us and, in collaboration with Sabine Hilt and IGB ecological 

modeller Sabine Wollrab, we tailored a specific version of our integrated process-based reduced 

complexity model to the specific requirements of the sub-experiment. This version includes 

governing equations for water temperature, live and dead biomass of all involved groups of primary 

producers, and dissolved inorganic phosphorus as the limiting nutrient. We thus hoped to reproduce 

observed mesocosm responses as accurately as possible, to then move on to a more theoretical 

analysis based on the comparison between observations and simulation results under the 

hypotheses: (a) that browning strongly reduces the maximum colonization depths of both 

periphyton and macrophytes, decreasing benthic primary production; (b) that sudden 

brownification leads to increased grazing pressures on periphyton and phytoplankton, explained by 



Ecological Modelling of Lake Ecosystems:  
Integrating hydro-thermodynamics and biogeochemistry in a reduced complexity framework 

 

30 
 

higher zooplankton concentrations in browner systems within the thinner epilimnion; and (c) that 

as a consequence of the latter, sudden brownification decreases epiphyton shading on macrophytes, 

which consequently gain more importance in the system relative to other primary producer groups. 

It is also important to say that this study had a double purpose. In addition to addressing the 

stated limnological questions, the large amount of data we had at our disposal also allowed us to 

assess how realistically our model could predict observed patterns. This assessment was carried out 

by evaluating a series of indices such as the average root mean square error between predictions and 

observations and the average Nash-Sutcliffe model efficiency coefficient. In this way, we hoped to 

validate our model as a potentially useful tool, in particular for cases such as the IGB LakeLab, whose 

structural design poses a series of challenges for other highly popular and widely-used general 

models that are in general more complex and therefore harder to customise. 

3.1.2. Brownification of inland waters 

Freshwater ecosystems in general (lakes in particular) can be found in nature in a wide range 

of water colours. This range is not always a mere macroscopic effect of different concentrations of 

suspended sediments, detritus and microorganisms. The colour of water itself can change depending 

on the substances that are dissolved in it. With a change in water colour, a change in optical 

properties of the water can naturally be expected. These optical properties play an important role in 

aquatic ecosystems, as they determine the way in which each of the wavelengths that together make 

up the spectrum of radiation reaching their surface will be absorbed. Thus, water colour plays a key 

role in defining both the underwater light climate and the thermal structure of the water column. 

With the term ‘brownification’ or, alternatively, ‘browning’, we refer to a rather recent 

concern that has yet to be vastly covered in scientific literature, which consists in a gradual or 

sudden change of colour of inland waters towards browner tones. Although increasing 

concentrations of iron have also been hypothesised to be behind some of the observed 

brownification trends (Kritzberg & Ekström, 2012), the phenomenon is most frequently associated to 

increasing concentrations of dissolved humic substances (organic compounds naturally occurring in 

soils, peat and coal). 

In any case, it is safe to say that the browning of natural waters is mostly a consequence of 

the increased inputs of terrestrial organic matter, recorded over the past decades in many regions of 

the world (e.g., Monteith, et al., 2007; Musolff, et al., 2017), especially in the northern hemisphere 

(Roulet & Moore, 2006). The causes of these increased inputs can be many: (i) modified hydrological 

conditions in the catchment that favour runoff; (ii) changing organic matter decomposition rates, 

which depend on moisture and temperature; (iii) increased primary production resulting from 
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higher atmospheric carbon dioxide concentrations; and, (iv) an altered soil chemistry due to a 

reduction in acid deposition (Evans, et al., 2006). 

Of these four causes, however, altered hydrological conditions in the catchment are behind 

the sudden brownification events commonly observed in lowland rivers. This is because these events 

result from floods that occur after a prolonged dry period over which organic matter has 

accumulated in the catchment (e.g., Hladyz, et al., 2011; Ning, et al., 2015). Post-flood brownification 

has been reported for several lakes (Sadro & Melack, 2012; Brothers, et al., 2014; Lenard & 

Ejankowski, 2017), strongly influencing primary production through a series of cascading and 

interacting physical, chemical, and biological effects (Solomon, et al., 2015). Terrestrially originated 

organic matter provides additional nutrients (Klug, 2002; Kissman, et al., 2013) but also reduces 

light availability (Karlsson, et al., 2009), thus affecting primary producers in opposite directions 

(Klug, 2002). 

In the case of northern lakes, where the variation of whole-lake primary production is mostly 

explained by the underwater light climate, the concentration of dissolved organic carbon (DOC) 

plays a key role. In these systems, DOC has been identified as the main determinant of light 

extinction, being negatively correlated with primary production when above a DOC concentration 

threshold of about 4.8 mg·L-1 (Seekel, et al., 2015). However, in a recently conducted field 

experiment (Rivera Vasconcelos, et al., 2018), both dissolved phosphorus concentration in the 

pelagic zone and total gross primary production (GPP) increased with increasing inputs of terrestrial 

dissolved organic matter (tDOM), suggesting a direct nutrient subsidy from tDOM-bound nutrients. 

In this experiment, this was true even when DOC concentrations were well above the 

aforementioned 4.8 mg·L-1 threshold. The reason behind these apparently contrasting results would 

be that, although reduced light availability due to high DOC concentrations may harm primary 

producers, especially benthic ones, it may also increase the amount of dissolved nutrients that is 

available in the water column. This especially benefits the pelagic primary producers that can still 

receive sufficient light near the water surface. Therefore, the authors of this study argue that it is 

unlikely that a single threshold applies to all lakes, suggesting optical density as a more appropriate 

predictor of whether the impact of DOC on GPP will be positive or negative.   

The asymmetric competition for these resources (light and nutrients) between benthic and 

pelagic primary producers was shown to contribute to this effect. While pelagic primary producers 

intercept the flux of light towards the benthic habitat, benthic producers can intercept the flux of 

nutrients from the sediments that would otherwise reach the pelagic zone (Vasconcelos, et al., 2016). 

In this way, decreasing light availability in increasingly brown lakes can potentially induce shifts 

from ecosystem dominance by benthic to dominance by pelagic primary producers through a well-
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known feedback mechanism. Having less light at their disposal, the growth of the former group is 

impaired, and thus nutrients released across the sediment-water interface can reach the latter, 

whose growth is boosted, shading deeper water layers further. A stronger thermal stratification of 

the water column due to higher light extinction in the upper part of the system can also contribute 

to this shift in dominance through anoxic release of phosphorus from the sediments. Such a case was 

reported in a temperate shallow lake after a sudden brownification event in which the DOC 

concentration rose from 12 to more than 50 mg·L-1 within a year, decreasing periphyton production 

and favouring phytoplankton (Brothers, et al., 2014). 

In recent years, many studies have sought to improve scientific understanding of these 

interactions, most of them focusing on either whole-ecosystem primary production (e.g., Ask, et al., 

2009; and Seekel, et al., 2015), on phytoplankton production (e.g., Lebret, et al., 2018) and/or 

periphyton production (e.g. Godwin, et al., 2014), as well as on the interactions between these 

groups (e.g. Brothers, et al., 2014; Vasconcelos, et al., 2016; and Rivera Vasconcelos, et al., 2018). 

Submerged macrophytes, however, can also substantially contribute to primary production, 

especially in shallow lakes (Brothers, et al., 2013; Kazanjian, et al., 2018), and although macrophyte 

abundance in these systems can be strongly influenced by epiphyton shading (Phillips, et al., 1978; 

Phillips, et al., 2016), studies on the effects of brownification on the interactions between 

macrophytes and epiphyton are still lacking. 

In principle, epiphytic algae have lower light compensation points than macrophytes (Sand-

Jensen & Borum, 1991; Rier, et al., 2005) and, because of this, should suffer less than macrophytes 

from light attenuation by brownification. However, epiphyton biomass is often top-down controlled 

by grazers (Jones, et al., 2002; Jones & Sayer, 2003). Direct and indirect effects of brownification on 

grazer abundance, such as their suppressed emergence due to browning-induced anoxic conditions 

(Ning, et al., 2015), may, therefore, cascade down to epiphyton and to macrophytes thereafter, 

further complicating the matter. 

3.2. MATERIALS AND METHODS 

3.2.1. Case Study: Sub-experiment – MARS mesocosm experiment 

The MARS project and its IGB LakeLab experiment in 2015 

Funded by the European Union’s 7th Framework Programme, project MARS2 (acronym for 

‘Managing Aquatic ecosystems and water Resources under multiple Stress’) is a research project that 

aims to support European policies such as the Water Framework Directive (WFD) and the Blueprint 

                                                           
2
 Official website: http://www.mars-project.eu/  
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to Safeguard Europe’s Water Resources. Targeting water managers and policymakers, its main 

objective is to gain an improved understanding of the effects of multiple stressors on surface waters 

and groundwater, their biota, the services they provide to humans and how these services are related 

to their ecological status. With this understanding, it hopes to advise river basin managers on how to 

restore stressed rivers and lakes, to revise and, if necessary, update or develop new WFD’s indicators 

for ecological status and ecosystem services, and to develop methods and software to support its 

Programmes of Measures. 

Within this context, during the summer of 2015, an experiment was conducted at the IGB 

LakeLab3 of the Leibniz-Institute of Freshwater Ecology and Inland Fisheries (IGB). The IGB LakeLab 

is a large-scale mesocosm facility installed in Lake Stechlin, a dimictic oligotrophic to mesotrophic 

hard-water lake located in Brandenburg, north-eastern Germany (53°08’36’’ N, 13°01’41’’ E). It 

consists of 24 metallic enclosures (coded E01 to E24) of a 9 m-diameter circular cross-section, 

reaching down to the bottom of the lake at a depth of approximately 20 m (Figure 3.1). For further 

reference, see Giling, et al., 2017a. 

 

Figure 3.1. Aerial view of the IGB LakeLab in Lake Stechlin, Brandenburg, Germany. Photograph © 

Leibniz-Institute of Freshwater Ecology and Inland Fisheries. 

For the MARS experiment, 21 of these enclosures were randomly chosen to test the combined 

effects of phosphorus enrichment and water browning related to inputs of humic substances. For 

this purpose, each of the 21 MARS enclosures was randomly assigned to one of 3 browning treatment 

groups (coded A to C). The 7 enclosures of each browning group were then randomly assigned to 

                                                           
3
 Official website: https://www.lake-lab.de/ 
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one of 7 different phosphorus enrichment levels (coded 1 to 7). Note that, because of this 

experimental design, there were no combined-treatment replicates. 

Prior to treatment application, all fish were removed from the 21 enclosures, and the same 

initial conditions were produced in all of them by homogenising the water columns with the outer 

lake. This was done by first pumping water from the hypolimnion of the lake into the hypolimnion 

of the mesocosms while simultaneously doing the opposite, at an equal volumetric rate, for 

approximately 24 hours. After this, the procedure was repeated for the epilimnion. 

Water browning was achieved by the addition of HuminFeed® (HF), a feed-grade water-

soluble sodium humate extracted from German lignite, a type of brown coal originating from the 

natural decomposition and compression of organic matter (peat) (for a detailed description, see 

Meinelt, et al., 2007). HF additions significantly affect water colour without a considerable effect on 

total organic carbon concentrations (Lebret, et al., 2018). In this experiment, HF was added, also as 

single pulses, at two levels: 5 and 10 mg·L-1 of epilimnion water (treatments B and C, respectively). 

The control was the ‘no HF added’ case (treatment A). Enclosures assigned to each treatment 

combination are summarised in Table 3.1. 

Table 3.1. Experimental treatments and set-up of the MARS experiment 

 Phosphorus enrichment level (µg P·L-1 epilimnion) 

  18 19 22 27 34 43  54 

Treatment 1  2 3 4 5 6 7 
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0 A E14 E21 E17 E02 E08 E05 E22 

5 B E04 E15 E10 E09 E18 E20 E01 

10 C E24 E16 E19 E03 E12 E13 E07 

 

Sub-experiment 

Between the 12th of June and the 6th of July of 2015, a sub-experiment was carried out by IGB 

researcher Sabine Hilt and her team, to investigate the responses, under these treatments, of two 

competing groups of primary producers: periphyton and macrophytes. For this, three days prior to 

exposure, 10 cm-long specimens of sago pondweed (Potamogeton pectinatus) were collected from 

the shallow littoral zone of Lake Stechlin. This is a common rooted submerged macrophyte of 

worldwide distribution (Hilt, et al., 2018). Following collection, two of these specimens were planted 

into each one of a total of 105 plastic pots that had been previously filled with a sufficient amount of 

the local sandy sediments (Figure 3.2a). White plastic strips were also prepared (as in Roberts, et al., 
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2003), meant to provide a substrate for periphyton to grow on, a proxy for epiphyton growing on 

macrophytes. Five of these pots, together with three periphyton strips per pot, were then attached to 

each one of 21 ropes (one per enclosure). These were submerged at specified depths of 0.75, 1.5, 3, 6 

and 12 m below the water surface (Figure 3.2c). The ropes were hung inside the enclosures right after 

the HF and nutrient pulses. At the end of the 24-day period, periphyton (strips) and macrophytes 

were harvested. 

Note that, even though the inner sides of the enclosure walls were thoroughly scrubbed 

before the start of the experiment, periphyton remarkably developed on them throughout its 

duration (Figure 3.2b). Because it is likely that this growth considerably affected nutrient 

concentrations in the enclosures, the consideration of ‘wall periphyton’ was deemed necessary for 

this modelling study. 

 

 

(a) 

 
(b) (c) 

Figure 3.2. Primary producer groups considered in this study (in addition to phytoplankton): (a) 

macrophytes (P. pectinatus); (b) periphyton growing on the inner walls of the enclosures; and (c) 

periphyton growing on plastic strips, a proxy for the epiphyton growing on macrophyte specimens. All 

photographs © 2015 Sabine Hilt. 

3.2.2. Datasets and quality control 

During and after the experiment, datasets were produced both in the field, where several 

limnological and meteorological variables were automatically monitored at high temporal and 

spatial resolutions and some other variables were measured regularly (e.g., Secchi depth); and in the 

laboratory, where water samples were analysed for several variables, and periphyton and macrophyte 
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samples were processed, measured and weighted. Next, we describe these datasets in detail and 

specify those that were used in this study, as well as the quality checks performed on them prior to 

their use. 

High-frequency vertically resolved data 

Each IGB LakeLab enclosure is permanently equipped with a vertical profiling system 

consisting of an automated winch mounted on a metallic frame, to which a probe is attached by 

means of thin metallic cables (1.6 mm diameter). Each profiler comprises a YSI 6600 multiparameter 

probe4 with sensors for water temperature (YSI6560), electrical conductivity (YSI6560), pH 

(YSI6579) and dissolved oxygen concentration (YSI6150); a Li-Cor spherical quantum sensor5 (LI-

193SA) measuring photosynthetically active radiation (PAR) at 15-s intervals; and a bbe Moldaenke 

FluoroProbe6, a submersible spectrofluorometer measuring chlorophyll-a concentration. The latter is 

split into four algal pigment groups (green algae, cyanobacteria, diatoms and cryptophytes), and 

yellow substance concentration measured in relative fluorescence units (RFU). Measurements were 

taken starting at 0.5 m below the water surface, and thereafter at 5-metre increments down to a 

maximum depth that varied between 15.5 and 20 m depending on the depth of the bottom at each 

specific location. A full profile for each enclosure was recorded at an hourly temporal resolution. 

Optical sensors were regularly wiped (at 2-hour intervals) by means of automated brushes. 

Datasets used in this study include water temperature, 𝑇𝑤 (°C); photosynthetically active 

radiation, 𝑃𝐴𝑅 (µmol photons·m-2·s-1) and total chlorophyll-a, Ch -  (mg Chl-a·L-1). These correspond 

to all 21 enclosures (Figures 3.3 to 3.5) plus 4 points of the outer lake surrounding the IGB LakeLab. 

Prior to their use, all datasets were subjected to an automated data quality check that scanned for 

outliers (i.e., values above and below reasonable maxima and minima for each variable, respectively), 

which were corrected based on the nature of the detected error. When no correction was possible, 

affected data points were replaced by spatially interpolating, within reasonable limits, those of 

adjacent layers, provided good data for these points were available. Temporal gaps in the data of up 

to one hour were linearly interpolated too. For consistency and clarity in the processing of data, 

manual correction was avoided in all cases.  

                                                           
4
 YSI Inc., Yellow Springs, OH, USA 

5
 Li-Cor, Lincoln, USA 

6
 bbe Moldaenke, Schwentinental, Germany 
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Figure 3.3. Water temperatures (°C) measured in all 21 mesocosms during the 24-day sub-experiment (12/06/2015 

12:00 to 06/07/2017 12:00, x-ticks every 48 hours). Figures on the same column correspond to the same browning 

treatment (coded A to C) and those on the same row to the same phosphorus enrichment treatment (coded 1 to 7). 
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Figure 3.4. Photosynthetically Active Radiation (PAR, µmol photons·m

-2
·s

-1
) calculated from light extinction 

coefficient estimates for the sub-experiment (12/06/2015 12:00 to 06/07/2017 12:00). Figures on the same column 

correspond to same browning treatment (A to C) and on the same row to same P enrichment treatment (1 to 7). 
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Figure 3.5. Total chlorophyll-a concentrations (µg Chl-a·L-1) measured in all 21 mesocosms during the 24-day sub-

experiment (12/06/2015 12:00 to 06/07/2017 12:00). Figures on the same column correspond to the same browning 

treatment (coded A to C) and those on the same row to the same phosphorus enrichment treatment (coded 1 to 7). 
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Meteorological data 

Meteorological data was provided by the Umweltbundesamt (UBA, the Federal Environment 

Agency of the Federal Republic of Germany)7, recorded for the entire MARS experiment at a nearby 

location on the shore of Lake Stechlin. Data included half-hourly measurements of air temperature 

(°C), atmospheric pressure (hPa), relative humidity (%), precipitation intensity (mm·h-1), wind speed 

(m·s-1, measured at 10 m above the ground), and total irradiance (W·m-2). For all simulations, when 

necessary, these data were linearly interpolated to match each time step (see examples for air 

temperature and wind speed in Figure 3.6). 

 

 
(a) 

 
(b) 

Figure 3.6. Measured and linearly interpolated time series of meteorological variables: (a) air temperature, 𝑻𝒂𝒊𝒓 (°C); 

and (b) wind speed, 𝒖𝒘𝒊𝒏𝒅 (m·s
-1
), measured at 10 m above the ground level. Source of data: UBA. 

                                                           
7
 Official website: https://www.umweltbundesamt.de/en 
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Determinations in laboratory 

Integrated water samples 

Integrated epilimnion water samples were taken by means of plastic hoses, on the day of the 

phosphorus and HF additions (12th of June), a few days later, on the 16th of June, and, from then on, 

on a weekly basis. These samples were analysed in the laboratory for determining the values of 

several variables. Of these variables, the concentration of total phosphorus (TP) in the epilimnion 

was of particular interest for this study. Time series of determined TP concentrations for the 

duration of the sub-experiment are presented in Figure 3.7. 

 
(a) 

 
(b) 

 

 
(c) 

Figure 3.7. Time series of Total Phosphorus (TP) concentrations (mg P·m
-3

) in the epilimnion of enclosures assigned to 

treatments: (a) A, no browning (control); (b) B, ‘low’ browning (5 mg HF·L
-1
); and (c) C, ‘high’ browning (10 mg HF·L

-1
). 
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Periphyton and macrophyte samples 

Periphyton was scrubbed off the strips by means of a toothbrush and then suspended in a 

defined amount of enclosure water that had been previously filtered through grade GF/F Whatman 

glass microfiber filters. After homogenisation, to determine periphyton biomass (dry weight) (Figure 

3.8), aliquots of the suspensions were subsequently filtered through pre-weighed, pre-washed GF/F 

Whatman filters, finally dried at 60 °C. As for macrophytes, before weighting (Figure 3.9), they were 

gently washed (to remove epiphyton layers) and then also dried at 60 °C.  
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Figure 3.8. Harvested periphyton biomass (dry weight or DW, strips), a proxy for epiphyton growing on macrophytes. 

DW is shown for browning treatments A, B and C in different plots (as g·m
-2

 and % of DW at 0.75 m), and phosphorus 

enrichment treatments 1 to 7 as profiles in different colours in each browning treatment plot. 
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Figure 3.9. Harvested macrophyte biomass (dry weight or DW). DW is shown for browning treatments A, B and C in 

different plots (as mg and % of DW at 0.75 m), and phosphorus enrichment treatments 1 to 7 as profiles in different 

colours in each browning treatment plot. 

Note that, although the final biomass values of macrophytes harvested from all 21 enclosures 

(and all 5 depths) are presented together in Figure 3.9, these are not directly comparable between 

them because the initial biomass values were not necessarily the same for all pots. This is because, as 

previously explained, the specimens were collected from the littoral zone of the lake and even 

though a similar initial macrophyte biomass was aimed for all pots, natural variability among plants 

must be considered. 
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Secchi depth measurements 

Whenever integrated water samples were collected, Secchi depth (SD) was also measured. 

Mesocosms subjected to treatment A presented a wide variation of SD values, ranging from 2.30 to 

3.75 m at the beginning of the sub-experiment, and between 1.85 and 7.25 m towards the end of this 

period (Figure 3.10a). Because of this high variation, two enclosures were flagged as outliers and 

removed from further analyses. These were enclosures E21 (treatment A2), which presented the 

highest transparency, and enclosure E02 (treatment A4), which presented the highest turbidity. The 

high turbidity of mesocosm in enclosure E02 was due to the presence therein of a predatory 

crustacean that removed all zooplankton. Mesocosms subjected to treatments B showed much more 

consistent SD values, ranging from 1.40 to 1.60 m at the beginning, and from 3.00 to 3.95 m at the 

end (Figure 3.10b). Equally consistent were the mesocosms subjected to treatment C, presenting 

initial SD values between 0.95 and 1.25 m, and final values between 1.70 and 2.45 m (Figure 3.10c). 

 
(a) 

 
(b) 

 
 

(c) 
Figure 3.10. Time series of Secchi depths (SD) (m) in mesocosms assigned to treatments: (a) A, no browning (control); 
(b) B, ‘low’ browning (5 mg HF·L

-1
); and (c) C, ‘high’ browning (10 mg HF·L

-1
). 
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3.2.3. Model version 

For this study, a specific version of the model was set up to reproduce, as closely as possible, 

the processes and conditions that were observed throughout the experiment. For instance, the 

consideration of nutrient uptake by periphyton growing on the inner side of the enclosure walls was 

deemed necessary. Because of this, we will hereafter refer to periphyton growing on the plastic strips 

as ‘epiphyton’, given that their purpose was precisely to serve as a proxy for the epiphyton growing 

on macrophytes. We will, therefore, reserve the term ‘periphyton’ for the periphyton growing on the 

enclosure walls. 

Governing equations 

The model version for this study includes governing equations for: 𝑇𝑤, water temperature 

(eq. 3.1); 𝐶𝑝ℎ𝑦𝑡𝑜 𝑙𝑖𝑣𝑒 and 𝐶𝑝ℎ𝑦𝑡𝑜 𝑑𝑒 𝑑, the live and dead phytoplankton biomass concentrations, (eq. 

3.2) and  (eq. 3.3), respectively; 𝐴𝑝𝑒𝑟𝑖 𝑙𝑖𝑣𝑒 and 𝐴𝑝𝑒𝑟𝑖 𝑑𝑒 𝑑, the areal densities of live and dead 

periphyton biomasses, (eq. 3.4) and (eq. 3.5), respectively; 𝐴𝑒𝑝𝑖 𝑙𝑖𝑣𝑒 and 𝐴𝑒𝑝𝑖 𝑑𝑒 𝑑, the areal densities 

of live and dead epiphyton biomasses, (eq. 3.6) and (eq. 3.7), respectively; 𝐵   𝑟𝑜 𝑙𝑖𝑣𝑒 and 

𝐵   𝑟𝑜 𝑑𝑒 𝑑, the live and dead macrophyte biomasses, (eq. 3.8) and (eq. 3.9), respectively; and 𝑃𝑑, the 

concentration of dissolved inorganic phosphorus (eq. 3.10). These equations are: 

{
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 𝐶𝑝ℎ𝑦𝑡𝑜 𝑑𝑒 𝑑

  
  𝑑 𝑝ℎ𝑦𝑡𝑜𝐶𝑝ℎ𝑦𝑡𝑜 𝑙𝑖𝑣𝑒  𝑏𝑝ℎ𝑦𝑡𝑜 𝑑𝑒 𝑑𝐶𝑝ℎ𝑦𝑡𝑜 𝑑𝑒 𝑑      

 𝐴𝑝𝑒𝑟𝑖 𝑙𝑖𝑣𝑒
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 𝐴𝑝𝑒𝑟𝑖 𝑑𝑒 𝑑

  
  𝑑 𝑝𝑒𝑟𝑖𝐴𝑝𝑒𝑟𝑖 𝑙𝑖𝑣𝑒  𝑏𝑝𝑒𝑟𝑖 𝑑𝑒 𝑑𝐴𝑝𝑒𝑟𝑖 𝑑𝑒 𝑑      

 𝐴𝑒𝑝𝑖 𝑙𝑖𝑣𝑒
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 𝐵   𝑟𝑜 𝑙𝑖𝑣𝑒
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 𝑃𝑑

  
)  𝑆𝑝ℎ𝑦𝑡𝑜  𝑆𝑝𝑒𝑟𝑖 𝑏𝑒𝑛  𝑆𝑒𝑝𝑖 𝑏𝑒𝑛        

 

where the parameters  𝑝ℎ𝑦𝑡𝑜 𝑙𝑖𝑣𝑒 and  𝑝ℎ𝑦𝑡𝑜 𝑑𝑒 𝑑 are constant sinking velocities of live and dead 

phytoplankton cells, respectively; the supplementary variables   
  (vertical turbulent thermal 

diffusivity),   
  (vertical turbulent mass diffusivity),  𝑠𝑤 (shortwave radiation energy absorption rate) 

and  𝑤 (water density) are defined as in Chapter 2, and all other variables are defined in the 

following section. 



Ecological Modelling of Lake Ecosystems:  
Integrating hydro-thermodynamics and biogeochemistry in a reduced complexity framework 

 

46 
 

To keep the model simple enough, no equations for bound phosphorus in either live or dead 

biomasses of any of the four primary producer groups were included. We coped with this limitation 

by assuming a fixed stoichiometry of both live and dead primary producer cells, with constant 

phosphorus to carbon cellular quotas,  𝑝ℎ𝑦𝑡𝑜,  𝑝𝑒𝑟𝑖,  𝑒𝑝𝑖 and     𝑟𝑜, equal to the mass-based 

Redfield ratio of P:C = 0.0244 (as in Jäger, et al., 2010; and Peeters, et al., 2013). This corresponds to 

the widely observed carbon-to-phosphorus atoms ratio of 106:1 (Redfield, 1958). 

In Table 3.2, we describe in detail the spatiotemporal coordinates of the system and the 

chosen state variables. The supplementary variables appearing in the governing equations are 

described in Table 3.3, and all other variables are described in Table 3.4. The description and 

selected values of fixed parameters are presented in Table 3.5, and the description and ranges within 

which all other parameters were calibrated are presented in Table 3.6. 

Table 3.2. Description and units of measurement of system coordinates and state variables 

System coordinate 
or State variable 

Description Units 

  Spatial coordinate of the system, with the origin at the 
water surface and positive direction downwards 

m 

  Temporal coordinate of the system, with the origin at the 
start of the simulated period and positive direction forward 

s 

𝑇𝑤 Water temperature °C 
𝐶𝑝ℎ𝑦𝑡𝑜 𝑙𝑖𝑣𝑒  Concentration of live phytoplankton biomass  mg C·m

-3
 

𝐶𝑝ℎ𝑦𝑡𝑜 𝑑𝑒 𝑑  Concentration of dead phytoplankton biomass mg C·m
-3

 

𝐴𝑝𝑒𝑟𝑖 𝑙𝑖𝑣𝑒  Areal density of live periphyton biomass mg C·m
-2

 

𝐴𝑝𝑒𝑟𝑖 𝑑𝑒 𝑑 Areal density of dead periphyton biomass mg C·m
-2

 

𝐴𝑒𝑝𝑖 𝑙𝑖𝑣𝑒 Areal density of live epiphyton biomass mg C·m
-2

 

𝐴𝑒𝑝𝑖 𝑑𝑒 𝑑 Areal density of dead epiphyton biomass mg C·m
-2

 

𝐵   𝑟𝑜 𝑙𝑖𝑣𝑒  Live macrophyte biomass mg C 

𝐵   𝑟𝑜 𝑑𝑒 𝑑  Dead macrophyte biomass mg C 
𝑃𝑑 Concentration of dissolved inorganic phosphorus mg P·m

-3
 

 

Supplementary equations 

Shortwave irradiance 

The extinction of shortwave radiation energy absorbed into the system through the water 

surface is modelled following the Beer-Lambert law. At any given depth  , we have: 

 
 𝐼𝑠𝑤
  

   𝑡𝑜𝑡𝐼𝑠𝑤         

where  𝑡𝑜𝑡 is the total light extinction coefficient resulting from adding the individual contributions 

of live and dead phytoplankton biomass,  𝑝ℎ𝑦𝑡𝑜 𝑙𝑖𝑣𝑒 and  𝑝ℎ𝑦𝑡𝑜 𝑑𝑒 𝑑, respectively, to that which is due 

to water,  𝑏𝑔. Here,  𝑏𝑔 was considered dependent on water colour. The total light extinction 

coefficient is therefore given by 
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  𝑡𝑜𝑡   𝑝ℎ𝑦𝑡𝑜 𝑙𝑖𝑣𝑒   𝑝ℎ𝑦𝑡𝑜 𝑑𝑒 𝑑   𝑏𝑔         

where 

  𝑝ℎ𝑦𝑡𝑜 𝑙𝑖𝑣𝑒   𝑝ℎ𝑦𝑡𝑜 𝑙𝑖𝑣𝑒 𝑠𝑝𝑒 𝐶𝑝ℎ𝑦𝑡𝑜 𝑙𝑖𝑣𝑒        

and 

  𝑝ℎ𝑦𝑡𝑜 𝑑𝑒 𝑑   𝑝ℎ𝑦𝑡𝑜 𝑑𝑒 𝑑 𝑠𝑝𝑒 𝐶𝑝ℎ𝑦𝑡𝑜 𝑑𝑒 𝑑         

 𝑝ℎ𝑦𝑡𝑜 𝑙𝑖𝑣𝑒 𝑠𝑝𝑒  and  𝑝ℎ𝑦𝑡𝑜 𝑑𝑒 𝑑 𝑠𝑝𝑒  being, respectively, the specific light extinction coefficients (per 

unit concentration) of live and dead phytoplankton biomass. 

Over the duration of the MARS experiment, a progressive ‘bleaching’ of the HF-coloured 

water was observed. To account for this, in the simulations we considered  𝑏𝑔 to be variable over 

time, linearly decaying from an initial value  𝑏𝑔 𝑖𝑛𝑖 at    , the starting time of the simulation, to a 

final value of  𝑏𝑔 𝑒𝑛𝑑 at time    𝑒𝑛𝑑, the ending time of the 24-day period. In each case, we 

estimated, for each HF treatment, average  𝑏𝑔 𝑖𝑛𝑖 and  𝑏𝑔 𝑒𝑛𝑑 values based on available underwater 

measurements of photosynthetically active radiation. 

Fractional biodegradation rates of carbon biomass 

In all ecosystems, all organic substances, dead biomass included, are ultimately 

biodegraded/re-mineralised by the decomposers (e.g., bacteria and fungi). Several factors affect the 

rate at which this occurs, among which we can mention temperature, light, water and oxygen. In this 

version of the model, since we are modelling the dead biomass of all primary producer groups, we 

have included this process by means of fractional biodegradation rates, 𝑏𝑝ℎ𝑦𝑡𝑜 𝑑𝑒 𝑑, 𝑏𝑝𝑒𝑟𝑖 𝑑𝑒 𝑑, 

𝑏𝑒𝑝𝑖 𝑑𝑒 𝑑 and 𝑏   𝑟𝑜 𝑑𝑒 𝑑. For the sake of simplicity, we have made these rates depend only on water 

temperature. This dependence takes the form of an Arrhenius-type function, which is: 

 𝑏𝑖 𝑑𝑒 𝑑  𝑏𝑖 𝑑𝑒 𝑑 𝑟𝑒𝑓𝜃𝑏𝑖 𝑑  𝑑

(          𝑏𝑖𝑜)             

where the 𝑏𝑖 𝑑𝑒 𝑑 𝑟𝑒𝑓 (𝑖   ℎ𝑦 𝑜    𝑖   𝑖 𝑚   𝑜) are reference fractional biodegradation rates 

potentially distinct for each group 𝑖; 𝜃𝑏𝑖 𝑑  𝑑
 is a pre-exponential factor for biodegradation that can 

also be specific to each group; and 𝑇𝑤 𝑟𝑒𝑓 𝑏𝑖𝑜, a reference water temperature for biological processes, 

usually set to be 20°C (e.g., Sand-Jensen & Borum, 1991). 

Fractional growth rate of phytoplankton biomass 

To account for the dependence of phytoplankton biomass growth on water temperature, 

shortwave irradiance and phosphorus concentration, the corresponding fractional growth rate was 

modelled as 
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  𝑝ℎ𝑦𝑡𝑜   𝑝ℎ𝑦𝑡𝑜 𝑟𝑒𝑓𝑇  𝑝ℎ𝑦𝑡𝑜   𝑝ℎ𝑦𝑡𝑜𝑃  𝑝ℎ𝑦𝑡𝑜         

where  𝑝ℎ𝑦𝑡𝑜 𝑟𝑒𝑓 is a reference fractional growth rate of phytoplankton biomass; 𝑇  𝑝ℎ𝑦𝑡𝑜 is an 

Arrhenius-type temperature-mediation factor;    𝑝ℎ𝑦𝑡𝑜 is a light limitation factor accounting for 

photoinhibition of phytoplankton growth (Steele, 1962); and 𝑃  𝑝ℎ𝑦𝑡𝑜 is a Monod-type phosphorus 

limitation factor. These are: 

 𝑇  𝑝ℎ𝑦𝑡𝑜  𝜃𝑝    𝑜

(          𝑏𝑖𝑜)         

where 𝜃𝑝    𝑜
 is the corresponding pre-exponential factor and 𝑇𝑤 𝑟𝑒𝑓 𝑏𝑖𝑜 the reference water 

temperature for biological processes; 

    𝑝ℎ𝑦𝑡𝑜  
𝐼𝑠𝑤

𝐼𝑠𝑤 𝑜𝑝𝑡 𝑝ℎ𝑦𝑡𝑜
 
     

   
    𝑜       𝑜

 
         

where 𝐼𝑠𝑤 𝑜𝑝𝑡 𝑝ℎ𝑦𝑡𝑜 is the optimal shortwave irradiance for phytoplankton biomass growth; and 

 𝑃  𝑝ℎ𝑦𝑡𝑜  
𝑃𝑑

𝑚  𝑝ℎ𝑦𝑡𝑜  𝑃𝑑
         

where 𝑚  𝑝ℎ𝑦𝑡𝑜 is the corresponding half-velocity constant. 

Fractional loss rate of phytoplankton biomass 

Phytoplankton loses biomass mainly due to grazing by zooplankton, but also due to 

senescence (natural cell ageing which ultimately leads to cellular death) and other intrinsic 

processes such as respiration and exudation (Sand-Jensen & Borum, 1991). To account for all these, 

we modelled the fractional loss rate of phytoplankton biomass as: 

  𝑝ℎ𝑦𝑡𝑜   𝑔𝑟  𝑝ℎ𝑦𝑡𝑜   𝑑 𝑝ℎ𝑦𝑡𝑜   𝑏𝑔 𝑝ℎ𝑦𝑡𝑜        

In eq. 3.23,  𝑔𝑟  𝑝ℎ𝑦𝑡𝑜 is the contribution to the overall fractional loss rate that is due to 

grazing. Since the model does not include a zooplankton equation, this rate was estimated to be 

linearly dependent on the concentration of phytoplankton biomass. This is based on the assumption 

that, as a result of the ability of zooplankton to actively search for food, they would generally be 

more concentrated, and therefore grazing pressures on phytoplankton would generally be higher, 

around the depth at which the latter are more abundant. Mathematically, this is: 

  𝑔𝑟  𝑝ℎ𝑦𝑡𝑜   𝑔𝑟  𝑝ℎ𝑦𝑡𝑜 𝑟𝑒𝑓𝐶𝑝ℎ𝑦𝑡𝑜 𝑙𝑖𝑣𝑒          

where,  𝑔𝑟  𝑝ℎ𝑦𝑡𝑜 𝑟𝑒𝑓 is a reference grazing pressure per unit concentration of live phytoplankton 

biomass. 

The remaining two terms in eq. 3.23 are the intrinsic components of the overall loss rate, 

which were also considered to be temperature-dependent (Arrhenius-type relationship). The first, 
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 𝑑 𝑝ℎ𝑦𝑡𝑜, is the fractional loss rate due to cellular death, which is naturally also the rate of increase of 

𝐶𝑝ℎ𝑦𝑡𝑜 𝑑𝑒 𝑑, the concentration of dead phytoplankton biomass. The second,  𝑏𝑔 𝑝ℎ𝑦𝑡𝑜, is a 

‘background’ fractional loss rate accounting for all other intrinsic carbon biomass losses such as 

respiration (release of carbon dioxide and water) and exudation of organic substances (the 

phosphorus content of which we assumed, for simplicity, to be negligible). In this version of the 

model, we only keep track of these ‘background’ biomass losses for the sake of monitoring the 

system’s carbon balance, not modelling any further processes they undergo in nature. 

Fractional growth rate of periphyton/epiphyton biomass 

As for the case of phytoplankton, growth rates of wall periphyton and epiphyton depend on 

water temperature, shortwave irradiance and phosphorus concentration. These are, respectively: 

  𝑝𝑒𝑟𝑖   𝑝𝑒𝑟𝑖 𝑟𝑒𝑓𝑇  𝑝𝑒𝑟𝑖   𝑝𝑒𝑟𝑖𝑃  𝑝𝑒𝑟𝑖        

and   

  𝑒𝑝𝑖   𝑒𝑝𝑖 𝑟𝑒𝑓𝑇  𝑒𝑝𝑖   𝑒𝑝𝑖𝑃  𝑒𝑝𝑖          

where all factors modifying the reference growth rates are analogous to those in eq. 3.19, except for 

𝑃  𝑝𝑒𝑟𝑖 and 𝑃  𝑒𝑝𝑖, the phosphorus limitation factors. This is because it is a known fact that 

periphytic organisms can effectively intercept nutrients as they get decomposed/re-mineralised by 

bacteria and fungi, thus preventing them from reaching the pelagic zone. This results in more 

nutrients being available for periphyton than for phytoplankton (Vasconcelos, et al., 2016).  

In the particular case of epiphyton, biodegrading dead macrophyte tissues are also an 

additional nutrient supply (Sand-Jensen & Borum, 1991). Here, we have considered this by 

formulating the total amount of phosphorus theoretically available to periphyton and epiphyton 

over a differential time   , respectively, as 

 𝑃 𝑣  𝑝𝑒𝑟𝑖  𝑏𝑝𝑒𝑟𝑖 𝑑𝑒 𝑑 𝑝𝑒𝑟𝑖𝐴𝑝𝑒𝑟𝑖 𝑑𝑒 𝑑 𝑝𝑒𝑟𝑖   𝑃𝑑𝑉        

and 

 𝑃 𝑣  𝑒𝑝𝑖  (𝑏𝑒𝑝𝑖 𝑑𝑒 𝑑 𝑒𝑝𝑖𝐴𝑝𝑒𝑟𝑖 𝑑𝑒 𝑑 𝑒𝑝𝑖  𝑏   𝑟𝑜 𝑑𝑒 𝑑    𝑟𝑜𝐵   𝑟𝑜 𝑑𝑒 𝑑)   𝑃𝑑𝑉         

where  𝑝𝑒𝑟𝑖 and  𝑒𝑝𝑖 are, respectively, the surface areas over which the considered periphyton and 

epiphyton biomasses are distributed, referred to hereafter as the ‘benthic zone’; and 𝑉 is the water 

volume to which 𝑃𝑑 applies (referred to hereafter as the ‘pelagic zone’).  

The phosphorus limitation factor for periphyton can thus be defined as 

 𝑃  𝑝𝑒𝑟𝑖  
𝑃 𝑣  𝑝𝑒𝑟𝑖

𝑚  𝑝𝑒𝑟𝑖  𝑃 𝑣  𝑝𝑒𝑟𝑖
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The phosphorus limitation factor for epiphyton follows the analogous formulation: 

 𝑃  𝑒𝑝𝑖  
𝑃 𝑣  𝑒𝑝𝑖

𝑚  𝑒𝑝𝑖  𝑃 𝑣  𝑒𝑝𝑖
        

 

Periphyton/epiphyton phosphorus uptake rates per unit of carbon biomass 

Periphyton and epiphyton uptake the amount of phosphorus they require to sustain their 

growth, at a rate per unit carbon biomass that can be modelled, respectively, as 

  𝑝𝑒𝑟𝑖   𝑝𝑒𝑟𝑖 𝑝𝑒𝑟𝑖        

and 

  𝑒𝑝𝑖   𝑒𝑝𝑖 𝑒𝑝𝑖        

Having both groups access to distinct sources of phosphorus in both the pelagic and the 

corresponding benthic zones, these ‘total’ uptake rates can be further split into two components. For 

periphyton and epiphyton, these are, respectively, 

  𝑝𝑒𝑟𝑖   𝑝𝑒𝑟𝑖 𝑏𝑒𝑛   𝑝𝑒𝑟𝑖 𝑝𝑒𝑙        

and 

  𝑒𝑝𝑖   𝑒𝑝𝑖 𝑏𝑒𝑛   𝑒𝑝𝑖 𝑝𝑒𝑙        

Assuming each group to first uptake the required phosphorus from the benthic zone, and 

that only should the amount therein be insufficient to sustain their growth will they uptake 

supplementary phosphorus from the water column, we can model, for periphyton: 

 𝑝𝑒𝑟𝑖 𝑏𝑒𝑛  {
𝑏𝑝𝑒𝑟𝑖 𝑑𝑒 𝑑 𝑝𝑒𝑟𝑖

𝐴𝑝𝑒𝑟𝑖 𝑑𝑒 𝑑

𝐴𝑝𝑒𝑟𝑖 𝑙𝑖𝑣𝑒
 

 𝑝𝑒𝑟𝑖 

𝑏𝑝𝑒𝑟𝑖 𝑑𝑒 𝑑 𝑝𝑒𝑟𝑖

𝐴𝑝𝑒𝑟𝑖 𝑑𝑒 𝑑

𝐴𝑝𝑒𝑟𝑖 𝑙𝑖𝑣𝑒
<  𝑝𝑒𝑟𝑖

𝑏𝑝𝑒𝑟𝑖 𝑑𝑒 𝑑 𝑝𝑒𝑟𝑖

𝐴𝑝𝑒𝑟𝑖 𝑑𝑒 𝑑

𝐴𝑝𝑒𝑟𝑖 𝑙𝑖𝑣𝑒
  𝑝𝑒𝑟𝑖

      

 𝑝𝑒𝑟𝑖 𝑝𝑒𝑙  {
 𝑝𝑒𝑟𝑖  𝑏𝑝𝑒𝑟𝑖 𝑑𝑒 𝑑 𝑝𝑒𝑟𝑖

𝐴𝑝𝑒𝑟𝑖 𝑑𝑒 𝑑

𝐴𝑝𝑒𝑟𝑖 𝑙𝑖𝑣𝑒
 

  

𝑏𝑝𝑒𝑟𝑖 𝑑𝑒 𝑑 𝑝𝑒𝑟𝑖

𝐴𝑝𝑒𝑟𝑖 𝑑𝑒 𝑑

𝐴𝑝𝑒𝑟𝑖 𝑙𝑖𝑣𝑒
<  𝑝𝑒𝑟𝑖

𝑏𝑝𝑒𝑟𝑖 𝑑𝑒 𝑑 𝑝𝑒𝑟𝑖

𝐴𝑝𝑒𝑟𝑖 𝑑𝑒 𝑑

𝐴𝑝𝑒𝑟𝑖 𝑙𝑖𝑣𝑒
  𝑝𝑒𝑟𝑖

      

 

For epiphyton, the corresponding terms are defined analogously, but considering an 

additional additive term in both equations, 𝑏   𝑟𝑜 𝑑𝑒 𝑑    𝑟𝑜
   𝑐 𝑜 𝑑  𝑑

𝐴  𝑖 𝑙𝑖𝑣 𝛺  𝑖
, the rate of phosphorus 

remineralisation from dead macrophyte biomass per unit biomass of live epiphyton. 
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Fractional loss rate of periphyton/epiphyton biomass 

The fractional loss rates of periphyton biomass can also be partitioned as 

  𝑝𝑒𝑟𝑖   𝑔𝑟  𝑝𝑒𝑟𝑖   𝑑 𝑝𝑒𝑟𝑖   𝑏𝑔 𝑝𝑒𝑟𝑖        

As in Eq. 3.24,  𝑔𝑟  𝑝𝑒𝑟𝑖 is modelled here as a linear function of the areal density of periphyton 

biomass, 𝐴𝑝𝑒𝑟𝑖 𝑙𝑖𝑣𝑒, to account for higher zooplankton numbers wherever periphyton is more 

abundant. However, periphyton is known to be only an alternative, ‘emergency’ food source for some 

zooplankton (e.g., Daphnia magna), rather than their preferred source of nutrition, phytoplankton 

cells being this preferred source. Only below a certain threshold in phytoplankton biomass 

concentrations, estimated to be of approximately 50 mg C·m-3, have zooplankton been observed to 

turn away from phytoplankton and start feeding on periphyton instead (Siehoff, et al., 2009). 

Mathematically, this is: 

  𝑔𝑟  𝑝𝑒𝑟𝑖  {
 𝑔𝑟  𝑝𝑒𝑟𝑖 𝑟𝑒𝑓𝐴𝑝𝑒𝑟𝑖 𝑙𝑖𝑣𝑒  𝐶𝑝ℎ𝑦𝑡𝑜 𝑙𝑖𝑣𝑒 <  h   h   

  𝐶𝑝ℎ𝑦𝑡𝑜 𝑙𝑖𝑣𝑒   h   h   
        

where,  𝑔𝑟  𝑝𝑒𝑟𝑖 𝑟𝑒𝑓 is a reference grazing pressure per unit of areal density of live periphyton biomass. 

Again, the remaining two terms in eq. 3.37, which are temperature dependent, are the 

intrinsic components of the overall fractional loss rate that are due to cellular death ( 𝑑 𝑝𝑒𝑟𝑖) and 

other ‘background’ processes ( 𝑏𝑔 𝑝𝑒𝑟𝑖). The corresponding equations for epiphyton are defined 

analogously. 

Fractional growth rate of macrophyte biomass 

Unlike the other three primary producer groups considered in this study, we assumed the 

growth of macrophytes not to be nutrient-limited, as the initial biomass in each pot was quite small 

and the sub-experiment ran only for a short time. The fractional macrophyte growth rate is therefore 

only influenced by water temperature and shortwave irradiance, so 

     𝑟𝑜      𝑟𝑜 𝑟𝑒𝑓𝑇     𝑟𝑜      𝑟𝑜          

where     𝑟𝑜 𝑟𝑒𝑓 is a reference fractional growth rate of macrophyte biomass; and 𝑇     𝑟𝑜 and 

      𝑟𝑜 the corresponding temperature mediation and light limitation factors, respectively, both of 

which were calculated for macrophytes differently.  

On the one hand, the Arrhenius-type temperature mediation factor was replaced by a 

temperature optimum curve (as in Hilt, et al., 2018). This is: 

  𝑇     𝑟𝑜   
 

   

  [(      𝑜     𝑐 𝑜)
 
 (       𝑏𝑖𝑜    𝑜     𝑐 𝑜)]         
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  being a temperature constant based on a Gaussian curve and 𝑇𝑤 𝑜𝑝𝑡    𝑟𝑜 the optimal water 

temperature for macrophyte growth. On the other hand, given that macrophyte light requirements 

are generally much higher for macrophytes (Sand-Jensen & Borum, 1991), we considered 

photoinhibition not to be a potential issue and therefore used Monod-type formulation of light 

limitation for P. pectinatus as implemented in the SAGA model (Hootsmans, 1994). This is: 

       𝑟𝑜  
𝐼𝑠𝑤    𝑟𝑜

ℎ   𝑟𝑜  𝐼𝑠𝑤    𝑟𝑜
         

where 

 𝐼𝑠𝑤    𝑟𝑜       𝐼𝑠𝑤        

is the shortwave irradiance effectively reaching the macrophytes at a given depth.  

In equation 3.42, it is assumed that a fraction   of the total shortwave irradiance reaching 

that depth (𝐼𝑠𝑤) will have been ‘intercepted’ and absorbed by the epiphytic organisms before the 

remaining fraction reaches the macrophytes. This shading effect on macrophytes by epiphytic 

organisms has been observed to be important in some cases. For instance, a study based published in 

2010 (Köhler, et al., 2010) found that total epiphyton reduced incoming shortwave radiation 

available to macrophytes by as much as 61% under sunny conditions and by as much as 71% under 

shaded conditions. They also obtained the following empirical relationships between the percentage 

𝐴 of 𝐼𝑠𝑤 that is absorbed by epiphyton, and epiphyton biomass (dry weight), 𝐷𝑊𝑒𝑝𝑖 (measured in 

g·m-2): 

𝐴                 𝑊  𝑖  𝑅             

𝐴  
    𝐷𝑊𝑒𝑝𝑖

    𝐷𝑊𝑒𝑝𝑖
 𝑅             

 

A relationship similar to that in eq. 3.44 was also found in a previous study (Van Dijk, 1993; Van 

Dijk, 1993) (𝐷𝑊𝑒𝑝𝑖 in g·m-2): 

𝐴  
    𝐷𝑊𝑒𝑝𝑖

      𝐷𝑊𝑒𝑝𝑖
 𝑅               

In the present study, because it involves only one empirical constant, we decided to use the 

relationship 3.43. For this, we first converted 𝐷𝑊𝑒𝑝𝑖 to 𝑊𝑊𝑒𝑝𝑖, the corresponding wet weight of 

epiphyton biomass, based on the results of a previous study (Sládeček & Sládečková, 1964). We then 

converted 𝑊𝑊𝑒𝑝𝑖 to 𝐴𝑒𝑝𝑖 𝑙𝑖𝑣𝑒, based on the rough assumption that 99% of the weight of algal cells is 

water (Wiley, et al., 2011) and that the remaining 1% follows the mass-based Redfield ratios that 

correspond to the usual C:N:P = 106:16:1 atoms ratio. In this way, we obtained a relationship between 

𝐴𝑒𝑝𝑖 𝑙𝑖𝑣𝑒 and  , the fraction of shortwave radiation energy absorbed by live epiphyton biomass: 
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            (     𝐴  𝑖 𝑙𝑖𝑣     )         

where 𝐴𝑒𝑝𝑖 𝑙𝑖𝑣𝑒 is our state variable, measured in mg C·m-2. Note that in this calculation we neglected 

the potential contribution to   of dead epiphyton biomass (𝐴𝑒𝑝𝑖 𝑑𝑒 𝑑) in order not to risk 

overestimating this fraction, which is already only a rough estimate. 

Fractional loss rate of macrophyte biomass 

Assuming no grazing on macrophytes, we partitioned their overall fractional loss rate as: 

     𝑟𝑜   𝑑    𝑟𝑜   𝑏𝑔    𝑟𝑜         

where  𝑑    𝑟𝑜 and  𝑏𝑔    𝑟𝑜 are the temperature-dependent (Arrhenius-type relationship) fractional 

loss rates due to cellular death and all other processes leading to carbon loss, respectively, defined as 

in previous equations. 

Biological source/sink terms in the dissolved phosphorus concentration equation 

In the governing equation for 𝑃𝑑 (eq. 3.10), three source/sink terms appear which are related 

to biological processes taking place in the system: 𝑆𝑝ℎ𝑦𝑡𝑜, the balance between the volumetric rates 

of phosphorus remineralisation via biodegradation of dead phytoplankton biomass and phosphorus 

uptake for phytoplankton growth; 𝑆𝑝𝑒𝑟𝑖 𝑏𝑒𝑛, the volumetric phosphorus uptake rate into the 

periphyton-mediated benthic zone; and 𝑆𝑒𝑝𝑖 𝑏𝑒𝑛, the volumetric phosphorus uptake rate into the 

epiphyton-mediated benthic zone. These terms are defined, respectively, as: 

𝑆𝑝ℎ𝑦𝑡𝑜  𝑏𝑝ℎ𝑦𝑡𝑜 𝑑𝑒 𝑑 𝑝ℎ𝑦𝑡𝑜𝐶𝑝ℎ𝑦𝑡𝑜 𝑑𝑒 𝑑   𝑝ℎ𝑦𝑡𝑜 𝑝ℎ𝑦𝑡𝑜𝐶𝑝ℎ𝑦𝑡𝑜 𝑙𝑖𝑣𝑒        

𝑆𝑝𝑒𝑟𝑖 𝑏𝑒𝑛  ( 𝑖𝑛 𝑝𝑒𝑟𝑖 𝑏𝑒𝑛   𝑝𝑒𝑟𝑖 𝑝𝑒𝑙)𝐴𝑝𝑒𝑟𝑖 𝑙𝑖𝑣𝑒

 𝑝𝑒𝑟𝑖

𝑉
          

𝑆𝑒𝑝𝑖 𝑏𝑒𝑛  ( 𝑖𝑛 𝑒𝑝𝑖 𝑏𝑒𝑛   𝑒𝑝𝑖 𝑝𝑒𝑙)𝐴𝑒𝑝𝑖 𝑙𝑖𝑣𝑒

 𝑒𝑝𝑖

𝑉
       

 

where  𝑖𝑛 𝑝𝑒𝑟𝑖 𝑏𝑒𝑛 and  𝑖𝑛 𝑒𝑝𝑖 𝑏𝑒𝑛 are the rates per unit live periphyton/epiphyton carbon biomass at 

which the phosphorus that is remineralised in each benthic zone (and is not intercepted by the 

periphytic organisms) re-enters the water column. For the periphyton benthic zone, this is: 

  𝑖𝑛 𝑝𝑒𝑟𝑖 𝑏𝑒𝑛  

{
 
 

 
   𝑏𝑝𝑒𝑟𝑖 𝑑𝑒 𝑑 𝑝𝑒𝑟𝑖

𝐴𝑝𝑒𝑟𝑖 𝑑𝑒 𝑑

𝐴𝑝𝑒𝑟𝑖 𝑙𝑖𝑣𝑒
<  𝑝𝑒𝑟𝑖

𝑏𝑝𝑒𝑟𝑖 𝑑𝑒 𝑑 𝑝𝑒𝑟𝑖

𝐴𝑝𝑒𝑟𝑖 𝑑𝑒 𝑑

𝐴𝑝𝑒𝑟𝑖 𝑙𝑖𝑣𝑒
  𝑝𝑒𝑟𝑖  𝑏𝑝𝑒𝑟𝑖 𝑑𝑒 𝑑 𝑝𝑒𝑟𝑖

𝐴𝑝𝑒𝑟𝑖 𝑑𝑒 𝑑

𝐴𝑝𝑒𝑟𝑖 𝑙𝑖𝑣𝑒
  𝑝𝑒𝑟𝑖

        

For the epiphyton benthic zone, the term  𝑖𝑛 𝑒𝑝𝑖 𝑏𝑒𝑛 is defined analogously but considering, as before, 

the additional term 𝑏   𝑟𝑜 𝑑𝑒 𝑑    𝑟𝑜
   𝑐 𝑜 𝑑  𝑑

𝐴  𝑖 𝑙𝑖𝑣 𝛺  𝑖
. 
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Table 3.3. Description and units of measurement of supplementary variables 

Supplementary 
variable 

Description Units 

 𝑠𝑤 Volumetric shortwave radiation energy absorption rate J·m
-3

·s
-1
 

  
  Vertical turbulent mass diffusivity  m

2
·s

-1
 

  
  Vertical turbulent thermal diffusivity  m

2
·s

-1
 

𝑆𝑒𝑝𝑖 𝑏𝑒𝑛 Net volumetric rate of contribution by the epiphyton benthic 
zone to the concentration of dissolved inorganic phosphorus 

mg P·m
-3

·s
-1
 

𝑆𝑝ℎ𝑦𝑡𝑜 Net volumetric rate of contribution by phytoplankton (live 
and dead) to the concentration of dissolved inorganic 
phosphorus 

mg P·m
-3

·s
-1
 

𝑆𝑝𝑒𝑟𝑖 𝑏𝑒𝑛 Net volumetric rate of contribution by the periphyton 
benthic zone to the concentration of dissolved inorganic 
phosphorus 

mg P·m
-3

·s
-1
 

𝑏𝑒𝑝𝑖 𝑑𝑒 𝑑  Fractional biodegradation rate of dead epiphyton biomass s
-1
 

𝑏   𝑟𝑜 𝑑𝑒 𝑑 Fractional biodegradation rate of macrophyte biomass s
-1
 

𝑏𝑝ℎ𝑦𝑡𝑜 𝑑𝑒 𝑑 Fractional biodegradation rate of dead phytoplankton 
biomass 

s
-1
 

𝑏𝑝𝑒𝑟𝑖 𝑑𝑒 𝑑  Fractional biodegradation rate of dead periphyton biomass s
-1
 

 𝑑 𝑒𝑝𝑖  Fractional cellular death rate of epiphyton biomass s
-1
 

 𝑑    𝑟𝑜 Fractional cellular death rate of macrophyte biomass s
-1
 

 𝑑 𝑝ℎ𝑦𝑡𝑜 Fractional cellular death rate of phytoplankton biomass s
-1
 

 𝑑 𝑝𝑒𝑟𝑖  Fractional cellular death rate of periphyton biomass s
-1
 

 𝑒𝑝𝑖  Fractional overall loss rate of epiphyton biomass s
-1
 

    𝑟𝑜 Fractional overall loss rate of macrophyte biomass s
-1
 

 𝑝ℎ𝑦𝑡𝑜 Fractional overall loss rate of phytoplankton biomass s
-1
 

 𝑝𝑒𝑟𝑖 Fractional overall loss rate of periphyton biomass s
-1
 

 𝑒𝑝𝑖  Fractional growth rate of epiphyton biomass s
-1
 

    𝑟𝑜 Fractional growth rate of macrophyte biomass s
-1
 

 𝑝ℎ𝑦𝑡𝑜 Fractional growth rate of phytoplankton biomass s
-1
 

 𝑝𝑒𝑟𝑖  Fractional growth rate of periphyton biomass s
-1
 

 𝑤 Water density kg·m
-3
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Table 3.4. Description and units of measurement of all other supplementary variables 

Supplementary 
variable 

Description Units 

𝐼𝑠𝑤    𝑟𝑜 Irradiance in the shortwave range that effectively reaches 
macrophytes after light absorption by epiphyton 

W·m
-2

 

𝐼𝑠𝑤  Irradiance in the shortwave range W·m
-2

 
   𝑒𝑝𝑖  Light limitation factor, epiphyton growth (-) 

      𝑟𝑜 Light limitation factor, macrophyte growth (-) 
   𝑝ℎ𝑦𝑡𝑜 Light limitation factor, phytoplankton growth (-) 

   𝑝𝑒𝑟𝑖  Light limitation factor, periphyton growth (-) 

𝑃  𝑒𝑝𝑖  Phosphorus limitation factor, epiphyton growth (-) 

𝑃  𝑝ℎ𝑦𝑡𝑜 Phosphorus limitation factor, phytoplankton growth (-) 

𝑃  𝑝𝑒𝑟𝑖  Phosphorus limitation factor, periphyton growth (-) 

𝑃 𝑣  𝑒𝑝𝑖 Total phosphorus that is available for epiphyton growth mg P 

𝑃 𝑣  𝑝𝑒𝑟𝑖 Total phosphorus that is available for periphyton growth mg P 

𝑇  𝑒𝑝𝑖  Temperature mediation factor, epiphyton growth (-) 

𝑇     𝑟𝑜 Temperature mediation factor, macrophyte growth (-) 
𝑇  𝑝ℎ𝑦𝑡𝑜 Temperature mediation factor, phytoplankton growth (-) 

𝑇  𝑝𝑒𝑟𝑖 Temperature mediation factor, periphyton growth (-) 

 𝑏𝑔 Light extinction coefficient of coloured water m
-1
 

 𝑝ℎ𝑦𝑡𝑜 𝑑𝑒 𝑑 Light extinction coefficient of dead phytoplankton biomass m
-1
 

 𝑝ℎ𝑦𝑡𝑜 𝑙𝑖𝑣𝑒  Light extinction coefficient of live phytoplankton biomass m
-1
 

 𝑡𝑜𝑡 Total light extinction coefficient m
-1
 

 𝑏𝑔 𝑒𝑝𝑖 Fractional background loss rate of epiphyton biomass s
-1
 

 𝑏𝑔    𝑟𝑜 Fractional background loss rate of macrophyte biomass s
-1
 

 𝑏𝑔 𝑝ℎ𝑦𝑡𝑜 Fractional background loss rate of phytoplankton biomass s
-1
 

 𝑏𝑔 𝑝𝑒𝑟𝑖 Fractional background loss rate of periphyton biomass s
-1
 

 𝑔𝑟  𝑒𝑝𝑖 Fractional grazing rate of epiphyton biomass s
-1
 

 𝑔𝑟  𝑝ℎ𝑦𝑡𝑜 Fractional grazing rate of phytoplankton biomass s
-1
 

 𝑔𝑟  𝑝𝑒𝑟𝑖 Fractional grazing rate of periphyton biomass s
-1
 

 𝑖𝑛 𝑒𝑝𝑖 𝑏𝑒𝑛 Rate of release of dissolved inorganic phosphorus from the 
epiphyton benthic zone per unit carbon biomass 

mg P·mg C
-1
·s

-1
 

 𝑖𝑛 𝑝𝑒𝑟𝑖 𝑏𝑒𝑛 Rate of release of dissolved inorganic phosphorus from the 
periphyton benthic zone per unit carbon biomass 

mg P·mg C
-1
·s

-1
 

 𝑒𝑝𝑖 𝑏𝑒𝑛 Epiphyton benthic phosphorus uptake rate per unit of 
carbon biomass 

mg P·mg C
-1
·s

-1
 

 𝑒𝑝𝑖 𝑝𝑒𝑙  Epiphyton pelagic phosphorus uptake rate per unit of 
carbon biomass 

mg P·mg C
-1
·s

-1
 

 𝑒𝑝𝑖  Epiphyton total phosphorus uptake rate per unit carbon 
biomass 

mg P·mg C
-1
·s

-1
 

 𝑝𝑒𝑟𝑖 𝑏𝑒𝑛 Periphyton benthic phosphorus uptake rate per unit of 
carbon biomass 

mg P·mg C
-1
·s

-1
 

 𝑝𝑒𝑟𝑖 𝑝𝑒𝑙  Periphyton pelagic phosphorus uptake rate per unit of 
carbon biomass 

mg P·mg C
-1
·s

-1
 

 𝑝𝑒𝑟𝑖  Periphyton total phosphorus uptake rate per unit carbon 
biomass 

mg P·mg C
-1
·s

-1
 

 𝑒𝑝𝑖  Surface area of corresponding epiphyton layer m
2
 

 𝑝𝑒𝑟𝑖 Surface area of corresponding periphyton layer m
2
 

𝑉 Volume of corresponding layer m
3
 

  Fraction of shortwave irradiance absorbed by live 
epiphyton before it reaches the macrophytes 

(-) 
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Table 3.5. Fixed parameters: descriptions, values, units of measurement and references/assumptions 

Parameter Description Value Units References/assumptions 
 𝑝ℎ𝑦𝑡𝑜 𝑙𝑖𝑣𝑒 𝑠𝑝𝑒  Specific light extinction coefficient, 

live phytoplankton biomass 
0.0003 m

2
·mg C

-1
 Jäger, et al., 2010; Peeters, et al., 2013. 

 𝑝ℎ𝑦𝑡𝑜 𝑑𝑒 𝑑 𝑠𝑝𝑒  Specific light extinction coefficient, 
dead phytoplankton biomass 

0.0003 m
2
·mg C

-1
 Assumed similar to that of live 

phytoplankton biomass. 
 𝑝ℎ𝑦𝑡𝑜,  𝑝𝑒𝑟𝑖, 

 𝑒𝑝𝑖 and 

    𝑟𝑜  

Phosphorus-to-carbon cellular 
quotas of phytoplankton, 
periphyton, epiphyton and 
macrophytes 

0.0244 mg P·mg C
-1
 Mass-based Redfield ratio (discussed 

for the case of macrophytes in Duarte, 
1992). 

 𝑝ℎ𝑦𝑡𝑜 𝑟𝑒𝑓 Reference fractional phytoplankton 
growth rate 

1.08 (86400s)
-1
 Jäger, et al., 2010; Peeters, et al., 2013. 

 𝑝𝑒𝑟𝑖 𝑟𝑒𝑓 and 

 𝑒𝑝𝑖 𝑟𝑒𝑓 

Reference fractional periphyton and 
epiphyton growth rates 

1.08 (86400s)
-1
 Assumed similar to that of 

phytoplankton. 

    𝑟𝑜 𝑟𝑒𝑓 Reference fractional macrophyte 
growth rate 

0.094 (86400s)
-1
 Growth rate for P. pectinatus in Sand-

Jensen & Borum, 1991. 
 𝑏𝑔 𝑝ℎ𝑦𝑡𝑜 𝑟𝑒𝑓 Reference fractional background loss 

rate, phytoplankton biomass 
0.1 (86400s)

-1
 Jäger, et al., 2010; Peeters, et al., 2013. 

 𝑏𝑔 𝑝𝑒𝑟𝑖 𝑟𝑒𝑓 and 

 𝑏𝑔 𝑒𝑝𝑖 𝑟𝑒𝑓 

Reference fractional background loss 
rates, periphyton and epiphyton 
biomass 

0.1 (86400s)
-1
 Assumed similar to that of 

phytoplankton. 

 𝑏𝑔    𝑟𝑜 𝑟𝑒𝑓 Reference fractional background loss 
rate, macrophyte biomass 

0.018 (86400s)
-1
 Hootsmans, 1994. 

 𝑑    𝑟𝑜 𝑟𝑒𝑓 Reference fractional cellular death 
rate, macrophyte biomass 

0.001 (86400s)
-1
 Hootsmans, 1994. 

𝑚  𝑝ℎ𝑦𝑡𝑜 Half-velocity in the Monod-type 
formulation of the phosphorus 
limitation factor for phytoplankton 

1.5 (86400s)
-1
 Jäger, et al., 2010; Peeters, et al., 2013. 

𝑚  𝑝𝑒𝑟𝑖 and  

𝑚  𝑒𝑝𝑖  

Half-velocity in the Monod-type 
formulation of the phosphorus 
limitation factors for periphyton and 
epiphyton 

1.5 (86400s)
-1
 Assumed similar to that for 

phytoplankton. 

𝜃𝑗  

 

Pre-exponential factor, all processes 
𝑗   𝑖  𝑏𝑖 𝑑𝑒 𝑑   𝑑 𝑖   𝑏𝑔 𝑖,  

where 
𝑖   ℎ𝑦 𝑜    𝑖   𝑖 𝑚   𝑜 

1.07 (-) Typical value for all biological 
processes in several models (e.g., EPA 
WASP, Ambrose, et al., 1993). 

𝑇𝑤 𝑟𝑒𝑓 𝑏𝑖𝑜 

 

Reference water temperature for 
biological processes 

20 °C Standard value in most studies (e.g., 
Sand-Jensen & Borum, 1991; and Hilt 
et al. 2018). 

      𝑟𝑜 Temperature constant in the 
temperature mediation factor for 
macrophytes 

20 °C Hilt et al. 2018. 

𝑇𝑤 𝑜𝑝𝑡    𝑟𝑜 

 

Optimum water temperature for 
macrophytes 

20 °C Hilt et al. 2018. 

𝐼𝑠𝑤 𝑜𝑝𝑡 𝑝ℎ𝑦𝑡𝑜 

 

Optimum shortwave irradiance for 
phytoplankton 

57.1 W·m
-2

 Aalderink & Jovin, 1997. 

𝐼𝑠𝑤 𝑜𝑝𝑡 𝑝𝑒𝑟𝑖  and 

𝐼𝑠𝑤 𝑜𝑝𝑡 𝑒𝑝𝑖  

Optimum shortwave irradiance for 
periphyton and epiphyton 

57.1 W·m
-2

 Assumed similar to that of 
phytoplankton. 

ℎ   𝑟𝑜 
 

Half-saturation constant in the light 
limitation factor for macrophytes 

22 W·m
-2

 Studies on P. pectinatus (e.g., 
Hootsmans & Vermaat, 1994). 

 𝑏𝑔 𝑖𝑛𝑖 

 

Initial background extinction 
coefficient 

0.5 (A) 
1.1 (B) 
1.5 (C) 

m
-2

 Estimated for each treatment from 
underwater PAR high-frequency data. 

 𝑏𝑔 𝑒𝑛𝑑 

 

Final background extinction 
coefficient 

0.5 (A) 
0.7 (B) 
1.2 (C) 

m
-1
 Estimated for each treatment from 

underwater PAR high-frequency data. 
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Table 3.6. Calibrated parameters: description, ranges, units of measurement and references/assumptions 

Parameter Description Range Units References/assumptions 
 𝑝ℎ𝑦𝑡𝑜 𝑙𝑖𝑣𝑒 Sinking velocity of live 

phytoplankton biomass 
0.25 – 0.75 m·(86400s)

-1
 Jäger, et al., 2010; Peeters, et 

al., 2013. 
 𝑝ℎ𝑦𝑡𝑜 𝑑𝑒 𝑑 Sinking velocity of dead 

phytoplankton biomass 
0.25 – 0.75 m·(86400s)

-1
 Range assumed to be similar 

to that for live phytoplankton 
biomass and value set equal 
to  𝑝ℎ𝑦𝑡𝑜 𝑙𝑖𝑣𝑒 in each case. 

𝑏𝑝ℎ𝑦𝑡𝑜 𝑑𝑒 𝑑 𝑟𝑒𝑓 Reference fractional 
biodegradation rate of dead 
phytoplankton biomass 

0.8 – 1.2 (86400s)
-1
 Biodegradation of unicellular 

organisms assumed to be fast. 

𝑏𝑝𝑒𝑟𝑖 𝑑𝑒 𝑑 𝑟𝑒𝑓 Reference fractional 
biodegradation rate of dead 
periphyton biomass 

0.8 – 1.2 (86400s)
-1
 Assumed similar to that of 

phytoplankton biomass; value 
set equal to 𝑏𝑝ℎ𝑦𝑡𝑜 𝑑𝑒 𝑑 𝑟𝑒𝑓 in 

each case. 
𝑏𝑒𝑝𝑖 𝑑𝑒 𝑑 𝑟𝑒𝑓 Reference fractional 

biodegradation rate of dead 
epiphyton biomass 

0.8 – 1.2 (86400s)
-1
 Assumed similar to that of 

phytoplankton biomass; value 
set equal to 𝑏𝑝ℎ𝑦𝑡𝑜 𝑑𝑒 𝑑 𝑟𝑒𝑓 in 

each case. 
𝑏   𝑟𝑜 𝑑𝑒 𝑑 𝑟𝑒𝑓 Reference fractional 

biodegradation rate of dead 
macrophyte biomass 

0.2 – 0.6 (86400s)
-1
 Biodegradation of dead 

macrophyte biomass assumed 
to be slower than that of 
unicellular organisms. 

 𝑔𝑟  𝑝ℎ𝑦𝑡𝑜 𝑟𝑒𝑓 Reference fractional grazing 
rate, phytoplankton 
biomass 

0.0001 – 0.001 (86400s)
-1
·(mg C·m

-3
)

-1
 Multiplication by 𝐶𝑝ℎ𝑦𝑡𝑜 𝑙𝑖𝑣𝑒 

yields  𝑔𝑟  𝑝ℎ𝑦𝑡𝑜 values in a 

range similar to that in Sitta, 
et al., 2018. 

 𝑔𝑟  𝑝𝑒𝑟𝑖 𝑟𝑒𝑓 Reference fractional grazing 
rate, periphyton biomass 

See assumption (86400s)
-1
 In scenarios where grazing 

pressure on periphyton is 
active,  𝑔𝑟  𝑝𝑒𝑟𝑖 value assumed 

equal to  𝑔𝑟  𝑝ℎ𝑦𝑡𝑜. 

 𝑔𝑟  𝑒𝑝𝑖 𝑟𝑒𝑓 Reference fractional grazing 
rate, epiphyton biomass 

See assumption (86400s)
-1
 In scenarios where grazing 

pressure on epiphyton is 
active,  𝑔𝑟  𝑒𝑝𝑖 value assumed 

equal to  𝑔𝑟  𝑝ℎ𝑦𝑡𝑜. 

 𝑑 𝑝ℎ𝑦𝑡𝑜 𝑟𝑒𝑓 Reference fractional cellular 
death rate, phytoplankton 
biomass 

0.05 – 0.2 (86400s)
-1
 Jäger, et al., 2010; Peeters, et 

al., 2013; Klausmeier & 
Litchman; 2001. 

 𝑑 𝑝𝑒𝑟𝑖 𝑟𝑒𝑓 Reference fractional cellular 
death rate, periphyton 
biomass 

0.05 – 0.2 (86400s)
-1
 Assumed similar to that of 

phytoplankton; value set 
equal to  𝑑 𝑝ℎ𝑦𝑡𝑜 𝑟𝑒𝑓 in each 

case. 
 𝑑 𝑒𝑝𝑖 𝑟𝑒𝑓 Reference fractional cellular 

death rate, epiphyton 
biomass 

0.05 – 0.2 (86400s)
-1
 Assumed similar to that of 

phytoplankton; value set 
equal to  𝑑 𝑝ℎ𝑦𝑡𝑜 𝑟𝑒𝑓 in each 

case. 
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Water column discretisation 

The water column was discretised into 1 m-thick vertical layers, with the exceptions of the 

first, the second and the fourth layers (counting from surface to bottom), which were 0.5 m thick. 

The centres of the second, the third, the fifth, the eight and the fourteenth layers were thus located, 

respectively at 0.75, 1.5, 3, 6 and 12 m deep, the depths at which the macrophyte pots and periphyton 

strips were set. 

Simulated period and numerical implementation 

Simulations were run for exactly 24 days, the approximate duration of the sub-experiment, 

from the mid-day of the 12th of June to the mid-day of the 6th of July. The default time step    was 

set to be of one hour. This time step was checked prior to each iteration to ensure the numerical 

stability of the model, reducing it, if necessary, down to a minimum admissible time step of 12 

minutes. Diffusive heat exchanges and mass transport processes were modelled implicitly, whereas 

all the rest (advective and reactive terms in the governing equations) were modelled explicitly. 

Boundary conditions 

Water temperature 

As explained in Chapter 2, water heating due to incoming shortwave radiation energy from 

the sun is already accounted for in the governing equation for water temperature (eq. 3.1), by means 

of the source term  𝑠𝑤 ( 𝑤 𝑝)⁄ . Therefore, the corresponding heat flux (𝐻𝑆) is no longer considered 

when formulating the boundary conditions for eq. 3.1.   

The surface heat fluxes related to incoming longwave radiation from the atmosphere (𝐻𝐴), 

outgoing longwave radiation from the water surface (𝐻𝑊), and latent and sensible heat transfers (𝐻𝐸 

and 𝐻 , respectively) were calculated as described in Chapter 2. These were applied to the 

uppermost layer of the water column only. 𝐻𝑊 was calculated based on modelled surface water 

temperatures. The remaining terms, 𝐻𝐴, 𝐻𝐸 and 𝐻 , were calculated based on high-frequency 

meteorological data provided by the Federal Environment Agency of Germany (UBA), which, if 

necessary, were interpolated to match simulated times (Figure 3.6). These data included: 𝑇 𝑖𝑟, air 

temperature (°C); 𝑅𝐻, relative humidity (%);     𝑤𝑖𝑛𝑑, wind speed measured at 10 m above the water 

surface (m·s-1); and 𝑃 𝑡 , the atmospheric pressure (hPa). As an example, whole-experiment time 

series of all surface heat fluxes estimated for the enclosure E14 (treatment A1), including 𝐻𝑆 (for 

visualisation purposes only), are presented in Figure 3.11. 
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After performing the first trial simulations and comparing modelled water temperatures with 

measured ones, we saw it necessary to consider the lateral heat exchange across the walls of the 

enclosures, driven by the water temperature gradients between the mesocosms and the outer lake. 

For this purpose, the IGB LakeLab design specifications, i.e., physical properties of enclosure wall 

materials (thermal conductivity and thickness) were retrieved from the IGB LakeLab and the 

material manufacturer websites and implemented in the model. No heat exchanges across the 

bottom of the water column were considered. 

 

Figure 3.11. Example time series of estimated surface heat fluxes for enclosure E14 throughout the sub-experiment. 

Live and dead phytoplankton biomass, bound organic phosphorus and dissolved inorganic phosphorus 

concentrations 

The model was set so that no living or dead phytoplankton cells entered the mesocosms from 

outside the system. Leaving the water column was allowed only through the bottom, resulting from 

phytoplankton sinking and eventually settling into the sediments, carrying within them the amounts 

of organic phosphorus given by  𝑝ℎ𝑦𝑡𝑜, the fixed phosphorus-to-carbon cellular quota. No direct 

inflows or outflows of dissolved inorganic phosphorus from external sources were permitted. 

3.2.4. Grazing scenarios 

Given that grazing is such a determining factor in controlling both phytoplankton and 

periphyton populations, and because little information was available regarding grazing pressures on 

these groups of primary producers throughout the sub-experiment, we tested four different grazing 

scenarios, which were: 
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 Scenario 1: No grazing at all. 

This grazing scenario was implemented by making: 

 𝑔𝑟  𝑝ℎ𝑦𝑡𝑜 𝑟𝑒𝑓   𝑔𝑟  𝑝𝑒𝑟𝑖 𝑟𝑒𝑓   𝑔𝑟  𝑒𝑝𝑖 𝑟𝑒𝑓    

 Scenario 2: Grazing pressure on phytoplankton only. 

This grazing scenario was implemented by calibrating  𝑔𝑟  𝑝ℎ𝑦𝑡𝑜 𝑟𝑒𝑓 within the previously 

stated range (Table 3.6) and making: 

 𝑔𝑟  𝑝𝑒𝑟𝑖 𝑟𝑒𝑓   𝑔𝑟  𝑒𝑝𝑖 𝑟𝑒𝑓    

 Scenario 3: Equal grazing pressures on phytoplankton, periphyton and epiphyton. 

This grazing scenario was implemented by calibrating  𝑔𝑟  𝑝ℎ𝑦𝑡𝑜 𝑟𝑒𝑓 within the previously 

stated range (Table 3.6), calculating  𝑔𝑟  𝑝ℎ𝑦𝑡𝑜 (as explained before) and making: 

 𝑔𝑟  𝑝𝑒𝑟𝑖   𝑔𝑟  𝑒𝑝𝑖   𝑔𝑟  𝑝ℎ𝑦𝑡𝑜 

 Scenario 4: Grazing pressure on phytoplankton, periphyton and epiphyton, but on the latter 

two only below the previously stated phytoplankton biomass concentration threshold (50 mg 

C·m-3). 

This grazing scenario was implemented by calibrating  𝑔𝑟  𝑝ℎ𝑦𝑡𝑜 𝑟𝑒𝑓 within the stated 

range and making: 

 𝑔𝑟  𝑝𝑒𝑟𝑖 𝑟𝑒𝑓   𝑔𝑟  𝑒𝑝𝑖 𝑟𝑒𝑓  {
 𝑔𝑟  𝑝ℎ𝑦𝑡𝑜 𝑟𝑒𝑓  𝐶𝑝ℎ𝑦𝑡𝑜 𝑙𝑖𝑣𝑒 <    m  C · m  

  𝐶𝑝ℎ𝑦𝑡𝑜 𝑙𝑖𝑣𝑒     m  C · m   

 

3.2.5. Model calibration, comparison of grazing scenarios and sensitivity analysis 

Calibration 

Model parameters were calibrated within the ranges found in literature, as indicated in Table 

3.6. For this, we selected the least impacted mesocosm (enclosure E14, subjected to combined 

treatment A1: no browning, lowest phosphorus enrichment) as comparison base for model fitting. 

Three thousand and seventy-two simulations were run, each corresponding to a different parameter 

value combination under each of the four tested grazing scenarios. 

Simulation results were compared to observations, assessed through mean values (across 

modelled water layers) of a series of goodness-of-fit indices which were:  
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Root Mean Square Error (RMSE) 

 A frequently used measure of the difference between predicted and measured values, 𝑅 𝑆  

for a variable 𝑥, predicted over 𝑁 times, is given by: 

 𝑅 𝑆  √
∑  𝑥 𝑜𝑑

𝑛  𝑥 𝑒 𝑠
𝑛    

𝑛  

𝑁
         

where 𝑛 indicates the time step from 1 to 𝑁 (with 𝑁 corresponding to simulation end time); 𝑥 𝑜𝑑
𝑛  is 

the modelled value at time step 𝑛 of a given variable 𝑥; and 𝑥 𝑒 𝑠
𝑛  the corresponding measured value. 

Nash-Sutcliffe model Efficiency coefficient (NSE) 

Generally used to assess the predictive power of hydrological models, the Nash-Sutcliffe 

model efficiency coefficient is an index that assumes values from  ∞ to 1, the latter being the perfect 

match between modelled and measured values. Proposed by Nash & Sutcliffe (1970), it is given by: 

 𝑁𝑆    
∑  𝑥 𝑜𝑑

𝑛  𝑥 𝑒 𝑠
𝑛    

𝑛  

∑  𝑥 𝑒 𝑠
𝑛  𝑥 𝑒 𝑠̅̅ ̅̅ ̅̅ ̅   

𝑛  

         

where 𝑛  𝑥 𝑜𝑑
𝑛  and 𝑥 𝑒 𝑠

𝑛  are defined as in eq. 3.52; and 𝑥 𝑒 𝑠̅̅ ̅̅ ̅̅ ̅̅  is the mean value of the time series of 

measured values of 𝑥. Note that an 𝑁𝑆  value of 0 indicates that model predictions are as good as 

the mean value of the time series. 𝑁𝑆  values indicative of a sufficiently good model have been 

proposed in literate in the range of    < 𝑁𝑆 <      (Moriasi, et al., 2007; Ritter & Muñoz-Carpena, 

2013). Naturally, higher values are desirable.  

However, due to it being a mean-based index, 𝑁𝑆  severely penalises models that, despite 

perhaps capturing the overall behaviour of a given variable, systematically overestimate or 

underestimate the variable, even if only by very few points. This becomes a problem when averaging 

the index for the different modelled layers in a vertically resolved model such as ours. For these 

cases, modified versions of 𝑁𝑆  have also been proposed, of which we evaluated the one explained 

next. 

Normalised Nash-Sutcliffe model Efficiency coefficient (NNSE) 

In water quality simulations, highly negative mean 𝑁𝑆  values are not uncommon. For these 

cases, a modified version of this index has been proposed (Nossent & Bauwens, 2012). This modified 

version normalises the range of values the index can take, from  ∞ to 1 (𝑁𝑆  range), into 0 to 1 

(𝑁𝑁𝑆  range), while preserving the main characteristics of 𝑁𝑆 . It is calculated as: 

 𝑁𝑁𝑆  
 

  𝑁𝑆 
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As for 𝑁𝑆 , 1 is the optimal value. An 𝑁𝑁𝑆  value of 0.5 corresponds to 𝑁𝑆    (model as 

good as the mean), and an 𝑁𝑁𝑆  value of 0 is the worst possible value. 

Mean Bias 

As previously stated, a systematic bias between predicted and measured values can lead to 

severely penalising values of other goodness-of-fit indices. For this reason, we have also evaluated 

the mean bias per layer, as:  

    𝑛 𝐵𝑖   
∑ 𝑥 𝑜𝑑

𝑛  𝑥 𝑒 𝑠
𝑛 

𝑛  

𝑁
         

where 𝑛  𝑥 𝑜𝑑
𝑛  and 𝑥 𝑒 𝑠

𝑛  are defined as in eq. 3.52. 

After visual inspection of the best performing simulation according to each of these indices, 

we decided to select as optimal parameter set, for each grazing scenario, the combination of 

parameter values that yielded the highest average 𝑁𝑁𝑆  (across all simulated layers). This was done 

for both water temperature and phytoplankton biomass concentrations, the variables for which we 

had high resolution vertically resolved mesocosm data. 

Comparison of grazing scenarios and sensitivity analysis 

Once the optimal parameter set for each grazing scenario was determined, the best 

performing simulations under each one of them were then compared by means of Taylor diagrams. 

These are mathematical diagrams designed to graphically indicate which of several models is more 

realistic, based on the 𝑅 𝑆 , the Pearson correlation coefficient and the standard deviation of each 

modelled time series with respect to the measured ones. A Taylor diagram for each layer was 

produced, for both water temperature and phytoplankton biomass. 

Taylor diagrams also served as a means to analyse model sensitivity to changing parameter 

values, allowing for the individuation of state variables that were sensitive to these variations across 

all conducted model runs, as will be shown in the corresponding item in the Results section. 

3.2.6. Modelling MARS treatments 

Under the grazing scenario determined to be the most plausible one, each of the 20 

remaining MARS treatments were simulated using the parameter values of its optimal set. For this, 

initial conditions for each enclosure were set to reflect the treatment it was subjected to. The 

maximum depth in all cases was set to 18.5 m, with the last layer centre located at 18 m depth. 

Dissolved inorganic phosphorus concentrations were set to be uniform across the entire water 

column, at concentrations matching the single pulses of 18, 19, 22, 27, 34, 43 and 54 mg P·m-3 

(phosphorus enrichment treatments 1 to 7). Initial water temperature profiles were set, in all cases, 
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equal to measured values of the calibration enclosure (E14) (Figure 3.12a). Initial live phytoplankton 

carbon biomass followed the profile shown in Figure 3.12b, based on an approximate conversion 

from total chlorophyll-a measurements for E14, multiplying values of the latter by an appropriate 

conversion factor (Cloern, et al., 1995). A minimum amount of live epiphyton biomass and 

macrophyte biomass were seeded into the corresponding layers to allow for their growth throughout 

the simulation, set equal to 0.1 mg C·m-2 and 10 mg C, respectively. Periphyton biomass was also 

seeded into all layers, with values equal to those of epiphyton. All dead biomass components were 

initially set to zero. 

 

 

(a) (b) 

Figure 3.12. Profiles of initial conditions set for all MARS combined treatment scenarios: (a) water temperature (°C); 

and (b) live phytoplankton carbon biomass concentration (mg C·m
-3

). 

3.3. RESULTS 

3.3.1. Model calibration, comparison of grazing scenarios and sensitivity analysis 

Determined optimal sets of calibrated parameter values for each grazing scenario, based on 

the average 𝑁𝑁𝑆  across layers for the concentration of live phytoplankton carbon biomass, are 

presented in Table 3.7. For further reference, examples of calibration tables are included in the 

Appendix to Chapter 3. The reason why it was phytoplankton biomass that determined the optimal 

parameter value combination for each grazing scenario, and not water temperature, is that the latter 

was found not to be sensitive to calibrated parameter variations, as evidenced by the corresponding 

Taylor diagrams, presented in Figure 3.13. In these diagrams, the distance between a simulation 

point and a measurement point is the measure of how close the former is to the latter in terms of (a) 

the standard deviation of values, represented by concentric circles centred at the origin of the 

diagram; (b) the root mean square error, represented by concentric circles centred at the 

measurement point; and (c) the Pearson correlation coefficient, represented by the radial lines at 

different angles. 
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Table 3.7. Parameter sets optimising average NNSE across all layers of live phytoplankton biomass 

concentration modelled for the reference case (enclosure E14, treatment A1) under each grazing scenario 

Parameter Units 
Optimal values 

Scenario 1 Scenario 2 Scenario 3 Scenario 4 

 𝑝ℎ𝑦𝑡𝑜 𝑙𝑖𝑣𝑒  m·(86400s)
-1
 0.25 0.5 0.5 0.5 

 𝑝ℎ𝑦𝑡𝑜 𝑑𝑒 𝑑  m·(86400s)
-1
 Assumed at the calibration stage to be equal to  𝑝ℎ𝑦𝑡𝑜 𝑙𝑖𝑣𝑒  

𝑏𝑝ℎ𝑦𝑡𝑜 𝑑𝑒 𝑑 𝑟𝑒𝑓 (86400s)
-1
 1 1 1 1 

𝑏𝑝𝑒𝑟𝑖 𝑑𝑒 𝑑 𝑟𝑒𝑓  (86400s)
-1
 Assumed at the calibration stage to be equal to 𝑏𝑝ℎ𝑦𝑡𝑜 𝑑𝑒 𝑑 𝑟𝑒𝑓 

𝑏𝑒𝑝𝑖 𝑑𝑒 𝑑 𝑟𝑒𝑓 (86400s)
-1
 Assumed at the calibration stage to be equal to 𝑏𝑝ℎ𝑦𝑡𝑜 𝑑𝑒 𝑑 𝑟𝑒𝑓 

𝑏   𝑟𝑜 𝑑𝑒 𝑑 𝑟𝑒𝑓 (86400s)
-1
 0.4 0.4 0.4 0.4 

 𝑔𝑟  𝑝ℎ𝑦𝑡𝑜 𝑟𝑒𝑓  (86400s)
-1
 Fixed to 0 0.0008 0.0008 0.0008 

 𝑔𝑟  𝑝𝑒𝑟𝑖 𝑟𝑒𝑓 (86400s)
-1
 Fixed to 0 Fixed to 0  𝑔𝑟  𝑝𝑒𝑟𝑖  equal to 

 𝑔𝑟  𝑝ℎ𝑦𝑡𝑜  

0.0008 (below 
threshold) 

 𝑔𝑟  𝑒𝑝𝑖 𝑟𝑒𝑓 (86400s)
-1
 Fixed to 0 Fixed to 0  𝑔𝑟  𝑒𝑝𝑖  equal to 

 𝑔𝑟  𝑝ℎ𝑦𝑡𝑜  

0.0008 (below 
threshold) 

 𝑑 𝑝ℎ𝑦𝑡𝑜 𝑟𝑒𝑓 (86400s)
-1
 0.2 0.05 0.05 0.05 

 𝑑 𝑝𝑒𝑟𝑖 𝑟𝑒𝑓  (86400s)
-1
 Assumed at the calibration stage to be equal to  𝑑 𝑝ℎ𝑦𝑡𝑜 𝑟𝑒𝑓 

 𝑑 𝑒𝑝𝑖 𝑟𝑒𝑓  (86400s)
-1
 Assumed at the calibration stage to be equal to  𝑑 𝑝ℎ𝑦𝑡𝑜 𝑟𝑒𝑓 

  

  

(a) (b) 

 

 

(c) (d) 

Figure 3.13. Taylor diagrams for water temperature in enclosure E14 (treatment A1) under the four grazing scenarios (S1 

to S4) at (a) 2.5 m, (b) 6 m, (c) 9 m and (d) 11 m. Concentric circles (in green) about the measurement point (Meas) 

represent Root Mean Square Error (RMSE). 
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(a) (b) 

  

(c) (d) 

Figure 3.14. Taylor diagrams for live phytoplankton carbon biomass concentration in enclosure E14 (treatment A1) 

under the four grazing scenarios (S1 to S4) at (a) 2.5 m, (b) 6 m, (c) 9 m and (d) 11 m. Concentric circles (in green) 

about the measurement point (Meas) represent Root Mean Square Error (RMSE). 

As for the state variable representing the concentration of live phytoplankton carbon 

biomass, in most layers, except for those near the water surface, it was best represented by the 

grazing scenario where no grazing was considered (Scenario 1). This suggests a high sensitivity of the 

phytoplankton sub-model to the intensity of the grazing pressure exerted by zooplankton, which is 

naturally to be expected. The latter, however, when considered, was only indirectly simulated. It is to 

say that, although correlation coefficients were high, RMSE was in general high for all grazing 

scenarios, as can be observed in the corresponding Taylor diagrams (Figure 3.14). 
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Calibrated water temperature 

A contour plot of measured water temperatures (calibration enclosure E14, treatment A1, 

gaps linearly interpolated) and the corresponding contour plot of modelled water temperatures 

under the optimal parameter set for grazing Scenario 1 are shown in Figure 3.15. Example time series 

of modelled measured versus water temperatures for four selected water layers are shown in Figure 

3.16. 

Water Temperature (°C) 
   4                                    8                                  12                                 16                                 20                                  24                                 28  

 
 

 

(a) 

 

 

(b) 

Figure 3.15. Contour plots of (a) measured and (b) measured water temperatures (°C) in enclosure E14 (treatment A1). 
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(a) 

 

(b) 

 

        

(c) 

Figure 3.16. Time series of modelled (blue lines) versus measured (red lines) water temperatures in enclosure 

E14 (treatment A1) at (a) 0.5 m, (b) 2 m and (c) 9 m. Note scale differences in the y-axes of different subplots. 
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Calibrated live phytoplankton carbon biomass concentration 

In Figure 3.17, we show a contour plot of live phytoplankton carbon biomass concentration, 

produced by conversion of measured total chlorophyll-a concentration (calibration enclosure E14, 

treatment A1, gaps linearly interpolated) and the corresponding contour plot of modelled live 

phytoplankton carbon biomass under the optimal set of parameter values found for grazing Scenario 

1 (no grazing at all). Example time series of modelled versus measured live phytoplankton carbon 

biomass concentrations for four selected water layers are shown in Figure 3.18. 

Concentration of live phytoplankton carbon biomass (mg C·m
-3

) 

 
 

 

(a) 

 

 

(b) 

Figure 3.17. Contour plots of (a) modelled and (b) measured (converted from total chlorophyll-a data) live 

phytoplankton carbon biomass concentrations (mg C·m
-3

) in enclosure E14 (treatment A1). 
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(a) 

 

(b) 

 

                          
(c) 

Figure 3.18. Time series of modelled (blue lines) versus measured (red lines) live phytoplankton carbon biomass in 

enclosure E14 (treatment A1) at (a) 0.5 m, (b) 1 m, (c) 2 m, (d) 5 m, (e) 10.5 m and (f) 13 m. Note scale differences in 

the y-axes of different subplots. 
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(d) 

 

(e) 

 

                           
(f) 

Figure 3.18 (continued). Time series of modelled (blue lines) versus measured (red lines) live phytoplankton carbon 

biomass in enclosure E14 (treatment A1) at (a) 0.5 m, (b) 1 m, (c) 2 m, (d) 5 m, (e) 10.5 m and (f) 13 m. Note scale 

differences in the y-axes of different subplots. 
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Periphyton 

Periphyton (i.e., wall growth) data is at present being processed and prepared by other IGB 

LakeLab researchers, so, unfortunately, these were not available to us at this time for any 

comparison with modelled values. In principle, wall periphyton growth should be similar to growth 

on the plastic strips, with the difference that the latter were fully clean at the beginning of the sub-

experiment. In any case, modelled periphyton values presented a reasonable pattern that was 

consistent with field observations, progressively growing over the duration of the experiment with a 

biomass peak located somewhere between 2 and 3-m depth (Figure 3.19).  

 

Figure 3.19. Contour plot of modelled areal density of live periphyton carbon biomass (mg C·m
-2

) in enclosure E14 

(treatment A1). 

Epiphyton 

As previously explained, epiphyton biomass (i.e., dry weight of periphyton growing on plastic 

strips) was determined at the end of the sub-experiment (reported in g C·m-2). These data are also 

not directly comparable with modelled areal density values of live epiphyton carbon biomass 

(measured in mg C·m-2). For this reason, the comparison was made in terms of the percentage of the 

value at the shallowest location (0.75 m), determined for each prescribed depth at simulation end 

time (06/07/2015 12:00 CEST). This comparison helped in the determination of the most plausible 

grazing scenario among the four tested ones, found to be Scenario 3 (equal grazing pressures on 

phytoplankton, periphyton and epiphyton), as can easily be recognised by simple inspection of 

Figure 3.20. 
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(a) (b) 

  

(c) (d) 

Figure 3.20. Vertical profiles (enclosure E14, treatment A1) of measured (dry weight, red lines) and modelled (carbon, 

blue lines) areal densities of live epiphyton biomass, expressed for comparison purposes as percentages of the values 

found at a depth of 0.75 m. Figures correspond to (a) Scenario 1 (no grazing); (b) Scenario 2 (grazing pressure on 

phytoplankton only); (c) Scenario 3 (equal grazing pressures on phytoplankton, periphyton and epiphyton); and (d) 

Scenario 4 (grazing pressure on periphyton and epiphyton only when below a live phytoplankton concentration 

threshold of 50 mg C·m
-3

). 

Macrophytes 

Macrophyte biomass (dry weight) was determined in the laboratory after retrieving the pots 

from the enclosures at the end of the sub-experiment. The comparison between observed (mg of dry 

weight) and modelled (mg of carbon) live macrophyte biomass was carried out, as for epiphyton, on 

the basis of the percentages, under each grazing scenario, of the value found at the end of the sub-

experiment/simulated period at the shallowest prescribed depth of 0.75 m. Resulting vertical profiles 

are presented in Figure 3.21. 
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(a) (b) 

  

(c) (d) 

Figure 3.21. Vertical profiles (enclosure E14, treatment A1) of measured (dry weight, red lines) and modelled (carbon, 

blue lines) live macrophyte biomass, expressed for comparison purposes as percentages of the values found at a depth of 

0.75 m. Figures correspond to (a) Scenario 1 (no grazing); (b) Scenario 2 (grazing pressure on phytoplankton only); (c) 

Scenario 3 (equal grazing pressures on phytoplankton, periphyton and epiphyton); and (d) Scenario 4 (grazing pressure 

on periphyton and epiphyton only when below a live phytoplankton concentration threshold of 50 mg C·m
-3

). 

Biological rates and grazing pressures 

As a means to illustrate the relative importance of the different terms that make up the net 

growth rate of both pelagic (phytoplankton) and benthic (periphyton and epiphyton) unicellular 

primary producers, we present, in Figure 3.22, the time series of biological rates throughout the sub- 

experiment for the reference case (enclosure E14, treatment A1) under the selected grazing scenario 

(Scenario 3), as well as the contributions of each loss term to the overall biomass loss (Figure 3.23). 

In all cases, figures correspond to the uppermost water layer, centred at a depth of 0.25 m. 
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(a) 

 

(b) 

Figure 3.22. Biological overall growth and loss rates throughout the sub-experiment, at 0.25-m depth of (a) pelagic 

(phytoplankton); and (b) benthic (periphyton and epiphyton) primary producers in enclosure E14 (treatment A1) under 

grazing Scenario 3. 
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(a) 

 

(b) 

Figure 3.23. Break-down of the overall loss rates at a depth of 0.25 m of: (a) pelagic (phytoplankton); and (b) benthic 

(periphyton and epiphyton) primary producers in enclosure E14 (treatment A1) under grazing Scenario 3. 

Dissolved inorganic phosphorus concentration 

Although measurements of dissolved inorganic phosphorus concentrations are not available 

for comparison with modelled values, total phosphorus (TP) concentrations were determined in the 

laboratory for integrated epilimnion water samples taken from each enclosure on a weekly basis. 

Four of these sampling days fell within the period of the sub-experiment. Note, however, that TP 

values cannot be directly compared to dissolved inorganic phosphorus, as TP includes also the 

organic forms of phosphorus present in the water. Nevertheless, to give an idea of the orders of 
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magnitude and general trends of these variables, we present in Figure 3.24 the time series of both 

measured TP (epilimnion) and modelled dissolved inorganic phosphorus concentrations (averaged 

over the prescribed epilimnion depth for each sampling day). 

 

 

(a) 

 

(b) 

Figure 3.24. Time series of modelled dissolved inorganic phosphorus concentrations (blue lines) versus determined 

concentrations of total phosphorus (red lines) in the epilimnion of enclosure E14 (treatment A1) for: (a) Scenario 1 (no 

grazing); (b) Scenario 3 (equal grazing pressures on phytoplankton, periphyton and epiphyton). 

3.3.2. Modelling MARS treatments 

Under selected grazing Scenario 3 (equal grazing pressures on phytoplankton, periphyton 

and epiphyton), all MARS experimental treatment conditions (browning treatments A to C and 

phosphorus enrichment treatments 1 to 7) were modelled as previously explained. We present these 

results in Figures 3.25 to 3.31. Figures for dead biomass variables were herein omitted because they 

reflect the patterns of presented live biomass variables. 
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 Modelled water temperature (°C) 
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  (s)  (t)  (u)  
Figure 3.25. Modelled water temperature (°C). Figures on the same column correspond to the same browning 

treatment (coded A to C) and those on the same row to the same P enrichment treatment (coded 1 to 7). 
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 Modelled shortwave irradiance (W·m
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Figure 3.26. Modelled shortwave irradiance (W·m

-2
). Figures on the same column correspond to the same browning 

treatment (A to C) and those on the same row to the same P enrichment treatment (1 to 7). 
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Figure 3.27. Modelled concentration of live phytoplankton carbon biomass (mg C·m-3). Figures on the same column 

correspond to same browning treatment (coded A to C) and on same row to same P enrichment treatment (coded 1 to 7). 
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Figure 3.28. Modelled areal density of live periphyton carbon biomass (mg C·m-2). Figures on the same column correspond 

to the same browning treatment (coded A to C) and those on the same row to the same P enrichment treatment (coded 1 

to 7). 
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Figure 3.29. Modelled concentration of dissolved inorganic phosphorus (mg P·m-3). Figures on the same column 

correspond to the same browning treatment (coded A to C) and those on the same row to the same P enrichment 

treatment (coded 1 to 7). 
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Figure 3.30. Vertical profiles of final modelled epiphyton biomass. Areal density is shown for browning treatments A, B 

and C in different plots as mg C·m
-2

 (left column) and % of value at 0.75 m (right column), and phosphorus enrichment 

treatments 1 to 7 as profiles in different colours in each browning treatment plot. Note scale differences between x-axes of 

different subplots. 
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Figure 3.31. Vertical profiles of final modelled macrophyte biomass. Biomass is shown for browning treatments A, B and 

C in different plots as mg C (left column) and % of value at 0.75 m (right column), and phosphorus enrichment 

treatments 1 to 7 as profiles in different colours in each browning treatment plot. Note scale differences between x-axes of 

different subplots. 
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3.4. DISCUSSION 

3.4.1. Model calibration, comparison of grazing scenarios and sensitivity analysis 

Beyond all the scientific questions we set out to answer through the study presented in this 

chapter, one of the main goals of engaging in such a modelling effort was to evaluate the 

performance of our integrated reduced complexity model in terms of how well it managed to 

represent observed patterns, simultaneously allowing for an assessment of its potential to be tailored 

to the very specific requirements posed by the IGB LakeLab enclosures, which could thereafter be 

generalised to other special cases. Once the model version was built considering all elements (and 

interactions between them) judged as important by the members of the research team, it was 

necessary to device a calibration method that could aid in the selection of parameter values. 

Important outcomes of this study are, therefore, the model version itself, which could very well be 

used in the future as an aid to design IGB LakeLab experiments, and the calibration procedure that 

was hereby defined, relying on the average value across layers of the normalised Nash-Sutcliffe 

model efficiency coefficient proposed by Nossent and Bauwens (2012). This index was found to be 

appropriate, as it does not penalise excessively small but systematic deviations between modelled 

and measured values, especially important in layers where the mean bias is important. This was, for 

instance, the case of most bottom layers for the variable water temperature. The index also helps 

parameter selection when erratic measurements are generally recorded, as is the case of total 

chlorophyll-a concentration values registered by the bbe Moldaenke FluoroProbe, the use of which is 

also not particularly supported during night-time (Giling, et al., 2017a). 

The Taylor diagrams were helpful to determine which variables were most appropriate as the 

calibration target. In the case of the parameters calibrated in this study, exhibited a very low to 

negligible sensitivity of water temperature, suggesting in this particular case a rather low 

contribution of phytoplankton biomass to light extinction. Phytoplankton biomass presented a 

higher sensitivity in terms of whether grazing was considered or not. When not considered, the 

absence of grazing was assimilated by the fractional death rate, the optimal value of which was 

higher (0.2 per day as opposed to 0.05 per day) in the ‘no grazing’ scenario. 

The determination of the most plausible grazing scenario was, however, not given by 

phytoplankton biomass, which was actually best represented in general by the ‘no grazing at all’ 

scenario, but by epiphyton biomass. This is because the final vertical profile of the latter showed a 

similar structure to mesocosm data only under grazing Scenario 3 (equal grazing pressures on 

phytoplankton, periphyton and epiphyton).  
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3.4.2. The effect of nutrient enrichment and brownification on the primary producers of a lake 

ecosystem 

As expected, the hypothesis that maximum colonisation depth of benthic primary producers 

and macrophytes would be reduced due to browning was evidenced by model results (Figure 3.19, 

Figure 3.20 and Figure 3.21). Final biomass values were shown to decrease sharply when moving 

from browning treatments A to C (Figure 3.20). It has been proposed that browning favours pelagic 

primary producers over their benthic counterparts (Vasconcelos, et al., 2016), but note that in this 

case, the benthic environment is not really limited to the bottom of the lake, but also includes the 

enclosure walls, which go all the way up to the water surface. Such a conclusion is thus not 

straightforward in the case of this IGB LakeLab experiment, as benthic growth is verified even under 

the brownest of all conditions (at shallower depths), especially in mesocosms subjected to the 

highest nutrient enrichment treatments. 

The second hypothesis was that brownification leads to an increased grazing pressure by 

zooplankton on phytoplankton and periphyton/epiphyton. This would be due to the latter being 

more restrictively confined to the upper water layers of a thinner epilimnion. Both measured and 

simulated patterns confirmed that the epilimnion was thinner in the more brownified water 

columns, and that, in these columns, maximum depths of colonisation by primary producers were 

shallower. Moreover, for periphyton and epiphyton, simulated patterns suggest higher biomass 

peaks occur when the water is browner (Figure 3.28 and Figure 3.30, respectively). Because this did 

not hold true for phytoplankton (Figure 3.27), we can safely say that it was the nutrient recycling 

capacity we assumed for periphyton and epiphyton what allowed them to outcompete 

phytoplankton in browner water columns. In other words, the browner the water, the poorer in 

nutrient was this thinner epilimnion wherein phytoplankton was constrained to grow. Since only 

periphyton and epiphyton had access to their respective internal nutrient supply, they were able to 

thrive nonetheless in nutrient-poor water. However, this led to an increased grazing pressure by 

zooplankton on these two groups, which linearly increased with biomass areal density, as effectively 

imposed under grazing Scenario 3 (equal grazing pressures on phytoplankton, periphyton and 

epiphyton) throughout the entire duration of the sub-experiment. Therefore, under these 

assumptions, which best reproduced observed epiphyton patterns, and as hypothesised, grazing was 

stronger in brownified water columns. This requires, however, to accept that zooplankton can 

indeed feed on periphyton (and epiphyton) when phytoplankton concentration is low, an 

assumption whose validity is, to our knowledge, so far only supported by a couple of studies (Siehoff, 

et al., 2009; Mahdy, et al., 2015). 
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As for phytoplankton, it must be said that, despite the fact that grazing Scenario 3 was the 

one that best reproduced epiphyton patterns, it represented phytoplankton concentration 

marginally worse. This could simply be due to the fact that the linear relationship we assumed 

between grazing rate and phytoplankton biomass concentration might not be entirely appropriate, 

or might at least not capture all zooplankton dynamics that are relevant for an accurate 

representation of phytoplankton-zooplankton interactions. One aspect that might need to be 

considered to improve this representation is that, in nature, there is usually a lag between 

phytoplankton biomass and grazing intensity peaks. In our simulations, we assumed an immediate 

response of zooplankton to the phytoplankton biomass signal. It is likely due to this assumption that 

the model consistently anticipated phytoplankton biomass peaks with respect to the actual 

mesocosm data, as seen in the calibration plots of Figure 3.18. The implementation of a time lag 

between said peaks, which we foresee for a future version of the model, could very well improve 

model phytoplankton predictions. 

In the case of macrophytes, which in this study were assumed not to be nutrient-limited, 

they were naturally not directly influenced by the concentration of dissolved inorganic phosphorus, 

presenting only minor variations among nutrient load conditions. These minor differences were 

more pronounced in the non-brownified case (Figure 3.31a). This could be explained by increased 

epiphyton shading under the highest nutrient enrichment treatments. However, because these 

differences between nutrient treatments subjected to the same browning conditions were small, the 

effect of epiphyton on macrophyte growth, in this particular sub-experiment, was not large enough 

to assess the validity of the third hypothesis (that macrophytes would be favoured by browning). The 

hypothesised mechanism behind this was that, because epiphyton would be more intensely top-

down controlled by the more concentrated zooplankton in the thinner epilimnion of browner water 

columns, shading of macrophytes by epiphyton would be reduced therein. An additional experiment 

where wall periphyton is not allowed to grow (and, therefore, does not compete for nutrients with 

epiphyton), might boost epiphyton biomass and lead to a more significant effect on macrophytes, 

which should help in the assessment of such a hypothesis. 

3.4.3. The importance of considering lateral heat fluxes and other heating/cooling phenomena 

Preliminary results obtained at an early stage of the development of this study also made it 

evident how important the consideration of lateral heat fluxes is for an accurate representation of 

the physical patterns that develop inside the IGB LakeLab enclosures. As can be observed in Figure 

3.32, without the consideration of heat exchanges between a mesocosm and the open lake, it is not 

possible to reproduce the dynamics of the internal thermocline that otherwise quickly homogenises 

with that of the lake.  
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Figure 3.32. Water temperature (°C) contour plots evidencing the importance of considering lateral heat fluxes across 

the enclosure walls: (a) water temperatures measured in the open lake; (b) water temperatures measured in an 

enclosure; (c) water temperatures modelled for the enclosure without consideration of lateral heat exchanges; and (d), 

water temperature as modelled for the enclosure considering lateral heat exchanges. 

Other water heating phenomena might also be important, such as the daytime heating of the 

metallic surfaces of the IGB LakeLab, likely to affect surface water temperatures of the mesocosms, 

through radiative and conductive/convective energy transfers, to an extent that might not be 

negligible and could explain part of the differences between model predictions and measurements. 

More research is also required to determine the wind shielding effect of the structures above and 

around each enclosure, as wind forcing is also a factor in cooling the water column through its 

influence on evaporation rates (latent heat transfer) and mixing intensity. 

3.5. CONCLUSIONS 

For the purpose of investigating the potential effects of combined eutrophication and 

brownification pressures on the different primary producers that were present in the MARS sub-

experiment set up by Sabine Hilt’s research team, a specific version of our integrated reduced 

complexity model was effectively implemented. The model version relied on the interactions 

between all primary producer groups, including the competition for nutrients (phosphorus) between 

the pelagic and benthic compartments (the benthic compartment recapturing part of the re-

mineralised phosphorus before it reached the pelagic zone) and light (e.g., light extinction by 
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phytoplankton biomass and epiphyton shading on macrophytes). All state variables presented the 

expected reasonable patterns under all treatment conditions. For instance, surface water 

temperatures were higher in browner water columns, with a thinner mixed layer, that resulted in 

phytoplankton growth being more concentrated in the surface under increased light limitation. 

Phytoplankton, periphyton and epiphyton biomass peaks increased in magnitude with phosphorus 

load and were found at shallower depths in browner enclosures. Nutrient concentrations remained 

high below the thermocline, in the hypolimnion, with mixing events occasionally boosting primary 

production, especially in the case of enclosures subjected to the higher nutrient pulses. 

Grazing, a fundamental factor in controlling populations of primary producers, was only 

implemented indirectly. For this implementation, we assumed four different grazing scenarios 

(including one scenario with no grazing at all) under which all simulation results were compared. 

When accounted for, grazing was represented by means of a linear dependence on the concentration 

of phytoplankton biomass, assuming an active search for food by zooplankton. This simplification, 

which was intended to keep the model complexity to a minimum, resulted in a satisfactory 

representation of periphyton and epiphyton biomass when these two groups were also subjected to 

grazing by zooplankton. Although the importance of top-down control by zooplankton of these two 

groups remains an understudied topic in scientific literature, a couple of published studies suggest 

this mechanism could play an important role when phytoplankton populations are particularly low.  

Contrastingly, phytoplankton patterns were better captured by the ‘no grazing’ scenario. 

Under this scenario, the absence of a grazing-related loss rate was compensated by a higher 

senescence-related cell death rate. This suggests that a linear model might not be entirely 

appropriate to account for grazing pressures by zooplankton on phytoplankton. An opportunity to 

improve this representation of grazing could be to incorporate a lag-time between phytoplankton 

and zooplankton peaks. This lag, which is usually observed in nature, leads to the occurrence of a 

clear water phase in-between blooms. 

From the technical perspective, the study served as confirmation of the applicability of the 

model to a case such as the IGB LakeLab, which presents a series of special model design 

requirements. In this sense, many improvements can be foreseen for the future, as the 

understanding of the influence of structural components of the IGB LakeLab (e.g., the wind shielding 

effect of the platform) will improve. A calibration mechanism based on goodness-of-fit indices was 

also implemented, capitalising on the high-frequency vertically resolved data produced by the 

mesocosm profiler system. 
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CHAPTER 4 

MODELLING THE EFFECTS OF SKYGLOW ON LAKE METABOLIC RATES 

4.1. INTRODUCTION 

4.1.1. Chapter motivation and overview 

In the present chapter, we present the results of a modelling study we conducted in the 

hopes of contributing to the currently limited scientific knowledge about the ecological impact, on 

lake ecosystems, of an increase in the diffuse luminance of the night sky (a phenomenon commonly 

referred to in literature as ‘skyglow’) due to modern artificial, anthropic sources of light. With this 

aim, we investigated how skyglow might affect metabolic rates in the epilimnion of large mesocosms 

installed within Lake Stechlin, a north temperate lake in Brandenburg, Germany. These metabolic 

rates are the gross primary productivity (𝐺𝑃𝑃), the ecosystem respiration rate ( 𝑅) and the 

difference between the two, the net ecosystem productivity (𝑁 𝑃  𝐺𝑃𝑃   𝑅). The mechanistic 

representation of these ecological processes usually takes the form of empirical, parameterised 

functions of a reduced set of variables describing the underwater light and temperature climate, the 

general topic of this doctoral thesis. The selection of specific 𝐺𝑃𝑃 and  𝑅 functions depends on 

which of the several limnological variables affected by these processes is to be modelled. Candidate 

variables are, for instance, the concentrations of dissolved carbon dioxide and dissolved oxygen 

(𝐷𝑂). Of these two, the latter is nowadays more widely used, 𝐷𝑂 sensors being cheaper, more robust 

and less power demanding than their carbon dioxide counterparts. Consequently, 𝐷𝑂 datasets are 

becoming increasingly available for many lakes around the world. Our case study for this chapter is 

no exception to this. 

In the summer of 2016, as part of the ‘Illuminating Lake EcoSystems’ project (acronym ‘ILES’) 

of the Leibniz-Institute of Freshwater Ecology and Inland Fisheries (IGB-Berlin), a large-scale 

mesocosm experiment was carried out at the IGB LakeLab in Lake Stechlin (Brandenburg, Germany). 

The experiment consisted in the exposure, over a period of approximately three months, of 15 large 

mesocosms, each assigned to one of three treatment groups. Each group of 5 mesocosms was 
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subjected to a different level of artificial skyglow (one of them being the control group, not exposed 

to increased skyglow due to artificial lighting). 

High-frequency, vertically resolved limnological data, including 𝐷𝑂 data, were produced 

throughout this experiment for all mesocosms in addition to four surrounding points in the outer 

lake. For this study, as a side objective, we used these data to further evaluate the applicability and 

versatility of our integrated reduced complexity model, to which a governing equation for 𝐷𝑂 was 

added with respect to the previously described model versions. Besides the turbulent diffusive flux, 

the incorporated 𝐷𝑂 equation includes a source and a sink term accounting for oxygen production 

and consumption, i.e., the appropriate functions for 𝐺𝑃𝑃 and  𝑅. Daily parameter values for each of 

the modelled water layers were estimated from 𝐷𝑂, water temperature (𝑇𝑤), photosynthetically 

active radiation (𝑃𝐴𝑅) and meteorological data (wind speed, atmospheric pressure). This was done 

using a Markov chain Monte Carlo (MCMC) method devised within a Bayesian statistical framework. 

We chose this method because it has already been successfully used in the past to estimate the 

metabolic rates of such large mesocosms by former IGB researcher Darren Giling, who collaborated 

with us for this study. 

4.1.2. Light pollution by artificial light at night 

In biological systems, light has a double role. On the one hand, it is a resource that sustains 

the growth of primary producers, which lie at the base of the food chain. One the other hand, it is an 

information source, affecting the biological timings of most organisms, including humans (Gaston, 

et al., 2017). Therefore, any alteration of natural light patterns, including light pollution by artificial 

light at night (ALAN), is likely to have an impact across all levels of biological organisation. 

ALAN is a by-product of civilisation. Consequently, its footprint is most distinct in the more 

developed regions of the world, e.g., the United States and Europe (Figure 4.1). In these regions, 

more than 99% of human populations live under light-polluted skies (Falchi, et al., 2016). This does 

not mean, however, that light pollution by ALAN is not an issue at present in the less developed 

regions of the planet, where it can still be an important alteration, especially around big cities. First 

identified and described as a threat to astronomy (Riegel, 1973) and other human activities (Finch, 

1978), light pollution by ALAN has also been recognised in recent years to have important ecological 

impacts (Longcore & Rich, 2004; Gaston, et al., 2014), posing a threat to biodiversity (Hölker, et al., 

2010a). 

Identified impacts of light pollution by ALAN are diverse. In general, we can say that artificial 

light at night disrupts circadian and seasonal behaviour in wildlife (Russart & Nelson, 2018; 

Dominoni & Nelson, 2018; Gaston, et al., 2015). These effects range from the more obvious 
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disorientation of some animal species to subtle, less obvious changes in the nocturnal activity 

patterns of some others. So far, most research on the matter has dealt with the effects on an 

individual scale. Inevitably, these effects ought to alter social interactions and group dynamics 

among members of the same species (Kurvers & Hölker, 2015), as well as predator-prey interactions 

among individuals of different species, eventually cascading all the way to the ecosystem level 

(Manfrin, et al., 2017). However, scientific understanding of the long-term ecological consequences 

of these alterations is still quite limited, holding many opportunities for basic and applied research 

(Longcore & Rich, 2004; Gaston, et al., 2013). 

 

Figure 4.1. Europe at night. © 2016, NASA Earth Observatory images by Joshua Stevens, using Suomi NPP VIIRS data 

from Miguel Román, NASA's Goddard Space Flight Center. 

To provide a few examples of what is already known, we can mention some aspects of the 

biology and ecology of several animal groups that are known to be influenced by light pollution. In 

mammals, artificial light sources of predominantly short wavelengths can act as potent suppressors 

of nocturnal melatonin, affecting sleeping patterns (Dimovski & Robert, 2018). Even low light levels, 

when persistent, have been observed to induce changes in activity patterns of small mammal 

populations (Hoffmann, et al., 2018). In birds, effects include the disruption of circadian rhythms 

and disorientation during flight, particularly during migration, the most critical stage in their annual 

cycle (Cabrera-Cruz, et al., 2018). Light pollution also notably affects insect populations through 
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several mechanisms (Eisenbeis & Hänel, 2009), going as far as affecting sex-specific gene expression 

(Honnen, et al., 2016). From an ecological perspective, the observed consequences are numerous. 

For instance, altered patterns of emergence from water bodies of some species affect overall 

organism fluxes across aquatic-terrestrial ecosystem boundaries, which can ultimately drive 

community composition and dietary patterns among several other species (Manfrin, et al., 2017; 

Manfrin, et al., 2018). 

Less discussed in scientific literature, but of potentially world-wide ecological implications, 

are the effects of light pollution on primary producers. In terrestrial plants, these effects may be 

direct (e.g., phenology and dark recovery from stress) or indirect (e.g., plant-animal interactions), 

and may superimpose on those of other stressors such as chemical pollution (e.g., tropospheric 

ozone), climate change, habitat fragmentation and the introduction of invasive species (Bennie, et 

al., 2016). In aquatic primary producers, wavelength-dependent effects that might ultimately affect 

food availability for higher trophic levels have also been identified (Grubisic, et al., 2018; Grubisic, et 

al., 2017). There is only one laboratory study reporting ALAN-induced long-term changes in the 

species composition of aquatic microbial sediment communities, where a “strong street light” 

scenario was mimicked by LED lights, which finally led to a shift of the system from negative to 

positive net ecosystem production at night (Hölker, et al., 2015a).   

As a final note to this summary, we can say that, so far, ecological consequences of light 

pollution have been more commonly studied in terrestrial ecosystems (Bennie, et al., 2015) and that, 

comparatively, little is known about the effects on their aquatic counterparts (Perkin, et al., 2011). In 

this regard, with few exceptions (Moore, et al., 2006), most available studies that do address the 

latter rather focus on their interface with terrestrial ecosystems. This is particularly true in the case 

of streams and rivers (Holzhauer, et al., 2015) and estuaries (Zapata, et al., 2018), and not so much in 

the case of lakes. Moreover, as of today, and despite most of the planet still being relatively free of it, 

the large majority of studies keep looking into the effects of direct ALAN sources, such as those from 

street lights (e.g., Hölker, et al., 2015a) and even those from vehicles along roads cutting through 

otherwise natural environments (Gaston & Holt, 2018). However, ALAN-related increases in skyglow 

is a much more widespread ecological stressor (Falchi, et al., 2016; Davies, et al., 2013; Kyba, et al., 

2015) that remains largely understudied (Davies, et al., 2013; Kyba & Hölker, 2013). 

4.1.3. Aquatic ecosystem metabolism and its estimation via the diel oxygen technique 

In biology, the term ‘metabolism’ refers to the use of energy for food production and/or 

assimilation, for locomotion, maintenance, growth, reproduction and other processes that 

characterise living organisms. By extension, in ecology, it refers to the total energy processed by all 
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organisms that make up an ecosystem (Alexander & Fairbridge, 1999). The numerous energy-

transforming metabolic processes on both individual and ecosystem scales can be classified into one 

of the two following categories: production and respiration. On the one hand, production processes 

may, in turn, be classified as primary or secondary. Primary production refers to the formation of 

organic matter from inorganic substances, which occurs in autotrophic organisms. Such is the case 

of plants, algae and photosynthetic bacteria, which release oxygen back into the environment as a 

by-product of this carbon assimilation. Secondary production occurs whenever primary producers 

are consumed by organisms at higher trophic levels, increasing the carbon biomass of the latter. On 

the other hand, ecosystem respiration refers to the sum of all respiration by the living organisms 

included in the ecosystem. The balance between the two is the net ecosystem production (𝑁 𝑃). If 

production is more important than respiration in a given ecosystem (i.e., positive 𝑁 𝑃), it is said to 

be in an autotrophic state. In the opposite case (negative 𝑁 𝑃), the ecosystem is said to be in a 

heterotrophic state. In nature, it is usually the case that an ecosystem fluctuates between autotrophy 

and heterotrophy. The proportion of time between the two is of great ecological interest for many 

reasons, the more obvious being that net autotrophic ecosystems act as carbon sinks whereas net 

heterotrophic act as carbon sources, affecting carbon dioxide concentrations in the atmosphere, a 

key aspect in climate change science. 

In theory, methods to estimate metabolic rates in ecosystems may rely either in its energy or 

mass balance. Of the two, relying on the latter is more straightforward and involves less uncertainty 

than the former. In aquatic ecosystems, typical estimation bases are dissolved oxygen and carbon 

dioxide. As previously mentioned, among the two, dissolved oxygen is usually the preferred choice, 

oxygen sensors being cheaper, more robust and less power demanding than their carbon dioxide 

counterparts. The most widely used oxygen-based method for metabolic estimation in aquatic 

ecosystems is the one commonly known as the “diel oxygen technique”. 

Used for the first time in 1949 to estimate the organic productivity in a coral reef system 

(Sargent & Austin, 1949), this technique was consolidated by Odum in the 1950s (Odum, 1956; 

Odum, 1957), who extended its application to streams, rivers and lakes. Over the years, it has 

become a widely accepted method to examine metabolic rates in aquatic ecosystems (Gelda & Effler, 

2002; Staehr, et al., 2010). 

The governing discrete equation for estimating whole-system free-water metabolism from 

measurements of dissolved oxygen is usually written as: 

 
 𝐷𝑂

  
 𝐺𝑃𝑃   𝑅    𝐴       
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where  𝐷𝑂 is the change in dissolved oxygen concentration over a time step   ; 𝐺𝑃𝑃 is the gross 

primary productivity;  𝑅 is the ecosystem respiration rate;   is the exchange rate of oxygen between 

the system and the atmosphere, typically modelled as a wind-mediated function of the gradient in 

oxygen concentration between them; and 𝐴 is a term combining the rates of all other processes that 

produce changes in 𝐷𝑂, such as the chemical oxidation of organic matter. The latter are typically 

assumed to be negligible (Staehr, et al., 2010). Another common assumption is that ecosystem 

respiration is equal throughout the entire day. Under such an assumption,  𝑅 can be estimated from 

night-time measurements when 𝐺𝑃𝑃 is assumed to be zero. Under this assumption 𝐺𝑃𝑃 can 

therefore be estimated from daytime changes in 𝐷𝑂. The universal validity of all these assumptions, 

i.e., for all aquatic ecosystems, has however been frequently subjected to questioning, in particular, 

because 𝐺𝑃𝑃 and  𝑅 are known to generally be tightly coupled (Hoellein, et al., 2013). This is 

especially true for the case of oligotrophic lakes, where heterotrophy is limited by the scarce 

concentrations of labile photosynthetic exudates (Solomon, et al., 2013; Sadro, et al., 2011). 

Therefore, the study of lake metabolic calls for a different approach that allows for the 

simultaneous estimation of the production and respiration components of 𝑁 𝑃. For this purpose, in 

this study, we use common empirical formulations of 𝐺𝑃𝑃 and  𝑅, the parameter values of which we 

estimate within a Bayesian statistical framework using a Markov chain Monte Carlo (MCMC) 

method. 

4.1.4. Fundamentals of Bayesian statistics and its potential in ecological modelling 

Based on the Bayesian interpretation of probability, Bayesian statistical methods are 

increasingly being used in ecological research (Wade, 2000; McCarthy, 2007). Unlike the frequentist 

interpretation, which views probability as the fixed limit of the relative frequency of an event after a 

large number of trials, in the Bayesian interpretation, probability is viewed as the ‘degree of belief’ in 

an event, which may change as new information is gathered. The mathematical description of this 

‘conditional probability’ is known in statistics as the Bayes’ theorem, Bayes’ law or Bayes’ rule, named 

after Thomas Bayes, the English statistician who first used conditional probability to estimate the 

value of an unknown parameter taking evidence into account, a work posthumously published in 

1763 by British philosopher Richard Price. 

Bayes’ theorem (eq. 4.2) states that 𝑃  𝐻𝑖 , the probability of a hypothesised event 𝐻𝑖, given 

the prior knowledge that an event 𝐷 has occurred, is equal to the product of 𝑃  𝐻𝑖 , the marginal or 

uninformed probability of 𝐻𝑖, and 𝑃  𝐷|𝐻𝑖 , the conditional probability of event 𝐷 occurring when 

𝐻𝑖 is known to have occurred, divided by 𝑃  𝐷 , the total probability of event 𝐷. The latter is 

nothing other than the sum of products of the probabilities of event 𝐷 occurring under all possible 
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scenarios 𝐻𝑗 (among which also 𝐻𝑖) and the marginal, uninformed probability of each corresponding 

scenario 𝐻𝑗. This is: 

 𝑃  𝐻𝑖|𝐷  
𝑃  𝐻𝑖  𝑃  𝐷|𝐻𝑖 

𝑃  𝐷 
 

𝑃  𝐻𝑖  𝑃  𝐷|𝐻𝑖 

∑ 𝑃 (𝐻𝑗)  𝑃 (𝐷|𝐻𝑗)𝑗

       

The potential of Bayesian inference methods in ecological modelling can immediately be 

recognised, as it follows from the fact that values of most parameters found in empirical 

formulations of biological processes are usually restricted to certain ranges or occur at certain 

frequencies that are increasingly known as research advances. In Bayesian terms, there is an 

improved ‘posterior knowledge’ every time new evidenced is gathered. From a modelling 

perspective, this can greatly help in model calibration, especially when many parameters are 

involved, by progressively reducing the set of parameter value combinations to be tested as ‘new 

evidence’ is synthetically gathered by the model following each of the iterations. For each parameter, 

the starting point of this iterative process can be a previously known probability distribution that 

may have followed from either past studies or expert knowledge, i.e., there is an informed, ‘prior 

knowledge’. If previous knowledge does not exist, the prior is said to be ‘uninformed’. The endpoint 

of the process is a posterior probability distribution whose mean (or median) can be interpreted as 

the most likely parameter value and whose standard deviation provides a measure of the uncertainty 

of the estimation. 

For the synthetic gathering of new evidence (iterative sampling from probability 

distributions), many methods have been developed. Among the most widely used, we can mention 

Markov chain Monte Carlo (MCMC) methods, which are based on the construction of a number of 

Markov chains (stochastic models describing a sequence of events whose probabilities depend only 

on the immediately prior verified event) that are expected to converge within a prescribed number of 

iterations. If the chains have converged before the last iteration, the estimation process is considered 

to have been successful. 

Many kinds of MCMC methods exist and can be classified in a simple way as random walk 

methods and non-random walk methods (e.g., training-based methods). An example of the first 

category, and the one we use in this study, is known as Gibbs sampling, a randomised algorithm that 

presents the advantage of not requiring any tuning. For illustrative purposes, we present in Figure 

4.2 two examples of successful Gibbs sampling processes, each involving the convergence of three 

Markov chains before 3000 iterations. It is generally the case that the first part of each chain, known 

as the ‘burn-in’, is discarded, as they do not accurately represent the target distribution. 
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Figure 4.2. Example of the estimation of two parameters, A and R, through Gibbs sampling, a Monte Carlo 

Markov Chain (MCMC) iterative process. In each of these examples, three Markov chains are set to converge 

before the 3000th iteration. 

4.2. MATERIALS AND METHODS 

4.2.1. Case Study: ILES first mesocosm experiment 

The ILES project and its first IGB LakeLab mesocosm experiment in 2016 

Co-led by IGB researchers Mark Gessner and Franz Hölker, Project ILES8 (acronym for 

‘Illuminating Lake EcoSystems’), is an ongoing initiative of the Leibniz-Institute of Freshwater 

Ecology and Inland Fisheries (IGB) funded by the Leibniz Association. As the name suggests, it aims 

to provide insight into the largely unknown ecological impacts, on lake ecosystems, of increased 

skyglow due to light pollution (Irwin, 2018). So far, two large-scale mesocosm experiments were 

conducted, within the framework of this project, at the IGB LakeLab in Lake Stechlin, a dimictic 

oligotrophic-to-mesotrophic hard-water lake in Brandenburg, north-eastern Germany (53°08’36’’N, 

13°01’41’’E), characterised by high water transparency. 

The first ILES experiment, on which the present study is based, was carried out between 

August and November 2016. It employed 15 randomly selected enclosures (9 m diameter, variable 

depth of up to ca. 20 m) out of the 24 enclosures that the LakeLab comprises. These 15 enclosures 

were then randomly split into 3 groups of 5 enclosures each. Each group was subjected to one of 

three experimental conditions (Table 4.1). 

Experimental conditions were implemented by means of metallic rings attached to the bridge 

structure above each enclosure. Skyglow-emulating sources of diffuse light were installed onto these 

rings (Figure 4.3), set to the light intensities previously indicated. Control (no skyglow) conditions 

are supported by a previous study reporting that Lake Stechlin is an excellent location to study the 

effects of artificial skyglow. After continuous monitoring carried out between June and September 

                                                           
8
 Official website of Project ILES: https://www.lake-lab.de/index.php/iles.html 
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2015, this study found a very little influence of artificial light at night at this location on the 

nocturnal zenith sky brightness (Jechow, et al., 2016). 

Table 4.1. Experimental treatments and set-up of the first ILES experiment in 2016 

Treatment Skyglow intensity (lx) Experimental ID IGB LakeLab enclosure ID 

0 (control, no skyglow) 0 0A E08 

0B E04 

0C E10 

0D E20 

0E E13 

1 (low skyglow) 0.06 1A E24 

1B E12 

1C E17 

1D E09 

1E E14 

2 (high skyglow) 6 2A E22 

2B E16 

2C E19 

2D E05 

2E E01 

 

Figure 4.3. Experimental set-up of the first ILES experiment. © 2016 IGB Leibniz-Institute of Freshwater 

Ecology and Inland Fisheries. 
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Approximately a week prior to the start of the experiment, the water column in all 15 

enclosures was prepared by first exchanging hypolimnetic water masses with that of the surrounding 

lake, after which the same was done with epilimnetic water. This was achieved by simultaneously 

pumping water from the corresponding layers, at the same volumetric rate, out of the enclosures and 

into the lake, and out of the lake and into the enclosures. 

To minimise periphyton contribution to whole-lake metabolism, periphyton growth on the 

inner walls of the enclosures was controlled by fixing 8m x 8m opaque white plastic sheets to them 

(hereafter referred to as the “Stechlin swings”). The Stechlin swings were periodically turned inside 

out to repristinate the artificial substrate (by inducing periphyton death and subsequent 

detachment, as benthic algae were no longer exposed to sunlight). 

To complete the lake food web, 8 specimens of a facultative zooplanktivorous fish species 

native to Lake Stechlin, the European perch (Perca fluviatilis), were introduced in all 15 mesocosms, 

which were initially fishless. All specimens were at a similar stage of their life cycle and were 

previously weighed and measured to ensure similar predation pressures on zooplankton in all 

experimental units. 

High-frequency monitoring 

As already explained in the previous chapter, each LakeLab enclosure is equipped with a 

vertical profiling system consisting of an automated winch mounted on a metallic frame, to which a 

probe is attached by means of thin metallic cables (1.6 mm diameter). Each probe comprises a YSI 

6600 multi-parameter probe9 that includes water temperature (YSI6560), electrical conductivity 

(YSI6560), pH (YSI6579) and dissolved oxygen concentration (YSI6150) sensors; a Li-Cor spherical 

quantum sensor10 (LI-193SA) that measures photosynthetically active radiation (PAR) at 15-s 

intervals; and a bbe Moldaenke FluoroProbe11 (submersible spectrofluorometer) that measures 

chlorophyll-a concentration split into four algal pigment groups (green algae, cyanobacteria, diatoms 

and cryptophytes) and yellow substance concentration (measured in RFU). Measurements were 

taken starting at 0.5 m below the water surface, at a 0.5 m vertical resolution until a maximum 

depth of between 15.5 and 20 m depending on the lake depth at the location of each enclosure. A full 

profile for each enclosure was recorded at an hourly temporal resolution. Optical sensors were 

regularly wiped (at 2-hour intervals) by means of automated brushes. 

                                                           
9
 YSI Inc., Yellow Springs, OH, USA 

10
 Li-Cor, Lincoln, USA 

11
 bbe Moldaenke, Schwentinental, Germany 
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4.2.2. Datasets and quality control 

The high-frequency, vertically resolved limnological datasets that were used in this study 

include: water temperature, 𝑇𝑤 (°C), electrical conductivity,  𝐶 (µS·cm-1), dissolved oxygen 

concentration, 𝐷𝑂 (mg O2·L
-1), photosynthetically active radiation, 𝑃𝐴𝑅 (µmol photons·m-2·s-1) and 

chlorophyll-a, Ch -  (mg Chl-a·L-1). Datasets correspond to all 15 ILES 2016 enclosures in addition to 

4 points of the outer lake surrounding the IGB LakeLab. All datasets were subjected to an automated 

data quality check that scanned for outliers (i.e., values above and below reasonable maxima and 

minima for each variable, respectively). The procedure then decided on a correction to be applied 

depending on the nature of the detected error. For consistency and clarity in the processing of data, 

manual correction was avoided in all cases. 

Meteorological data was provided by the Umweltbundesamt (UBA, the Federal Environment 

Agency of the Federal Republic of Germany), recorded for the entire experimental period at a nearby 

location on the shore of Lake Stechlin. Data includes air temperature (°C), atmospheric pressure 

(hPa), relative humidity (%), precipitation intensity (mm·h-1), wind speed (m·s-1, measured at 10 m 

above the ground), and total irradiance (W·m-2). These data were temporally matched to those 

measured and recorded at the IGB LakeLab. 

4.2.3. The dissolved oxygen governing equation 

As anticipated, for this modelling study, we incorporated a new PDE that governs the 

dynamic evolution of dissolved oxygen concentration in each water layer. The new equation, which 

is based on the diel oxygen technique, is the following: 

 
 𝐷𝑂

  
 

 

  
(  

 
 𝐷𝑂

  
)  𝑁 𝑃  

 

  
(  

 
 𝐷𝑂

  
)  𝐺𝑃𝑃   𝑅        

where   
  is the mass turbulent or eddy diffusivity, assumed to be equal to   

 , the depth-specific 

turbulent thermal diffusivity calculated at each time step  , as in previous chapters, by means of an 

empirical relationship based on the Richardson number that accounts for reduced mixing across the 

thermocline. The net ecosystem production rate, 𝑁 𝑃, is equal to the difference between the gross 

primary production rate, 𝐺𝑃𝑃, and the ecosystem respiration rate,  𝑅. If positive (𝐺𝑃𝑃   𝑅), the 

term acts as an oxygen source. If negative (𝐺𝑃𝑃 <  𝑅), it acts as an oxygen sink. The exchange of 

oxygen between the mesocosm and the atmosphere (  in eq. 4.1) is included as a top boundary 

condition in the equation for the surface water layer. 
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4.2.4. Bayesian estimation of GPP and ER 

For the mechanistic description of the gross primary production rate and the ecosystem 

respiration rate, we used a parameterised formulation commonly found in literature, e.g. Grace et al. 

(2015). On the one hand, 𝐺𝑃𝑃 was formulated as: 

 𝐺𝑃𝑃  𝐴  𝑃𝐴𝑅𝑝        

where 𝐴 is the photosynthetic production per unit of PAR irradiance, or photosynthetic efficiency, 

and   is an exponent reflecting the ability of primary producers to absorb and use incident 𝑃𝐴𝑅 and 

potentially also accounting for saturating photosynthesis. On the other hand,  𝑅 was formulated as: 

  𝑅  𝑅  𝜃(         )        

where 𝑅 is a respiration rate that is modified by an Arrhenius-type temperature mediation factor, 

𝜃(         ), 𝜃 being the pre-exponential constant, 𝑇𝑤 the local instantaneous water temperature and 

𝑇𝑤 𝑟𝑒𝑓 an arbitrarily chosen reference water temperature. In this study, to estimate respiration under 

in situ conditions, the choice for 𝑇𝑤 𝑟𝑒𝑓 was the daily mean water temperature at each modelled 

layer, so that 𝑇𝑤 𝑟𝑒𝑓      𝑇𝑤̅̅̅̅     (over 24 hours).  

In principle, parameters 𝐴,  , 𝑅 and 𝜃 can all be estimated within the Bayesian framework. In 

this study, to obtain a simpler, linear dependence of 𝐺𝑃𝑃 on 𝑃𝐴𝑅, simulations were run with a 

fixed   (   ), the parameter 𝐴 then becoming a linear photosynthetic efficiency; and a fixed 𝜃 

(𝜃       , a standard value commonly used in literature). The values of 𝐴 and 𝑅 were estimated 

from hourly 𝐷𝑂, 𝑇𝑤, 𝑃𝐴𝑅 and meteorological data (time step    = 3600 s), to which a 4-hour 

smoothing was previously applied. For the estimation, we used JAGS (‘Just Another Gibbs Sampler’), 

a program for analysis of hierarchical Bayesian models (Plummer, 2003). Three Markov chains were 

set to converge before the 3000th iteration, with a burn-in of 1500 iterations. Samples of both 

parameters were drawn from uninformative normal distributions as in Grace, et al. (2015) and Giling, 

et al. (2017a). 

Discretising the water column 

The water column was discretised in vertical layers of equal thickness (except for the 

uppermost layer), with centres located at each measurement depth (i.e., every 0.5 m, starting from 

0.5 m below the water surface). Since the distance between measurement points was of 0.5 m, layer 

thickness was of 0.5 m as well, the top of each layer being at 0.25 m above the corresponding 

measurement depth, and its bottom at 0.25 m below it. As for the uppermost layer, the top was 

taken to be the water surface (0 m). Hence, its thickness was of 0.75 m instead, i.e., 0.5 m above and 

0.25 m below the layer centre (0.5 m deep). The deepest water layer, with its centre at the deepest 
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measurement depth (variable among enclosures), had its bottom at 0.25 metres below the depth of 

its centre. Therefore, the water column was represented down to 0.25 m beyond the maximum 

measurement depth. 

Delineating depth zones and determining thermocline depth 

High-resolution water temperature profiles (0.1 m) were generated for all 24 hours of each 

day according to eq. 4.6 (Rimmer, et al., 2005): 

 𝑇𝑤      𝑇𝑤  𝑖𝑛    [𝑇𝑤        𝑇𝑤  𝑖𝑛   ] [
 

      𝑛
]
  

 
𝑛
        

where 𝑇𝑤      is the modelled water temperature at depth   and time  ; 𝑇𝑤        and 𝑇𝑤  𝑖𝑛    are 

the maximum and minimum water temperatures measured at time   in the epilimnion and the 

hypolimnion, respectively; and   and 𝑛 are parameters estimated by fitting the generated water 

temperature profiles to the measured data using JAGS (Plummer, 2003). Again, three Markov chains 

were set to converge before the 1000th iteration, with a burn-in of 500 iterations, and parameter 

sample values drawn from uninformative normal distributions. 

 

Figure 4.4. Modelled high-resolution water temperature profile against water temperature measurements taken during 

a period of marked thermal stratification in a representative enclosure of the IGB LakeLab. The shaded area indicates 

the estimated extent of the metalimnion, with the thermocline indicated with a dashed black line and the euphotic 

depth with a dash-dotted blue line. 

The thickness of the epilimnion was then determined for each high-resolution modelled 

water temperature profile. Equivalent to the mixing depth, 𝑍 𝑖 , this is also the depth at which the 

top of the metalimnion is found. For this study, we defined 𝑍 𝑖  as the shallowest depth at which the 
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water density gradient between consecutive layers was greater than 0.10 kg·m-3·m-1 (Read, et al., 

2011). Similarly, the depth of the bottom of the metalimnion was defined as that after which the 

density gradient between consecutive water layers was no longer greater than 0.10 kg·m-3·m-1. 

Finally, the depth of the thermocline was defined as that at which the greatest water density gradient 

was found. An example of a profile generated through this method is presented in Figure 4.4. 

After all these calculations, each water layer was assigned to one of the three following zones: 

(a) epilimnion (if the centre of the layer was located above 𝑍 𝑖 ), (b) metalimnion (if the centre of 

the layer was located between 𝑍 𝑖  and the bottom of the metalimnion), and (c) hypolimnion (if the 

centre of the layer was located below the bottom of the metalimnion). 

Determining the average light attenuation coefficient and the euphotic depth 

The mean vertical light attenuation coefficient,   , was estimated from 𝑃𝐴𝑅 data, for each 

enclosure and daytime 𝑃𝐴𝑅 profile, as the slope of the linear regression between   𝑃𝐴𝑅 and depth  . 

The mean daily    was calculated as the average of those that resulted in a regression line with a 

coefficient of determination 𝑅       (Obrador, et al., 2014). The euphotic depth 𝑍𝑒𝑢 (eq. 4.7), was 

defined as in Giling, et al. (2017a). This is: 

 𝑍𝑒𝑢   
      

  
       

Estimating air-water oxygen exchanges 

Air-water oxygen exchanges, a top boundary condition of the 𝐷𝑂 governing equation, were 

modelled following Staehr, et al. (2012) and Obrador, et al. (2014): 

 𝐷𝑠     𝑠   
𝐷𝑂    𝐷𝑂𝑠 𝑡   

𝑍 𝑖    
        

where 𝐷𝑠 is the air-water oxygen exchange rate at time;  𝑠 an oxygen transfer velocity (m·s-1), 

calculated from wind speed     (m·s-1 measured at 10 m above ground surface) at a Schmidt number 

of 600, as in Cole & Caraco (1998); 𝐷𝑂𝑠 𝑡 the dissolved oxygen concentration at saturation, 

calculated as a function of atmospheric pressure, water temperature and electrical conductivity, as in 

Grace, et al. (2015); and 𝑍 𝑖  is the mixing depth, all evaluated at time  . 

Evaluating estimates of parameter values 

The reliability of parameter value estimates can be evaluated after each simulation through a 

series of indices reported by JAGS. First, the successful convergence of Markov chains can be 

assessed by looking at the values of a potential scale reduction factor �̂� (Brooks & Gelman, 1998). 

Values of �̂� that are close to 1 indicate good convergence, whereas values larger than 1.1 indicate a 
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poor mixing of the chains. Two measures of model fit are also included in the JAGS post-simulation 

report. These are: (a) 𝑅 , the coefficient of determination, ranging from 0 to 1, whose interpretation 

is the traditional one (the higher the 𝑅  values, the higher the correlations between model and 

measurements); and (b) 𝑃𝑃𝑃, the posterior predictive p-value, whose interpretation in the Bayesian 

context differs from the traditional p-value interpretation. In the Bayesian statistical framework, 

a 𝑃𝑃𝑃 that is close to 0.5 indicates that the values of a given test statistic calculated from both 

simulated and measurement data will be close. In this study, metabolic models with 𝑅 <     and/or 

either 𝑃𝑃𝑃 <     or 𝑃𝑃𝑃     , as well as those with poor chain convergence (�̂�     ), were 

excluded from further analysis. 

4.2.5. Post-processing of daily, layer-specific estimates of GPP, ER and NEP 

The main outputs of the Gibbs sampling process are the daily, layer-specific estimates of the 

three metabolic rates, calculated as: 

 𝐺𝑃𝑃𝑑 𝑖𝑙𝑦  ∑𝐴  𝑃𝐴𝑅ℎ
𝑝

  

ℎ  

        

 

  𝑅𝑑 𝑖𝑙𝑦         ·      
𝑅

  
         

where    is the model time step (3600 seconds), and        ·       the appropriate conversion 

factor; and 

 𝑁 𝑃𝑑 𝑖𝑙𝑦  𝐺𝑃𝑃𝑑 𝑖𝑙𝑦   𝑅𝑑 𝑖𝑙𝑦        

If determined to be reliable, these estimates were then subjected to a series of post-

processing calculations. This was done for each of the 15 ILES 2016 enclosures and for three 

hypothetical enclosures, each representing the average conditions of one of the three experimental 

treatments. Given that metabolic estimates in stratified lakes are in general more accurate in the 

upper layers of the water column (Staehr, et al., 2012; Giling, et al., 2017b), and that we are dealing 

with an alteration whose effects are largely unknown, we decided to spatially limit our analysis to the 

epilimnion of each mesocosm and to temporally limit it to the timeframe in which this zone was 

clearly defined (the first 30 days of the experiment). Performed calculations were: 

a) depth-specific temporal means of daily metabolic rates over the considered 30-day period 

for all layers with centres located down to 10 m deep (to ensure all epilimnion layers are 

always comprised): 
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  𝑅      
 

𝑛   
∑  𝑅𝑑 𝑖𝑙𝑦     

𝑛   

𝑑  

         

where  𝑅𝑑 𝑖𝑙𝑦      is any of the three daily metabolic rates estimated at depth   (  

    m) on each day  , and 𝑛    is the total number of days (𝑛             for which a 

reliable estimate of the respective daily metabolic rate at depth   was found; 

b) whole-epilimnion daily mean metabolic rates, i.e. the aggregated metabolic rates of all 

layers classified as being in the epilimnion on each day: 

  𝑅𝑒𝑝𝑖 𝑤ℎ𝑜𝑙𝑒    
 

𝑉𝑒𝑝𝑖 𝑤ℎ𝑜𝑙𝑒   
∑  𝑅𝑑 𝑖𝑙𝑦[    𝑦     ]  𝑉   𝑦   

𝑙  𝑖 𝑑 

𝑙 𝑦𝑒𝑟  

         

where  𝑅𝑑 𝑖𝑙𝑦[    𝑦     ] is any of the three daily metabolic rates estimated for day   at 

the central depth     𝑦    of each   𝑦  ;  𝑒𝑝𝑖    is the total number of epilimnion layers 

( 𝑒𝑝𝑖        for which a reliable estimate of the respective daily metabolic rate was 

found on day  ; 𝑉   𝑦    is the constant individual volume of each   𝑦  ; 𝑉𝑒𝑝𝑖 𝑤ℎ𝑜𝑙𝑒    

the variable total volume of the epilimnion on day  , equal to the sum of the individual 

volumes of all epilimnion layers; and  

c) daily mean metabolic rates of the average epilimnion layer, i.e., the mean of the daily 

metabolic rates of all layers classified as being in the epilimnion on each day and for 

which a reliable estimate for the respective daily metabolic rate was found: 

  𝑅𝑒𝑝𝑖  𝑒 𝑛    
 

 𝑒𝑝𝑖   
∑  𝑅𝑑 𝑖𝑙𝑦[    𝑦     ]

𝑙  𝑖 𝑑 

𝑙 𝑦𝑒𝑟  

        

Note that for the calculation in Eq. 4.13, whenever a reliable  𝑅𝑑 𝑖𝑙𝑦[    𝑦     ] estimate of 

an epilimnion layer was not available, its value was linearly interpolated from those of adjacent water 

layers, provided their estimations were successful. 

The uncertainties associated with all mean metabolic rate calculations described above were 

also estimated, assumed to be equivalent to the standard deviations of each estimated daily 

metabolic rate. These standard deviations were calculated following the unbiased formulation of the 

sample standard deviation (i.e., with Bessel’s correction): 

  𝑠  𝑝𝑙𝑒  √
 

𝑛   
∑  𝑅𝑖   𝑅̅̅̅̅̅  
𝑛

𝑖  
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4.3. RESULTS 

4.3.1. Depth-specific temporal means of daily metabolic rates 

Estimated depth-specific 30-day mean metabolic rates down to a 10 m depth are presented in 

Figure 4.5. In this period, epilimnetic 𝐺𝑃𝑃   in all 15 enclosures ranged between approximately 0.3 

and 1.0 mg O2·L
-1·day-1, fluctuating inconsistently throughout water layers. In general, higher values 

were found near the water surface, getting increasingly lower with depth. Epilimnetic  𝑅  , which 

ranged between approximately 0.3 and 0.8 mg O2·L
-1·day-1, presented a similar fluctuating pattern 

going from higher values in upper water layers to lower values near the metalimnion. 

Epilimnetic 𝑁 𝑃  , the difference between the two, ranged between approximately –0.1 and 0.6     

mg O2·L
-1·day-1, generally presenting autotrophic conditions (𝑁 𝑃   ).  
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Figure 4.5. Depth-specific mean metabolic rates, GPP30 (a,d,g), ER30 (b,e,h) and NEP30 (c,f,i), for the first 30 days of the 

ILES 2016 experiment (replicates A to E in different colours). Shaded areas illustrate the extent of the metalimnion up 

to 12 m. Thermocline depth is indicated with a black dashed line and euphotic depth with a blue dash-dotted line. 
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4.3.2. Whole-epilimnion daily mean metabolic rates 

Time series of whole-epilimnion daily mean metabolic rates, of the average enclosure per 

treatment, are presented in Figure 4.6. As before, the average enclosures of all three treatments show 

peaking values of 𝐺𝑃𝑃𝑤ℎ𝑜𝑙𝑒 𝑒𝑝𝑖,  𝑅𝑤ℎ𝑜𝑙𝑒 𝑒𝑝𝑖 and 𝑁 𝑃𝑤ℎ𝑜𝑙𝑒 𝑒𝑝𝑖 after the first week of the experiment, 

moving from a state of net autotrophy to a state of net heterotrophy over the 30 examined days. 

Given the uncertainties of the estimates (shaded areas), no clear pattern can be observed that allows 

to determine whether exposure to skyglow has influenced the metabolism of the systems.    
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Figure 4.6. Time series of whole-epilimnion daily mean metabolic rates (GPPwhole,epi in green, ERwhole,epi in red and 

GPPwhole,epi in orange), of the average-treatment: (a) 0 (control, no skyglow); (b) 1 (low skyglow); and (c) 2 (high 

skyglow). Shaded areas represent the propagated uncertainties of the estimates. 

4.3.3. Daily mean metabolic rates of the average epilimnion layer 

Time series of daily mean metabolic rates of the average epilimnion layer of each enclosure 

are presented in Figure 4.7. In all enclosures 𝐺𝑃𝑃 𝑒 𝑛 𝑒𝑝𝑖,  𝑅 𝑒 𝑛 𝑒𝑝𝑖 and 𝑁 𝑃 𝑒 𝑛 𝑒𝑝𝑖 peaked around 

the end of the first week of the experiment. Net autotrophic conditions persisted approximately until 

mid-September 2016 when the systems started fluctuating between net autotrophy and heterotrophy 

with a clear tendency towards the latter by the end of the considered 30-day period. 
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Figure 4.7. Time series of daily mean metabolic rates of the average epilimnion layer for all 15 enclosures subjected to treatments: (a-e) 0 (control, top row), (f-j) 1 (low skyglow, 

middle row) and (k-o) 2 (high skyglow, bottom row). Daily gross primary production rates (GPPmean,epi) are indicated in green, ecosystem respiration rates (ERmean,epi) in red and net 

primary production rates (NEPmean,epi) in orange. Shaded areas represent the uncertainties (standard deviations) propagated from daily layer-specific metabolic estimates.  
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4.4. DISCUSSION 

4.4.1. Bayesian estimation of daily metabolic rates 

In this study, daily metabolic rates were estimated from high-frequency limnological and 

meteorological data, by incorporating to our integrated reduced complexity model, an additional 

equation describing dissolved oxygen concentration dynamics. This equation partitions oxygen 

fluxes in either physical processes or biological processes based on the diel oxygen technique 

(Odum, 1956; Staehr, et al., 2010). Among the latter, gross primary production and ecosystem 

respiration are included, both of which can be mechanistically represented by means of empirical, 

parameterised formulations (Grace, et al., 2015). In this study, we estimated the values of the two 

main parameters in these formulations following a Bayesian statistical approach, integrating a 

Markov chain Monte Carlo (MCMC) sampling algorithm to our integrated process-based reduced 

complexity model. In most cases, the algorithm produced successful estimates of all three metabolic 

rates, revealing ecologically sound patterns of gross primary production, ecosystem respiration and, 

by difference, net primary production. Moreover, these patterns were consistent among all 15 

experimental units, primary production peaking about a week after the beginning of the experiment, 

corresponding to the late summer, when temperatures were still favourable to sustain phytoplankton 

growth. Ecosystem respiration followed a similar pattern, likely due to the strong coupling between 

these two processes, which characterises lakes (Hoellein, et al., 2013), especially oligotrophic ones 

(Solomon, et al., 2013; Sadro, et al., 2011). In general, all systems moved from predominantly net 

autotrophic conditions during the late summer, to increasingly persistent heterotrophic conditions 

as the water cooled down in early autumn. The orders of magnitude and ranges of all estimates were 

also consistent with those found in previous studies on Lake Stechlin and the IGB LakeLab (Giling, et 

al., 2017a; Giling, et al., 2017b). 

4.4.2. The ecological impact of skyglow on lake ecosystems 

Due to the larger uncertainties associated in general to metabolic rate estimates for the 

metalimnion of stratified lakes (Staehr, et al., 2012; Giling, et al., 2017b), and the still very limited 

scientific knowledge about the effects of skyglow on aquatic systems, this study was limited to the 

epilimnion layers of the 15 experimental mesocosms. Nevertheless, the obtained daily estimates of 

epilimnetic metabolic rates under three different levels of exposure to artificially increased skyglow 

(no exposure, low exposure and high exposure), presented in general important levels of uncertainty 

(standard deviations of the estimates) as well, and a high variability even among enclosures 

subjected to the same treatment (Figure 4.5). Although peak 𝐺𝑃𝑃 estimates for the average 

epilimnion layer of control enclosures seem to be slightly higher in general (an exception being 
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mesocosm 0E) than those of skyglow-exposed mesocosms (2.0 against 2.0 mg O2·L
-1·day-1), 

differences lie within uncertainty ranges. Theoretically, these differences could be explained by 

potentially increased grazing pressures on phytoplankton by phototactic zooplankton such as 

Daphnia, which can remain active for a longer part of the day under the influence of skyglow 

(Moore, et al., 2006). In this regard, it is interesting to observe that slightly higher respiration rates 

and, correspondingly, lower (more negative) 𝑁 𝑃 values have been found for the low skyglow 

treatment. This is consistent with studies suggesting that low light levels at night might be even 

more impacting than higher ones (Grubisic, et al., 2018). In any case, for conclusiveness, more 

research is required. 

4.4.3. Mesocosm experiments 

A high variability in the dynamic evolution of mesocosms, even when treated by the scientist 

in the exact same manner, is actually an expected aspect of these experiments. This is because many 

factors are inevitably out of the scientist’s control. For instance, differences in the underwater light 

climate among otherwise equally-treated enclosures can naturally result from the combined effect of 

the sun’s daily cycle, hourly changes in meteorological conditions (cloud cover in particular) and the 

geometric design of the mesocosm facility, with structures casting shades upon the water surface. 

The wind shielding effect of the latter can also vary among enclosures, potentially causing 

differences in mixing intensity between them. The introduction of exogenous organic material to 

some enclosures (e.g. bird faeces), and cross-contamination among enclosures, which can occur, for 

instance, during water sampling activities, can also be difficult to manage and account for in the 

analysis phase. Moreover, static enclosures of such large dimensions have ‘memory’ of all previous 

treatments they were subjected to because sediments in the bottom are not ‘regenerated’ after a 

given experiment. A way to cope with these issues, that is increasingly and systematically being 

implemented in all IGB LakeLab experiments, is the randomisation in all design and execution 

stages, from very selection of the enclosures that will be assigned to each treatment group, to the 

order in which they will be sampled on a given day, the people that will make up each sampling 

team, and the order in which samples will be processed in the laboratory.  

Despite all these efforts, another weakness of such large-scale experiments remains, which is 

a generally low statistical power. Having few replicates per experimental treatment (5 replicates per 

treatment in this case), the potential value of mesocosm experiments rather lies in the fact that they 

bridge an important gap between laboratory experiments and open-field campaigns. The first may 

offer the possibility to rigorously control experimental conditions, as well as a high replicability and 

reproducibility, but at the price of usually being too far from reality. The second pose the challenge 

of dealing with the naturally high variability of environmental factors, which greatly increases 
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uncertainty, not to mention the impossibility of replicates and the irreproducibility of the exact same 

conditions in the future. 

4.4.4. The ILES 2016 experiment 

The 2016 experiment of the ILES project was the first large-scale mesocosm experiment in 

the history of scientific research about the largely unknown ecological impact, on lake ecosystems, of 

an ever-increasing, global-scale anthropic alteration of the natural brightness of the night sky: 

artificially increased skyglow due to light pollution. The complexity surrounding this modern threat 

to natural systems requires a transdisciplinary approach to study its potential ecological 

consequences (Hölker, et al., 2010b). The ILES experiment involved a diverse team of scientists, each 

specialising in a subset of the many elements and interactions that make up the complex functioning 

of a lake ecosystem, ranging from plankton ecology to fish biology, from lake hydro-thermodynamics 

to optics. All this was done in the hopes that such a combined, coordinated research effort would 

shed some light on an otherwise ‘dark’ matter, and in this way guide future initiatives in the field. 

4.5. CONCLUSIONS 

Among the many studies undertaken as part of the broader ILES experience, it was our 

intention to take advantage of the large amount of high-frequency, vertically-resolved limnological 

data that were produced throughout the experiment, to conduct a modelling study on the potential 

influence of artificially increased skyglow on the metabolic rates of lake ecosystems. We did this by 

incorporating into our integrated process-based reduced complexity model, a Markov chain Monte 

Carlo (MCMC) method for the Bayesian estimation of the values of parameters appearing in 

empirical formulations of lake metabolic rates. This method had already produced successful results 

in the past, obtaining in most cases reliable estimates of daily mean metabolic rates that were 

consistent with those found in previous studies. Naturally, artificially increased skyglow was initially 

expected to have an impact on these processes. However, high uncertainty in general, and marked 

variability even among enclosures exposed to the same skyglow conditions, did not allow us to find 

conclusive evidence of ecological effects of artificially increased skyglow on lakes. It is likely, 

however, that, if they do exist, these effects are subtle, so their detection would warrant the 

integration of multiple approaches (field measurements, laboratory-based and modelling studies). 

Fortunately, the interdisciplinarity that has come to characterise this research field is constantly 

pushing towards this integration, so new developments and insights can be expected in the near 

future.
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CHAPTER 5 

INVESTIGATING ECOLOGICAL CONTROLS OF LIGHT AND THERMAL PATTERNS IN 
FRESHWATER LAKES 

5.1. INTRODUCTION 

5.1.1. Chapter motivation and overview 

In all ecosystems, physical processes play a fundamental role, setting the stage on which 

biogeochemical processes occur. In lakes, besides nutrients, physical factors such as light intensity 

and water temperature exert a strong control over the rate at which primary producers develop. 

Closely related to the latter, and to other factors such as wind forcing, the mixing regime of a lake is 

also a critical determinant of its biogeochemical cycles. To better explain this, let us consider a deep 

lake where thermally stratified conditions persist over long periods. In such a case, the nutrients that 

get re-mineralised in the sediments via decomposition of deposited organic matter are prevented 

from diffusing all the way up to the surface, where they are needed to sustain phytoplankton growth. 

At the same time, oxygen, a fundamental ingredient for life, is prevented from diffusing all the way 

down to the bottom. Thus, the lake might develop hypoxic or even anoxic conditions in the 

hypolimnion. This not only severely limits benthic life and switches decomposition therein from 

aerobic to anaerobic, but can also have devastating consequences for the whole ecosystem when the 

water column finally fully mixes. The latter can happen, for instance, due to an intense storm. 

Biogeochemical processes can and do also influence the physical response of an ecosystem to 

external forcing. However, this influence is generally neglected in hydro-thermodynamic models. In 

some cases, this can simply be an expression of our ‘blissful ignorance’ about the physical relevance 

of these processes, but in many others, it is just because of the high degree of complexity that is 

inherent to life, which is very challenging, if not impossible, to fully account for in process-based 

models. A taste of this was already provided with the model version we presented in Chapter 3. Here, 

despite our reduced complexity approach, considering all these primary producer groups required 

that many governing equations be added. This introduced many new parameters whose values were 

not always easy to choose and in general had to be calibrated. 
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Nevertheless, the many feedbacks that biogeochemical processes provide to physical ones 

have been nagging physical limnologists for several years now. Can phytoplankton biomass 

significantly modify the hydro-thermodynamic response of a lake to external forcing? If so, does it 

always need to be considered in hydro-thermodynamic lake models to reproduce lake dynamics with 

enough accuracy? If not, then in which cases? At which spatial and temporal scales? 

Motivated by these questions, and having confirmed through the IGB LakeLab studies that 

our model predictions are indeed realistic, evidencing altered thermal structures of brownified water 

columns with respect to those of non-brownified ones (Chapter 3), we saw it interesting to devise yet 

another but much simpler version of our model. With this new version, we conducted a theoretical 

study, turning our gaze away from the short-term effects of combined eutrophication and 

brownification pressures on the primary producers of a lake, towards the effects of the same two 

processes on the thermal patterns that develop in the lake over the course of several years. 

The model version includes governing equations for water temperature, live phytoplankton 

carbon biomass and dissolved inorganic phosphorus as the limiting nutrient. Additionally, a 

governing equation for organic phosphorus in the sediments was incorporated, which allowed us to 

run longer simulations involving nutrient cycling due to deep water column mixing after periods of 

thermal stratification. 

Simulations were run for a gradient of eutrophication regimes (higher loads resulting in more 

intense phytoplankton blooms), and a gradient of background light extinction coefficients 

representing a range of water colours related to different concentrations of coloured dissolved 

organic matter (CDOM). Moreover, being well aware that extrapolating conclusions across latitudes 

is not always straightforward, we explored how simulation results under each combination scenario 

were affected by different solar irradiance and meteorological conditions. We did this by running 

them all for 5 different sets of synthetically generated time series of solar and meteorological forcing, 

representing 5 different latitudes between the Equator and 40° N. 

5.1.2. The hydro-thermodynamic effect of water colour and phytoplankton biomass 

At any given geographic location, given the regional solar radiation and local meteorological 

patterns, the hydro-thermodynamic response of a lake is largely dictated by its hydro-morphological 

characteristics, e.g., water depth and wind-effective length (fetch), which determine the way it will 

respond to wind; and its optical properties, i.e., the wavelength-specific light extinction coefficient, 

which determines the way the lake’s water will absorb incident shortwave radiation. These optical 

properties can be substantially modified by both dissolved and suspended substances, and by any 

other particles present therein at a given time. Among the first, coloured dissolved organic matter 
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(CDOM) is the most obvious example, the hydro-thermodynamic effect of which is not unheard of in 

scientific literature (e.g., Persson & Jones, 2008). Among the latter, phytoplankton biomass can be 

mentioned, altering light absorption through a similar mechanism (Rinke, et al., 2010), with effects 

hypothesised to be potentially strong enough to even induce shifts in the mixing regime of some 

lakes (Shatwell, et al., 2016). 

5.2. MATERIALS AND METHODS 

5.2.1. Model version 

Governing equations 

The model version for this study includes governing equations for water temperature, 𝑇𝑤 (°C) 

(eq. 5.1); the concentration of live phytoplankton carbon biomass, 𝐶𝑝ℎ𝑦𝑡𝑜 𝑙𝑖𝑣𝑒 (mg C·m-3) (eq. 5.2); 𝑃𝑑, 

the concentration of dissolved inorganic phosphorus (mg P·m-3) (eq. 5.3); and the areal density of 

nutrients in the sediments, 𝑃𝑠𝑒𝑑 (mg P·m-2) (eq. 5.4). These equations are:   

{
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where parameter  𝑝ℎ𝑦𝑡𝑜 𝑙𝑖𝑣𝑒 is the bulk constant sinking velocity of live phytoplankton cells; 

parameter   is the re-mineralisation rate of organic phosphorus in the sediments; supplementary 

variables   
  (vertical turbulent thermal diffusivity),   

  (vertical turbulent mass diffusivity),  𝑠𝑤 

(shortwave radiation energy absorption rate) and  𝑤 (water density) are defined as in previous 

chapters, and all other variables are defined in the following sub-section. For a detailed description 

of the system’s spatiotemporal coordinates and the model’s state variables, see Table 5.1. 

Note that this version of the model greatly differs from the one presented in Chapter 3, the 

main difference being that, in this version, we considered only one group of primary producers 

(phytoplankton). No equation for dead phytoplankton biomass was needed because we assumed 

organic phosphorus from dead biomass to be ‘instantly’ re-mineralised as phytoplankton died (at 

fractional rate  𝑑 𝑝ℎ𝑦𝑡𝑜), immediately re-dissolving into the water column as inorganic phosphorus. 

Phosphorus re-mineralised in the sediments was also assumed to re-dissolve instantly. Cell 

stoichiometry was fixed, with the phosphorus-to-carbon ratio,  𝑝ℎ𝑦𝑡𝑜, equal to the mass-based 
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Redfield ratio, P:C = 0.0244 (as in Jäger, et al., 2010). The equation governing the areal density of 

phosphorus in the lake sediments (eq. 5.4), which was previously not considered, was also added 

here in order to reproduce the natural nutrient cycling that occurs in monomictic and dimictic lakes 

whenever the stratification of the water column breaks. 

Table 5.1. Description and units of measurement of system coordinates and state variables 

System coordinate 
or State variable 

Description Units 

  Spatial coordinate of the system, with the origin at the 
water surface and positive direction downwards 

m 

  Temporal coordinate of the system, with the origin at the 
start of the simulated period and positive direction forward 

s 

𝑇𝑤 Water temperature °C 
𝐶𝑝ℎ𝑦𝑡𝑜 𝑙𝑖𝑣𝑒  Concentration of live phytoplankton biomass  mg C·m

-3
 

𝑃𝑑 Concentration of dissolved inorganic phosphorus mg P·m
-3

 
𝑃𝑠𝑒𝑑 Areal density of organic phosphorus in the sediments mg P·m

-2
 

 

Supplementary equations 

Shortwave irradiance 

The extinction of shortwave radiation energy absorbed into the system through the water 

surface is modelled following the Beer-Lambert law. At any given depth  , we have: 

  𝐼𝑠𝑤
  

   𝑡𝑜𝑡𝐼𝑠𝑤   
      

where  𝑡𝑜𝑡 is the total light extinction coefficient resulting from adding the contribution of live 

phytoplankton biomass,  𝑝ℎ𝑦𝑡𝑜 𝑙𝑖𝑣𝑒, to that of water colour,  𝑏𝑔, which was considered to be 

constant. This is: 

  𝑡𝑜𝑡   𝑝ℎ𝑦𝑡𝑜 𝑙𝑖𝑣𝑒   𝑏𝑔        

where 

  𝑝ℎ𝑦𝑡𝑜 𝑙𝑖𝑣𝑒   𝑝ℎ𝑦𝑡𝑜 𝑙𝑖𝑣𝑒 𝑠𝑝𝑒 𝐶𝑝ℎ𝑦𝑡𝑜 𝑙𝑖𝑣𝑒         

 𝑝ℎ𝑦𝑡𝑜 𝑙𝑖𝑣𝑒 𝑠𝑝𝑒  being the specific light extinction coefficient (per unit concentration) of live 

phytoplankton biomass. 
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Fractional growth and loss rates of live phytoplankton biomass 

As previously, we accounted for the dependence of live phytoplankton biomass growth on 

water temperature, shortwave irradiance and phosphorus concentration, the corresponding 

fractional growth rate being: 

  𝑝ℎ𝑦𝑡𝑜   𝑝ℎ𝑦𝑡𝑜 𝑟𝑒𝑓𝑇  𝑝ℎ𝑦𝑡𝑜   𝑝ℎ𝑦𝑡𝑜𝑃  𝑝ℎ𝑦𝑡𝑜        

where all factors were defined as in Chapter 3. 

The overall fractional loss rate of live phytoplankton biomass was modelled here, however, in 

a slightly different way, omitting an explicit grazing-related fractional loss term. This is because, in 

this case, as we did not model dead biomass, it was not necessary to keep track separately of the 

fractions lost due to grazing and due to senescence. Moreover, since the simulations here were run 

for much longer, it was reasonable to assume that all nutrients ingested by zooplankton would be 

steadily cycled over time via remineralisation of detritus, thus ‘instantly’ re-entering the water 

column as inorganic phosphorus (in eq. 5.3). Thus, in this version, the formulation of the overall loss 

rate is: 

  𝑝ℎ𝑦𝑡𝑜   𝑑 𝑝ℎ𝑦𝑡𝑜   𝑏𝑔 𝑝ℎ𝑦𝑡𝑜        

where  𝑑 𝑝ℎ𝑦𝑡𝑜 and  𝑏𝑔 𝑝ℎ𝑦𝑡𝑜 were both defined as in Chapter 3. 

Rate of incorporation, into the lake sediments, of phosphorus contained in settling phytoplankton 

biomass   

Appearing in eq. 5.4,   , the rate at which the organic forms of phosphorus contained in 

settling phytoplankton cells are incorporated into the sediments, depends on the amount of biomass 

that settles per unit time. Determined by  𝑝ℎ𝑦𝑡𝑜 𝑙𝑖𝑣𝑒, over a differential time   , this amount is equal 

to that which is contained in a volume 𝑉𝑠𝑒𝑑. This volume is given by: 

 𝑉𝑠𝑒𝑑   𝑝ℎ𝑦𝑡𝑜 𝑙𝑖𝑣𝑒     𝑠𝑒𝑑
̅̅ ̅̅ ̅̅ ̅̅          

where    𝑠𝑒𝑑
̅̅ ̅̅ ̅̅ ̅̅  is the average cross-section of the lake between its maximum depth,  𝑏𝑜𝑡𝑡𝑜 , and a 

variable depth  𝑠𝑒𝑑 given by: 

  𝑠𝑒𝑑   𝑏𝑜𝑡𝑡𝑜   𝑝ℎ𝑦𝑡𝑜 𝑙𝑖𝑣𝑒          
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Knowing 𝑉𝑠𝑒𝑑 and the concentration of biomass within that volume, 𝐶𝑝ℎ𝑦𝑡𝑜 𝑙𝑖𝑣𝑒 𝑠𝑒𝑑,    can be 

calculated as: 

 
   

 𝑝ℎ𝑦𝑡𝑜𝐶𝑝ℎ𝑦𝑡𝑜 𝑙𝑖𝑣𝑒 𝑠𝑒𝑑 𝑝ℎ𝑦𝑡𝑜 𝑙𝑖𝑣𝑒   𝑠𝑒𝑑
̅̅ ̅̅ ̅̅ ̅̅

 𝑏𝑜𝑡𝑡𝑜 
  

       

where  𝑏𝑜𝑡𝑡𝑜  is the surface area of the sediment-water interface. 

A full description of all supplementary variables can be found in Table 5.2. 

Table 5.2. Description and units of measurement of supplementary variables 

Supplementary 
variable 

Description Units 

   𝑠𝑒𝑑
̅̅ ̅̅ ̅̅ ̅ Average cross-section of the lake corresponding to the 

settling volume 𝑉𝑠𝑒𝑑  
m

-2
 

𝐶𝑝ℎ𝑦𝑡𝑜 𝑙𝑖𝑣𝑒 𝑠𝑒𝑑  Concentration of live phytoplankton biomass within the 
settling volume 𝑉𝑠𝑒𝑑  

mg C·m
-3

 

 𝑠𝑤 Volumetric shortwave radiation energy absorption rate J·m
-3

·s
-1
 

𝐼𝑠𝑤  Irradiance in the shortwave range W·m
-2

 
  

  Vertical turbulent mass diffusivity  m
2
·s

-1
 

  
  Vertical turbulent thermal diffusivity  m

2
·s

-1
 

   𝑝ℎ𝑦𝑡𝑜 Light limitation factor, phytoplankton growth (-) 

𝑃  𝑝ℎ𝑦𝑡𝑜 Phosphorus limitation factor, phytoplankton growth (-) 

𝑇  𝑝ℎ𝑦𝑡𝑜 Temperature mediation factor, phytoplankton growth (-) 

𝑉𝑠𝑒𝑑  Volume occupied by phytoplankton cells incorporated into 
the sediments over a differential time      

m
-3

 

 𝑝ℎ𝑦𝑡𝑜 𝑙𝑖𝑣𝑒  Light extinction coefficient of live phytoplankton biomass m
-1
 

 𝑡𝑜𝑡 Total light extinction coefficient m
-1
 

 𝑏𝑔 𝑝ℎ𝑦𝑡𝑜 Fractional background loss rate of live phytoplankton 
biomass 

s
-1
 

 𝑑 𝑝ℎ𝑦𝑡𝑜 Fractional cellular death rate of live phytoplankton biomass s
-1
 

 𝑝ℎ𝑦𝑡𝑜 Fractional overall loss rate of live phytoplankton biomass s
-1
 

 𝑝ℎ𝑦𝑡𝑜 Fractional growth rate of live phytoplankton biomass s
-1
 

   Settling rate of organic phosphorus contained in live 
phytoplankton biomass per unit of areal surface 

mg P·m
-2

·s
-1
 

 𝑠𝑒𝑑  Depth of the last phytoplankton cell to reach the sediments 
in a differential time    

m 

 𝑤 Water density kg·m
-3

 
 𝑤  Potential water density kg·m

-3
 

 

Water column discretisation, simulated period, initial conditions and numerical implementation 

In all simulations, a 25 m-deep water column was discretised into 0.5 m-thick vertical layers. 

A constant cross-section area of 1 m2 from top to bottom was assumed. Simulations were run for a 

period of four years to overcome the effect of the prescribed homogeneous initial conditions, which 

were vertically uniform in all cases. Initial water temperature was set to 13 °C, initial phytoplankton 

carbon biomass concentration was of 400 mg C·m-3 and initial dissolved inorganic phosphorus 

concentration was of 13 mg P·m-3. At the start, there was no organic phosphorus stored in the 
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sediments (areal density equal to 0 mg P·m-2). The default time step    was set to be of one hour 

(3600 s), but it was checked before each iteration to ensure the numerical stability of the model, 

reducing it, if necessary, down to a minimum admissible time step of 12 minutes (720 s). Diffusive 

heat exchanges and mass transport processes were modelled implicitly, whereas all the rest 

(advective and reactive terms in the governing equations) were modelled explicitly. 

Boundary conditions 

Water temperature 

Surface heat fluxes related to incoming longwave radiation from the atmosphere (𝐻𝐴), 

outgoing longwave radiation from the water surface (𝐻𝑊), and latent and sensible heat transfers 

(𝐻𝐸  and 𝐻 , respectively) were calculated as described in Chapter 2. These were applied to the 

uppermost layer of the water column only. 𝐻𝑊 was calculated based on modelled water 

temperatures. 𝐻𝐴, 𝐻𝐸 and 𝐻  were calculated based on synthetically generated time series of solar 

radiation (Appendix 5A) and air temperature (Appendix 5B), constant wind speed (2.5 m·s-1 at 10 m 

above ground), constant standard sea-level atmospheric pressure (1013.25 hPa), constant relative 

humidity (60%) and a permanently clear sky. Given the latter, no temperature changes due to 

precipitation were considered. No heat was exchanged across the bottom or lateral areas of the water 

column. 

Live phytoplankton biomass, bound organic phosphorus and dissolved inorganic phosphorus 

concentrations 

In order to seed the system each year with new, viable phytoplankton cells that can bloom 

after the stratification breaks and the water column mixes completely, taking them to the surface 

together with hypolimnetic dissolved nutrients, simulations were set so that live phytoplankton cells 

enter the lowermost layer at a constant marginal rate, 𝐵𝑝ℎ𝑦𝑡𝑜 𝑒𝑛𝑟, of 10 mg C·day-1. While alive, 

phytoplankton cells are only allowed to leave the water column by settling into the sediments. In all 

cases, settling phytoplankton cells carry within them an amount of bound organic phosphorus that 

corresponds to the constant phosphorus-to-carbon quota of 0.244 mg P·mg C-1. To simulate 

eutrophication, the water column is enriched with phosphorus at a constant areal rate, 𝑃𝑒𝑛𝑟, that is 

prescribed according to the simulated scenario. This enrichment occurs at surface level, increasing 

the concentration of the uppermost layer. 
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5.2.2. Scenarios 

Water colour and nutrient enrichment regimes 

A total of 49 scenarios were considered, resulting from the combination of 7 different 

background light extinction, which ranged from 0.3 to 1.5 m-1 (less brown to browner water); and 7 

different nutrient enrichment regimes, ranging from 0.8 to 5.6 mg P·m-2·day-1 (mild to intense 

eutrophication). These and all other parameter values we adopted for these simulations are 

presented in Table 5.3. 

Table 5.3. Parameters: description, values, units of measurement and references/assumptions 

Parameter Description Value Units References/assumptions 

𝐵𝑝ℎ𝑦𝑡 𝑒𝑛𝑟 

 

Live phytoplankton biomass 
enrichment rate 

10 mg C·(86400s)
 -1

 Imposed condition. 

𝐼𝑠𝑤 𝑜𝑝𝑡 𝑝ℎ𝑦𝑡𝑜 

 

Optimum shortwave irradiance for 
phytoplankton growth 

57.1 W·m
-2

 Aalderink & Jovin, 1997 
(parameter found for the Steele 
light limitation model). 

𝑃𝑒𝑛𝑟 
 

Phosphorus enrichment areal rate 0.8 to 5.6 mg P·m
-2

·(86400s)
-1
 Variable according to scenario. 

𝑇𝑤 𝑟𝑒𝑓 𝑏𝑖𝑜 

 

Reference water temperature for 
biological processes 

20 °C Standard value in most 
modelling studies. 

 𝑏𝑔 

 

Water colour-dependent 
background extinction coefficient 

0.3 to 1.5 m
-1
 Variable according to scenario. 

 𝑝ℎ𝑦𝑡𝑜 𝑙𝑖𝑣𝑒 𝑠𝑝𝑒  Specific light extinction coefficient 
of live phytoplankton biomass 

0 / 0.0003 m
2
·mg C

-1
 0 for no light extinction by 

phytoplankton biomass. 
0.0003 in Jäger, et al., 2010; 
and Peeters, et al., 2013. 

 𝑏𝑔 𝑝ℎ𝑦𝑡𝑜 𝑟𝑒𝑓 Reference fractional background 
loss rate, phytoplankton biomass 

0.1 (86400s)
-1
 Chosen from within known 

possible range. 
 𝑑 𝑝ℎ𝑦𝑡𝑜 𝑟𝑒𝑓 Reference fractional cellular death 

rate, phytoplankton biomass 
0.05 (86400s)

-1
 Chosen from within known 

possible range. 
𝑚  𝑝ℎ𝑦𝑡𝑜 Half-velocity in the phytoplankton 

phosphorus limitation factor 
formulation 

1.5 mg P·m
-3

 Jäger, et al., 2010; Peeters, et 
al., 2013. 

 𝑝ℎ𝑦𝑡𝑜 Phosphorus-to-carbon cellular 
quota, phytoplankton 

0.0244 mg P·mg C
-1
 Mass-based Redfield ratio. 

 𝑝ℎ𝑦𝑡𝑜 𝑙𝑖𝑣𝑒 Sinking velocity of live 
phytoplankton biomass 

0.25 m·(86400s)
-1
 Jäger, et al., 2010; Peeters, et 

al., 2013. 
 𝑏𝑜𝑡𝑡𝑜  Depth of the lake bottom 25 m Imposed. 
 𝑏𝑜𝑡𝑡𝑜  Surface area of the lake bottom 1 m

2
 Imposed, unitary area 

considered. 
𝜃𝑗  

 

Pre-exponential factor, all 
processes 
𝑗   𝑝ℎ𝑦𝑡𝑜  𝑑 𝑝ℎ𝑦𝑡𝑜  𝑏𝑔 𝑝ℎ𝑦𝑡𝑜 

1.07 (-) Typical value in several models 
(e.g., EPA WASP, Ambrose, et 
al., 1993). 

 𝑝ℎ𝑦𝑡𝑜 𝑟𝑒𝑓 Reference fractional 
phytoplankton growth rate 

1.08 (86400s)
-1
 Jäger, et al., 2010; Peeters, et 

al., 2013. 
  Re-mineralisation rate of organic 

phosphorus in the sediments 
0.2 (86400s)

-1
 Jäger, et al., 2010; Peeters, et 

al., 2013. 
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Light extinction by phytoplankton biomass 

Two scenarios were considered as to whether phytoplankton biomass contributed to the 

extinction of light along the water column or not. When considered,  𝑝ℎ𝑦𝑡𝑜 𝑙𝑖𝑣𝑒 𝑠𝑝𝑒 , the specific light 

extinction coefficient of phytoplankton biomass per unit of concentration, was assumed to be equal 

to 0.0003 m2·mg C-1 (as in Jäger, et al., 2010; and Peeters, et al., 2013). When neglected, 

 𝑝ℎ𝑦𝑡𝑜 𝑙𝑖𝑣𝑒 𝑠𝑝𝑒  was set to zero. 

Latitudinal gradient 

Each of the 49 scenarios was simulated under 5 different solar radiation and meteorological 

forcing conditions, representative of 5 different latitudes: 0 (Equator), 10, 20, 30 and 40° N. As 

previously mentioned, external forcing was synthetically simulated. For this purpose, 5 cities 

approximately located at these latitudes were selected (Figure 5.1), for which monthly mean air 

temperatures could be found, as well as their approximate daily amplitudes. An additional condition 

for the selection was elevation, the variation of which was allowed within the range of 0 to 100 m 

a.s.l. Respectively, these cities were: Manaus (Brazil), Cartagena (Colombia), Mérida (Mexico), 

Houston (USA) and Valencia (Spain). Further information on these cities, including actual latitude, 

elevation and climate type can be found in Table 5.4. 

 

Figure 5.1. Cities selected for synthetic generation of solar radiation and air temperature time series, representative of 
latitudes 0° (Equator), 10°, 20°, 30° and 40° N (between elevations 0 and 100 m a.s.l.) World map © 2012 
legallandcoverter.com 
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Table 5.4. Actual latitude, mean elevation and climate type of selected cities 

City Actual latitude (°) Mean elevation (m a.s.l.) Climate type 

Manaus (Brazil) 2.10° S 92 Tropical monsoon 

Cartagena (Colombia) 10.40° N 2 Tropical savanna 

Mérida (Mexico) 21.00° N 10 Tropical savanna 

Houston (USA) 29.75° N 32 Humid subtropical 

Valencia (Spain) 39.50° N 15 Mediterranean 

 

5.2.3. Analysis of results 

Simulation results were compared based on surface water temperatures and thermocline 

depth, defined in this study as the depth at which the water temperature was equal to the mid-

temperature between that of the mixed layer (epilimnion) and that of the hypolimnion, provided 

this difference was larger than 0.5 °C. For the comparison among same-latitude simulation results, 

several days were chosen, one per each month of the year. Across latitudes, simulation results were 

compared based on surface water temperatures and thermocline depths corresponding to the day 

when the peak in phytoplankton biomass concentration occurred. 

5.3. RESULTS 

5.3.1. The effect of phytoplankton biomass at a given latitude and at varying water colours 

To illustrate the effect of phytoplankton biomass on the thermal structure of the water 

column, we present in Figure 5.2 the results we obtained by setting  𝑝ℎ𝑦𝑡𝑜 𝑙𝑖𝑣𝑒 𝑠𝑝𝑒  to zero (no effect, 

dashed lines) and 0.0003 m2·mg C-1 (full lines), for a background extinction coefficient of 0.5 m-1, 

nutrient enrichment rate of 5.6 mg P·m-2·day-1, at latitude 40° N. Observe that when its effect was 

considered, phytoplankton biomass led to a thinner epilimnion or, equivalently, a shallower 

thermocline throughout the stratified period (Figure 5.2a-j). This reduced mixed layer depth of 

phytoplankton-affected water columns resulted in higher surface water temperatures during the 

warm-up phase (Figure 5.2a-d), a pattern that was inverted during the cool-down phase           

(Figure 5.2f-j). Correspondingly, hypolimnion temperatures were in general lower throughout the 

stratification, and so were the temperatures of the fully mixed water column over the colder months 

(Figure 5.2k-l). Whole-year contour plots for the same cases are presented in Figure 5.3. 
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 21 January 12:00 21 February 12:00 21 March 12:00 

    
 (a) (b) (c) 

 21 April 12:00 21 May 12:00 21 June 12:00 

    
 (d) (e) (f) 

 21 July 12:00 21 August 12:00 21 September 12:00 

    
 (g) (h) (i) 

 21 October 12:00 21 November 12:00 21 December 12:00 

    
    
 (j) (k) (l) 

Figure 5.2. Monthly water temperature profiles (°C) of phytoplankton-affected (full red lines) and free-from-phytoplankton-effect 

(dashed red lines) water columns, for the case of a slightly brown water column (background extinction coefficient of 0.5 m
-1
) at 

latitude 40° N, enriched with phosphorus at a rate of 5.6 mg P·m
-2

·day
-1
 (severe eutrophication scenario). The black horizontal 

lines indicate the depth of the thermocline over the stratified period. 
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 With phytoplankton effect Without phytoplankton effect  

    
    

 
(a) (b) 

 

Figure 5.3. Whole-year contour plots of water temperature (°C) of (a) a phytoplankton-affected water column; and (b) a 

water column that is free from phytoplankton effect; for the case of a slightly brown water column (background extinction 

coefficient of 0.5 m
-1
) at latitude 40° N, enriched with phosphorus at a rate of 5.6 mg P·m

-2
·day

-1
 (severe eutrophication 

scenario). The average thermocline depth over a 72-hour period is indicated in dashed red lines. Days shown in Figure 5.2 

are indicated by dash-dotted vertical white lines. 

5.3.2. The combined effect of phytoplankton biomass and water colour 

Over the analysed gradient of  𝑏𝑔, the background light extinction coefficient, the magnitude 

of the effect of phytoplankton biomass on the thermal structure of the water column changed as 

illustrated in Figure 5.4, where we compare the depth of the thermocline, always at latitude 40° N, 

on five selected days equally spaced between May and September. Observe that, at low  𝑏𝑔 values, 

intense phytoplankton blooms (occurring at high 𝑃𝑒𝑛𝑟) can lift the thermocline by more than a 

couple of metres (Figure 5.4a), but as the water becomes browner (higher  𝑏𝑔), the effect of 

phytoplankton becomes progressively less important, becoming even negligible (see Figure 5.4g). 

5.3.3. The effect of phytoplankton biomass and water colour across latitudes  

Across all considered latitudes, the influence of phytoplankton biomass on the depth of the 

thermocline followed the same pattern already noted before: the browner the water, the less 

pronounced the effect (see Figure 5.5). It is more interesting to look at how the water colour affected 

the thermocline depth instead (Figure 5.6). As can be observed, at all latitudes, increasing values of 

 𝑏𝑔 seemed to lift the thermocline only up to latitude-specific minimum depth that is asymptotically 

reached. 
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𝒌𝒃𝒈 = 0.3 m
-1

 𝒌𝒃𝒈 = 0.5 m
-1
 

  
(a) (b) 

𝒌𝒃𝒈 = 0.7 m
-1

 𝒌𝒃𝒈 = 0.9 m
-1
 

  
(c) (d) 

𝒌𝒃𝒈 = 1.1 m
-1
 𝒌𝒃𝒈 = 1.3 m

-1
 

  
(e) (f) 

𝒌𝒃𝒈 = 1.5 m
-1

  

 

 
 
 

(g)  

Figure 5.4. Thermocline depth, at latitude 40° N, as a function of phosphorus enrichment areal rate 

(𝑷𝒆𝒏𝒓), and for a gradient of background light extinction coefficients, 𝒌𝒃𝒈, representing different water 

colours. Note that the depth axis in each plot varies. 
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𝒌𝒃𝒈 = 0.3 m
-1

 𝒌𝒃𝒈 = 1.3 m
-1
 

  

(a) (b) 

Figure 5.5. Thermocline depth on the day of the biomass peak, for each considered latitude, as a 

function of the phosphorus enrichment rate and at two selected background extinction coefficients. 

 

𝑷𝒆𝒏𝒓 = 1.6 mg P·m
-2

·day
-1

 𝑷𝒆𝒏𝒓 = 4.8 mg P·m
-2

·day
-1
 

  

(a) (b) 

Figure 5.6. Thermocline depth on the day of the biomass peak, for each considered latitude, as a 

function of the background light extinction coefficient and at two selected phosphorus enrichment 

rates. 

5.4. DISCUSSION 

5.4.1. The effect of phytoplankton biomass on the thermal structure of a water column 

This study revealed a feedback mechanism of phytoplankton biomass on the thermal 

structure of the water column, the magnitude of which depended on the eutrophication regime and 

the water colour conditions, here represented by a gradient of background light extinction 

coefficients. At higher nutrient enrichment rates, more phytoplankton naturally developed. 

Consistent with findings of previous studies (Hocking & Straskraba, 1999; Rinke, et al., 2010), this 

resulted in an increased light attenuation along the upper water layers, where the biomass was 

generally found. Consequently, in phytoplankton-affected water columns, a thinner epilimnion 

developed throughout the entire stratified period (Figure 5.2). Also, in these water columns, surface 
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water temperatures were higher at stratification onset and during the warm-up phase (Figure 5.2a-d) 

and lower during the cool-down phase (Figure 5.2f-j). The mechanisms explaining these results are:  

 at first (when surface water temperatures are still higher than those of a water column that is 

not affected by phytoplankton), a faster cooling due to the higher air-to-water temperature 

gradient; and,  

 in general, a volumetric effect of the thinner epilimnion, which is more easily mixed and 

cooled down by wind than a thicker one (Mazumder & Taylor, 1994).  

Note that the reduced penetration of shortwave radiation energy also resulted in generally 

lower hypolimnion temperatures, which persisted even after full mixing of the water column in 

winter months. This implies that lake eutrophication can affect the overall heat balance of a lake. 

This effect, however, is mediated by water colour, in the sense that the browner the water is, the less 

important the effect of phytoplankton will be, even at the more intense eutrophication rates (e.g., 

Figure 5.4f-g). This is not only because the contribution to light extinction by the latter becomes 

proportionally smaller, but also because, in browner water, phytoplankton does not grow as much. 

Note that these patterns were invariant across all examined latitudes, although the magnitude of the 

effect was the highest for 40° N, suggesting that the effect of phytoplankton might be comparatively 

more important at lower irradiance regions. 

5.4.2. The effect of water colour across eutrophication levels and latitudes 

Another phenomenon that was made apparent by this modelling study was the seemingly 

asymptotic limit to which the thermocline depth tended as the water got browner, a pattern that was 

seen across all examined latitudes (see Figure 5.6a-b). Moreover, the effect was not sensitive to 

eutrophication, which was to be expected due to the lesser relative importance of the extinction by 

phytoplankton biomass under browner conditions. We propose that this asymptotic limit is 

explained by the combined effect of increasingly faster cooling rates, a non-linear function of the 

temperature gradient between the air and the water, together with the mixing energy provided by 

the wind, which is able to keep the thermocline at least as deep as this apparent asymptote, 

independently of the background extinction coefficient. However, note that, in these simulations, 

wind speed was given as a constant throughout the entire year, a theoretical simplification we made 

in this study to avoid introducing confounding factors at this exploratory stage. The extent to which 

these observations might be affected by the introduction of wind variability, which could be 

achieved by adding a random ‘noise’ signal to the constant wind, remains, therefore, a next step in 

this line of study. 
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5.5. CONCLUSIONS 

Our results show that both water colour and phytoplankton biomass can, in fact, result in 

observable changes in the thermal structure of a stratified water column. This can be expected from 

the very nature of the light attenuation process and is consistent with previous studies on the 

matter. Observed effects include warmer surface temperatures during the warm-up phase (which in 

general coincides with the spring phytoplankton bloom), and cooler surface temperatures during the 

cool-down phase, with a thinner epilimnion (or, equivalently, a shallower thermocline) throughout 

the entire stratification period. The effect of phytoplankton biomass was naturally more pronounced 

under severe eutrophication regimes, especially in the less brown lakes where the contribution of 

water colour to light extinction is relatively minor, and especially during the warm-up phase, when 

the optimum water temperature for phytoplankton growth is first reached. Although the effect was 

seen across all examined latitudes, its magnitude, however, presented a wide range. Hence, the 

decision of whether to consider or not light extinction due to phytoplankton biomass in hydro-

thermodynamic simulations has to be made on a case-by-case basis, depending not only on the 

water colour and the trophic state of the specific lake but also on the required/desired accuracy of 

model predictions, the period of the year that is to be simulated, local radiation and weather 

patterns in the region and the lake’s mixing regime. 
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CHAPTER 6 

SCIENCE FOR MANAGEMENT OF YPACARAÍ LAKE12 

6.1. INTRODUCTION 

6.1.1. Chapter motivation and overview 

Over the years, shallow lakes have arguably become the archetype of an ecosystem that can 

be found in one of two (or even more) alternative stable states. The mechanisms behind this are 

none other than the feedbacks between its different components. Being the most appealing 

characteristic of an integrated model (like the one we developed as part of this project), precisely 

that it inherently accounts for all the feedbacks between considered elements and processes, our 

attention was naturally drawn to the theory of alternative stable states. We so looked into the 

potential contribution we could make to the state of the art of this theory through modelling studies. 

In this regard, one of the many questions that remain open to discussion is whether the theory, 

which was essentially developed by looking at temperate shallow lakes, applies to shallow lakes 

across all latitudes or, equivalently, to all climate regions. As a matter of fact, temperate lakes are in 

general much more studied than, for instance, their tropical and subtropical counterparts. 

Considering this, we developed an interest in the case of the shallow subtropical Ypacaraí Lake, 

which happens to be one of the most important and iconic natural landmarks of landlocked 

Paraguay, country of origin of the author of this thesis. 

In the last three years, we took the first steps towards our goal of eventually applying our 

integrated model to study whether alternative stable states or regimes are possible in this lake, 

whose complex hydro-ecological characteristics make it a remarkable case study. It is also important 

to say that these steps involved the essential elements behind the ‘science for management’ spirit of 

the SMART EMJD: interdisciplinarity in science at all levels, communication between scientists and 

managers, and a collaborative effort between institutions of all sectors. 

                                                           
12

 This Chapter is based on a published article by the author of this thesis and co-authors. For further reference, see López 

Moreira, et al., 2018. 
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In this sense, three Master’s theses in Environmental Engineering developed at the University 

of Trento were co-supervised by the author. These theses investigated, mostly through modelling 

studies, but not only, three different, understudied aspects of this lake’s complex functioning: (a) the 

water and nutrient balance (Hinegk, 2018); (b) the hydro-thermodynamic circulation of the lake’s 

water (Salvadore, 2018); and (c) the internal phosphorus load and sediment resuspension process 

(Sadei, 2018). For these projects, which involved for the students several months of work in 

Paraguay, formal collaborations were initiated between the Department of Civil, Environmental and 

Mechanical Engineering of the University of Trento (UniTN) and its counterparts of the two biggest 

Universities of Paraguay, the Faculty of Sciences and Technology of the “Nuestra Señora de la 

Asunción” Catholic University (FCYT-UCNSA); and the Faculty of Engineering of the National 

University of Asunción (FIUNA). In Paraguay, collaborations were also established with several 

government institutions, including the Ministry of Public Works and Communications of Paraguay 

(MOPC), a Hydroelectricity-producing Binational Entity (Itaipú Binacional), a private consultancy 

company (INYMA S.R.L.) and independent researchers and consultants. 

Another outcome of the established collaboration was the preparation of a joint project 

proposal between UniTN and UCNSA, submitted for funding consideration by the National Council 

of Science and Technology of Paraguay (CONACYT), currently under review. The proposal is for the 

establishment of an integrated monitoring and modelling system which includes automatic 

limnological and weather sensors, satellite imagery processing, hydro-meteorological and hydro-

thermodynamic modelling and citizen science. All this aims to improve scientific understanding of 

this lake and support future decisions, by national and local authorities, regarding basin 

management and interventions. 

The continued work on this lake also led to the involvement of Thetis S.p.A., an Italian 

consultancy company and also an associate partner of the SMART EMJD. Together with BetaStudio 

S.R.L. (another Italian company), Thetis S.p.A. developed, in recent years, part of an integrated 

sanitation plan for the lake and its basin. This was the final ingredient needed to put together the 

first broad, interdisciplinary scientific review ever published on this lake (López Moreira M., et al., 

2018), whose content we reproduce in this chapter. 

First, with the aim of characterising the study site, we describe the lake and its basin in terms 

of geographic location, climate, morphological characteristics and hydro-ecological conditions, 

including information about water quality and biodiversity. The socioeconomic context and both 

historical and recent anthropic impacts are briefly presented as well. Next, by summarising the 

history of scientific and management-oriented research on this lake, we provide a comprehensive 

view of current knowledge and experience, to which we integrate our recent, novel findings. These 



Ecological Modelling of Lake Ecosystems:  
Integrating hydro-thermodynamics and biogeochemistry in a reduced complexity framework 

 

146 
 

result from analyses conducted to (a) better understand changes that have occurred in the system 

due to hydraulic, hydro-morphological and hydro-meteorological alterations arising, respectively, 

from engineering interventions, land use and climate change; (b) investigate relationships between 

limnological variables; (c) shed light on the complex functioning of the system, distinguishing 

between wet and dry periods to gain insight into its response to rainfall events, floods and droughts; 

and, (d) to characterise the recent evolution of the lake’s trophic state, as well as the type of nutrient 

limitation to phytoplankton growth. 

Specifically, to address these points, we performed, respectively, (a) time series assembly and 

analyses of trends of eight selected limnological variables; (b) pairwise Pearson correlation analyses 

between twelve selected limnological variables; (c) principal component analyses and simple linear 

regressions; and (d) time series reconstruction of trophic state indices and nutrient limitation 

assessment. 

These results allowed us to identify and assess the main factors affecting primary production 

in this lake, as well as both specific and general knowledge gaps that relate to its complex hydro-

morphological and hydro-ecological conditions, which we then discuss with reference to shallow 

lakes theory and the state of the art of subtropical limnology. We argue that these gaps, together 

with the many challenges for the lake’s effective management and restoration and the currently 

favourable political context, configure an ideal scenario for scientific research that is worth 

exploring. 

6.1.2. Ypacaraí Lake 

With a surface area of approximately 60 km2, an average depth of 1.72 m, and a maximum 

depth of 2.53 m, the shallow Ypacaraí Lake is one of the largest lakes in landlocked Paraguay (Figure 

6.1). Ever-present, through music, in the lives of all Paraguayans, it is also by far the most culturally 

significant one (see Appendix 6A.1). Moreover, the lake is a major source of drinking and irrigation 

water for neighbouring towns, many of which rely on agriculture and livestock farming for their 

livelihoods. It also has a remarkable tourist appeal due to a great proportion of the country’s 

population being highly concentrated in its vicinity, including that of Asunción, its capital city, 

whose metropolitan area reaches into the basin of the Salado River, the lake’s only natural outflow. 

Therefore, it should not be surprising that its deteriorating environmental state, signalled by 

rising pollution and eutrophication, receives a lot of attention in the Paraguayan media (see 

Appendix 6C). This is, in fact, nothing more than a reflection of how heartfelt the matter is for the 

population of the country, which, in turn, makes it a matter of high political concern for local and 

national authorities, especially during electoral periods (see Appendix 6A.2). Furthermore, beyond 
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its recreational, inspirational and political value, this shallow, subtropical lake constitutes a case of 

potentially high scientific relevance, as it presents a unique combination of natural factors in the 

context of a rapidly developing country, lying at the very interface of two expanding areas of 

limnological science, (a) shallow lakes theory and (b) subtropical limnology, which we briefly 

comment upon next. 

 

Figure 6.1. A typical sunset over Ypacaraí Lake, Paraguay. Photograph © 2017 Andrea Salvadore. 

6.1.3. Alternative stable states in shallow lakes 

Born out of the theory of alternative stable states, first proposed by Lewontin in 1969, shallow 

lakes theory has developed considerably since a version of the former for the specific case of shallow 

lakes was first thoroughly described by Scheffer et al. in 1993, following previous studies (Scheffer, 

1989, 1990). The original simple conceptual model (Figure 6.2) illustrated how, in some shallow 

macrophyte-dominated, clear water lakes, a gradual increase in the concentration of a nutrient 

results in a progressive loss of the system’s resilience to external perturbations, which can thus more 

easily trigger an abrupt shift to an alternative, phytoplankton-dominated, turbid water state. The 

latter is, additionally, the only possible state after the nutrient concentration increases above a 

certain lake-specific threshold that varies with a diverse range of factors such as lake surface area, 

mean depth, retention time, sediment characteristics, relative extension of surrounding marsh areas 

and fishing intensity (Janse, et al., 2008). Once this ‘turbidification’ threshold is surpassed, the 

restoration of clear water conditions through reductions of nutrient concentration only (i.e., without 

the triggering effect of an external perturbation) requires, however, that a different, lower threshold 

is crossed, below which only the clear water state is possible. This hysteretic response is explained by 
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the stabilising feedbacks between the elements of the system present in each of the two alternative 

stable states (Scheffer, et al., 1993). 

 

Figure 6.2. Original conceptual model proposed by Scheffer et al. in 1993, illustrating the mechanisms behind 

alternative stable states in shallow lakes (reproduced from Scheffer, et al., 1993). 

Continuous research has resulted in further development of this simple conceptual model, 

which has since evolved into a more complex picture that also considers the effects of seasonality, 

chaotic population dynamics and changing weather conditions (Scheffer & Van Nes, 2007). It is now 

known that regular oscillations between alternative stable states may occur (Van Nes, et al., 2007). 

For some systems, it is better to speak of alternative regimes rather than alternative stable states, as 

they can present transient unstable conditions over relatively long periods (Hastings, 2004). 

Additional hydro-morphological factors affecting lake stability are now widely recognised, such as 

lake size (e.g. Janssen, et al., 2014; Søndergaard, et al., 2005; Van Geest, et al., 2003), lake depth 

(Janse, et al., 2008; Scheffer & Van Nes, 2007), spatial heterogeneity (Janssen, et al., 2014; Van Nes & 

Scheffer, 2005) and internal connectivity (Janssen, et al., 2014). Ecological processes, such as 

complex predator-prey interactions and interspecific competition, can also give rise to alternative 

regimes (Scheffer & Van Nes, 2007). For instance, we can no longer speak simply of macrophyte-

dominated shallow temperate lakes, but whether these are rooted angiosperms (flowering plants) or 

charophytes (e.g., stoneworts) must now be specified (Van Nes, et al., 2002). The same is true for 

phytoplankton, as it is now known that dominance by either green algae or filamentous 

cyanobacteria can also represent self-stabilising alternative states (Scheffer, et al., 1997). Research on 

tropical and subtropical lakes has resulted in the identification of yet one more alternative stable 

state, characterised by the dominance of free-floating macrophytes (Scheffer, et al., 2003), which, in 
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these systems, can have complex effects and an equally or even more important structuring role than 

that of submerged aquatic vegetation (Meerhoff, et al., 2003). 

6.1.4. Subtropical limnology 

The need to specify climate zones in the previous paragraph is telling of the fact that 

extending conclusions across latitudes is not always straightforward (Kosten, et al., 2011; Meerhoff, et 

al., 2012). Climate too plays a fundamental role in determining the structure and functioning of a 

lake ecosystem and, therefore, whether it will be more or less resilient to external perturbations that 

can trigger regime shifts (Meerhoff, et al., 2007; Scheffer, et al., 2001). In this respect, warmer lakes 

seem to be much more sensitive to effects such as water level changes and water temperature 

increases, and it is precisely at low latitudes that the extreme rainfall events, floods, droughts and 

heatwaves that might cause them not only occur cyclically due to large-scale atmospheric patterns 

like the North Atlantic Oscillation (NAO), the Atlantic Multidecadal Oscillation (AMO) and the El 

Niño-Southern Oscillation (ENSO) but are also expected to become more frequent in response to 

global warming (Najibi & Devineni, 2018; Perkins-Kirkpatrick & Gibson, 2017; Singh, et al., 2017). 

Nevertheless, scientific knowledge on warm shallow lakes in the Mediterranean, tropical and 

subtropical regions of the world, is still quite limited compared to the amount of research that has 

been conducted on shallow lakes in the north temperate region (Beklioğlu, et al., 2011). A few 

examples of relatively well-studied shallow subtropical lakes are Lake Apopka (Schelske, et al., 2010; 

Waters, et al., 2015) and Lake Okeechobee (Beaver, et al., 2013; Rodusky, 2010) in Florida, USA, and 

Lake Taihu in Jiangsu, China (Chen, et al., 2003; Qin, et al., 2007). Examples of less studied shallow 

subtropical lakes that are, however, geographically closer to Ypacaraí Lake are Lake Mangueira in 

Brazil (Matias de Faria, et al., 2017; Morais da Rosa, et al., 2016) and, in Uruguay, Lake Rodó (Scasso, 

et al., 2001) and a few others (González-Madina, et al., 2018; Mazzeo, et al., 1995; Pacheco, et al., 

2010). 

From what is currently known, internal nutrient cycling is relatively more important in warm 

shallow lakes than in their cold temperate counterparts, where external loading exerts a relatively 

strong control on in-lake nutrient concentrations, making it harder to restore clear water conditions 

once the system has shifted to a turbid state (Beklioğlu, et al., 2011). Food webs are substantially 

different (Iglesias, et al., 2017), and several critical feedback mechanisms known to stabilise clear 

water conditions in shallow cold temperate lakes may not be as important or even present in their 

warm tropical and subtropical counterparts. For instance, the effects of macrophytes on trophic 

interactions seem to be much more complex in tropical and subtropical lakes, where large numbers 

of small omnivorous fish live closely associated with them (Meerhoff, et al., 2003). This 
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compromises their role as daytime refugia for zooplankton. Hence, in these systems, zooplankton is 

subjected to higher predation pressures (Beklioğlu, et al., 2011). Even when macrophytes are not 

present, shallow subtropical systems are characterised by a richer diversity of predominantly 

omnivorous fish species in large numbers and at different life stages, as is the case of Ypacaraí Lake. 

6.2. MATERIALS AND METHODS 

6.2.1. Case study: Ypacaraí Lake (Paraguay) 

Location and climate 

Ypacaraí Lake is a major water body of the Salado River Basin. It is situated between latitudes 

25.25 and 25.37° S and between longitudes 57.28 and 57.38° W in Eastern Paraguay, one of the two 

main natural regions of the country, separated from each other by the southward-flowing Paraguay 

River. The lake is located some 30 km to the east of the historical centre of Asunción, the capital of 

the country, which is also its largest and most populous city. It’s metropolitan area, Greater 

Asunción, reaches into the basin of the lake (Figure 6.3). 

 

 

(a) 

 
(b) (c) 

Figure 6.3. Location of (a) Paraguay (highlighted in dark grey) in South America; (b) the Salado River Basin 

(highlighted in dark grey) in Eastern Paraguay (highlighted in dark yellow); (c) satellite image of Ypacaraí Lake, east of 

Asunción, and the Salado River (its watershed in white), a tributary of the southward-flowing Paraguay River. Image: 

Google, Terrametrics. 
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The entire basin lies within a region whose climate can be characterised as humid subtropical 

(Belda, et al., 2014; Peel, et al., 2007). The monthly mean air temperature (Figure 6.4a) ranges from 

17 to 27 °C, the warmer period being December–February and the colder period being June–August. 

The monthly mean precipitations range from 54.0 mm in July to 174.2 mm in November (Figure 

6.4b), with mean annual precipitations of about 1300 mm (all calculated based on historical records 

by DMH-DINAC, 1959-2017). 

 
(a) 

 
(b) 

Figure 6.4. Climate of the region, characterised by monthly means (1960–2016) of (a) air temperature (°C); and (b) 

precipitation (mm). Data: Silvio Pettirossi International Airport (AISP) weather station (Luque), Directorate of 

Meteorology and Hydrology (DMH), Directorate of Civil Aeronautics (DINAC), Paraguay. 

The region is periodically subjected to the effects of El Niño–Southern Oscillation (ENSO) 

(Grimm, et al., 2000). During the warm ENSO phase (El Niño), precipitation, in general, increases, 

and extreme rainfall events become more frequent (Hirata & Grimm, 2016, 2017), resulting in major 

floods of the country’s fluvial systems (Pasquini & Depetris, 2010). During the cold ENSO phase (La 

Niña), opposite patterns are verified, with significant droughts affecting south-eastern Paraguay 

(Báez & Monte Domecq, 2014). 

Hourly wind data for the town of San Bernardino, on the east shore of the lake, are available 

starting from 2014, recorded by a weather station located at the San Bernardino Nautical Club 

(CNSB). A recent study of these data determined that, consistent with regional patterns arising from 

synoptic-scale atmospheric circulation, prevailing winds in the area blow from the northeast (Figure 



Ecological Modelling of Lake Ecosystems:  
Integrating hydro-thermodynamics and biogeochemistry in a reduced complexity framework 

 

152 
 

6.5) with a mean speed of 2.66 m·s−1 and a maximum recorded speed of 22.8 m·s−1. Occasional winds 

blowing from the south are associated with cold fronts (Méndez, 2017). 

 
Figure 6.5. Wind rose for 2014-2017 wind data (CNSB station, 25.3142° S 57.2967° W). 

Morphology and bathymetry 

Due to important fluctuations of its water level, the gentle slopes of its floodplain and its 

potentially highly dynamic lakebed, the morphological characteristics of Ypacaraí Lake can vary 

greatly over time. In Table 6.1, we refer these characteristics to the mean lake level calculated for 

2016–2017 (ANNP, 1965-2016; Itaipú, 2016-2017) and the latest available bathymetric map (Figure 

6.6), elaborated in 2017 after a survey conducted in 2014 (Itaipú, 2014-2017). Maximum length and 

width were calculated as in Wetzel, 2001. 

In the central area of the lake the bottom is relatively flat, with a slightly deeper part near its 

central-eastern shore. No reefs separate this central pelagic zone from the shallower northern, north-

western, southern and south-western areas. 

Table 6.1. Morphological characteristics of Ypacaraí Lake under mean lake level 

conditions (estimated for 2016–2017). 

Characteristic Value Units 

Gauging station 1 reference level 62.28 m a.s.l. 

Mean lake level +0.20 m 

Average depth 1.72 m 

Maximum depth 2.53 m 

Maximum length  14 km 

Maximum width 6 km 

Surface area 60 km2 

Stored water volume 101 × 106 m3 

Shoreline length 42 km 
1 Located at San Bernardino Nautical Club (CNSB, 25.3142° S, 57.2967° W). 
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Figure 6.6. Latest available bathymetric map of Ypacaraí Lake, elaborated in 2017 after a 

bathymetric survey conducted in 2014 by the Reservoir Division of the Itaipú Binational Entity. 

Reference zero at 62.28 m a.s.l. (CNSB gauging station). 

Geological, topographical and hydrological setting 

Ypacaraí Lake is located in a graben of the same name, between two well-defined blocks that 

form the edges of the central segment of the Asunción Rift (Riccomini, et al., 2001). It has a SE–NW 

strike, oriented along the Pirayú-Salado fluvial valley, flanked in the east by the Altos Hill Range 

(Figure 6.7a), a formation of Ordovician origin (Figure 6.7c) and in the west by lesser, sparsely 

distributed hills. The lake lies on a bed of Quaternary sediments deposited on top of Silurian 

sandstone in the SW and Precambrian granite in the NE (Figure 6.7c) (Velázquez, et al., 1992). The 

topography of the basin determines five major sub-basins (Figure 6.7a) whose surface areas we 

report in Table 6.2. 

Table 6.2. Major sub-basins of the Salado River Basin 

Sub-Basin Area (km2) 

Pirayú 367 

Yukyry 343 

West shore 51 

East shore 65 

Subtotal 826 

Ypacaraí Lake mean surface area 60 

Ypacaraí Lake (sub-basin) 886 

Salado wetlands (incremental sub-basin) 203 

Salado River Basin 1089 
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(a) (b) 

  
(c) (d) 

  
(e) (f) 

Figure 6.7. Thematic maps of the Salado River Basin: (a) topography (digital elevation model elaborated from 

USGS data, EPSG projection: 32721–WGS84/UTM zone 21S) and major sub-basins; (b) wetlands; (c) geological 

formations; (d) soils; (e) administrative division; and (f) land use. 
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The Pirayú and Yukyry streams are the main inflows of Ypacaraí Lake. The Pirayú Stream 

discharges into the lake from its southernmost end, whereas the Yukyry Stream does so through a 

series of channels distributed along its northern shore, the most important of which we illustrate in 

Figure 6.7a-b. Both streams are hydraulically connected to wetlands, especially and notably in the 

areas of their mouths (Figure 6.7b). Of less individual importance, in terms of discharge, are several 

smaller streams that flow into the lake from its east and west shores (Figure 6.7a-b). The Salado 

River, a tributary of the Paraguay River, is the lake’s only natural outflow. Strongly influenced by the 

presence of rooted and free-floating vegetation, its hydraulic conditions have been substantially 

modified in recent years by major engineering interventions (Beta Studio-Thetis, 2015). Vast marsh 

areas are associated with this river (Figure 6.7b). These marshes are also hydraulically connected to 

those of the Yukyry Stream, adding to the complexity of the lake’s hydrological system (Hinegk, 

2018). Determined by the combined dynamics of all these elements, the lake’s water level fluctuates 

over time. Its mean retention time is estimated to be of approximately 180 days (Bendoricchio, 

2000; Hinegk, 2018). 

Water quality 

Except for vegetated transition areas, where clear water conditions can be observed (Figure 

6.8a), the water of Ypacaraí Lake is visibly characterised by a brownish colour explained by high 

concentrations of coloured dissolved organic matter (CDOM) and an elevated turbidity related to 

wind-induced resuspension of sediments (mainly silt and clay) and the presence of suspended 

colloidal solids (Figure 6.8b) (Facetti Villasanti, 1945; Facetti & Facetti Villasanti, 1965). Despite the 

lake’s polymictic regime, these light-attenuating conditions have been shown to result in 

considerable diurnal thermal stratification (Figure 6.9) (Escribá Ticoulat & Escribá Sakoda, 2016; 

Salvadore, 2018). 

In Paraguay, the lake is frequently referred to as the ‘blue’ Ypacaraí Lake, a colour it can 

indeed present at certain times when reflecting the open sky (Figure 6.8c). However, increasing 

nutrient concentrations over the last decades have recently resulted in intense cyanobacterial 

blooms (e.g., February 2013) during which the lake can turn deep green (Figure 6.8d) and oxygen 

depletion leading to fish kills can occur (Peralta, et al., 2014, 2016). 

In the past, phytoplankton blooms were hypothesised to be limited by phosphorus due to the 

presence of trivalent iron (Fe3+), detected in the water column in colloidal forms as early as 1937 

(reported in Facetti Villasanti, 1945), as well as in the interstitial water of the sediments (Facetti & 

Facetti Villasanti, 1965). Microbiological parameters (e.g., faecal coliforms) are reportedly within 

acceptable limits as are heavy metals which have not been detected to date in high concentrations in 
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the water (Beta Studio-Thetis, 2015; Peralta, et al., 2014, 2016) or in the sediments (Velázquez, et al., 

1992). Nevertheless, ecotoxicological effects of the lake’s water have been documented (López Arias, 

et al., 2013) and may very well be related to the presence of pesticides, detected in 2001 in both the 

lake and its tributary streams (SENASA & JICA, 2001). Further information on water quality can be 

found in references (Beta Studio-Thetis, 2015; Peralta, et al., 2014, 2016). 

  
(a) (b) 

  
(c) (d) 

Figure 6.8. Contrasting states of Ypacaraí Lake: (a) clear water conditions near the vegetated Yukyry 

Wetlands; (b) brown turbid water conditions near the non-vegetated east shore; (c) the idyllic blue Ypacaraí 

Lake, reflecting the colour of the open sky; and (d) the green Ypacaraí Lake during an intense cyanobacterial 

bloom. Photographs: (a–c) © 2017 Andrea Salvadore; (d) © 2013 Jean Sekatcheff. 

 

   
(a) (b) (c) 

Figure 6.9. Vertical profiles of water temperature measured in (a) September 2015, close to Areguá (west shore); (b) 

September 2015, close to San Bernardino (east shore); and (c) 23 November 2017, at three different points of the lake. Note 

that the vertical axes are the same in (a) and (b). 
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Biodiversity 

Ypacaraí Lake supports a rich diversity of fish that includes at least 75 species, with 

predominance of Siluriformes (catfish, 32 species) and Characiformes (characins, 24 species), 

followed by Perciformes (perch-like fish, 9 species) and Gymnotiformes (South American knifefish, 5 

species), which occupy several trophic levels (Insaurralde, et al., 2013). Although not dominant, the 

presence of the invasive Oreochromis niloticus (Nile tilapia) is to be noted (Insaurralde, et al., 2013). 

A detailed list of fish species of the lake can be found in Appendix 6D. 

Phytoplankton is less diverse (see Appendix 6E). Diatoms (notably, Aulacoseira granulata) 

generally dominate in winter (Benítez, et al., 2017). Also, in colder months, blooms of chlorophytes 

(green algae), cryptophytes and euglenids have been documented, the latter two notably dominating 

in autumn. In June 2017, a bloom of the dinoflagellate Ceratium furcoides, which is invasive in South 

America, was also reported for the first time (Benítez Rodas, et al., 2017). 

Cyanobacteria include at least 29 species belonging to 15 genera (Table 6E.4, Appendix 6E), 

all of which are potential toxin producers (Benítez, et al., 2017). Notable examples are species of the 

genera Microcystis (e.g., Microcystis aeruginosa, Microcystis wesenbergii and Microcystis protocystis) 

and Anabaena (e.g., Anabaena spiroides and Anabaena circinalis), and the invasive 

Cylindrospermopsis raciborskii. The latter, first detected in the country in 2005, in the Paraná and 

Paraguay rivers (in low concentrations of less than 2000 cells·mL−1), began blooming in the lake, 

during warmer months, starting from October 2012 (Benítez, 2018). During these blooms, the 

species represents between 76.1% and 98.8% of phytoplankton samples. A maximum concentration 

of 833,948 cells·mL−1 was recorded in March 2014 near the Salado River (Peralta, et al., 2014). 

Cylindrospermopsis raciborskii blooms have since been observed to be consistently followed by 

blooms of Microcystis aeruginosa, the cyanobacteria that previously dominated the lake during 

summer (Benítez, et al., 2017). 

Benthic macroinvertebrates have reportedly disappeared from the sediments of the lake 

following these recent dramatical cyanobacterial blooms. First, chironomids, which, in 2012, 

accounted for 40% to 80% of benthos samples, were replaced by leeches (Hirudinea) and water 

mites (Hydracarina), which eventually disappeared as well. Starting from February 2015, until today, 

benthic macroinvertebrates are no longer found in the sediments of Ypacaraí Lake (Benítez, 2018; 

Peralta, et al., 2016).  

Zooplankton diversity is reportedly low and appears to be decreasing (González, 1967, 1986; 

Peralta, et al., 2014, 2016; Ritterbusch, 1988). In 1983–1985, 23 species of rotifers were identified 

(Ritterbusch, 1988), whereas, in 2016, this number decreased to 10 (Peralta, et al., 2016). In both 
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periods, the most abundant rotifer species was Keratella americana. Crustaceans include 10 genera of 

cladocerans, belonging to 6 families, with preponderance of Daphnia species. Copepods are much 

less diverse (Benítez, 2018). A detailed list of zooplankton species can be found in Appendix 6F. 

Meiofauna reported in the water bodies of the basin comprises several species of annelids 

(oligochaetes and leeches), arthropods (crustaceans, insects and mites) and molluscs (Ritterbusch, 

1988). Among the latter, it is important to mention the invasive species Limnoperna fortunei (golden 

mussel), native to China, that has invaded Paraguayan waters, of which Ypacaraí Lake is no 

exception, starting, at least, from the late 1990s (Darrigran & De Drago, 2000). 

As for vegetation, different soil types and their distribution at the basin scale (Figure 6.7d) 

configure a patchwork of three main formation types: forests, savannas and marshes. Their historical 

evolution has been well described in works dating back to the early 1980s (Mereles, 1982, 1985; 

Mereles, et al., 1991, 1992). Despite all three types of formations being in receding and/or 

deteriorating states, their study has been notably discontinued in the last decades (Mereles, 2018).  

Aquatic vegetation includes perennials, such as the free-floating Eichornia crassipes and 

Pistia stratiotes, floating-leaved Eichornia azurea and Victoria cruziana and emergent Thalia 

geniculata, Typha domingensis, Cyperus giganteus, Schoenoplectus californicus, Ludwigia peploides 

and Ludwigia bonariensis. Some of these species are recognised to be invasive outside of their native 

ranges. In the less deteriorated areas, submerged macrophytes, such as the freely suspended 

Utricularia foliosa and the rooted Cabomba caroliniana can still be found (Mereles, 2018). 

As a final note on the ecological value of Ypacaraí Lake, in particular, and the Salado River 

Basin in general, we can mention a wide variety of birds, with at least 83 species being present, some 

of which are migratory (Ritterbusch, 1988; Weiler, et al., 2015). Other landmark animal species are 

the capybara (Hydrochoerus hydrochaeris), the largest living rodent in the world, and the broad-

snouted caiman or yacaré (Caiman latirostris) (Ritterbusch, 1988). 

Socioeconomic context and anthropic impacts 

The ongoing expansion of the Metropolitan Area of Asunción (Figure 6.10) implies an 

exponential increase in the number of people living in the basin, which grew from 207,000 

inhabitants in 1988 to 1,470,000 inhabitants in 2012 (Beta Studio-Thetis, 2015; DGEEC, 2012). It is 

also important to consider the floating population of tourist destinations, such as the town of San 

Bernardino (Figure 6.7e), a town of about 10,000 permanent residents on the east shore of the lake, 

whose actual population can grow up to 100,000 inhabitants in summer months (Beta Studio-

Thetis, 2015), numbers that are only expected to increase in the future. During this high season, 

recreational activities, such as bathing, swimming and angling, as well as water sports (e.g., jet 
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skiing) and motorboat sightseeing excursions are likely having an underestimated impact (Venohr, 

et al., 2018). 

  

  
Figure 6.10. Urban expansion in the region between 1970 and 2006, redrawn from the one reported in the Metropolitan 

Strategic Plan for Asunción of the Ministry of Public Works and Communications of Paraguay (MOPC, 2014). 

A range of factors contribute to most domestic and industrial wastewaters being either 

disposed of through septic tanks or discharged without any treatment into the many streams of the 

basin. The first leads to the pollution of the subjacent aquifers, especially Aquifer Patiño (see Figure 

6I.1 in Appendix 6), whereas the second results in the pollution of surface waters, including Ypacaraí 

Lake. These factors include: (a) increasing population densities resulting from progressive 

unplanned urbanisation, especially of the Yukyry sub-basin; (b) a high administrative fragmentation 

(21 municipalities in the basin, as shown in Figure 6.7e); (c) the institutional complexity that 

characterises the country (many institutions with overlapping responsibilities) (Beta Studio-Thetis, 

2015); (d) insufficient infrastructure to provide adequate sanitation (less than 5% of wastewaters are 

treated) (Beta Studio-Thetis, 2015); and (e) the lack of enforcement of environmental regulations. 
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Untreated wastewaters of domestic and industrial origin have been recently estimated to 

account for about 57% of nutrients that would presently be entering surface waters in the basin (Beta 

Studio-Thetis, 2015). Mostly concentrated in the Pirayú sub-basin (Figure 6.7f), livestock farming is 

estimated to account for 33% of nitrogen and 37% of phosphorus loads reaching the streams. 

Accounting for the remaining part would be the nutrient compounds present in fertilisers used in 

crop fields, also concentrated in the Pirayú sub-basin, a notable exception being strawberry 

cultivation in Areguá (Figure 6.7e), and diffuse sources, reportedly reaching surface waters in 

progressively higher proportions following the heavy deforestation that occurred in the basin 

between 1975 and 1985 (Bendoricchio, 2000). 

In total, nutrient loads effectively reaching the lake after natural depuration of its inflows 

have been estimated to be 475 tons per year of nitrogen (N), and 45 tons per year of phosphorus (P). 

Untreated domestic wastewaters account, respectively, for 40% and 24% of these loads. Livestock 

farming would be accounting for 28% of the P-load and 56% of the N-load (Beta Studio-Thetis, 

2016). 

In this respect, it is important to mention the depurative role of wetland areas (see Appendix 

6B). Reportedly, 26% of these areas were lost between 2005 and 2015 as a consequence of urban 

expansion and, more recently, the construction, north of the lake, of a highway connecting the city 

of Luque to the town of San Bernardino (Beta Studio-Thetis, 2015). As part of this project, four new 

concrete bridges were built over the main channel and three anabranches of the Salado River, a 

major engineering intervention whose impacts on the hydraulic regime of the system and, 

consequently, on the lake’s retention time, are yet to be assessed. 

6.2.2. Previous studies and projects, and datasets 

Multiple documents resulting from previous studies and projects, including research articles 

and technical reports, most of which are only available in Spanish, have been collected and reviewed 

to reconstruct the history of scientific and management-oriented research on this lake. A list is 

provided, for further reference, in Table 6G.1. (Appendix to Chapter 6). 

This review led to the identification of several datasets from both concluded and ongoing 

measurement campaigns. The more complete and robust of these datasets, in terms of number of 

variables that were measured and number of measurements available for each variable, were then 

selected for the statistical and other analyses reported herein (Table 6.3).  

In all cases, samples/measurements were collected/taken near the water surface. The 

sampling/measurement frequencies of the Japan International Cooperation Agency (JICA), 

Multidisciplinary Centre for Technological Investigations (CEMIT) of the National University of 
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Asunción (UNA) I and CEMIT-UNA II datasets were variable and are illustrated in Tables 6H.1 to 

6H.3 (Appendix to Chapter 6). Lake stations corresponding to these datasets are illustrated in Figure 

6J.1 (Appendix to Chapter 6). Limnological variables are measured by Itaipú sensors (CIH-Itaipú 

dataset) at a 20-min temporal resolution at several points of interest of the Salado River Basin. Data 

from three of these stations, the ones located inside the lake (Figure 6J.1 in the Appendix to Chapter 

6), were used in this study. The National Navigation and Ports Administration of Paraguay (ANNP) 

records the lake level (CNSB gauging station) on a daily basis, and the DMH-DINAC measures 

meteorological variables (AISP weather station) every 10 min. 

Table 6.3. Selected datasets used in this study 

Dataset Owner 1 Funded by Covered Period Variables 2 

JICA 3 
STP-

Paraguay 4 
Japan 16 February 1988–3 March 1989 

Tw, SD, SS, TP, TN, 

NO3−, DO, Chl-a, pH, 

EC 

CEMIT-

UNA I 

CEMIT-

UNA 5 
UNA 5 October 2012–29 April 2014 Tw, SD, Turb, TP, TN 

CEMIT-

UNA II 

Itaipú 

Binational 

Entity 

Itaipú Binational 

Entity 
1 December 2014–ongoing 

Tw, SS, SD, Turb, TP, 

TN, NO3−, DO, Chl-a, 

pH, EC 

CIH-

Itaipú 6 

Itaipú 

Binational 

Entity 

Itaipú Binational 

Entity 
11 May 2016–ongoing 

Tw, Turb, DO, pH, EC, 

h 

ANNP 7 
ANNP-

Paraguay 
Paraguay 

1 January 1965–31 December 2007 

1 February 2013–10 May 2016 
h 

DMH-

DINAC 8 

DMH-

DINAC-

Paraguay 

Paraguay 1 September 1959–ongoing Ta, Precip, u10, RH 

1
 All datasets used in this study are publicly available, as they are owned by either a government agency (STP, 

ANNP and DMH-DINAC), an academic institution (CEMIT-UNA) or a binational entity (Itaipú Binational 

Entity); 
2
 Variables: water temperature (Tw), lake level (h), Secchi depth (SD), concentration of suspended solids 

(SS), total phosphorus concentration (TP), total nitrogen concentration (TN), concentration of nitrates (NO3
−
), 

dissolved oxygen concentration (DO), chlorophyll-a concentration (Chl-a), electrical conductivity (EC), air 

temperature (Ta), precipitation (Precip), wind speed at 10 m above the water surface (u10) and relative humidity 

(RH); 
3
 Japan International Cooperation Agency (JICA); 

4
 Technical Secretariat of Planning of Paraguay (STP); 

5
 

Multidisciplinary Centre for Technological Investigations (CEMIT) of the National University of Asunción 

(UNA); 
6
 International Hydroinformatics Centre (CIH); 

7
 National Navigation and Ports Administration of 

Paraguay (ANNP); 
8
 Directorate of Meteorology and Hydrology (DMH) of the National Directorate of Civil 

Aeronautics of Paraguay (DINAC). 

6.2.3. Statistical and other methods 

Time series assembly and trend analyses 

As a first approximation to assess major limnological changes that might have occurred 

between the late 1980s (1988–1989) and the last few years (2012–2017), arithmetic means and 

standard deviations were calculated for each period/dataset for eight selected limnological variables: 

water temperature (Tw), lake level (h), Secchi depth (SD), and the concentrations of suspended 

solids (SS), total phosphorus (TP), total nitrogen (TN), dissolved oxygen (DO) and chlorophyll-a 
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(Chl-a). When data from multiple lake sampling/monitoring stations were available for a given time, 

these were first spatially averaged to account for overall lake conditions. 

For all eight variables, time series were assembled from multiple datasets, provided they were 

directly comparable (same or analogous/equivalent variables and measurement 

instruments/methods). Nonparametric Mann–Kendall (MK) tests (Mann, 1945) at 95% confidence 

level were then performed to assess whether these variables presented significant upward or 

downward monotonic trends. For this, the Theil–Sen estimator (Sen’s slope, S) (Sen, 1968) was used 

to robustly fit lines to the data, and the Kendall rank correlation coefficient (Kendall’s τ) (Kendall, 

1990) was calculated to determine whether these trends were positive or negative. 

Pairwise Pearson correlation analyses 

Pairwise Pearson correlation analyses at 95% and 99% confidence levels were performed on 

twelve selected limnological variables of two composite datasets, DS1 (JICA/ANNP/DMH-DINAC) 

and DS2 (CEMIT-UNA II/ANNP/CIH-Itaipú/DMH-DINAC), corresponding, respectively, to two 

different periods, 1988–1989 and 2014–2017. 

Variables in DS1 included: Tw, h, SD, SS, TP, TN, NO3
−, Chl-a, DO, pH, electrical conductivity 

(EC) and daily cumulative rainfall (CumRain) which was calculated from high-resolution (10 min) 

precipitation data. Variables in DS2 were the same, with the addition of water turbidity (Turb), 

which, in the case of this dataset, was used instead of SS in this and the following analyses. 

Principal component analyses and simple linear regressions 

Principal component analyses (PCAs) were performed on the same two composite datasets, 

DS1 and DS2, to assess which limnological variables were most influential in determining the overall 

conditions of the lake at any given time (i.e., those most strongly correlated with the two main 

principal components, explaining together most of the variance in each dataset). Points were 

classified as wet or dry depending on whether a cumulative rainfall of more than 30 mm was 

recorded or not within 24 hours prior to the sampling/measurement time. 

Additionally, to provide information on the relative importance of evaporation in the water 

balance of the lake, two-week evaporation volumes (Ev), in mm, were estimated for a thirteen-

month period (1 September 2016 to 30 September 2017) using a simplified Dalton-type approach 

(McMahon, et al., 2013; Murakami, et al., 1985). Simple linear regressions were then performed 

between electrical conductivity (EC) and lake level (h), and between EC and Ev. 
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Time series reconstruction of Trophic State Indices and nutrient limitation assessment 

Time series of trophic state indices (TSI) were reconstructed for the 1988–2017 period, 

starting from SD, Chl-a, TP and TN data (JICA, CEMIT-UNA I and CEMIT-UNA II datasets). For the 

first three indices, modified versions (MTSI) of the original formulations (Carlson, 1977) have been 

proposed for tropical and subtropical lakes (C. Lamparelli, 2004; Salas & Martino, 1991; Toledo, et 

al., 1983), motivated by the typical differences these systems present with respect to temperate ones, 

such as generally higher turbidity (and consequently, generally lower Secchi depths) throughout the 

entire year (Gasparini Fernandes Cunha, et al., 2013). 

In this study, the modified equations 6.1 to 6.3 (as in Toledo, et al., 1983; Toledo Jr., 1990), 

were used: 

            [  
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]       
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]       
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]       

 

For each variable, the lake’s trophic state was characterised (as in Toledo Jr., 1990), according 

to the following limits: ultra-oligotrophic ≤ 24; 24 < oligotrophic ≤ 44; 44 < mesotrophic ≤ 54; 54 < 

eutrophic ≤ 74; hyper-eutrophic > 74. 

For the index based on total nitrogen, equation 6.4 (originally proposed in 1981 by Kratzer 

and Brezonik), was used: 

           [  
         ⁄  

   
]       

TSI (TN) classifies the trophic state of the system as follows: ultra-oligotrophic ≤ 29; 29 < 

oligotrophic ≤ 49; 49 < mesotrophic ≤ 54; 54 < eutrophic ≤ 58; hyper-eutrophic > 58. 

Finally, to assess the degree of nitrogen over phosphorus limitation over the last thirty years, 

we reconstructed the time series of (a) the difference between the corresponding trophic state 

indices, TSI (TN)–TSI (TP); and (b) the TN to TP ratio. As done for the other time series, MK tests at 

95% confidence level were performed on these two. 
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In the case of difference (a), consistently negative values of TSI (TN)–TSI (TP) indicate 

nitrogen limitation, while consistently positive values indicate phosphorus limitation. Values 

oscillating around zero indicate co-limitation by both nutrients. Note that, for methodological 

consistency, for this analysis, we recalculated the trophic state index for total phosphorus as 

proposed by Havens (1995), given by equation 6.5: 

           [  
       ⁄  

   
]       

In the case of ratio (b), we compared TN:TP values to the mass-based Redfield ratio N:P of 

7.2:1 (as in Håkanson, et al., 2007), corresponding to the classical atom-based Redfield N:P ratio of 

16:1 (Redfield, 1958), above which, limitation is given by phosphorus, and below which, limitation is 

given by nitrogen.  

6.3. RESULTS 

6.3.1. Scientific and management-oriented research history 

The history of scientific and management-oriented research on this lake has been 

summarised and is presented in Appendix 6K. A timeline of major studies and projects, reflecting 

this history, is also included for illustrative purposes (Figure 6.11).  

 

Figure 6.11. Timeline of studies and projects reflecting the history of scientific and management-oriented research on 

Ypacaraí Lake.  
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6.3.2. Statistical and other analyses 

Time series assembly and trend analyses 

Time series of eight selected limnological variables were assembled with data from multiple 

datasets covering two selected periods: 1988–1989 (JICA and ANNP) and 2012–2017 (CEMIT-UNA I, 

CEMIT-UNA II, ANNP and CIH-Itaipú) (Figure 6.12a–h). Calculated arithmetic means and standard 

deviations of all eight variables for the two selected periods as well as trend statistics (Kendall’s τ and 

Sen’s slope, S) that were found to be significant (at a 95% confidence level) are shown in Table 6.4. 

 

  
(a) (e) 

  
(b) (f) 

  
(c) (g) 

  
(d) (h) 

Figure 6.12. Time series of eight selected limnological variables of Ypacaraí Lake: (a) water temperature (°C); (b) lake level 

(m); (c) Secchi depth (m); (d) concentration of suspended solids (mg·L
−1

); (e) total phosphorus concentration (mg·L
−1

); (f) 

total nitrogen concentration (mg·L
−1

); (g) dissolved oxygen concentration (mg·L
−1

); and (h) chlorophyll-a concentration 

(µg·L
−1

). Note that the temporal axes are separated into two periods (1988–1989 and 2012–2017). 
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Significant downward trends in lake level, Secchi depth, dissolved oxygen and chlorophyll-a 

were found as well as a significant upward trend in total phosphorus, all of which were also 

evidenced by noticeable changes in the arithmetic means calculated for each period. Although no 

significant trend was identified for the concentration of suspended solids, its arithmetic mean almost 

doubled and its variability greatly increased between 1988–1989 and 2014–2017. 

Table 6.4. Arithmetic means, standard deviations and trend statistics (Kendall’s τ and Sen’s slope, S) of eight selected 

variables of Ypacaraí Lake 

Variable (Units) 1 Dataset 2 
Arithmetic 

Mean 

Standard 

Deviation 
Kendall’s τ Sen’s Slope, S 

Tw (°C) 
JICA 24.7 5.75 

n.s. 3 n.s. 
CEMIT-UNA I/II 24.7 4.76 

h (m) 
ANNP 1.59 0.140 

−0.654 −338 
ANNP/CIH-Itaipú 0.643 0.336 

SS (mg·L−1) 
JICA 23.2 13.6 

n.s. n.s. 
CEMIT-UNA II 40.2 36.1 

SD (m) 
JICA 0.513 0.187 

−0.482 −392 
CEMIT-UNA I/II 0.248 0.152 

TP (mg·L−1) 
JICA 0.124 0.0531 

+0.315 +258 
CEMIT-UNA I/II 0.227 0.148 

TN (mg·L−1) 
JICA 1.91 0.854 

n.s. n.s. 
CEMIT-UNA I/II 1.75 1.19 

DO (mg·L−1) 
JICA 9.27 1.50 

−0.394 −171 
CEMIT-UNA II 7.57 0.824 

Chl-a (µg·L−1) 
JICA 54.3 24.6 

−0.589 −445 
CEMIT-UNA II 9.25 6.41 

1 Water temperature (Tw), lake level (h), concentration of suspended solids (SS), Secchi depth (SD), total 

phosphorus concentration (TP), total nitrogen concentration (TN), dissolved oxygen concentration (DO), 

chlorophyll-a concentration (Chl-a); 2 JICA (1988–1989); CEMIT-UNA I (2012–2017); CEMIT-UNA II (2014–

2017); ANNP (1988–2016); CIH-Itaipú (2016–2017); 3 n.s. non-significant. 

Pairwise Pearson correlation analyses 

Pairwise Pearson correlation coefficients between the twelve limnological variables of 

interest were calculated for two different periods, 1988–1989 (Table 6.5) and 2014–2017 (Table 6.6). 

For the first period, a significant positive correlation (95% confidence level) was found between 

water temperature and electrical conductivity, as well as between chlorophyll-a and pH. Very 

significant and strong negative correlations (99% confidence level) were found between (a) lake level 

and electrical conductivity; (b) Secchi depth and suspended solids; (c) Secchi depth and total 

phosphorus; and (d) total phosphorus and dissolved oxygen. 

For the second period, weak but significant positive correlations were found between (a) 

turbidity and nitrates; (b) total nitrogen and chlorophyll-a; (c) nitrates and daily cumulative rainfall; 

and (d) electrical conductivity and daily cumulative rainfall. Weak correlations were also found 

between Secchi depth and pH (positive, very significant), and between Secchi depth and turbidity 

(negative, significant). As for the first period, a very significant strong negative correlation was found 

between lake level and electrical conductivity. 
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Table 6.5. Pairwise Pearson correlation coefficients for twelve selected limnological variables of Ypacaraí Lake (period 

1988–1989)
1
 

1988–1989 Tw h SD SS TP TN NO3
− Chl-a DO pH EC CumRain 

Tw 1.00 −0.43 −0.48 0.22 0.54 0.12 0.26 0.29 −0.51 −0.27 0.65 2 −0.12 

h  1.00 0.15 −0.53 0.13 −0.30 0.41 −0.29 −0.02 −0.01 −0.79 3 0.48 

SD   1.00 −0.76 −0.82 −0.25 −0.28 −0.17 0.49 0.47 −0.33 −0.09 

SS    1.00 0.47 0.48 −0.14 0.24 −0.27 −0.17 0.41 0.16 

TP     1.00 0.35 0.54 0.08 −0.80 −0.31 0.01 0.15 

TN      1.00 0.32 −0.10 −0.50 0.13 −0.02 −0.31 

NO3
−       1.00 0.05 −0.43 0.11 −0.37 0.08 

Chl-a        1.00 0.37 0.63 0.14 0.41 

DO         1.00 0.44 −0.03 −0.23 

pH          1.00 −0.42 0.22 

EC           1.00 −0.41 

CumRain            1.00 

1 JICA: water temperature (Tw), Secchi depth (SD), concentration of suspended solids (SS), total phosphorus 

concentration (TP), total nitrogen concentration (TN), concentration of nitrates (NO3−), chlorophyll-a 

concentration (Chl-a), dissolved oxygen concentration (DO), pH, electrical conductivity (EC); ANNP: lake 

level (h); DMH-DINAC: daily cumulative rainfall (CumRain); 2 in bold: significant correlation at a 95% 

confidence level; 3 in bold, underlined: significant correlation at a 99% confidence level. 

 

Table 6.6. Pairwise Pearson correlation coefficients for twelve selected limnological variables of Ypacaraí Lake (period 

2014–2017)
1
 

2014–2017 Tw h SD Turb TP TN NO3
− Chl-a DO pH EC CumRain 

Tw 1.00 0.26 −0.35 0.28 0.45 0.08 0.04 0.00 −0.37 −0.47 −0.07 −0.12 

h  1.00 −0.29 −0.31 −0.01 0.01 −0.19 −0.18 −0.16 −0.34 −0.82 3 −0.32 

SD   1.00 −0.62 2 0.13 0.00 −0.46 0.02 0.33 0.67 0.24 −0.26 

Turb    1.00 −0.05 0.15 0.51 0.06 −0.17 −0.53 0.14 0.36 

TP     1.00 0.16 −0.05 0.01 0.01 −0.07 0.05 −0.04 

TN      1.00 −0.11 0.52 −0.37 0.17 0.07 0.05 

NO3
−       1.00 −0.26 −0.19 −0.03 0.37 0.61 

Chl-a        1.00 −0.40 0.27 −0.01 −0.11 

DO         1.00 0.18 −0.03 −0.18 

pH          1.00 0.46 0.17 

EC           1.00 0.50 

CumRain            1.00 

1 CEMIT-UNA II: water temperature (Tw), Secchi depth (SD), turbidity (Turb), TP concentration, TN 

concentration, concentration of nitrates (NO3−), chlorophyll-a concentration (Chl-a), dissolved oxygen 

concentration (DO), pH, electrical conductivity (EC); ANNP: lake level (h); CIH-Itaipú: lake level (h); DMH-

DINAC: daily cumulative rainfall (CumRain); 2 in bold: significant correlation at a 95% confidence level; 3 in 

bold, underlined: significant correlation at a 99% confidence level. 
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Principal Component Analyses and simple linear regressions 

The results of the PCAs performed on the same composite datasets, DS1 (1988–1989) and DS2 

(2014–2017), are presented in the biplots of Figure 6.13. For the first period (1988–1989), the first two 

principal components, PC1 and PC2, explained together 55.6% of the total variance in the composite 

dataset. PC1 separated points presenting high water transparency, represented by SD, as well as high 

DO and pH, from those presenting low values of these variables. It also separated points with low 

versus high SS, Tw, TP and TN values. In turn, PC2 separated points with low h and high EC from 

those presenting the opposite conditions. 

 

 
(a) 

 

 
(b) 

Figure 6.13. Principal component analyses (PCAs) biplots of spatially-averaged lake data for (a) 1988–1989 (Composite 

dataset DS1: JICA/ANNP/DMH-DINAC); and (b) 2014–2017 (Composite dataset DS2: CEMIT-UNA II/ANNP/CIH-

Itaipú/DMH-DINAC).  
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For the second period (2014–2017), the first two principal components, PC1 and PC2, 

explained together 47.6% of the total variance in the composite dataset. As for the first period, PC1 

separated points presenting high SD, DO and pH values from those presenting low ones or, 

respectively and equivalently, points with low versus high turbidity and Tw, as SD decreases with 

increasing turbidity and oxygen solubility decreases with increasing water temperature. Again, PC2 

separated points with low h and high EC from those presenting the opposite conditions. 

These results led to further investigation in the form of two simple linear regressions: (a) 

between lake level (h; ANNP and CIH-Itaipú datasets) and the concentration of conductive ions, 

indicated by EC (CEMIT-UNA II dataset); and (b) between two-week cumulative evaporation 

estimates (Ev) and corresponding two-week means of EC data, which we present in Figure 6.14. The 

analysis revealed that a linear fit may be used to relate EC to h (r2 = 0.67) or Ev (r2 = 0.72), with root 

mean square errors (RMSE) of 18.1 µS·cm−1 (11.7% of the mean value) and 20.8 µS·cm−1 (11.6% of the 

mean value), respectively. 

 
 

(a) 

 

 
 

(b) 
Figure 6.14. Linear regressions between: (a) lake level (h) and electrical conductivity (EC); and (b) cumulative evaporation 

(Ev) and EC. 
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Time series reconstruction of Trophic State Indices and Nutrient Limitation Assessment 

Reconstructed time series of modified trophic state indices (MTSI) based on SD, Chl-a and 

TP (Figure 6.15a–c), and of the trophic state index (TSI) based on TN (Figure 6.15d), characterise 

Ypacaraí Lake as eutrophic for the 1988–1989 period. For the 2014–2017 period, values of MTSI (SD) 

and MTSI (TP) fell within the hypereutrophic range for extended periods, as opposed to MTSI    

(Chl-a), whose values in this period fell within the mesotrophic range, and TSI (TN), whose values in 

this period remained in the eutrophic range, except for exceptional, brief periods of apparent 

mesotrophic or even oligotrophic conditions (in April 2014 and April 2015). 

 

  
(a) (c) 

  
(b) (d) 

Figure 6.15. Time series of trophic state indices (TSI) based on (a) Secchi depth (SD); (b) chlorophyll-a (Chl-a); (c) total 

phosphorus concentration (TP); and (d) total nitrogen concentration (TN). 

 

  
(a) (b) 

Figure 6.16. Time series of (a) the difference, TSI (TN)–TSI (TP); and (b) the ratio, TN:TP, with respect to the mass-based 

Redfield ratio (black horizontal line at TN:TP = 7.2, corresponding to an atomic Redfield ratio of N:P = 16:1), both 

indicative of the type of nutrient limitation in the lake. 
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A significant downward trend (τ = −0.414; S = −291; 95% confidence level) was found in the 

difference between TSI (TN) and TSI (TP), which presented negative values throughout both 

considered periods (1988–1989 and 2012–2017) (Figure 6.16a). This is indicative of increasingly 

limiting nitrogen concentrations in the lake, also evidenced by the significant downward trend               

(τ = −0.394; S = −277; 95% confidence level) in the TN to TP ratio. With few exceptions, starting 

from 2014, this ratio fell below the mass-based Redfield ratio, N:P = 7.2:1, corresponding to the 

classical atomic Redfield ratio of N:P = 16:1 (Figure 6.16b). 

6.4. DISCUSSION 

6.4.1. Factors affecting primary production in Ypacaraí Lake 

As can be expected from the basin-scale changes in land use that have occurred over the last 

decades (increasing runoff from urban expansion, greater erosion from deforestation, and loss of 

erosion-controlling and pollution-mitigating wetland areas), the mean concentrations of total 

suspended solids have almost doubled in recent years (2014–2017) with respect to the late 1980s 

(from 23.2 to 40.2 mg·L−1). This is also reflected by a negative trend in water transparency, evidenced 

by a significantly lower mean Secchi depth of 0.222 m in 2014–2017 as opposed to 0.513 m in 1988–

1989. 

Primary production in Ypacaraí Lake, hypothesised in the past to be limited by phosphorus 

due to the presence of P-binding Fe3+, both in the water column and in the interstitial water in the 

sediments, would thus be presently light-limited. This could explain the lower mean chlorophyll-a 

concentration of recent years (8.79 µg·L−1 in 2014–2017, as opposed to 54.3 µg·L−1 in 1988–1989), 

despite the fact that phosphorus concentration in the lake appears to have remained at high values, 

within a range that is characteristic of eutrophic and hypereutrophic lakes, at least since 1988. This is 

also evident from the reconstructed time series of MTSI (TP) (Figure 6.15c).  

According to these results, should light penetration increase enough to allow for significant 

phytoplankton growth, the limitation would then be given by nitrogen, whose mean concentration 

has decreased over time from 1910 µg·L−1 in 1988–1989 to 1340 µg·L−1 in 2014–2017, rather than by 

phosphorus, whose mean concentration has more than doubled in this period, from 124 to 256 

µg·L−1. 

This could potentially be configuring an unnatural secondary nitrogen limitation arising 

from the phosphorus enrichment of the lake, an effect that has already been reported for other 

shallow subtropical lakes, e.g., Lake Okeechobee (Havens, 1995). Even though, in this case, we were 

not able to demonstrate, by means of the difference, TSI (TN)–TSI (TP), that Ypacaraí Lake is not 
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naturally nitrogen-limited, a trend towards increasing nitrogen limitation was identified (Figure 

6.16a). Moreover, values of the TN to TP ratio have presented a significant negative trend over the 

last 30 years and, in 2012–2017, consistently fell below the mass-based Redfield ratio (Figure 6.16b), 

supporting the hypothesis of a rather recent transition from phosphorus to nitrogen limitation.  

These conditions might explain the shift of the system towards Cylindrospermopsis 

raciborskii dominance (at the beginning of the warmer period) observed in the lake starting from 

2012. In fact, these cyanobacteria can bloom not only in low-light conditions but are also able to 

fixate atmospheric nitrogen, a trait that allows them to grow in nitrogen-limited waters (Willis, et 

al., 2016), as opposed to the non-diazotrophic Microcystis aeuriginosa, which was markedly more 

dominant in previous years and is now managing to bloom only after C. raciborskii populations 

collapse (Benítez, et al., 2017). Although this hypothesis might seem to contrast with the fact that 

nitrogen fixation is energy-intensive (Zevenboom, et al., 1980), light energy in this lake quite limited 

due to elevated turbidity; this is supported by the fact that N-fixating heterocysts were indeed found 

in C. raciborskii specimens sampled between 2012 and 2014 (Benítez, et al., 2017). The reason why C. 

raciborskii prevails over other diazotrophic cyanobacteria that are also present in the lake, such as 

Anabaena sp., remains to us, however, an open question.  

6.4.2. Complex hydro-morphological and hydro-ecological conditions 

PCAs performed on the two selected datasets, DS1 (1988–1989) and DS2 (2014–2017), pointed 

out the high degree of complexity in the functioning of Ypacaraí Lake. When taken together, the first 

two principal components, PC1 and PC2, accounted for 55.6% and 47.6% of the total variances of DS1 

and DS2, respectively. This strongly suggests it is not possible to significantly reduce the number of 

variables that one needs to consider if one wants to fully capture the dynamic behaviour of this lake 

(i.e., without losing significant information).  

On one hand, PC1 seems to have distinguished among data with high values of SD, pH and 

DO, and low values of water turbidity (in this case largely attributable to SS), Tw (which nevertheless 

remained above 15 °C) and nutrient concentrations (which nevertheless remained consistently high, 

in the eutrophic and hypereutrophic ranges), and vice versa. A significant increase in photosynthetic 

activity during periods with high water transparency might explain the positive correlation between 

PC1 and SD, and pH and DO, as photosynthesis consumes free carbon dioxide (CO2), elevating the 

pH by pushing chemical equilibrium towards lower concentrations of hydrogen ions (H+), and 

produces molecular oxygen (O2), elevating DO. Once again, this supports the hypothesis that pelagic 

primary production in this lake is currently limited by light rather than by nutrients. Should this be 

the case, however, Chl-a concentrations would expectedly be highly correlated with PC1 too, which 
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does not appear to be the case. This might be explained by the relatively lower water temperatures 

observed during periods of high transparency in these datasets, but longer time series of these 

variables are required to confirm this, as no periods of high transparency during spring and summer 

months were available at the time of this study. 

On the other hand, PC2 seems to have distinguished between high values of electrical 

conductivity (EC) and low lake levels, the concentration of EC-contributing ions being higher during 

dry periods when evaporation becomes a significant component of the water balance. In this sense, a 

good positive linear correlation (r = 0.85; r2 = 0.72) was found between EC and estimated 

evaporation volumes, a result that suggests it should be possible to accurately estimate one as a 

function of the other and vice versa. This result could turn out to be relevant, as it has been 

proposed that, in shallow lakes, EC might be used as an indicator of pollution given its positive 

correlation with the concentrations of dissolved ions, such as nitrates, ammonium and ortho-

phosphates, all of which are, in general, more difficult to measure (Das, et al., 2006).  

It is notable that, with respect to lake level, the contribution of cumulative rain to PC2 seems 

to have shifted from 1988–1989 to 2014–2017, indicating that the water level in this lake is not only 

determined by the amount of precipitation in the basin. This has already been observed in previous 

studies, in which the flow carrying capacity of the Salado River, the outflow of the lake, was found to 

be fundamental for the regulation of the lake’s water level. To fully assess this effect, however, 

hydraulic modelling studies are required, for which a bathymetric survey of the Salado River, 

presently not available, is warranted. These studies would also allow for a better understanding of 

how this river interacts with the Paraguay River, especially during major floods, and how recent 

interventions, such as the construction of the Luque-San Bernardino highway, which not only 

altered the morphology of the Salado River but also reduced the extension of wetland areas north of 

the lake, have affected the overall functioning of the system. 

6.4.3. Challenges for restoration 

It is unclear whether Ypacaraí Lake ever presented clear water conditions, so attempting to 

restore them might not be ecologically sound. Supposing the affirmative case, of the many strategies 

we could think of to push the lake back to the clear water state, food web manipulation would 

probably have, in the long term, very limited success, as this lake supports a very rich fish diversity 

that would likely quickly adapt.  

Reducing current phosphorus loading, estimated to be of 45 tons per year (Beta Studio-

Thetis, 2016), is clearly advisable. Current P-loading per unit area can be roughly estimated to be 

0.75 g·m−2·year−1. This is well above critical P-loading estimates for turbidification found, through 
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modelling studies, for many other shallow lakes (Janse, et al., 2008). It is also particularly close to 

the highest estimate of 0.78 g·m−2·year−1 found for the also shallow and subtropical Lake Taihu 

(Janssen, et al., 2014). Specific threshold estimates for Ypacaraí Lake are presently not available and 

would require similar modelling studies to be conducted. In any case, should it be that primary 

production in this lake was once phosphorus-limited, management efforts aiming to limit further 

phosphorus enrichment would be necessary to eventually restore natural phosphorus limitation (or 

nitrogen-phosphorus co-limitation). 

Studies have shown, however, that even though reducing nutrient loading can lead to 

improvement of the ecological status of shallow subtropical lakes, the response may not be 

immediate due to internal loads being relatively more important in these systems than in their 

temperate counterparts (Beklioğlu, et al., 2011). This needs to be considered when estimating the 

expected recovery times of Ypacaraí Lake, as little is known about its internal P-load or the 

biochemical processes taking place in the sediments, which ultimately determine remineralisation 

rates. 

6.4.4. Challenges for management 

Four main specific challenges for the management of Ypacaraí Lake can be identified: (a) the 

high administrative and political fragmentation of the basin; (b) the institutional setting, 

characterised by many actors whose responsibilities in relation to the management and monitoring 

of the lake and its system are, in many cases, either overlapping or not clearly assigned (Beta Studio-

Thetis, 2015); (c) the relevant legal framework at the national level, which is not always coherent, 

resulting in intrinsically difficult application (Beta Studio-Thetis, 2015), a challenge that is 

complemented by insufficient practical enforcement and control, which is typical of but not 

restricted to emerging economies; and (d) the segregation and lack of systematisation of data and 

information, and the need for regular pre-processing and quality control activities, without which, 

part of the collected data ends up being of limited use. 

In relation to the latter, major improvements should be mentioned. In particular, the 

establishment, by the Itaipú Binational Entity, of a network of monitoring stations that are 

continuously generating data that are made available to the public, in real time, through an online 

platform administered by the CIH, the importance of which has been clearly highlighted by their use 

in the present study. The knowledge base hereby developed represents too an important 

achievement for future, sustainability-oriented management of Ypacaraí Lake, as it unifies data, 

outputs and conclusions from a variety of previous studies and integrates them with novel 

information. In this respect, it is important to say that, although a unified knowledge base does not 



Ecological Modelling of Lake Ecosystems:  
Integrating hydro-thermodynamics and biogeochemistry in a reduced complexity framework 

 

175 
 

necessarily readily translate into action (Cash, et al., 2003), the socioeconomic and cultural 

importance of this lake in Paraguay sets an ideal political scenario for future interventions and 

further research. 

6.4.5. Opportunities for research 

In addition to all previously mentioned research gaps that are specific to this shallow, 

subtropical lake, two key aspects present opportunities to push the state of the art of shallow lakes 

theory and subtropical limnology forward, both of which we illustrate, in red, in Figure 6.17: (a) its 

complex hydro-morphological and hydro-ecological dynamics in the context of a rapidly urbanising, 

densely-populated, humid subtropical region of a developing country that is subjected to 

increasingly frequent extreme rainfall events and that cyclically suffers the effects of ENSO; and (b) 

the reported disappearance, following the intense cyanobacterial blooms of 2012–2013, of tube-

dwelling invertebrate communities (Benítez, 2018; Peralta, et al., 2016). 

 

 

Figure 6.17. Opportunities offered by Ypacaraí Lake to push the state of the art of shallow lakes theory and subtropical 

limnology forward, given by the context-dependent positive/negative effect of water depth on turbidity and the negative 

feedback of phytoplankton (cyanobacteria) on tube-dwelling invertebrates. Modified from Scheffer, et al. (1993) and 

Hölker, et al. (2015b). 

With regard to the first aspect, we can say that, as reported for seven shallow, subtropical 

lakes in Florida (Havens, et al., 2017), hydro-morphological factors play a fundamental role in 

determining ecological processes in Ypacaraí Lake. For instance, its increasingly higher water 

turbidity that would currently be limiting its primary productivity more than nutrients is largely 
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related to increasing concentrations of suspended solids. Higher water levels during floods can, 

therefore, improve water transparency via the dilution of suspended solids in a larger volume of 

water, having the seemingly contradictory effect of favouring macrophytes over phytoplankton, the 

former being traditionally considered to be negatively affected by water depth. During droughts, 

lower water levels with highly concentrated suspended solids may actually worsen conditions for 

macrophytes. These effects, which have also been observed in shallow, subtropical Lake Apopka 

(Havens & Ji, 2018), are, however, not straightforward, as they are very much affected by the 

hydraulic response of the system (i.e., lake retention time) to hydro-meteorological factors, such as 

the intensity, duration and frequency of flood-producing extreme rainfall events, and the 

characteristics of the basin that determine its response in terms of erosion and run-off, which 

ultimately increase sediment input. As previously explained, the hydraulic regime, meteorological 

patterns and sediment dynamics are all changing in Ypacaraí Lake because of major engineering 

interventions, land use and climate change. 

In relation to the second aspect, we can say there is now ample evidence that benthic tube-

dwelling invertebrates, such as chironomids, can significantly alter multiple important ecosystem 

functions and thus play a central role in shallow lakes (Hölker, et al., 2015b). They compete with 

pelagic filter feeders for particulate organic matter, which can exert a high grazing pressure on 

phytoplankton, microorganisms, and perhaps small zooplankton, thus strengthening benthic–

pelagic coupling. Furthermore, intermittent pumping by these invertebrates oxygenates the 

sediments, influencing microbe-mediated biogeochemical functions. Recent modelling studies 

provide strong evidence that they can even improve the resilience of a shallow lake that is in the 

clear-water stable state, modifying the threshold for the shift between this and the turbid-water 

stable state, their absence thus pushing the system further towards the latter (Hölker, et al., 2015b). 

The disappearance of these organisms from the sediments of Ypacaraí Lake, the cause of 

which remains unclear, might be explained by (a) oxygen shortages that, even though many 

invertebrates, including chironomids, are physiologically and behaviourally adapted to cope with, 

can lead to their elimination; or (b) cyanotoxins, toxic metabolites that cyanobacteria secrete and 

can cause acute and chronic effects, biochemical alterations and changes in the life cycle of aquatic 

invertebrates (Da S. Ferrão-Filho & Kozlowsky-Suzuki, 2011). The first mechanism, on one hand, 

reportedly occurred in Kleiner Gollinsee, a shallow temperate lake in Germany that experienced a 

severe brownification–anoxia feedback event. This facilitated a persistent state of anoxia that 

occasionally extended to the water surface and resulted in the near-complete loss of 

macroinvertebrates (Brothers, et al., 2014). The second mechanism, on the other hand, was observed 

in Lake Syczyńskie, a shallow temperate lake in Poland, where chironomid numbers in the sediments 
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dwindled following high microcystin concentrations during hypertrophic periods (Kaczorowska & 

Kornijów, 2012). 

6.5. CONCLUSIONS 

Ypacaraí Lake has great ecological value. Its system is characterised by a diverse matrix of 

aquatic habitats that includes numerous streams and vast marsh areas besides the lake itself which 

sustains a rich biodiversity, particularly of fish. It also constitutes a major source of drinking and 

irrigation water for neighbouring towns and cities, sustaining local economies largely based on 

agriculture, livestock farming, fishing, tourism and recreation. Its proximity to Asunción, the capital 

of Paraguay, and its cultural significance, make its environmental degradation a sensitive issue in the 

country that is regularly echoed by national media. This further heightens the awareness of the 

population about its ecological status, which quickly translates into political interest, especially 

during electoral periods, and continuously motivates scientific research aiming to shed light on its 

complex functioning in the hope of designing more effective management strategies. Over the years, 

many studies and projects have been conducted, both nationally and internationally, in 

collaboration with countries such as Japan, the United States, Italy and The Netherlands. In this 

article, we summarised the history of these initiatives and reviewed their many outputs. 

Unfortunately, despite these efforts, eutrophication of the lake is ongoing, evidenced by an 

upward trend in total phosphorus that has resulted, in recent years, in intense cyanobacterial blooms 

of toxin-producing species, such as Cylindrospermopsis raciborskii and Microcystis aeruginosa. A 

downward trend in chlorophyll-a has, however, been observed, likely due to a significant downward 

trend in water transparency that is explained by increasing concentrations of suspended solids. This 

can be attributed to urbanisation, deforestation and the loss of wetland areas, which have altered the 

hydrological and sedimentological responses of the system to increasingly frequent extreme rainfall 

events and to ENSO-related periodic floods and droughts. 

Phytoplankton, which was hypothesised in the past to be limited by phosphorus, would thus 

be presently limited by an unfavourable underwater light climate, and, moreover, it is now likely 

that, whenever nutrient limitation does occur, it is given by nitrogen rather than by phosphorus, a 

conclusion supported by significant trends towards increasing nitrogen limitation. A significant 

downward trend in lake level confirms the impact of recent, major hydrological and hydraulic 

alterations in the basin, a factor whose relevance is not minor, as PCAs results show the lake’s overall 

conditions are highly correlated with water depth. 

Finally, there are many unresolved questions regarding the very special hydro-morphological 

and hydro-ecological conditions of Ypacaraí Lake. Some of them are lake-specific, including the 



Ecological Modelling of Lake Ecosystems:  
Integrating hydro-thermodynamics and biogeochemistry in a reduced complexity framework 

 

178 
 

lake’s critical nutrient thresholds, the role of its internal phosphorus load, the factors controlling 

nutrient release from the sediments, the complex interactions between the streams and associated 

wetland areas, and between the wetlands and the lake itself, to cite a few. Other aspects, however, 

might be of more general interest, such as the recent disappearance, following intense cyanobacterial 

blooms, of the lake’s benthic chironomids, key components of a shallow lake system that have 

recently been shown to improve the resilience of a lake presenting clear water conditions. To us, 

Ypacaraí Lake is thus no longer just an important element of Paraguayan culture, but also a scientific 

treasure in a context that is ideal for future research and that we believe can help push the state of 

the art of shallow lakes theory and subtropical lake science forward. 
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CHAPTER 7 

GENERAL DISCUSSION AND CONCLUSIONS 

7.1. GENERAL DISCUSSION 

7.1.1. A three-year doctoral research project on ecological modelling of lake ecosystems 

In the previous chapters, the results of a three-year doctoral research project were presented. 

Initially, the project had the aim of exploring, through modelling, the hydromorphological and 

ecological controls of light and thermal patterns in rivers, these systems being the focus of the 

SMART EMJD. Nevertheless, over the course of the first few months, having gone through many 

articles on the matter, we noticed that the majority of them focused for the most part on lakes, 

presenting and addressing the many unanswered questions regarding their complex functioning. 

Thus, our interest started naturally migrating towards them instead. Moreover, working within a 

research group that had already been investigating lakes for a while, and seeing that, after all, many 

lakes are major components of a river’s hydrological system, the option to start a research project on 

lakes became even more enticing. Eventually, two additional, important ingredients led us to the 

final, definitive shift of focus: the opportunity to take part in the ILES 2016 experiment at the IGB 

LakeLab in Lake Stechlin (Brandenburg, Germany); and a heartfelt concern regarding the ecological 

status of Ypacaraí Lake, in our view the most important lake in landlocked Paraguay. 

The reason why a lake can get to be such an important asset for the people of a country, not 

only as a natural resource but also as a cultural one, might be obvious when the shortest road that 

leads them to the sea is almost 1000 kilometres long. However, from the ecosystem perspective, a 

lake is no less important even when only a few kilometres of land separate it from the nearest beach. 

In fact, freshwater lakes are among the most important ecosystems for both human and other 

biological communities. They account for about 87% of surface freshwater in the planet, thus 

constituting a major source of drinking water, and provide a wide range of ecosystem services that 

go from the sustenance of a rich biodiversity to the regulation of hydrological extremes; from the 

provision of a means for recreation to the support of local economies, e.g., through tourism and 

fisheries, just to cite a few. Lakes are now also widely recognised as natural early warning systems, 
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their responses potentially being effective indicators of local, regional and global scale phenomena 

such as acidification and climate change. This is because of their high sensitivity to environmental 

factors of the most diverse nature that can rapidly alter the course of their evolution. An example are 

the shifts between alternative stable states, of which shallow lakes have become an archetype. 

Therefore, attaining a good scientific understanding of the many processes taking place within these 

ecosystems is fundamental for their adequate management. Among the tools that serve this purpose, 

ecological models are particularly powerful ones. 

7.1.2. Developing an integrated process-based reduced complexity model 

In Chapter 2, we proposed an integrated process-based reduced complexity model, the 

development of which was based on a previously published model that explored the physical 

determinants of phytoplankton dynamics and stoichiometry (Jäger, et al., 2010). This model, 

however, did not consider how the variation in space and time of external physical forcing, such as 

photosynthetically active radiation, would affect simulated values. Neither did the biological rates 

depend on the physical properties of the system (e.g., water temperature). Posterior developments of 

this model (Peeters, et al., 2013) aimed to address this limitation, by prescribing variations of 

physical determinants (for instance, turbulent vertical diffusivities). In doing so, its authors set out 

to investigate seasonality. This version was later picked up and modified even further for another 

study, this time looking into the competition between different groups of primary producers, 

considering the dependence of biological rates on water temperature (Vasconcelos, et al., 2016). As 

part of this thesis, we saw the opportunity to contribute to these developments, by incorporating 

into this modelling approach, equations that dynamically describe the physical variables that 

characterise the system, including a parameterisation of turbulent vertical diffusivities that is based 

on the Richardson number (Munk & Anderson, 1948). In this way, we hoped to produce a tool that 

could also be used to investigate the importance of ecological feedbacks on physical processes, 

increasingly reported in recent years as potentially significant. The model was implemented, and its 

performance was later tested in subsequent studied capitalising on its versatility. In these studies, we 

tailored our model to very specific requirements of two large-scale mesocosm experiments 

conducted at the IGB LakeLab in 2015 and 2016. 

7.1.3. Modelling the effects of combined nutrient enrichment and brownification pressures 

A specific and fairly complex version of the model was developed for the modelling study 

presented in Chapter 3, where we investigated the combined effect of nutrient enrichment and 

brownification on the growth and competition patterns among four groups of pelagic and benthic 

primary producers within mesocosm systems. Respectively, these were the phytoplankton and two 
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separately considered periphyton groups that were present therein. Among the latter, one was a 

proxy for the epiphyton growing on the surface of macrophytes, a group that was also considered. 

Besides showing that browning strongly decreases the maximum colonisation depth of both 

periphyton and macrophytes by limiting light availability, this study served the purpose of assessing 

the performance of the model in terms of the modelled state variables, which included water 

temperature, dissolved inorganic phosphorus concentration, and live and dead biomass of the four 

previously mentioned primary producer groups. This was done after the calibration of parameter 

values. In this regard, the optimal sets were chosen based on average values of a normalised version 

of the Nash-Sutcliffe model efficiency coefficient, found to be effective in selecting parameter value 

combinations for which the model yielded well-fitted results.  

7.1.4. Modelling the effects of skyglow on lake metabolic rates 

In Chapter 4, we explored the feasibility of combining our otherwise mostly deterministic 

modelling approach with a stochastic Bayesian technique for the estimation of parameters in two 

empirical terms that appear in the governing equation for dissolved oxygen concentration. These 

were the gross primary productivity, i.e., the rate at which primary production in the system releases 

oxygen as a result of photosynthesis; and the ecosystem respiration rate, a bulk rate encompassing 

all respiration by living organisms present in the system. Here, the equation was added with a very 

specific purpose in mind: to investigate the effect, on lake ecosystems, of the increased diffuse 

luminance of the night sky (commonly referred to as ‘skyglow’), a form of light pollution due to 

artificial (anthropic) light sources in urban agglomerations. 

Although our modelling study about these effects on lake metabolic rates did not allow us to 

reach conclusive evidence of an ecological impact of skyglow, it is common scientific understanding 

that, if any, this impact is likely to be subtle, so one single modelling approach alone, in any case, 

might not be enough to shed sufficient light on the matter. However, integrating disciplines and 

combining strategies to study these potential impacts, in the field and in the laboratory, is 

promising, and having a modelling tool at our disposal that can provide additional information, 

taking advantage of the high-resolution vertically resolved data that is nowadays being produced for 

many lakes around the world, might prove to be useful in the near future, as skyglow research 

develops and new insights are provided. These will surely help in the interpretation of modelling 

outcomes, such as the apparently increased respiration rate towards the early fall we detected for low 

skyglow conditions. 

Moreover, together with our other IGB LakeLab study presented in Chapter 3, this study 

provided us with an important understanding of the limitations of mesocosm experiments. These are 
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the lack of replicability (as in Chapter 3) or, when some replicates are available (as in Chapter 4), the 

fact that many conditions are not under the control of the scientists designing and conducting the 

experiment. Natural variability, sometimes very important, always follows. 

7.1.5. Investigating ecological controls of light and thermal patterns in freshwater lakes 

In Chapter 5, we applied our model to the study of the feedbacks provided by lake 

eutrophication and brownification processes to the light and thermal patterns they develop over 

several years. Eutrophication boosts phytoplankton biomass production, increasing the light 

extinction coefficient of the layers where phytoplankton cells are present. According to our findings, 

in some cases, this process can modify the thermal structure of a lake, lifting the thermocline for as 

much as a couple of metres. This effect, however, is mediated by browning (i.e., water colour) the 

impact of which is not only much more important even in highly eutrophic lakes but also results in 

lesser primary production, further decreasing the effect of phytoplankton on physical patterns. We 

also examined how these effects were dependent on climate, by running simulations over a gradient 

of latitudes. Across all of them, the patterns were similar in that phytoplankton produced observable 

effects on thermocline depth only under high transparency conditions (i.e., less brown water). 

Brownification, on the other hand, presented an asymptotic behaviour, lifting the thermocline only 

until a minimum thermocline depth was reached. This minimum would be explained by the 

combined effects of (a) wind mixing the upper water column layers, and (b) a faster cooling rate 

when surface water temperatures rise as a result of browning. Eventually, these compensate for the 

thermocline-lifting effect of the increased light extinction coefficient. Studying these two 

mechanisms is the next logical step. 

In all simulations, wind forcing was made constant, so another aspect that remains for future 

studies is the introduction of stochasticity (i.e., ‘noise’) to this signal. This is a strong determinant of 

the timing at which the stratification finally breaks as the water column cools down, which affects 

the vertical distribution of nutrients and biomass. The extension of our latitudinal scope to cover 

lakes located in temperate regions is also within our sight. The reason why at this time we had to 

limit this study to lower latitudes was fundamentally the formation of ice at higher ones, a 

phenomenon that our model is currently not able to reproduce. This is one of the many 

developments we envision moving forward. 

7.1.6. Bridging science and management for the improvement of the ecological status of lakes 

In Chapter 6, we took our research effort to a more practical level, exploring how we could 

contribute, through our studies, to the current scientific understanding of a pressing matter for 

Paraguay: the ecological status of Ypacaraí Lake. This lake is a shallow subtropical lake that is 
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currently undergoing rapid eutrophication mainly due to the accelerated unplanned urban 

development of its basin. In recent years, this eutrophication process has already resulted in intense 

cyanobacterial blooms. These blooms have seriously affected the services this lake provides to the 

population of the country, which includes freshwater supply but not only. Initially, our intention was 

to apply our model to study the possibility that this lake can present alternative stable states, shallow 

lakes being an archetype of the theory. The fact that this lake is located in a subtropical region made 

it even more attractive to this purpose, as most lakes that have been observed to shift between 

alternative regimes are located in temperate latitudes. 

However, moving forward with our research about this lake, we saw it necessary to first 

address other gaps that relate to its eutrophication problem. So far, these gaps have motivated three 

Masters’ theses in Environmental Engineering developed at the University of Trento in collaboration 

with the two biggest Paraguayan universities. Through these studies, we have established 

cooperation with universities and public institutions in Paraguay, who were very open to our 

incursion from abroad. For many years, the Paraguayan government and many international funding 

institutions have invested money in several projects, hoping to find solutions to the eutrophication 

problem. So far, unfortunately, these projects have had very limited success. As we have detected, 

this is mostly due to the uncoordinated effort of involved actors, and to the isolation of the many 

scientific disciplines that should sit together to articulate their research efforts into a long-term plan. 

Our initial approach was therefore to establish the lines of communication among all of them. This 

led us to produce the first general, integrated review on the history of the lake and its current 

problems, and the research gaps that should be addressed to better inform both policy and 

management (López Moreira M., et al., 2018). 

Nutrient loads input into the lake must surely be reduced, but the fact that the internal 

nutrient load remains a big question makes it difficult to predict recovery times. Toxicity is another 

potential factor that might be preventing the lake from returning to a desirable state, a symptom of 

which might be the disappearance of the lake’s benthic macroinvertebrate fauna. Their absence 

might be reinforcing the turbid water state that characterises the lake. Continuous monitoring is 

advised, and we propose to do this in an integrated way, by setting up a monitoring system that 

includes not only automatic profiling of the shallow but diurnally stratified water column but also 

the measurement of meteorological variables in a central location of the lake. At present, available 

weather stations are all either too far from the lake or located in an unfavourable location. This 

impedes modelling hydro-thermodynamic circulations in an accurate way. Other resources/tools 

whose integration we propose are satellite imagery and meteorological modelling, to supply spatially 

distributed information, complementing point measurements. Finally, being such an important 
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resource whose ecological state is a heartfelt matter for the population of the country, the case 

represents an ideal opportunity for the integration of citizen science strategies to the monitoring of 

the lake. This can be achieved through, for instance, visual reports about the condition of the lake, 

which could be submitted by lake users via mobile apps. We believe that through the collaborative 

effort we have initiated among sectors and disciplines at an international scale, and the first steps we 

have taken towards the systematisation of knowledge about this lake, we have effectively laid the 

foundation stones that will one day sustain the bridge connecting science and management of 

Ypacaraí Lake. 

7.2. GENERAL CONCLUSIONS 

As a result of this thesis, an integrated reduced complexity model has been developed, based 

on previous modelling efforts to study the effects of physical processes related to temperature and 

light on ecological phenomena in lake ecosystems. It is true, however, that ecological phenomena 

can also considerably impact physical processes in lakes, as we have seen in Chapters 3 and 5. In 

these chapters, we have shown how eutrophication, via boosting phytoplankton biomass growth, 

and brownification due to inputs of coloured dissolved organic matter, can lead to significantly 

modified water temperature and underwater irradiance profiles. The studies based on two IGB 

LakeLab experiments served the purpose of assessing how reasonably the developed model behaves, 

and to verify its versatility. In this regards, we have successfully tailored the model to suffice very the 

specific requirements set by the unique IGB LakeLab infrastructure. In Chapter 4, the model was also 

successfully combined with a Bayesian estimation technique, which in turn benefitted from the very 

simple physical representation of turbulent mixing phenomena our model implements, a process 

determining the exchanges, between modelled water layers, of dissolved substances, such as 

inorganic nutrients and oxygen. The latter was the analysed variable in our study of the impacts of 

artificially increased ‘skyglow’ on lake metabolic rates. Although not conclusive, this study 

highlighted patterns that are consistent with previously reported findings, such as the higher impact 

of low but persistent levels of light pollution due to artificial light at night. Moving forward, we 

foresee potential developments of this model that might one day provide additional insight on the 

different processes considered in this thesis, among which the possibility of alternative stable states 

in systems other than temperate, such as Ypacaraí Lake. For this lake, an updated conceptual model 

was produced, which describes additional feedback mechanisms that were not considered in the 

original, simpler conceptual model. This was the result of a systematic collaborative effort we have 

initiated to integrate scientific disciplines, going beyond the academic sector, reaching into the fields 

of management and politics. Thus, it is our hope that we will contribute to the improvement of the 

lake’s current hydro-ecological status. 
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APPENDIX TO CHAPTER 3 

MODELLING THE EFFECTS OF COMBINED NUTRIENT ENRICHMENT AND BROWNIFICATION PRESSURES ON 

THE COMPETITION BETWEEN PRIMARY PRODUCERS IN FRESHWATER LAKES 

3A Example tables of calibration indices for the variable water temperature 

   

TABLE 3A.1. NORMALISED NASH-SUTCLIFFE MODEL EFFICIENCY COEFFICIENT (NNSE) 

   

SCENARIO 1: NO GRAZING AT ALL 

Layer No. 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 

Top depth (m) 0 0.5 1 2 2.5 3.5 4.5 5.5 6.5 7.5 8.5 9.5 10.5 11.5 12.5 13.5 14.5 15.5 16.5 17.5 18.5 

Bottom depth (m) 0.5 1 2 2.5 3.5 4.5 5.5 6.5 7.5 8.5 9.5 10.5 11.5 12.5 13.5 14.5 15.5 16.5 17.5 18.5 19.5 

 

P
A

R
A

M
ET

ER
 S

ET
 

1 0.753238 0.688932 0.63125 0.568777 0.504702 0.461855 0.473064 0.432343 0.414219 0.545215 0.782309 0.789841 0.7728 0.32212 0.449412 0.292108 0.06998 0.037918 0.032336 0.029659 0.033304 

 
2 0.853219 0.81314 0.753286 0.698352 0.633308 0.572184 0.540973 0.47425 0.440133 0.550005 0.782867 0.789933 0.772857 0.32191 0.448638 0.291517 0.069923 0.03791 0.032331 0.029621 0.033288 

 
3 0.636624 0.827961 0.835311 0.780617 0.706088 0.639234 0.613618 0.529379 0.475473 0.559699 0.783944 0.789951 0.77275 0.3232 0.450796 0.293708 0.070123 0.037934 0.032353 0.029629 0.033305 

 
4 0.752186 0.687562 0.62408 0.564874 0.503451 0.460117 0.471883 0.43156 0.41373 0.545352 0.782327 0.790066 0.773178 0.322649 0.450159 0.292893 0.06999 0.037948 0.032359 0.029685 0.033331 

 
5 0.85297 0.812976 0.753421 0.698045 0.633609 0.572476 0.541122 0.474431 0.440408 0.550945 0.782915 0.790147 0.773033 0.322382 0.449505 0.292072 0.069887 0.037902 0.03236 0.029698 0.03332 

 
6 0.637196 0.827318 0.834415 0.779922 0.705802 0.639827 0.615305 0.531018 0.476544 0.560237 0.784104 0.790174 0.773097 0.322573 0.449942 0.292755 0.070021 0.037904 0.032321 0.029651 0.033292 

 
7 0.755163 0.690637 0.633198 0.5708 0.507029 0.464105 0.47521 0.433978 0.415511 0.546188 0.78256 0.79028 0.773098 0.322697 0.449701 0.29324 0.070027 0.037898 0.032337 0.02966 0.033298 

 
8 0.853881 0.814623 0.75512 0.700057 0.636044 0.574682 0.543645 0.476405 0.441681 0.551173 0.783146 0.790338 0.772921 0.322597 0.449713 0.292747 0.069999 0.037901 0.032331 0.029658 0.033296 

 
9 0.636509 0.8277 0.83528 0.78084 0.706249 0.639441 0.614118 0.529986 0.476056 0.560524 0.783979 0.790039 0.773 0.322718 0.450171 0.293299 0.070033 0.037926 0.032349 0.029654 0.03331 

 
10 0.805341 0.756215 0.677729 0.579586 0.475228 0.398649 0.348694 0.288633 0.257363 0.467122 0.746956 0.777669 0.766782 0.300362 0.419725 0.269101 0.065347 0.036027 0.0309 0.028431 0.031786 

 
11 0.857778 0.854056 0.807332 0.708131 0.583337 0.459393 0.381925 0.306806 0.26933 0.47139 0.747757 0.777846 0.766663 0.30003 0.419527 0.269026 0.065305 0.03596 0.030862 0.028394 0.031739 

 
12 0.571855 0.774592 0.822877 0.766268 0.662587 0.523379 0.427788 0.336238 0.289762 0.478421 0.748028 0.777561 0.766438 0.299467 0.419129 0.268707 0.065189 0.035908 0.030839 0.028359 0.031702 

 
13 0.808448 0.758377 0.678656 0.581893 0.477846 0.400407 0.34972 0.289148 0.257622 0.466894 0.747193 0.777665 0.766848 0.299782 0.419349 0.268256 0.065187 0.035977 0.030874 0.028421 0.031757 

 
14 0.858203 0.855632 0.808423 0.708457 0.583783 0.459964 0.382343 0.306993 0.26932 0.470582 0.747904 0.777732 0.766826 0.29967 0.418923 0.267743 0.065142 0.035984 0.03087 0.028404 0.031752 

 
15 0.57151 0.777653 0.823057 0.765769 0.661814 0.52244 0.427119 0.335894 0.289605 0.478735 0.748614 0.777915 0.766804 0.300099 0.419654 0.269602 0.065326 0.035939 0.030845 0.028377 0.03172 

 
16 0.807737 0.757737 0.679658 0.58167 0.476671 0.399739 0.349484 0.289104 0.257688 0.467186 0.747528 0.777832 0.766871 0.299628 0.418829 0.268536 0.065225 0.03596 0.030861 0.028399 0.03174 

 
17 0.858066 0.85538 0.808483 0.708876 0.584534 0.460637 0.382948 0.307429 0.269739 0.471382 0.748 0.777859 0.766873 0.299628 0.418829 0.268536 0.065225 0.03596 0.030861 0.028399 0.03174 

 
18 0.575275 0.747266 0.814497 0.765989 0.662969 0.523417 0.427823 0.336274 0.289877 0.47889 0.748792 0.777859 0.766878 0.299741 0.419026 0.268698 0.065232 0.03596 0.030864 0.028398 0.031741 

 
19 0.827057 0.780292 0.671471 0.537567 0.415769 0.330701 0.282599 0.236162 0.212126 0.441768 0.738056 0.775161 0.765835 0.296735 0.415881 0.2664 0.064889 0.035866 0.030801 0.028354 0.031674 

 
20 0.841373 0.867465 0.800667 0.647882 0.48946 0.364738 0.301065 0.247343 0.220384 0.445804 0.738695 0.775335 0.765866 0.297065 0.41604 0.266759 0.064973 0.035878 0.030826 0.028361 0.031688 

 
21 0.52701 0.749974 0.819314 0.736411 0.562515 0.40856 0.330803 0.267633 0.235611 0.45243 0.739167 0.775263 0.765698 0.296769 0.415908 0.266993 0.065046 0.035817 0.030787 0.028365 0.031657 
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TABLE 3A.1 (continued). NORMALISED NASH-SUTCLIFFE MODEL EFFICIENCY COEFFICIENT (NNSE). SCENARIO 1: NO GRAZING AT ALL. 

 

P
A
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A
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ET
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ET
 

22 0.825784 0.779029 0.670219 0.536138 0.414772 0.330216 0.282434 0.236133 0.212171 0.442138 0.738245 0.77525 0.765825 0.296707 0.415672 0.266533 0.064901 0.035851 0.030793 0.028351 0.031665 

 
23 0.840903 0.866378 0.800117 0.647767 0.489125 0.364475 0.300929 0.247274 0.220366 0.445849 0.738698 0.775273 0.765858 0.2967 0.415728 0.266573 0.064916 0.035851 0.030795 0.028355 0.031667 

 
24 0.530598 0.714913 0.809069 0.738678 0.56496 0.409812 0.331476 0.267989 0.235823 0.45257 0.73932 0.77534 0.765751 0.296893 0.416024 0.266975 0.064971 0.035827 0.030787 0.028338 0.031651 

 
25 0.825784 0.779029 0.670219 0.536138 0.414772 0.330216 0.282434 0.236133 0.212171 0.442138 0.738245 0.77525 0.765825 0.296707 0.415672 0.266533 0.064901 0.035851 0.030793 0.028351 0.031665 

 
26 0.840485 0.866017 0.800696 0.648371 0.489485 0.364652 0.30102 0.24732 0.220393 0.445823 0.738693 0.775276 0.765827 0.296708 0.415672 0.266533 0.064901 0.035851 0.030793 0.028351 0.031665 

 
27 0.526609 0.748514 0.818754 0.736608 0.56347 0.4094 0.331361 0.267974 0.235896 0.452998 0.739565 0.775326 0.76583 0.296709 0.415673 0.266533 0.064902 0.035851 0.030793 0.028351 0.031665 

 
28 0.78913 0.583457 0.403161 0.33186 0.289323 0.249133 0.231668 0.206079 0.191496 0.432157 0.735644 0.774746 0.765636 0.296359 0.41538 0.266381 0.064883 0.035846 0.030791 0.02835 0.031662 

 
29 0.711825 0.74149 0.492701 0.379389 0.311556 0.262152 0.241842 0.214095 0.198292 0.435709 0.736092 0.774771 0.765638 0.296359 0.41538 0.266381 0.064883 0.035846 0.030791 0.02835 0.031662 

 
30 0.411454 0.863645 0.614165 0.431754 0.338671 0.283534 0.261419 0.230057 0.211471 0.442647 0.73696 0.774821 0.765642 0.29636 0.41538 0.266381 0.064883 0.035846 0.030791 0.02835 0.031662 

 
31 0.838429 0.768527 0.601061 0.431468 0.315495 0.254411 0.232845 0.206444 0.191693 0.432245 0.735655 0.774747 0.765636 0.296359 0.41538 0.266381 0.064883 0.035846 0.030791 0.02835 0.031662 

 
32 0.826048 0.849167 0.72693 0.513885 0.348993 0.270278 0.243761 0.214676 0.198583 0.435831 0.736107 0.774773 0.765638 0.29636 0.41538 0.266381 0.064883 0.035846 0.030791 0.02835 0.031662 

 
33 0.506866 0.660522 0.797475 0.618541 0.398425 0.297448 0.264774 0.231008 0.211888 0.442807 0.736979 0.774823 0.765641 0.29636 0.41538 0.266381 0.064883 0.035846 0.030791 0.02835 0.031662 

 
34 0.83589 0.791784 0.687 0.559228 0.404394 0.29507 0.250169 0.213463 0.195081 0.433428 0.735809 0.774758 0.765636 0.29636 0.41538 0.266381 0.064883 0.035846 0.030791 0.02835 0.031662 

 
35 0.873132 0.874987 0.802908 0.66364 0.461618 0.322475 0.266139 0.22367 0.202835 0.437212 0.73628 0.774785 0.765638 0.29636 0.41538 0.266381 0.064883 0.035846 0.030791 0.02835 0.031662 

 
36 0.571415 0.737713 0.771618 0.710794 0.538043 0.374323 0.300287 0.24568 0.218843 0.444895 0.737238 0.774841 0.765642 0.296361 0.41538 0.266381 0.064883 0.035846 0.030791 0.02835 0.031662 

 
37 0.787275 0.574327 0.399511 0.330492 0.28874 0.248675 0.231271 0.20576 0.19122 0.431989 0.735613 0.774729 0.765658 0.296356 0.41537 0.266378 0.064881 0.035846 0.03079 0.02835 0.031662 

 
38 0.708273 0.727024 0.486366 0.37701 0.310593 0.261488 0.241294 0.213664 0.197931 0.435498 0.736056 0.774754 0.76566 0.296357 0.41537 0.266378 0.064881 0.035846 0.03079 0.02835 0.031662 

 
39 0.407625 0.85483 0.60187 0.427654 0.337276 0.28271 0.260778 0.229573 0.211093 0.442425 0.736924 0.774804 0.765664 0.296358 0.41537 0.266378 0.064881 0.035846 0.03079 0.02835 0.031662 

 
40 0.834335 0.75792 0.574954 0.409562 0.308204 0.252478 0.232118 0.206031 0.191373 0.432058 0.735621 0.774729 0.765658 0.296356 0.41537 0.266378 0.064881 0.035846 0.03079 0.02835 0.031662 

 
41 0.812443 0.855098 0.694542 0.483048 0.338671 0.267505 0.242728 0.214112 0.198164 0.435597 0.736068 0.774755 0.76566 0.296357 0.41537 0.266378 0.064881 0.035846 0.03079 0.02835 0.031662 

 
42 0.488813 0.69207 0.795045 0.576341 0.381185 0.292858 0.263257 0.230297 0.21142 0.442553 0.736938 0.774805 0.765664 0.296358 0.41537 0.266378 0.064881 0.035846 0.03079 0.02835 0.031662 

 
43 0.83886 0.787888 0.659202 0.506719 0.365521 0.277066 0.242228 0.210072 0.19332 0.432744 0.735712 0.774736 0.765659 0.296357 0.41537 0.266378 0.064881 0.035846 0.03079 0.02835 0.031662 

 
44 0.852136 0.859319 0.776926 0.609162 0.41668 0.301023 0.256585 0.219646 0.20081 0.43648 0.736182 0.774763 0.765661 0.296358 0.41537 0.266378 0.064881 0.035846 0.03079 0.02835 0.031662 

 
45 0.533087 0.72114 0.782831 0.690343 0.483371 0.340404 0.283775 0.238684 0.215463 0.443818 0.737104 0.774816 0.765665 0.296359 0.41537 0.266378 0.064881 0.035846 0.03079 0.02835 0.031662 

 
46 0.785181 0.564914 0.395682 0.329204 0.28827 0.248306 0.230945 0.205493 0.19099 0.431862 0.735595 0.774725 0.765661 0.296356 0.415369 0.266378 0.064881 0.035846 0.03079 0.028349 0.031662 

 
47 0.704895 0.713112 0.480375 0.374846 0.3098 0.260942 0.240836 0.213298 0.197624 0.435332 0.736033 0.77475 0.765663 0.296357 0.415369 0.266378 0.064881 0.035846 0.03079 0.028349 0.031662 

 
48 0.404533 0.84493 0.591532 0.424181 0.336125 0.28203 0.260244 0.229167 0.210774 0.442253 0.7369 0.7748 0.765667 0.296358 0.415369 0.266378 0.064881 0.035846 0.03079 0.028349 0.031662 

 
49 0.831553 0.744456 0.544297 0.390489 0.302351 0.250953 0.231533 0.20569 0.191106 0.431916 0.735601 0.774725 0.765661 0.296356 0.415369 0.266378 0.064881 0.035846 0.03079 0.028349 0.031662 

 
50 0.79699 0.858746 0.65902 0.457117 0.330613 0.265324 0.241884 0.213638 0.197808 0.435412 0.736043 0.774751 0.765663 0.296357 0.415369 0.266378 0.064881 0.035846 0.03079 0.028349 0.031662 

 
51 0.471793 0.729808 0.776366 0.540157 0.368688 0.289489 0.262077 0.229715 0.211029 0.442354 0.736912 0.7748 0.765667 0.296358 0.415369 0.266378 0.064881 0.035846 0.03079 0.028349 0.031662 

 
52 0.836194 0.780557 0.62873 0.463267 0.338839 0.265443 0.237168 0.207859 0.192128 0.432271 0.735647 0.774728 0.765662 0.296356 0.415369 0.266378 0.064881 0.035846 0.03079 0.028349 0.031662 

 
53 0.832293 0.858106 0.744059 0.551397 0.381179 0.285801 0.250008 0.216801 0.199299 0.435908 0.736105 0.774755 0.765664 0.296357 0.415369 0.266378 0.064881 0.035846 0.03079 0.028349 0.031662 

 
54 0.503589 0.729659 0.791225 0.641605 0.436177 0.318171 0.2738 0.234354 0.213225 0.443042 0.737 0.774807 0.765668 0.296358 0.415369 0.266378 0.064881 0.035846 0.03079 0.028349 0.031662 
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TABLE 3A.2. NASH-SUTCLIFFE MODEL EFFICIENCY COEFFICIENT (NSE) 

   

SCENARIO 4: THRESHOLD FOR GRAZING PRESSURE ON PERIPHYTON AND EPIPHYTON 

Layer No. 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 

Top depth (m) 0 0.5 1 2 2.5 3.5 4.5 5.5 6.5 7.5 8.5 9.5 10.5 11.5 12.5 13.5 14.5 15.5 16.5 17.5 18.5 

Bottom depth (m) 0.5 1 2 2.5 3.5 4.5 5.5 6.5 7.5 8.5 9.5 10.5 11.5 12.5 13.5 14.5 15.5 16.5 17.5 18.5 19.5 

 

P
A
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M
ET
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ET
 

1 0.672513 0.54834 0.401052 0.234188 0.019933 -0.16572 -0.1129 -0.31164 -0.41233 0.169123 0.722043 0.734424 0.706517 -1.09709 -0.22446 -1.42141 -12.2852 -24.3365 -28.8761 -31.6567 -28.2898 

 

2 0.82943 0.771865 0.675316 0.571737 0.425641 0.254781 0.15486 -0.1043 -0.2677 0.18401 0.722378 0.734156 0.705919 -1.10091 -0.22625 -1.41786 -12.2795 -24.3951 -28.9167 -31.7243 -28.3454 

 

3 0.430181 0.791145 0.800913 0.716649 0.582005 0.436125 0.374444 0.116814 -0.09815 0.214892 0.724143 0.734199 0.706367 -1.09535 -0.22148 -1.39859 -12.2425 -24.372 -28.922 -31.7345 -28.3428 

 

4 0.674303 0.549827 0.403017 0.236474 0.022697 -0.16217 -0.11072 -0.31063 -0.4125 0.166137 0.721931 0.73454 0.706477 -1.1023 -0.22358 -1.41637 -12.281 -24.3575 -28.9009 -31.7038 -28.3207 

 

5 0.827217 0.769363 0.672158 0.568302 0.42241 0.25366 0.153225 -0.1065 -0.26957 0.185839 0.723311 0.734719 0.706417 -1.09698 -0.22235 -1.42404 -12.3011 -24.3506 -28.9006 -31.6866 -28.3126 

 

6 0.430198 0.791516 0.801842 0.718203 0.583253 0.43517 0.370437 0.111329 -0.10268 0.214349 0.724322 0.73438 0.706304 -1.09932 -0.22125 -1.41375 -12.2779 -24.3853 -28.9405 -31.7168 -28.3476 

 

7 0.673921 0.55028 0.418203 0.244784 0.022711 -0.16128 -0.11052 -0.3103 -0.41166 0.168834 0.721869 0.734572 0.706596 -1.09418 -0.22214 -1.40509 -12.2671 -24.3932 -28.9318 -31.729 -28.3513 

 

8 0.830347 0.774355 0.678106 0.574509 0.431234 0.264167 0.165498 -0.09416 -0.26025 0.18663 0.723264 0.734749 0.706322 -1.09839 -0.22352 -1.41266 -12.2829 -24.4098 -28.9507 -31.7672 -28.3759 

 

9 0.429643 0.789263 0.800165 0.716993 0.584271 0.442364 0.383808 0.126739 -0.09037 0.217296 0.724612 0.734594 0.706321 -1.09691 -0.22044 -1.40995 -12.2786 -24.3702 -28.9099 -31.709 -28.3297 

 

10 0.761803 0.680821 0.529133 0.280943 -0.09729 -0.50361 -0.86478 -1.46292 -1.8859 -0.14374 0.661204 0.713874 0.695781 -1.33676 -0.38493 -1.72091 -13.322 -25.7786 -30.4009 -33.2264 -29.802 

 

11 0.834978 0.831169 0.763952 0.59036 0.288802 -0.17286 -0.61393 -1.25502 -1.7092 -0.12029 0.662523 0.714217 0.69565 -1.33296 -0.38429 -1.71771 -13.3052 -25.773 -30.3656 -33.2193 -29.786 

 

12 0.250299 0.713923 0.784463 0.693779 0.487651 0.082909 -0.34519 -0.9813 -1.45792 -0.09275 0.663431 0.713813 0.695278 -1.33755 -0.38415 -1.72272 -13.316 -25.7872 -30.393 -33.2262 -29.8021 

 

13 0.762031 0.681073 0.529251 0.281054 -0.09784 -0.50312 -0.86359 -1.46127 -1.88314 -0.14091 0.661844 0.714238 0.696007 -1.33419 -0.38385 -1.72314 -13.3343 -25.7942 -30.3856 -33.1906 -29.7902 

 

14 0.835203 0.831848 0.763757 0.589633 0.288478 -0.1721 -0.61292 -1.25496 -1.71016 -0.12286 0.662656 0.714371 0.695986 -1.33548 -0.38716 -1.73067 -13.3484 -25.814 -30.4102 -33.2172 -29.8138 

 

15 0.249914 0.70795 0.784379 0.694483 0.490047 0.088611 -0.33813 -0.97465 -1.45154 -0.09006 0.664038 0.714224 0.696063 -1.33495 -0.3854 -1.72364 -13.3457 -25.8261 -30.4221 -33.2452 -29.8312 

 

16 0.761973 0.680281 0.528671 0.280812 -0.09788 -0.50163 -0.86136 -1.45896 -1.88066 -0.14048 0.662257 0.714376 0.695999 -1.33748 -0.38761 -1.72389 -13.3315 -25.8086 -30.4029 -33.2129 -29.8081 

 

17 0.834589 0.830929 0.763115 0.589316 0.289237 -0.17091 -0.61132 -1.25278 -1.70729 -0.12142 0.663102 0.71442 0.696003 -1.33747 -0.38761 -1.72389 -13.3315 -25.8086 -30.4029 -33.2129 -29.8081 

 

18 0.25019 0.707138 0.78303 0.693983 0.49097 0.091023 -0.33497 -0.97134 -1.44759 -0.08763 0.664613 0.71451 0.696032 -1.3369 -0.38691 -1.72333 -13.3304 -25.8059 -30.4015 -33.2119 -29.8064 

 

19 0.789943 0.718338 0.510122 0.137735 -0.40708 -1.02531 -1.53929 -2.23473 -2.71435 -0.26346 0.645158 0.709982 0.694241 -1.36972 -0.40574 -1.75689 -13.4139 -25.8831 -30.4525 -33.2499 -29.8618 

 

20 0.811512 0.846319 0.75203 0.45864 -0.04285 -0.74261 -1.32295 -2.04463 -2.53929 -0.24373 0.645999 0.710011 0.694352 -1.36561 -0.401 -1.73524 -13.3618 -25.8457 -30.4474 -33.2416 -29.8449 

 

21 0.117926 0.605334 0.767197 0.646353 0.226131 -0.44587 -1.02181 -1.73543 -2.2425 -0.20697 0.64746 0.710157 0.694314 -1.36763 -0.40542 -1.7518 -13.3995 -25.883 -30.4533 -33.2623 -29.8662 

 

22 0.789029 0.716351 0.50795 0.134808 -0.41096 -1.02832 -1.54065 -2.2349 -2.71318 -0.26173 0.645436 0.710094 0.694218 -1.37032 -0.40574 -1.75188 -13.408 -25.893 -30.4747 -33.272 -29.8799 

 

23 0.810795 0.845903 0.75009 0.456153 -0.04443 -0.74356 -1.32295 -2.04408 -2.53799 -0.24311 0.646264 0.710146 0.694231 -1.3699 -0.40529 -1.75194 -13.4093 -25.8953 -30.4745 -33.2674 -29.8791 

 

24 0.116566 0.604319 0.76726 0.646662 0.228139 -0.4424 -1.01852 -1.73247 -2.23996 -0.20744 0.647857 0.710193 0.694319 -1.37078 -0.40581 -1.75011 -13.3979 -25.9045 -30.4872 -33.283 -29.8916 

 

25 0.789029 0.716351 0.50795 0.134808 -0.41096 -1.02832 -1.54065 -2.2349 -2.71318 -0.26173 0.645436 0.710094 0.694218 -1.37032 -0.40574 -1.75188 -13.408 -25.893 -30.4747 -33.272 -29.8799 

 

26 0.810211 0.845289 0.751087 0.457672 -0.04296 -0.74234 -1.32203 -2.04334 -2.53734 -0.24304 0.646257 0.710136 0.694221 -1.37032 -0.40574 -1.75188 -13.408 -25.893 -30.4747 -33.272 -29.8799 
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TABLE 3A.2 (continued). NASH-SUTCLIFFE MODEL EFFICIENCY COEFFICIENT (NSE). SCENARIO 4: THRESHOLD FOR GRAZING PRESSURE ON PERIPHYTON AND EPIPHYTON. 

 

P
A

R
A

M
ET

ER
 S

ET
 

27 0.101056 0.664019 0.778632 0.642425 0.225284 -0.4426 -1.01786 -1.7317 -2.23915 -0.20751 0.647855 0.710219 0.694227 -1.37031 -0.40574 -1.75188 -13.408 -25.893 -30.4747 -33.272 -29.8799 

 

28 0.738058 0.325703 -0.44969 -1.00349 -1.45452 -2.01343 -2.3163 -2.85234 -3.22191 -0.31396 0.640647 0.709254 0.693896 -1.37429 -0.40744 -1.75403 -13.4124 -25.8971 -30.4773 -33.2736 -29.8827 

 

29 0.605297 0.680382 -0.00075 -0.62437 -1.20703 -1.81384 -2.13464 -2.67065 -3.04293 -0.29509 0.641475 0.709297 0.6939 -1.37428 -0.40744 -1.75403 -13.4124 -25.8971 -30.4773 -33.2736 -29.8827 

 

30 -0.41113 0.845587 0.396058 -0.30277 -0.94884 -1.52578 -1.82488 -2.34654 -2.72864 -0.25912 0.643076 0.70938 0.693906 -1.37427 -0.40743 -1.75403 -13.4124 -25.8971 -30.4773 -33.2736 -29.8827 

 

31 0.80878 0.701615 0.356028 -0.27316 -1.13305 -1.91496 -2.2901 -2.84254 -3.21614 -0.31347 0.640668 0.709257 0.693896 -1.37429 -0.40744 -1.75403 -13.4124 -25.8971 -30.4773 -33.2736 -29.8827 

 

32 0.795184 0.82407 0.63652 0.091882 -0.8265 -1.68085 -2.09628 -2.65625 -3.03497 -0.29443 0.641503 0.7093 0.693899 -1.37428 -0.40744 -1.75403 -13.4124 -25.8971 -30.4773 -33.2736 -29.8827 

 

33 0.042573 0.487965 0.742959 0.409188 -0.46912 -1.33887 -1.76894 -2.32633 -2.71857 -0.25827 0.643111 0.709383 0.693905 -1.37427 -0.40743 -1.75403 -13.4124 -25.8971 -30.4773 -33.2736 -29.8827 

 

34 0.802344 0.735324 0.546004 0.22317 -0.44271 -1.34766 -1.96163 -2.65806 -3.10681 -0.30554 0.641052 0.709283 0.693898 -1.37427 -0.40743 -1.75403 -13.4124 -25.8971 -30.4773 -33.2736 -29.8827 

 

35 0.856288 0.859049 0.757766 0.501012 -0.1416 -1.0618 -1.72029 -2.4417 -2.90835 -0.28533 0.641933 0.709328 0.693901 -1.37427 -0.40743 -1.75403 -13.4124 -25.8971 -30.4773 -33.2736 -29.8827 

 

36 0.256913 0.656406 0.707455 0.594437 0.157086 -0.63267 -1.28342 -2.02859 -2.5363 -0.24472 0.64377 0.709427 0.693909 -1.37425 -0.40743 -1.75403 -13.4124 -25.8971 -30.4773 -33.2736 -29.8827 

 

37 0.734494 0.294963 -0.47589 -1.01732 -1.46183 -2.02095 -2.32377 -2.85992 -3.22947 -0.31486 0.64059 0.709225 0.693935 -1.37432 -0.40749 -1.75406 -13.4127 -25.8973 -30.4776 -33.274 -29.883 

 

38 0.597025 0.651751 -0.0306 -0.64263 -1.21743 -1.82368 -2.1441 -2.68011 -3.05215 -0.29621 0.641408 0.709268 0.693938 -1.37431 -0.40749 -1.75406 -13.4127 -25.8973 -30.4776 -33.274 -29.883 

 

39 -0.43672 0.836029 0.359665 -0.3273 -0.96178 -1.53629 -1.83437 -2.35574 -2.73714 -0.26026 0.643008 0.709351 0.693944 -1.3743 -0.40749 -1.75406 -13.4127 -25.8973 -30.4776 -33.274 -29.883 

 

40 0.802836 0.683667 0.279898 -0.40582 -1.21898 -1.95039 -2.30517 -2.85273 -3.22504 -0.31448 0.640606 0.709226 0.693934 -1.37432 -0.40749 -1.75406 -13.4127 -25.8973 -30.4776 -33.274 -29.883 

 

41 0.773956 0.830806 0.573277 -0.0387 -0.92489 -1.72538 -2.11577 -2.66915 -3.04583 -0.29567 0.64143 0.709269 0.693938 -1.37431 -0.40749 -1.75406 -13.4127 -25.8973 -30.4776 -33.274 -29.883 

 

42 -0.03352 0.553072 0.743542 0.290695 -0.59276 -1.39873 -1.79327 -2.3405 -2.7293 -0.25958 0.643035 0.709352 0.693944 -1.3743 -0.40749 -1.75406 -13.4127 -25.8973 -30.4776 -33.274 -29.883 

 

43 0.807533 0.730578 0.486105 0.039046 -0.71221 -1.58315 -2.10869 -2.74639 -3.16279 -0.30998 0.640826 0.709241 0.693936 -1.37431 -0.40749 -1.75406 -13.4127 -25.8973 -30.4776 -33.274 -29.883 

 

44 0.828093 0.837867 0.715355 0.367011 -0.37855 -1.29526 -1.87568 -2.5368 -2.96808 -0.29003 0.641704 0.709287 0.69394 -1.3743 -0.40749 -1.75406 -13.4127 -25.8973 -30.4776 -33.274 -29.883 

 

45 0.129179 0.619345 0.723454 0.555221 -0.05113 -0.91054 -1.49898 -2.16957 -2.62548 -0.25173 0.643433 0.70938 0.693948 -1.37428 -0.40749 -1.75406 -13.4127 -25.8973 -30.4776 -33.274 -29.883 

 

46 0.730524 0.262344 -0.50364 -1.03049 -1.46777 -2.02702 -2.32992 -2.86625 -3.23581 -0.31554 0.640557 0.709219 0.69394 -1.37432 -0.4075 -1.75407 -13.4128 -25.8973 -30.4776 -33.274 -29.883 

 

47 0.589119 0.622745 -0.05955 -0.65949 -1.22609 -1.83182 -2.15205 -2.68816 -3.06002 -0.29709 0.641366 0.709261 0.693943 -1.37431 -0.4075 -1.75407 -13.4128 -25.8973 -30.4776 -33.274 -29.883 

 

48 -0.4578 0.823511 0.327828 -0.34833 -0.97253 -1.545 -1.84231 -2.3635 -2.74434 -0.26114 0.642964 0.709344 0.693949 -1.3743 -0.4075 -1.75406 -13.4128 -25.8973 -30.4776 -33.274 -29.883 

 

49 0.79838 0.661212 0.181715 -0.53273 -1.28955 -1.97802 -2.31712 -2.86109 -3.23245 -0.31525 0.640569 0.70922 0.69394 -1.37432 -0.4075 -1.75407 -13.4128 -25.8973 -30.4776 -33.274 -29.883 

 

50 0.749299 0.835766 0.495934 -0.16246 -1.00542 -1.76058 -2.13161 -2.67998 -3.05508 -0.29665 0.641383 0.709262 0.693943 -1.37431 -0.4075 -1.75407 -13.4128 -25.8973 -30.4776 -33.274 -29.883 

 

51 -0.10957 0.62583 0.716395 0.171252 -0.69029 -1.4437 -1.8122 -2.35208 -2.73827 -0.26061 0.642986 0.709345 0.693949 -1.3743 -0.4075 -1.75406 -13.4128 -25.8973 -30.4776 -33.274 -29.883 

 

52 0.804142 0.719183 0.413601 -0.14789 -0.93573 -1.75295 -2.2069 -2.80475 -3.20067 -0.31302 0.640672 0.709227 0.693941 -1.37431 -0.4075 -1.75407 -13.4128 -25.8973 -30.4776 -33.274 -29.883 

 

53 0.79956 0.835323 0.658576 0.195379 -0.60791 -1.48327 -1.98891 -2.60512 -3.01242 -0.29363 0.641524 0.709271 0.693944 -1.37431 -0.4075 -1.75407 -13.4128 -25.8973 -30.4776 -33.274 -29.883 

 

54 0.017471 0.631369 0.735449 0.447131 -0.27871 -1.12754 -1.64073 -2.25872 -2.68374 -0.25658 0.643183 0.709358 0.693951 -1.37429 -0.4075 -1.75406 -13.4128 -25.8973 -30.4776 -33.274 -29.883 
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TABLE 3A.3. ROOT MEAN SQUARE ERROR (RMSE) 

   
SCENARIO 3: EQUAL GRAZING PRESSURES ON PHYTOPLANKTON, PERIPHYTON AND EPIPHYTON 

Layer No. 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 

Top depth (m) 0 0.5 1 2 2.5 3.5 4.5 5.5 6.5 7.5 8.5 9.5 10.5 11.5 12.5 13.5 14.5 15.5 16.5 17.5 18.5 

Bottom depth (m) 0.5 1 2 2.5 3.5 4.5 5.5 6.5 7.5 8.5 9.5 10.5 11.5 12.5 13.5 14.5 15.5 16.5 17.5 18.5 19.5 

 

P
A

R
A

M
ET

ER
 S

ET
 

1 0.732195 0.520243 0.437355 0.42879 0.416873 0.404388 0.30985 0.33833 0.355703 0.241573 0.242802 0.234879 0.334513 0.099057 0.055853 0.044618 0.035764 0.037301 0.031137 0.025446 0.031295 

 
2 0.888234 0.580908 0.497652 0.49549 0.513804 0.502659 0.322411 0.316878 0.352304 0.240762 0.242786 0.235227 0.334768 0.099219 0.056129 0.044725 0.035763 0.037322 0.031157 0.025516 0.031332 

 
3 1.22372 0.893116 0.837159 0.857818 0.772995 0.600431 0.32627 0.312229 0.36001 0.239104 0.242236 0.235082 0.334571 0.099012 0.055972 0.044556 0.035634 0.037283 0.03115 0.025515 0.031316 

 
4 0.730131 0.521338 0.437657 0.428818 0.416913 0.404094 0.309675 0.338364 0.355585 0.241716 0.242655 0.234787 0.334526 0.099191 0.055873 0.04458 0.035734 0.03729 0.031143 0.025488 0.031307 

 
5 0.891632 0.57929 0.495327 0.492658 0.510347 0.499778 0.321834 0.317601 0.352666 0.240549 0.242424 0.234748 0.334545 0.098991 0.055721 0.044574 0.035759 0.037295 0.031139 0.02547 0.031301 

 
6 1.22708 0.89309 0.834953 0.854392 0.769727 0.598368 0.326159 0.313322 0.36028 0.238943 0.242127 0.23484 0.33457 0.099049 0.055909 0.044695 0.035757 0.037309 0.031163 0.025504 0.031325 

 
7 0.726436 0.517828 0.454971 0.429432 0.413971 0.403726 0.309529 0.338543 0.355811 0.241498 0.242695 0.234676 0.334478 0.098969 0.055869 0.044539 0.035663 0.037292 0.031158 0.02552 0.031323 

 
8 0.885029 0.58009 0.49501 0.490903 0.510677 0.500677 0.320808 0.316661 0.352687 0.240617 0.242457 0.234756 0.33459 0.09912 0.05591 0.044627 0.035729 0.03731 0.031175 0.025567 0.031351 

 
9 1.219404 0.894974 0.839435 0.859367 0.774326 0.600693 0.325113 0.3115 0.360018 0.239067 0.24222 0.234712 0.334576 0.099035 0.055898 0.044579 0.035678 0.037276 0.03114 0.025494 0.031303 

 
10 0.764537 0.600462 0.422358 0.429242 0.45581 0.441348 0.375549 0.464413 0.449521 0.257679 0.251351 0.235632 0.336788 0.099873 0.056171 0.044792 0.036132 0.037748 0.031418 0.025654 0.031607 

 
11 0.926205 0.705877 0.507042 0.523508 0.579297 0.501408 0.364024 0.456614 0.452315 0.256521 0.251083 0.235491 0.336836 0.099789 0.056195 0.044875 0.036137 0.037733 0.031394 0.025655 0.031594 

 
12 1.272801 0.951546 0.87007 0.884809 0.712328 0.517155 0.349888 0.462017 0.464592 0.255583 0.250871 0.23561 0.336955 0.099874 0.056142 0.04484 0.03616 0.037743 0.031407 0.025659 0.031603 

 
13 0.763869 0.599621 0.421272 0.428293 0.455049 0.440594 0.375333 0.464352 0.449546 0.257507 0.251138 0.235465 0.336685 0.099844 0.056213 0.044865 0.036125 0.037741 0.0314 0.025615 0.031585 

 
14 0.925463 0.702421 0.504649 0.521988 0.577657 0.500567 0.363776 0.456773 0.452349 0.256734 0.251032 0.235434 0.33669 0.099857 0.056072 0.044794 0.036159 0.037756 0.031426 0.025651 0.031611 

 
15 1.271673 0.958709 0.869891 0.885001 0.713775 0.517508 0.348894 0.461299 0.46438 0.25545 0.250781 0.235467 0.336659 0.099835 0.056154 0.044758 0.03618 0.037755 0.031418 0.025673 0.031615 

 
16 0.766004 0.596967 0.421139 0.428323 0.455206 0.440756 0.375071 0.463998 0.449367 0.257556 0.251118 0.235541 0.336704 0.09991 0.056184 0.044897 0.03616 0.037765 0.031434 0.025653 0.031617 

 
17 0.927282 0.707598 0.500642 0.521966 0.578659 0.501063 0.363699 0.456411 0.452163 0.256734 0.250973 0.235543 0.336703 0.09991 0.056184 0.044897 0.03616 0.037765 0.031434 0.025653 0.031617 

 
18 1.266063 0.957293 0.872131 0.886464 0.714579 0.517586 0.348292 0.460971 0.464302 0.255489 0.250723 0.235515 0.336687 0.099883 0.056164 0.044865 0.036139 0.037752 0.031425 0.025645 0.031607 

 
19 0.822556 0.641981 0.404911 0.506139 0.557865 0.514052 0.449211 0.542141 0.496195 0.263794 0.25343 0.235717 0.337048 0.100011 0.056193 0.044908 0.036204 0.03778 0.031426 0.02563 0.031612 

 
20 0.982005 0.716487 0.499405 0.609277 0.642338 0.517217 0.436798 0.541536 0.501206 0.263025 0.253247 0.23564 0.336993 0.099949 0.056307 0.044849 0.036061 0.037755 0.031414 0.025616 0.031595 

 
21 1.313735 1.052594 0.906057 0.854643 0.67156 0.50532 0.42507 0.549611 0.514637 0.261649 0.252985 0.23548 0.336988 0.099866 0.056074 0.044765 0.036184 0.037752 0.031415 0.025632 0.0316 

 
22 0.826891 0.64323 0.405194 0.504657 0.556559 0.513563 0.449323 0.542162 0.496185 0.263709 0.253393 0.235715 0.33706 0.100035 0.056223 0.044927 0.036195 0.037793 0.031448 0.025659 0.031633 

 
23 0.984659 0.714821 0.498084 0.608215 0.64195 0.517211 0.436786 0.54151 0.501216 0.263031 0.253259 0.235669 0.337047 0.100012 0.056201 0.044905 0.03618 0.037788 0.031442 0.025651 0.031627 

 
24 1.31437 1.053684 0.90586 0.855856 0.672394 0.505382 0.424613 0.549297 0.514494 0.261827 0.25296 0.235639 0.337015 0.099997 0.056168 0.044887 0.03617 0.03777 0.031441 0.025649 0.03162 

 
25 0.826891 0.64323 0.405194 0.504657 0.556559 0.513563 0.449323 0.542162 0.496185 0.263709 0.253393 0.235715 0.33706 0.100035 0.056223 0.044927 0.036195 0.037793 0.031448 0.025659 0.031633 

 
26 0.985727 0.718278 0.498735 0.608034 0.641953 0.517224 0.436676 0.541389 0.501153 0.263039 0.25326 0.235717 0.337059 0.100035 0.056223 0.044927 0.036195 0.037793 0.031448 0.025659 0.031633 
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TABLE 3A.3 (continued). ROOT-MEAN-SQUARE ERROR (RMSE). SCENARIO 3: EQUAL GRAZING PRESSURES ON PHYTOPLANKTON, PERIPHYTON AND EPIPHYTON 

 

P
A

R
A

M
ET

ER
 S

ET
 

27 1.320707 0.984953 0.885216 0.856056 0.673394 0.505616 0.424534 0.549185 0.514435 0.261866 0.253003 0.23572 0.337057 0.100035 0.056223 0.044927 0.036195 0.037793 0.031448 0.025659 0.031633 

 
28 1.156521 0.495293 0.949661 1.034855 0.812312 0.611291 0.535514 0.603984 0.524813 0.266589 0.254092 0.235729 0.337147 0.100058 0.056231 0.044934 0.0362 0.037798 0.03145 0.02566 0.031636 

 
29 1.29049 0.499631 0.9582 1.011829 0.792282 0.599355 0.530805 0.608142 0.531283 0.265992 0.25396 0.235731 0.337146 0.100058 0.056231 0.044934 0.0362 0.037798 0.03145 0.02566 0.031636 

 
30 1.544834 0.796456 0.918471 0.947202 0.767102 0.586218 0.527289 0.619012 0.545484 0.264887 0.253705 0.235734 0.337145 0.100058 0.056231 0.044934 0.0362 0.037798 0.03145 0.02566 0.031636 

 
31 0.874382 0.642509 0.448841 0.641878 0.694793 0.590399 0.531357 0.603177 0.524771 0.266573 0.254091 0.235729 0.337148 0.100059 0.056231 0.044934 0.0362 0.037798 0.03145 0.02566 0.031636 

 
32 0.992336 0.799745 0.60441 0.676775 0.668884 0.573563 0.524607 0.606789 0.531175 0.265966 0.253958 0.23573 0.337147 0.100059 0.056231 0.044934 0.0362 0.037798 0.03145 0.02566 0.031636 

 
33 1.257672 1.183491 0.924301 0.724231 0.628568 0.550047 0.51737 0.616774 0.545263 0.264847 0.253702 0.235734 0.337145 0.100059 0.056231 0.044934 0.0362 0.037798 0.03145 0.02566 0.031636 

 
34 0.735872 0.566639 0.464575 0.514097 0.566633 0.531951 0.483658 0.575428 0.514701 0.265624 0.253978 0.23573 0.337148 0.100059 0.056231 0.044934 0.0362 0.037798 0.03145 0.02566 0.031636 

 
35 0.863343 0.705324 0.620204 0.682481 0.6412 0.536901 0.471142 0.573635 0.51924 0.264862 0.253832 0.235732 0.337147 0.100059 0.056231 0.044934 0.0362 0.037798 0.03145 0.02566 0.031636 

 
36 1.147576 0.961333 1.008185 0.976601 0.756664 0.557038 0.44934 0.568286 0.527273 0.263135 0.253505 0.235735 0.337145 0.100059 0.056231 0.044934 0.0362 0.037798 0.03145 0.02566 0.031636 

 
37 1.166071 0.523749 0.961822 1.036216 0.811666 0.610662 0.534969 0.603482 0.524413 0.266506 0.254039 0.235735 0.33712 0.100052 0.056228 0.04493 0.036198 0.037795 0.031448 0.025659 0.031634 

 
38 1.299948 0.532393 0.975375 1.014283 0.792005 0.598894 0.530326 0.607589 0.530793 0.265917 0.253909 0.235736 0.337119 0.100052 0.056228 0.04493 0.036198 0.037795 0.031448 0.025659 0.031634 

 
39 1.556684 0.813308 0.9418 0.953513 0.767628 0.585923 0.526847 0.618441 0.544952 0.264813 0.253655 0.235739 0.337117 0.100052 0.056228 0.04493 0.036198 0.037795 0.031448 0.025659 0.031634 

 
40 0.913651 0.641261 0.472975 0.707024 0.722304 0.595601 0.532044 0.60293 0.524399 0.266491 0.254037 0.235734 0.33712 0.100052 0.056228 0.04493 0.036198 0.037795 0.031448 0.025659 0.031634 

 
41 1.029799 0.748252 0.600474 0.727119 0.696505 0.579778 0.525805 0.606618 0.530736 0.265893 0.253906 0.235736 0.337119 0.100052 0.056228 0.04493 0.036198 0.037795 0.031448 0.025659 0.031634 

 
42 1.306016 1.132911 0.867762 0.732378 0.659314 0.559346 0.519659 0.616816 0.544807 0.264778 0.25365 0.235739 0.337117 0.100052 0.056228 0.04493 0.036198 0.037795 0.031448 0.025659 0.031634 

 
43 0.802649 0.631017 0.457667 0.54152 0.598227 0.545671 0.501797 0.586986 0.518743 0.265954 0.253971 0.235735 0.337119 0.100052 0.056228 0.04493 0.036198 0.037795 0.031448 0.025659 0.031634 

 
44 0.932327 0.775555 0.616111 0.679712 0.63178 0.537282 0.489386 0.586346 0.523573 0.265215 0.253824 0.235737 0.337118 0.100051 0.056228 0.04493 0.036198 0.037795 0.031448 0.025659 0.031634 

 
45 1.230447 1.021898 0.989794 0.874173 0.662659 0.523779 0.47261 0.5892 0.534793 0.263797 0.25353 0.23574 0.337116 0.100051 0.056228 0.04493 0.036198 0.037795 0.031448 0.025659 0.031634 

 
46 1.176254 0.552802 0.973419 1.037979 0.8114 0.610422 0.534778 0.603214 0.524155 0.266501 0.254032 0.235735 0.337116 0.100051 0.056228 0.044929 0.036197 0.037795 0.031448 0.025659 0.031634 

 
47 1.309304 0.563742 0.991051 1.016622 0.792051 0.598792 0.530184 0.607267 0.530452 0.265918 0.253903 0.235737 0.337115 0.100051 0.056228 0.044929 0.036197 0.037795 0.031448 0.025659 0.031634 

 
48 1.56651 0.833864 0.960265 0.958078 0.768186 0.585937 0.526722 0.618094 0.54457 0.264813 0.253649 0.23574 0.337114 0.100051 0.056228 0.044929 0.036197 0.037795 0.031448 0.025659 0.031634 

 
49 0.94727 0.558798 0.518549 0.772068 0.745508 0.599922 0.532805 0.602863 0.524165 0.266489 0.25403 0.235736 0.337116 0.100051 0.056228 0.044929 0.036197 0.037795 0.031448 0.025659 0.031634 

 
50 1.072054 0.676021 0.622878 0.781297 0.719755 0.5849 0.526977 0.606606 0.530436 0.265898 0.2539 0.235737 0.337115 0.100051 0.056228 0.044929 0.036197 0.037795 0.031448 0.025659 0.031634 

 
51 1.355949 1.071724 0.84225 0.764016 0.685088 0.566411 0.521528 0.616935 0.544485 0.264786 0.253646 0.23574 0.337114 0.100051 0.056228 0.044929 0.036197 0.037795 0.031448 0.025659 0.031634 

 
52 0.864168 0.675928 0.464688 0.614684 0.651263 0.566052 0.515522 0.594578 0.521408 0.266233 0.254 0.235736 0.337116 0.100051 0.056228 0.044929 0.036197 0.037795 0.031448 0.025659 0.031634 

 
53 0.989776 0.769844 0.611272 0.707188 0.657089 0.552365 0.504892 0.59535 0.526668 0.265548 0.253859 0.235738 0.337115 0.100051 0.056228 0.044929 0.036197 0.037795 0.031448 0.025659 0.031634 

 
54 1.300211 1.026709 0.949632 0.828116 0.65446 0.53295 0.493082 0.602114 0.539422 0.264299 0.253587 0.235741 0.337113 0.100051 0.056228 0.044929 0.036197 0.037795 0.031448 0.025659 0.031634 
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APPENDIX TO CHAPTER 5 

INVESTIGATING ECOLOGICAL CONTROLS OF LIGHT AND THERMAL 

PATTERNS IN FRESHWATER LAKES 

5A 
Solar radiation simulation 
Based on Martin & McCutcheon (1999) 

 

Synthetic time series of solar irradiance (W·m-2) were generated for the equation describing 

the heat flux due to incoming shortwave radiation energy, which is given by: 

 𝐻𝑆  𝐻  𝑡   𝑅𝑆 𝐶          

where 𝐻  is the amount of radiation reaching the Earth’s outer atmosphere;  𝑡 is an atmospheric 

transmission coefficient; is the albedo (reflection coefficient); and 𝐶  is the fraction of 𝐻  that is not 

absorbed by clouds. 

Solar irradiance reaching the Earth’s outer atmosphere 

The solar irradiance reaching the Earth’s outer atmosphere, 𝐻  (W·m-2), can be calculated as: 

 
𝐻  

𝐻  

  
{   (

 𝜃

    
)      

  

 
   (

 𝜃

    
)     [   ℎ𝑒     ℎ𝑏]}           

where 𝐻   is the solar constant (1390 W·m-2);   is the relative distance between the Earth and the 

Sun; 𝜃 is the latitude (in degrees);   is the Sun’s declination; ℎ𝑒 and ℎ𝑏 are, respectively, the solar 

hour angles at the end and the beginning of the time period over which 𝐻  is being calculated (in 

radians), and   is a correction factor for diurnal exposure to the radiation flux. 

 The relative distance between the Earth and the Sun,  , is given by: 

 
            [

  

   
(    𝐷𝑦)]          

where 𝐷𝑦 is the day of the year, starting from 1 January. 

The declination of the Sun,  , can be estimated from: 

 
  

       

    
   [

  

   
(    𝐷𝑦)]         

The hour angles ℎ𝑒 and ℎ𝑏 are respectively given by: 

 ℎ𝑏  [
 

  
 ℎ𝑟      𝑠      ]  𝑏            

and 
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 ℎ𝑏  [
 

  
 ℎ𝑟    𝑠      ]  𝑏             

where ℎ𝑟 is the hour of the day from 1 to 24;     for ℎ𝑟     and      for ℎ𝑟    ; 𝑏     if the 

quantity inside the square brackets […]    , 𝑏    for […] <   and 𝑏    otherwise; and parameter 

  𝑠 is the fraction of the 15-degree increment by which the local meridian is west of the standard 

meridian of the corresponding time zone, given by: 

 
  𝑠  

  

  
  𝑠   𝑙           

with       for west longitudes and      for east longitudes;  𝑠  is the longitude of the standard 

meridian (in degrees), which can be estimated by the integer part of the longitude of the local 

meridian,  𝑙 , divided by 15°, multiplied after by 15°. 

The computation of the correction factor for diurnal exposure,   (a step function), requires 

the previous computation of the standard sunrise and sunset times, with     for times between 

sunset and sunrise and     otherwise. The sunrise and sunset times can be estimated for a given 

solar altitude,   (in radians), as: 

 
       (

  

√    
 
)          

where 

 
   |   (

 𝜃

    
)         (

 𝜃

    
)         |          

with   is the hour angle, which can be estimated either as   ℎ𝑒 or    ℎ𝑒  ℎ𝑏  ⁄ . At sunset, 

    , so: 

 
     (

 𝜃

    
)         (

 𝜃

    
)        ℎ𝑒           

which can be rewritten as: 

 

   ℎ𝑒   
   (

 𝜃
    )     

   (
 𝜃

    )     
         

From the hour angle expression, eq. 5A.11 can be solved for the standard sunset time,  𝑠𝑠, as 

 

 𝑠𝑠  
  

 
     ( 

   (
 𝜃

    )     

   (
 𝜃

    
)     

)    𝑠             

and for the sunrise time,  𝑠𝑟, as 

  𝑠𝑟    𝑠𝑠     𝑠             
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Atmospheric transmission coefficient 

The atmospheric transmission coefficient,  𝑡, is the fraction of solar irradiance that is not 

damped by scattering and absorption, and can be estimated as: 

 
 𝑡  

             𝑑 

     𝑅𝑔       𝑑 
         

where  𝑑 is a dust coefficient, which has a range of 0.0 to 0.13 and a typical value of 0.06; 𝑅𝑔 is the 

reflectivity of the ground, which depends on the type of ground cover (e.g., between 0.25 and 0.33 

for grass-covered ground);    and    are mean atmospheric transmission coefficients that vary with 

atmospheric moisture and optical air mass (see references in Martin & McCutcheon, 1999). 

Albedo and cloud cover 

The fraction 𝑅𝑠 of solar radiation reaching the water surface that is reflected by it is called 

albedo, and is given by: 

 
𝑅𝑠   (

   

 
 )

𝑏

          

where   is the solar altitude in radians; and   and 𝑏 coefficients that depend on cloud cover, 

assuming values of 1.18 and -0.77, respectively, for clear sky conditions. 

As opposed to them being a source of longwave radiation, clouds are a sink for radiation in 

the shortwave range. The fraction they do not absorb, 𝐶 , is given by: 

 𝐶        𝐶𝑙
𝑏           

where 𝐶𝑙 is the fraction of the sky covered by clouds. 
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5B Air temperature simulation 

Air temperatures were simulated very simply, by assuming a sinusoidal yearly cycle 

accounting for seasonality, over-imposed by a daily cycle accounting for diurnal variations, as: 

𝑇 𝑖𝑟 𝑛  𝑇 𝑖𝑟  𝑒 𝑛  𝑛𝑛𝑢 𝑙

 𝑇 𝑖𝑟   𝑝  𝑛𝑛𝑢 𝑙    (
  

   
  𝑛  𝑇 𝑖𝑟 𝑝ℎ 𝑠𝑒  𝑛𝑛𝑢 𝑙)

 𝑇 𝑖𝑟   𝑝 𝑑 𝑖𝑙𝑦          𝑛        

        

where 𝑛 is the time step number corresponding to simulated time  ; 𝑇 𝑖𝑟   𝑝  𝑛𝑛𝑢 𝑙 is an estimated 

annual amplitude of air temperature at the given location; 𝑇 𝑖𝑟 𝑝ℎ 𝑠𝑒  𝑛𝑛𝑢 𝑙 an annual phase 

estimated from the day of the maximum yearly air temperature; and 𝑇 𝑖𝑟   𝑝 𝑑 𝑖𝑙𝑦 is a daily 

amplitude. 

As an example, we show in Figure 5B.1 the synthetically generated time series for the city of 

Valencia (Spain, latitude 40° N), for which we estimated, from recorded air temperatures, 

𝑇 𝑖𝑟  𝑒 𝑛  𝑛𝑛𝑢 𝑙        C, 𝑇 𝑖𝑟   𝑝  𝑛𝑛𝑢 𝑙       C, 𝑇 𝑖𝑟 𝑝ℎ 𝑠𝑒  𝑛𝑛𝑢 𝑙       and 𝑇 𝑖𝑟   𝑝 𝑑 𝑖𝑙𝑦     C. 

 
Figure 5B.1. Synthetically generated time series for Valencia, Spain (latitude 40° N). 
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APPENDIX TO CHAPTER 6 

SCIENCE FOR MANAGEMENT OF YPACARAÍ LAKE 

6A 
Cultural significance of Ypacaraí Lake and political implications of its 
eutrophication in Paraguay 

6A.1. Cultural significance of Ypacaraí Lake 

The song of Ypacaraí Lake 

Recuerdos de Ypacaraí (Memories of Ypacaraí) by Zulema de Mirkin (lyrics) and Demetrio 

Ortiz (music) is one of the most famous Paraguayan songs of all times. First interpreted in 1952, it 

has since been translated into other languages such as Portuguese and Italian and recorded around 

the world by internationally renowned artists like Luis Alberto del Paraná, Caetano Veloso and Julio 

Iglesias. Over the years, the song has thus become a symbol of Paraguayan culture around the world, 

also among foreigners. 

The song belongs to the Guarania musical genre, created in 1925 by the renowned 

Paraguayan musician, José Asunción Flores. With a slow polka-inspired rhythm and characteristic 

melancholic melodies, Guarania songs usually tell stories of past, lost loves. Recuerdos de Ypacaraí is 

no exception to this rule. It narrates the story of a couple who met during a warm night by the shore 

of the blue Ypacaraí Lake but later separated, the male character singing to his kuñatai (young 

woman in Guaraní language), asking her to return. 

It is likely that few Paraguayans exist that don’t know the song by heart, and in fact, when 

someone refers to the ‘blue lake’ in Paraguay, everyone knows exactly to which lake they are 

referring. 

Festival del Lago (Festival of the Lake) 

The city of Ypacaraí has hosted, since 1971, between August and September, the Festival del 

Lago (Festival of the Lake), one of the most important folklore festivals of Paraguay, which has since 

attracted musicians from all corners of the country, and not only. Many artists, notably from other 

South American countries such as Argentina, Chile, Brazil and Bolivia, have also taken part in it over 

the years.  

The Festival was briefly interrupted during the last years of the 35-year dictatorship of 

General Alfredo Stroessner after its organisers decided to give it a new direction, which was that of 

becoming an artistic manifestation in defence of human rights, a fact that is also telling of its 

importance in Paraguayan history.  
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6A.2. Political implications of its eutrophication in Paraguay 

The lake’s eutrophication problem is a highly sensitive issue for Paraguayan citizens, who 

have learned about it after intense cyanobacterial blooms that occurred in 2012-2013. Since then, 

they are constantly demanding the intervention of local and national authorities to improve the 

ecological status of the lake, not only because of its cultural significance but also because it is one of 

the very few summer vacation spots that are easily and rapidly accessible to people living in Greater 

Asunción, the metropolitan area of the capital that concentrates about 40% of the population of 

landlocked Paraguay. It is also frequent to see inhabitants of the basin taking the matter into their 

own hands, manually cleaning, for instance, the many streams that eventually discharge their waters 

into the lake. The national media (and not only) are also regularly reporting on the ecological status 

of Ypacaraí Lake (see examples in Table 6C.1, Appendix 6C), which makes it an even more politically 

relevant topic. 
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6B 
Depuration efficiencies of surrounding wetland areas 
Contribution by Juan Escribá T. and Carmen Escribá S. 

 

As mentioned in the article, the Pirayú Stream, the Yukyry Stream and the Salado River are 

hydraulically connected to wetland areas that together cover some 116 km2 of the Salado River Basin 

(Figure 4b), making them an important element to consider when analysing the hydrological system 

of Ypacaraí Lake.  

From February to June 2016, the depurative roles of the Yukyry and Pirayú wetlands that 

surround Ypacaraí Lake were deeply investigated, both under dry and wet conditions, by INYMA 

Consult S.R.L., as part of the project called ‘Plan de Saneamiento Integral de la Cuenca del Lago 

Ypacaraí’, conducted by the Italian Consortium Beta Studio S.R.L. - Thetis S.p.A. Results of this 

investigation highlighted the importance of preserving these ecosystems. 

Specifically, a significantly high removal efficiency was measured downstream of the wetland 

area of the Yukyry Stream. Total nitrogen, total phosphorus and total suspended solid loads, mainly 

coming from the districts of San Lorenzo, Luque, Capiatá and Itauguá, were found to be largely 

reduced, respectively, by 65%, 73% and 95%. 

A lower abatement of upstream pollutant concentrations was observed downstream of the 

wetland area of the Pirayú Stream, its watercourse being heavily channelised. This reduces hydraulic 

retention time and, consequently, its depurative capacity. The process by which a higher hydraulic 

retention time provides higher nutrient removal efficiency was confirmed by concentration 

measurements of total phosphorus and total nitrogen along nine points of the Yukyry Wetlands, 

which progressively increased with distance from the lakeshore. 

From the hydrological point of view, the role of wetlands was observed to be crucial for 

understanding how much water enters and exits the lake at any given time, particularly under wet 

conditions. In fact, during heavy rainfalls, approximately 100 small ungauged tributaries rise in the 

wetland area of the Yukyry Stream and begin to directly flow into the lake, starting more than 1600 

metres away from the lakeshore. Under these conditions, ten channels were clearly identified to be 

tributaries that significantly contribute to the total water input into the lake. 

Increasing lake levels under wet conditions, however, can cause a backwater effect on both 

small ungauged tributaries and the main channel of the Yukyry Stream. The interaction between the 

lake and its tributaries is mainly determined by the gentle slope that defines the lake’s interface with 

the wetlands. A kind of hydraulic short circuit may thus occur, a process that might also be verified, 

to a lesser extent, around the mouth of the Pirayú Stream. 
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6C 
Recent journalistic articles on Ypacaraí Lake 
Contribution by Luigi Hinegk 

Table 6C.1. A few examples of recent journalistic articles about Ypacaraí Lake (Paraguayan and international media) 

Title News agency Date Link 

Peligroso baño en aguas contaminadas del lago 
 

ABC Color (PY) 
15 January 2018 

http://www.abc.com.py/edicion-impresa/locales/peligroso-

bano-en-aguas-contaminadas-del-lago-1664854.html 

Triste panorama en playa de Areguá 
 

ABC Color (PY) 
20 October 2017 

http://www.abc.com.py/edicion-impresa/interior/triste-

panorama-en-playa-de-aregua-1642166.html 

El lago se tiñó de verde 
 

ABC Color (PY) 
15 June 2017 

http://www.abc.com.py/edicion-impresa/interior/el-lago-se-

tino-de-verde-1620419.html 

Calor y contaminación en el Lago Ypacaraí ABC Color (PY) 2 February 2017 
http://www.abc.com.py/fotos/calor-y-contaminacion-en-el-

lago-ypacarai-1567040.html 

Descenso histórico del Lago Ypacaraí 
 

ABC Color (PY) 
4 October 2016 

http://www.abc.com.py/nacionales/descenso-historico-del-

lago-ypacarai-1524801.html 

Agua negra del lago en la playa de Areguá 
 

ABC Color (PY) 
22 September 2016 

http://www.abc.com.py/edicion-impresa/ciudadano-

digital/agua-negra-del-lago-en-playa-de-aregua-1520946.html 

Más “proyectos” para recuperar el lago Ypacaraí 
 

ABC Color (PY) 
31 August 2016 

http://www.abc.com.py/nacionales/mas-proyectos-para-

recuperar-el-lago-1514091.html 

Cianobacterias, basura y coliforms fecales 

compromoten uso del lago 

 

ABC Color (PY) 
28 December 2015 

http://www.abc.com.py/edicion-

impresa/locales/cianobacterias-basura-y-coliformes-fecales-

comprometen-uso-del-lago-1439670.html 

Dead fish wash up on shore as lake turns a toxic-

greens forcing residences to wear masks to 

disguise the unbearable stench 

Daily Mail (UK) 2 February 2013 
http://www.dailymail.co.uk/news/article-2272629/Ypacarai-

Lake-turns-toxic-green.html 

Paraguayan ‘Jewel’ Lake Loses Its Lustre IPS (IT) 7 October 2010 
http://www.ipsnews.net/2010/10/paraguayan-jewel-lake-loses-

its-lustre/ 

  

http://www.abc.com.py/edicion-impresa/locales/peligroso-bano-en-aguas-contaminadas-del-lago-1664854.html
http://www.abc.com.py/edicion-impresa/locales/peligroso-bano-en-aguas-contaminadas-del-lago-1664854.html
http://www.abc.com.py/edicion-impresa/interior/triste-panorama-en-playa-de-aregua-1642166.html
http://www.abc.com.py/edicion-impresa/interior/triste-panorama-en-playa-de-aregua-1642166.html
http://www.abc.com.py/edicion-impresa/interior/el-lago-se-tino-de-verde-1620419.html
http://www.abc.com.py/edicion-impresa/interior/el-lago-se-tino-de-verde-1620419.html
http://www.abc.com.py/fotos/calor-y-contaminacion-en-el-lago-ypacarai-1567040.html
http://www.abc.com.py/fotos/calor-y-contaminacion-en-el-lago-ypacarai-1567040.html
http://www.abc.com.py/nacionales/descenso-historico-del-lago-ypacarai-1524801.html
http://www.abc.com.py/nacionales/descenso-historico-del-lago-ypacarai-1524801.html
http://www.abc.com.py/edicion-impresa/ciudadano-digital/agua-negra-del-lago-en-playa-de-aregua-1520946.html
http://www.abc.com.py/edicion-impresa/ciudadano-digital/agua-negra-del-lago-en-playa-de-aregua-1520946.html
http://www.abc.com.py/nacionales/mas-proyectos-para-recuperar-el-lago-1514091.html
http://www.abc.com.py/nacionales/mas-proyectos-para-recuperar-el-lago-1514091.html
http://www.abc.com.py/edicion-impresa/locales/cianobacterias-basura-y-coliformes-fecales-comprometen-uso-del-lago-1439670.html
http://www.abc.com.py/edicion-impresa/locales/cianobacterias-basura-y-coliformes-fecales-comprometen-uso-del-lago-1439670.html
http://www.abc.com.py/edicion-impresa/locales/cianobacterias-basura-y-coliformes-fecales-comprometen-uso-del-lago-1439670.html
http://www.dailymail.co.uk/news/article-2272629/Ypacarai-Lake-turns-toxic-green.html
http://www.dailymail.co.uk/news/article-2272629/Ypacarai-Lake-turns-toxic-green.html
http://www.ipsnews.net/2010/10/paraguayan-jewel-lake-loses-its-lustre/
http://www.ipsnews.net/2010/10/paraguayan-jewel-lake-loses-its-lustre/
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6D 
Fish species of Ypacaraí Lake 
Contribution by Mario Insaurralde 

Table 6D.1. Fish species of Ypacaraí Lake observed during the 2008-2012 sampling campaign 

Order Family Genus species Common name 

(English) 

Common name in Paraguay  

(Spanish or Guaraní) 

Beloniformes Belonidae Strongylura sp. Needlefish Pez aguja 

Characiformes Acestrorhynchidae Acestrorhynchus pantaneiro Smallscale pike characin Dientudo 

Anostomidae Leporinus pellegrinii Headstander characin Boga 

Characidae Astyanax asuncionensis Paraguayan Astyanax Mojarra 

bimaculatus Two spot Astyanax Mojarra 

eigenmanniorum Astyanax Mojarra 

Gymnocorymbus ternetzi Black tetra Monjita 

Moenkhausia 

 

dichroura Bandtail tetra Piky 

intermedia Tetra Piky 

Oligosarcus oligolepis Characin Dientudo 

Tetragonopterus argenteus Characin Mojarrita 

Curimatidae Cyphocharax platanus Toothless characin Sabalito plateado 

voga Toothless characin Sabalito 

Potamorhina squamoralevis Toothless characin Blanquillo 

Steindacherina brevipinna Toothless characin Sabalito 

Erythrinidae Hoplerythrinus unitaeniatus Aimara Tarey’i jhú 

Hoplias malabaricus Trahira Tarey’i pará 

Gasteropelecidae Thoracocharax stellatus Spotfin hatchetfish Pechito 

Lebiasinidae Pyrrhulina australis Pencilfish Piky 

Prochilodontidae Prochilodus lineatus Streaked prochilod Carimbatá 

Serrasalmidae Metynnis maculatus Spotted metynnis Palometa 

Serrasalmus marginatus Spotted piranha Piraña 

nattereri Red-bellied piranha Piraña 

spilopleura Speckled piranha Piraña 

Triportheidae Triportheus paranensis Tetra Pirá guyrá 
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Table 6D.1. (continued). Fish species of Ypacaraí Lake observed during the 2008-2012 sampling campaign 
 

Order Family Genus species Common name 

(English) 

Common name in Paraguay  

(Spanish or Guaraní) 

Clupeiformes Pristigasteridae Pellona flavipinnis Yellowfin river pellona Lacha 

Engraulidae Lycengraulis grossidens Atlantic sabretooth anchovy Anchoa de río 

Gymnotiformes Apteronotidae Apteronotus albifrons Black ghost (knifefish) Morenita 

Gymnotidae Gymnotus carapo Banded knifefish Morena 

Hypopomidae Brachyhypopomus brevirostris Bluntnose knifefish Morenita 

Ramphichthyidae Rhamphichthys rostratus Sand knifefish Morenita 

Sternopygidae Eigenmannia virescens Glass knifefish Morenita 

Myliobatiformes Potamotrygonidae Potamotrygon brachyura Short-tailed river stingray Raya común 

motoro Ocellate river stingray  

(a.k.a. peacock-eye stingray) 

Raya común 

Perciformes Cichlidae Aequidens tetramerus Saddle cichlid Pirá mbokajá 

Bujurquina vittata Banded acara Pirá mbokajá 

Crenicichla lacustris Pike cichlid Juanita 

lepidota Pike cichlid Juanita 

Gymnogeophagus balzani Argentine humphead Chanchita 

Hypselecara temporalis Emerald cichlid Pirá mbokajá 

Oreochromis niloticus Nile tilapia Tilapia 

Sciaenidae Pachyurus bonariensis La Plata croaker Corvina 

Plagioscion ternetzi Freshwater croaker Corvina 

Pleuronectiformes Achiridae Achirus lineatus Lined sole Lenguado de río 

Siluriformes Aspredinidae Bunocephalus doriai Banjo catfish Guitarrita 

Auchenipteridae Aucheipterus nuchalis Driftwood catfish Pirá bicicleta 

Auchenipteridae Tracheylopterus galeatus Driftwood catfish Apretador 

Callichthyidae Callichthys callichthys Cascarudo (armored catfish) Cascarudo 

Corydoras paleatus Peppered corydoras Tachuela 

Hoplosternum littorale Atipa Cascarudo 
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Table 6D.1. (continued). Fish species of Ypacaraí Lake observed during the 2008-2012 sampling campaign 

Order Family Genus species Common name 

(English) 

Common name in Paraguay  

(Spanish or Guaraní) 

Siluriformes 

(continued) 

Doradidae Ossancora eigenmanni Thorny catfish Armado 

Platydoras costatus Raphael catfish Armado 

Rhinodoras dorbignyi Thorny catfish Armado 

Trachydoras paraguayensis Thorny catfish Armadito 

Heptapteridae Pimelodella gracilis Graceful pimelodella Mandi’i (bagrecito) 

laticeps Three-barbeled catfish Mandi’i (bagrecito) 

Rhamdia quelen South American catfish Ñurundi’a 

Loricariidae Hypoptopoma gulare Armoured catfish Vieja de agua 

Hypostomus albopunctatus Armoured catfish Vieja de agua 

borellii Armoured catfish Vieja de agua 

niceforoi Armoured catfish Vieja de agua 

plecostomus Suckermouth catfish Vieja de agua 

robinii Teta Vieja de agua 

Loricaria cataphracta Armoured catfish Vieja de agua 

Loricariichthys labialis Armoured catfish Vieja de agua 

maculatus Armoured catfish Vieja de agua 

Paraloricaria vetula Armoured catfish Vieja de agua 

Pseudohemiodon laticeps Armoured catfish Vieja de agua 

Pterygoplichthys anisitsi Armoured catfish Vieja de agua 

Rhinelepis aspera Armoured catfish Vieja 

Rineloricaria parva Armoured catfish Vieja de agua 

Sturisoma robustum Armoured catfish Vieja de agua 

Pimelodidae 

 

Hypophthalmus edentatus Highwaterman catfish Bagre Rosado 

Iheringichthys labrosus Long-whiskered catfish Bagre trompudo 

Pimelodus maculatus Long-whiskered catfish Mandi’i (bagre) 

ornatus Long-whiskered catfish Mandi’i (bagre) 
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6E 
Phytoplankton of Ypacaraí Lake 
Contribution by Gilberto Antonio Benítez Rodas, Claudia Raquel Ávalos and Inocencia Peralta López 

Table 6E.1. Green Algae of Ypacaraí Lake 

Division Class Order Family Genus species 

Chlorophyta Chlorophyceae Chlamydomonadales/Chlorococcales Chlorococcaceae Chlorococcum  sp. 

Sphaeropleales Hydrodictyaceae Pediastrum duplex 

sp. 

Neochloridaceae Golenkinia sp. 

Scenedesmaceae Scenedesmus quadricauda 

sp. 

Tetradesmus sp. 

Selenastraceae Ankistrodesmus sp. 

Monoraphidium contortum 

sp. 

Tetrasporales Palmellaceae/Sphaerocystidaceae Sphaerocystis schroeteri 

Trebouxiophyceae Chlorellales Chlorellaceae Actinastrum aciculare 

sp. 

Chlorella sp. 

Dictyosphaerium sp. 

Oocystales Oocystaceae Oocystis sp. 

Charophyta Conjugatophyceae Zygnematales Closteriaceae Closterium macilentum 

moniliferum 

sp. 

Desmidiaceae Cosmarium sp. 

Staurastrum sp. 

Staurodesmus sp. 

Mesotaeniaceae Netrium sp. 
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Table 6E.2. Diatoms of Ypacaraí Lake 

Phylum (Subphylum) Class Subclass Order Family Genus species var. variety 

Ochrophyta (Khakista) Bacillariophyceae Bacillariophycidae Bacillariales Bacillariaceae Nitzschia sp. 

 Cymbellales Cymbellaceae Cymbella  sp. 

 Gomphonemataceae Gomphonema sp. 

 Eunotiales Eunotiaceae Eunotia sp. 

 Naviculales Naviculaceae Navicula sp. 

 Pinnulariaceae Pinnularia sp. 

 Stauroneidaceae Stauroneis sp. 

 Surirellales Surirellaceae Cymatopleura solea 

 Surirella angustata 

 sp. 

 Coscinodiscophycidae Aulacoseirales Aulacoseiraceae Aulacoseira ambigua 

 distans 

 granulata var. 

angustissima 

 granulata var. granulata 

 Thalassiosirales Stephanodiscaceae Cyclotella sp. 

 Fragilariophycidae Fragilariales Fragilariaceae Fragilaria sp. 

 Synedra ulna 

Table 6E.3. Cryptophytes of Ypacaraí Lake 

Phylum Class Order Family Genus species 

Cryptophyta Cryptophyceae Cryptomonadales Cryptomonadaceae Cryptomonas obovata 

 reflexa 

 sp. 

 Pyrenomonadales 

 

 

Pyrenomonadaceae Rhodomonas sp. 

 Chroomonadaceae Chroomonas  sp. 

 Geminigeraceae Plagioselmis nannoplanctica 
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Table 6E.4.  Cyanobacteria of Ypacaraí Lake 

Class Subclass Order Family (Subfamily) Genus species f. forma 

Cyanophyceae Nostocophycideae Nostocales Nostocaceae Anabaena affinis 

circinalis 

crassa 

spiroides 

sp. 

Anabaenopsis elenkinii f. circularis 

Aphanizomenon sp. 

Cylindrospermopsis raciborskii 

Raphidiopsis curvata 

Oscillatoriophycideae Chroococcales Chroococcaceae Chroococcus turgidus 

Gomphosphaeriaceae Gomphosphaeria sp. 

Microcystaceae Microcystis aeruginosa 

flosaquae 

novacekii 

panniformis 

protocystis 

wesenbergii 

Oscillatoriales Oscillatoriaceae Lyngbya sp. 

 Oscillatoria sp. 

Phormidiaceae (Phormidioideae) Phormidium foveolarum 

Synechoccophycideae Synechococcales Merismopediaceae (Merismopedioideae) Aphanocapsa delicatissima 

sp. 

Merismopedia convoluta 

tenuissima 

sp. 

Pseudanabaenaceae (Pseudanabaenoideae) Pseudanabaena limnetica 

mucicola 

sp. 

Synechococcoideae Synechococcus sp. 
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Table 6E.5.  Other phytoplankton species of Ypacaraí Lake 

Phylum 

(Subphylum/Infraphylum) 

Class (Subclass) Order Family Genus species 

Dinoflagellates 

Myzozoa (Dinozoa/Dinoflagellata) Dinophyceae Gonyaulacales Ceratiaceae Ceratium furcoides 

sp. 

Gymnodiniales Gymnodiniaceae Gymnodinium sp. 

Euglenids 

Euglenozoa Euglenoidea 

(Euglenia) 

Euglenida Euglenaceae Euglena sanguinea 

sp. 

Strombomonas  sp. 

Trachelomonas sp. 

Phacaceae Phacus sp. 

Synurids 

Ochrophyta (Phaeista) Chrysophyceae Synurales Mallomonadaceae Mallomonas sp. 
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6F 
Zooplankton of Ypacaraí Lake 
Contribution by Gilberto Antonio Benítez Rodas, Claudia Raquel Ávalos and Inocencia Peralta López 

Table 6F.1. Zooplankton of Ypacaraí Lake 

Phylum (Subphylum) (Superclass) Class (Subclass/Infraclass) (Superorder) Order 

(Suborder) 

Family Genus species 

Cladocerans 

Arthropoda (Crustacea) Branchiopoda (Phyllopoda/Diplostraca) Cladocera 

(Anomopoda) 

Chydoridae Alona  cambouei 

Leydigia propinqua 

Bosminidae Bosmina freyi 

sp. 

Daphniidae 

 

Ceriodaphnia cornuta 

quadrangula 

Daphnia magna 

pulex 

sp. 

Macrothricidae Macrothrix sp. 

Moinidae Moina micrura 

minuta 

rostrata 

Moinodaphnia macleayi 

sp. 

Sididae Diaphanosoma birgei 

sp. 

Sida crystallina 

 

Copepods 

Arthropoda (Crustacea) (Multicrustacea) Hexanauplia (Copepoda) (Gymnoplea) 

Calanoida 

Unidentified Unidentified sp. 

(Podoplea) Cyclopoida Cyclopidae Cyclops sp. 
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Table 6F.1. (continued). Zooplankton of Ypacaraí Lake 

Phylum Class (Subclass/Infraclass) (Superorder) Order  Family Genus species subspecies 

Rotifers 

Rotifera Eurotatoria (Monogononta) (Gnesiotrocha) 

Flosculariaceae 

(Pseudotrocha) 

Ploima 

Trochosphaeridae Filinia longiseta limnetica 

Leydigia terminalis 

Bosminidae 

Asplanchnidae 

Asplanchnidae 

Bosmina 

Asplanchna 

Asplanchna 

sp. 

herricki 

Daphniidae 

Brachionidae 

Brachionidae 

Ceriodaphnia 

Brachionus 

Brachionus 

sp. 

calyciflorus 

Daphnia 

Keratella 

Keratella 

sp. 

americana 

cochlearis 

Macrothricidae Macrothrix quadrata 

Moinidae 

Gastropodidae 

Gastropodidae 

Moina 

Platyias 

Ascomorpha  

Platyias 

Ascomorpha  

sp. 

quadricornis 

agilis  

Moinodaphnia ovalis 

sp. 

Nommatidae 

Synchaetidae 

Cephalodella 

Polyarthra 

sp. 

dolichoptera 

Sida remata 

 Eurotatoria (Bdelloidea) Bdelloida Philodinidae Philodina sp. 
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6G 
Reviewed studies on Ypacaraí Lake and other water bodies of its hydrological system 
In collaboration with Luigi Hinegk and Andrea Salvadore 

Table 6G.1. Reviewed studies about Ypacaraí Lake and other water bodies of its hydrological system in the Salado River Basin 

Study Authors/Agency Year 

Investigaciones Analíticas en el Lago Ypacaraí F. S. Facetti Villasanti 1945 

Investigaciones de  trazas de Elementos en Lago Ypacaraí  J. F. Facetti-Masulli and F. S. Facetti Villasanti 1965 

Aspectos bioecológicos del lago Ypacaraí N. González Romero 1973 

Calidad de agua en el lago Ypacaraí. Informe a SENASA. 
J. F. Facetti Masulli, C. López Rogelio López, F. J. 

Schade 
1978 

Algunos peces del lago Ypacaraí N. González Romero and G. Arzamendia Gómez 1979 

Interpretación geofísica y geológica del Valle de Ypacaraí (Paraguay) y su formación J. M. DeGraff, R. Franco, D. Orué 1981 

Estudios Hídricos en el lago Ypacaraí –Informe al Municipalidad de San Bernardino. J. F. Facetti Masulli and Hydroconsult taskforce. 1984 

Estudio Limnológico del lago Ypacaraí. Proyecto y presupuesto para el saneamiento. PROSER (Spanish consultant company) 1983 

Estudio Limnológico del Lago Ypacaraí D. G. Torres and N. G. Romero 1986 

Estudio Limnológico del Lago Ypacaraí Barbara Ritterbusch 1988 

The Study on Water Pollution Control Plan for the Lake Ypacaraí and its Basin: Main and Supporting 

Reports I-V 
JICA 1988-1989 

Environmental Evaluation of the Lake Ypacaraí Watershed and the Bay of Asunción Dames & Moore, Inc. 1995 

Estudios de Evaluación del Impacto de la instalación de un Umbral de Restitución en el Lago Ypacaraí J. F. Facetti-Masulli, F. Lozano, F. Flores 1995 

Misión de identificación para la gestión ecológica de la cuenca del lago Ypacaraí-Paraguay. Detención y 

reversión del proceso de deterioro de la cuenca del lago Ypacaraí. 
G. Bendoricchio for ARPA-Veneto (Italy) 2000 

Estructura institucional para la gestión integrada de la cuenca del Lago Ypacaraí M. C. Barboza for GTZ 2000 

Estudios Hídricos en el Lago Ypacaraí J. F. Facetti-Masulli et al. 2005 

Hydrological Aspects of Lake Ypacaraí, Eastern Paraguay. A case of study. J. F. Facetti-Masulli et al. 2006 

Hydrological Aspects of Lake Ypacaraí, Eastern Paraguay. A case of study. 

Proyecto de “Control y mejoramiento de la calidad de las aguas de la cuenca del Lago Ypacaraí y Río 

Paraguay” 

J. F. Facetti Masulli 

 

JICA-SEAM-DIGESA 

2006 

 

2006 

Balance Hídrico Integrado del Acuífero Patiño R. Monte Domecq and J. Báez 2007 

Levantamiento Hidrotopográfico del Lago Ypacaraí J. M. Sekatcheff Snead 2007 

Interacción Agua superficial-subterránea en la Cuenca del Arroyo Yukyry y el Sistema Acuífero Patiño R. Monte Domecq, A. Wehrle and A. Zaldívar 2008 
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Table 6G.1. (continued). Reviewed studies about Ypacaraí Lake and other water bodies of its hydrological system in the Salado River Basin 

Study Authors/Agency Year 

Planificación y Manejo de la Cuenca del Ypacaraí en relación al Área Metropolitana de Asunción K. Spezini Stanley 2009 

Aspectos Geológicos y su Relación con la Gestión Sustentable de la Cuenca del Lago Ypacaraí A. Castillo Clerici for DOSAPAS-SENASA 2012 

Monitoreo de Calidad de Agua por Campañas de Muestreo en el Lago Ypacaraí: Serie de informes CEMIT-UNA for the Itaipú Binational Entity 2012-ongoing 

Reflexiones sobre el Estado Ambiental de la Cuenca del Lago Ypacaraí. Alternativas de solución J. F. Facetti 2013 

Manual técnico para la gestión del saneamiento ambiental (Tomo 1) J. F. Facetti 2013 

Aspectos Limnológicos del lago Ypacaraí. Estudios Hídricos III  J. F. Facetti-Masulli et al. 2014 

Plan de Saneamiento Integral de la Cuenca del Lago Ypacaraí: Diagnóstico de la situación actual del Lago 

Ypacaraí y su cuenca 
Beta Studio-Thetis for MOPC-IADB 2015 

Servicio de apoyo a los trabajos de batimetría en el Lago Ypacaraí R. Monte Domecq 2015 

Determinación de la Línea de Ribera del Lago Ypacaraí R. Monte Domecq 2015 

Plan de Saneamiento Integral de la Cuenca del Lago Ypacaraí: Modelación matemática e identificación de 

acciones y medidas de mitigación 
Beta Studio S.R.L.-Thetis S.p.A. for MOPC-IADB 2016 

Informe de Evaluación de Nutrientes y Eficiencias de Depuración de los Humedales del Lago Ypacaraí 
J. Escribá Ticoulat and C. Escribá (Beta Studio 

S.R.L. - Thetis S.p.A. for MOPC-BID) 
2016 

Reserva de Recursos Manejados Lago Ypacaraí y el Sistema de Humedales Adyacentes. Plan de manejo 

2007-2017 
MOPC 2017 

Estudio del comportamiento del viento en San Bernardino S. Méndez 2017 

Influencia de factores físico-químicos sobre la biodiversidad de cianobacterias en el Lago Ypacaraí durante 

el periodo 2012-2014 

G. Benítez Rodas, G. Villalba Duré, C. Ávalos de 

Enciso et al. 
2017 

Primer reporte de floración por Ceratium furcoides (Levander) Langhans en el Lago Ypacaraí – 

Departamento Central, Paraguay 
G. Benítez Rodas, M. Dos Santos, A. Núñez et al. 2017 

Caracterização das ondas no lago Ypacaraí (Estudo Exploratorio) / Waves characterization in the Ypacaraí 

Lake (Exploratory Study) 
F. Bock, F. Facetti and M. Pereira 2017 

Hydro-thermodynamic modelling of the shallow Lake Ypacaraí (Paraguay) A. Salvadore 2018 

Water and nutrient balance of Lake Ypacaraí and Salado River Basin (Paraguay): Data analysis and 

modeling 
L. Hinegk 2018 

Eutrophication process in Lake Ypacaraí: analysis of the internal phosphorus load R. Sadei 2018 
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6H 
Sampling/measurement dates and variables of the JICA, CEMIT-UNA I and CEMIT-UNA II datasets 
Contribution by Luigi Hinegk 

Table 6H.1. Existence (✔) or not (✘) of data of nine limnological variables considered in this study, for each sampling/measurement 
date of the campaigns conducted by JICA 

Dataset JICA (16 February 1988 to 3 March 1989) 

Date Tw h* SS SD TP TN DO Chl-a Turbidity 

16/02/1988 
✔ ✔ ✔ ✔ ✔ ✘ ✔ ✔ ✘ 

02/03/1988 
✔ ✔ ✔ ✔ ✔ ✘ ✔ ✔ ✘ 

22/03/1988 
✔ ✔ ✔ ✔ ✔ ✔ ✔ ✔ ✘ 

20/04/1988 
✔ ✔ ✔ ✔ ✔ ✔ ✔ ✔ ✘ 

31/05/1988 
✔ ✔ ✘ ✔ ✔ ✘ ✔ ✔ ✘ 

21/06/1988 
✔ ✔ ✔ ✔ ✔ ✔ ✔ ✔ ✘ 

08/07/1988 
✔ ✔ ✔ ✔ ✔ ✔ ✔ ✔ ✘ 

18/08/1988 
✔ ✔ ✔ ✔ ✔ ✔ ✔ ✔ ✘ 

27/09/1988 
✔ ✔ ✔ ✔ ✔ ✔ ✔ ✔ ✘ 

27/10/1988 
✔ ✔ ✔ ✔ ✔ ✔ ✔ ✔ ✘ 

06/12/1988 
✔ ✔ ✔ ✔ ✔ ✔ ✔ ✔ ✘ 

10/01/1989 
✔ ✔ ✔ ✔ ✔ ✔ ✔ ✔ ✘ 

15/02/1989 
✔ ✔ ✔ ✔ ✔ ✔ ✔ ✔ ✘ 

03/03/1989 
✔ ✔ ✔ ✔ ✔ ✔ ✔ ✔ ✘ 

* Indicates data owned by ANNP (from 16 February 1988 to 6 April 2016) or CIH-Itaipú (from 22 June 2016 to 26 September 2017) 
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Table 6H.2. Existence (✔) or not (✘) of data of nine limnological variables considered in this study, for each sampling/measurement 
date of the campaigns conducted by CEMIT-UNA (CEMIT-UNA I, funded by UNA) 

Dataset CEMIT-UNA I (5 October 2012 to 29 April 2014) 

Date 
Tw h* SS SD TP TN DO Chl-a Turbidity 

05/10/2012 
✔ ✘ ✘ ✔ ✔ ✔ ✘ ✘ ✔ 

16/10/2012 
✔ ✘ ✘ ✔ ✔ ✔ ✘ ✘ ✔ 

25/10/2012 
✔ ✘ ✘ ✔ ✔ ✔ ✘ ✘ ✔ 

13/11/2012 
✔ ✘ ✘ ✔ ✔ ✔ ✘ ✘ ✔ 

16/01/2013 
✔ ✘ ✘ ✔ ✔ ✔ ✘ ✘ ✔ 

06/03/2013 
✔ ✔ ✘ ✔ ✔ ✔ ✘ ✘ ✔ 

17/05/2013 
✔ ✘ ✘ ✔ ✔ ✔ ✘ ✘ ✔ 

28/08/2013 
✔ ✔ ✘ ✔ ✔ ✔ ✘ ✘ ✔ 

19/11/2013 
✔ ✔ ✘ ✔ ✔ ✔ ✘ ✘ ✔ 

25/03/2014 
✔ ✔ ✘ ✔ ✔ ✔ ✘ ✘ ✔ 

29/04/2014 
✔ ✔ ✘ ✔ ✔ ✔ ✘ ✘ ✔ 

* Indicates data owned by ANNP (from 16 February 1988 to 6 April 2016) or CIH-Itaipú (from 22 June 2016 to 26 September 2017) 
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Table 6H.3. Existence (✔) or not (✘) of data of nine limnological variables considered in this study, for each sampling/measurement 
date of the campaigns conducted by CEMIT-UNA (CEMIT-UNA II, funded by Itaipú) 

Dataset CEMIT-UNA II (1 December 2014 to 26 September 2017) 

Date 
Tw h* SS SD TP TN DO Chl-a Turbidity 

01/12/2014 
✔ ✔ ✔ ✔ ✔ ✔ ✔ ✔ ✔ 

09/02/2015 
✔ ✔ ✔ ✔ ✔ ✔ ✔ ✔ ✔ 

07/04/2015 
✔ ✔ ✔ ✔ ✔ ✔ ✔ ✔ ✔ 

03/06/2015 
✔ ✔ ✔ ✔ ✔ ✔ ✔ ✔ ✔ 

11/08/2015 
✔ ✔ ✔ ✔ ✔ ✔ ✔ ✔ ✔ 

21/10/2015 
✔ ✔ ✔ ✔ ✔ ✔ ✔ ✔ ✔ 

16/12/2015 
✔ ✔ ✔ ✔ ✔ ✔ ✔ ✔ ✔ 

04/02/2016 
✔ ✔ ✔ ✔ ✔ ✔ ✔ ✔ ✔ 

06/04/2016 
✔ ✔ ✔ ✔ ✔ ✔ ✔ ✔ ✔ 

22/06/2016 
✔ ✔ ✔ ✔ ✔ ✔ ✔ ✔ ✔ 

17/08/2016 
✔ ✔ ✔ ✔ ✔ ✔ ✔ ✔ ✔ 

28/10/2016 
✔ ✔ ✔ ✔ ✔ ✔ ✔ ✔ ✔ 

26/12/2016 
✔ ✔ ✔ ✔ ✔ ✔ ✔ ✔ ✔ 

27/03/2017 
✔ ✔ ✔ ✔ ✔ ✔ ✔ ✔ ✔ 

29/06/2017 
✔ ✔ ✔ ✔ ✔ ✔ ✔ ✔ ✔ 

26/09/2017 
✔ ✔ ✔ ✔ ✔ ✔ ✔ ✔ ✔ 

* Indicates data owned by ANNP (from 16 February 1988 to 6 April 2016) or CIH-Itaipú (from 22 June 2016 to 26 September 2017)
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6I Hydrogeological map of subjacent aquifers 

 

 

Figure 6I.1. Hydrogeological map of aquifers subjacent to Ypacaraí Lake.
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6J Lake sampling/measurement stations of the datasets used in this study 

 

 

Figure 6J.1. Location of Ypacaraí Lake sampling/measurement stations for each of 

the datasets included in this study.
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6K Scientific and management-oriented history on Ypacaraí Lake  

 

The recorded history of scientific research on Ypacaraí Lake dates back to 1937, the first 

known study being a physical and chemical characterisation of lake water by Francisco S. Facetti 

Villasanti (as reported in Facetti Villasanti, 1945; and Facetti-Masulli, et al., 2005). In his work, he 

remarked the presence of colloidal solids that affected water hardness, facilitating the formation of 

scums. A second study followed in 1945 (Facetti Villasanti, 1945) and a third one in 1965 (Facetti & 

Facetti Villasanti, 1965). 

Between 1976 and 1982, the National Service of Environmental Sanitation of Paraguay 

(SENASA) together with the Ministry of Public Health and Social Welfare of Paraguay (MSPBS), 

conducted an important study as part of a project on the classification of the country’s surface 

waters, detecting the first signs of eutrophication of the lake. In the same period (1978), a report on 

its water quality was requested by SENASA Director Rogelio Aguadé to the Hydroconsult S.R.L. task 

force (C. López, F. J. Shade, J. F. Facetti-Masulli and R. López), which was followed by further reports 

in 1984, 1995 and 2005 (reported in Facetti-Masulli, et al., 2005). 

In 1988, Barbara Ritterbusch published a limnological study conducted at the Institute of 

Basic Sciences (ICB), now Faculty of Exact and Natural Sciences (FACEN) of the National University 

of Asunción (UNA) (Ritterbusch, 1988) by a team led by ICB Director Narciso González Romero, 

who had previously published some studies on the lake in 1967 (González, 1967) and 1986 (González, 

1986). For this study, several physical, chemical and biological parameters were monitored during 

the whole year of observation (1984), the analyses of which highlighted some crucial aspects of the 

lake’s functioning. Specifically, the lake was found to be characterised by continuous external input, 

sedimentation and export of organic and inorganic matter, and poor primary and secondary 

production due to high water turbidity. Additionally, wastewater treatment, erosion control and 

effective regulation were identified as necessary for the improvement of water quality. 

In response, the Paraguayan Government requested cooperation to the Government of Japan, 

which, through the Japan International Cooperation Agency (JICA), generated large amounts of data 

during a mission carried out between 1988 and 1989 (JICA, 1989). An in-depth study on 

environmental aspects of Ypacaraí Lake and the Salado River Basin was produced, already 

mentioning the hydrological and hydraulic complexity of the system, given by the interaction 

between the Yukyry Stream, the Salado River, associated wetlands and the lake. The first 

bathymetric map of the lake was also drawn from sonar data and the mean level of the lake, +1.20 m 
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with respect to the CNSB reference zero, was calculated from the observation records (1965–1987) 

and used for calculating the lake’s surface area and stored water volume. 

The sediments were characterised for the first time in 1991 (Velázquez, et al., 1992), finding 

low concentrations of toxic metals, the main metallic component being iron in its trivalent form 

(Fe3
+). No divalent iron (Fe2

+) was detected at the time. Primary productivity was hence hypothesised 

to be controlled by the phosphorus-binding properties of Fe3
+. 

Another important project financed by the United States Trade and Development Agency 

(USTDA) was conducted in 1995 by the consultancy firm Dames & Moore, Inc. In the final report 

(Dames & Moore Inc., 1995), it was underlined that the very comprehensive study carried out by 

JICA (1988–1989) had to “be modified to incorporate population increases and a deeper assessment 

of the alternatives pertaining to the collection, effluents treatment and protection of natural 

resources of the basins”. The main conclusions and recommendations highlighted the need for both 

structural and non-structural measures, identifying some options for pollution control and lake 

management. 

In 2000, the Paraguayan NGO Fundapueblos requested support to a survey team of the 

University of Padua (Italy), led by Giuseppe Bendoricchio, who recommended a series of actions to 

be taken for a proper management of Ypacaraí Lake and its system. Specifically, measures for the 

control of the lake level and the reduction of the amount of sediments transported towards the lake 

were described in the final report of the project (Bendoricchio, 2000). 

In 2007–2008, a follow-up mission was carried out by the University of Padua (Italy) 

together with the Wise Use Agency of the Dutch Government, who came forward with proposals for 

a definitive solution of the lake’s eutrophication problem (Wise Use, 2008). In 2008, a pilot project 

on the use of bio-catalysts was also funded by The Netherlands, coordinated by the University of 

Wageningen, with the participation of the Ministry of Public Works and Communications of 

Paraguay (MOPC), the Secretariat of the Environment of Paraguay (SEAM) and the Multidisciplinary 

Centre for Technological Investigations of the National University of Asunción (CEMIT-UNA). As a 

result, the Paraguayan Government received a plan for the bio-remediation and management of 

Ypacaraí Lake. 

Starting from one of the recommendations left by JICA, a second detailed bathymetric map 

was drawn by Jean Michel Sekatcheff in 2007. The on-site fieldwork lasted for 35 consecutive days 

and was carried out using a single manual probe, the results of which were simultaneously compared 

with sonar records. Since constant sediment resuspension and deposition are dynamically changing 

the lake bed, determining a continuous alteration of its bathymetry, the lake bottom was taken to be 
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the one withstanding a force of 400 N. The maximum depth recorded through this method was of 

4.4 m. 

After the 2012 drastic cyanobacterial bloom, two main task force groups were created: one 

coordinated by the MSPBS together with SEAM, and an environmental commission directed by the 

President of the Supreme Court of Justice of Paraguay, a process that resulted, in 2014, in an 

agreement with the Itaipú Binational Entity to establish a network of monitoring stations, to create 

and maintain a limnological database, currently hosted by the International Hydroinformatics 

Centre (CIH), and to finance the periodical sampling campaigns of CEMIT-UNA, which had already 

started in 2012 with the scope of assessing the ecological conditions of the lake and the influence of 

environmental factors on cyanobacterial blooms. Other initiatives were also set in motion within this 

context, among which are a pilot project on water depuration by artificial floating macrophyte 

islands and the introduction of farmed fish of several native species into the lake. 

In June–July 2014, the Reservoir Division of the Itaipú Binational Entity conducted a two-

month bathymetric survey using an Acoustic Doppler Current Profiler (ADCP) SonTek 

RiverSurveyor M9. Data were post-processed in 2016, detecting a maximum depth of 3.7 m, after 

which a third bathymetric map of the lake was drawn. In 2017, these bathymetric data were 

reprocessed to correct for water level variations that occurred during the period of the survey, 

detected by Andrea Salvadore and Luigi Hinegk. A fourth bathymetric map was thus produced. 

Between 2015–2017, the Italian Consortium Beta Studio S.R.L.—Thetis S.p.A. conducted a 

project on the recovery of the lake for MOPC and the Inter-American Development Bank (IADB), 

funded by the European Union through the Spanish Agency for International Development 

Cooperation (AECID) (Beta Studio-Thetis, 2015, 2016). The general aim of the project was to design 

a plan for the improvement of sanitary conditions in the basin. Support to this project was provided 

by INYMA Consult S.R.L., managed by Juan Escribá and Carmen Escribá, who contributed with on-

site water quality measurements. Observations, upstream and downstream of the main watercourses 

(Pirayú, Yukyry and Salado) were also carried out from February to June 2016, aiming to better 

understand wetland-mediated water discharges into the lake and assess the depuration efficiency of 

these areas (Appendix 6B) (Escribá Ticoulat & Escribá Sakoda, 2016). 

Starting from 2017, the Department of Civil, Environmental and Mechanical Engineering of 

the University of Trento (UniTN, Italy), as part of Gregorio López Moreira’s doctoral research 

project, established a collaboration with the “Nuestra Señora de la Asunción” Catholic University of 

Paraguay, to conduct joint research on Ypacaraí Lake through local supervision by Roger Monte 

Domecq S., of UniTN Master Students in Environmental Engineering, Andrea Salvadore (Salvadore, 

2018) and Luigi Hinegk (Hinegk, 2018). Later, UniTN Master Student in Environmental Engineering, 
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Ruben Sadei, also conducted research on the resuspension of sediments and the release of nutrients 

from the lakebed into the water column, in collaboration with the Faculty of Engineering of the 

National University of Asunción (FIUNA), under the local supervision of Juan Francisco Facetti 

(Sadei, 2018). These projects have resulted in a new interdisciplinary task force coordinated by the 

author of this thesis, the first product of which is the first comprehensive interdisciplinary review on 

this lake ever published in a peer-reviewed journal (López Moreira M., et al., 2018). 

 


