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Abstract 

Due to the complex nature of aquatic food webs, the interaction between abiotic 

and biotic factors that govern ecosystem dynamics is often elusive.  Recent 

advancements in both the collection of reliable field data and the development of 

ecological models have enabled researchers to gain insights into these more complex 

interactions.  In this study the relationship between physical and ecological processes 

has been explored by applying a process based coupled physical and ecological 

model (DYRESM-CAEDYM) to the data sets of three aquatic ecosystems.  In the 

first, the role of zooplankton in the nutrient cycles of Lake Kinneret, Israel was 

quantified.  The model was parameterized and calibrated using an extensive field 

data set.  It was found that the excretion of dissolved nutrients by zooplankton 

accounted for up to 58% of phytoplankton demand and that this value varied 

seasonally in response to patterns of stratification and mixing.  In the second 

ecosystem, Mono Lake, USA, results from model simulations were studied to 

determine the significance of the transport of nutrient rich hypolimnetic water via the 

benthic boundary layer (BBL) on lake productivity.  Model results indicated that 

although on average the impact of BBL transport on Mono Lake ecology was not 

large, significant nutrient fluxes were simulated during periods when BBL transport 

was most active.  The timing of these fluxes in the context of seasonal changes were 

found to be critical to specific aspects of food web dynamics.  In the final 

application, the ecological gradients of the primary salt ponds of Shark Bay, 

Australia were studied with specific focus on the role of zooplankton as a 

determinant of ecosystem dynamics.  Model results indicated that zooplankton 

grazing was responsible for reduced water column particulate organic matter and 

increased light available for the development of microbial mats.  However, no direct 
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link between zooplankton grazing and observed changes in planktonic algal species 

composition or nutrient limitation across the salinity gradient of the ponds was 

found.  Results from this study demonstrate the potential of a lake ecosystem model 

to extract useful process information to complement field data collection and address 

questions related to the relationship between physical and ecological processes in 

aquatic ecosystems. 
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Chapter 1. Introduction 

Aquatic ecosystems support complex food webs that include a range of biota from 

simple microorganisms to fish and birds.  They are an important resource not only 

for the supply of drinking water and support of fishery and recreational industries 

but also for their intrinsic environmental values.  As the world’s demand for water is 

increasing environmental pressures on aquatic ecosystems are also increasing.  

Effective management of these systems is of utmost important for long term 

sustainability.  There is a pressing need therefore to improve our understanding of 

the processes that define the critical functions of aquatic ecosystems. 

The physical process responsible for heating, mixing and transport in lakes have 

been well studied (Imberger 1998; Imberger and Patterson 1990; Wuest and Lorke 

2003).  Various processes have been studied in the laboratory (Horn et al. 2001), 

using field experiments (Antenucci and Imberger 2003) and through the use of 

numerical models (Yeates and Imberger 2004).  Although some gaps in the complete 

understanding of such processes as internal waves still exist, significant progress has 

been made in the last decade to address these gaps (Wuest and Lorke 2003).  These 

studies have provided insights into the relative importance of various hydrodynamic 

phenomena that determine the regimes of temperature, salinity, density and light that 

ultimately govern ecosystem dynamics. 

The ecological processes evident in aquatic ecosystems have also been well 

studied (Jorgensen and Bendoricchio 2001; Reynolds 1984).  The interaction 

between physical and ecological processes that determine ecosystem function 

however, is complex.  Evaluating the role of physical processes in shaping 

ecological patterns in lake ecosystems is a non-trivial task.  Aside from the more 
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direct links between light and temperature and primary productivity (Reynolds 1984) 

are small scale physical processes such as those responsible for the transport of 

limiting nutrients to the photic zone (Macintyre and Jellison 2001).  Because 

physical and ecological processes interact dynamically, it has been difficult to 

disentangle the various components of ecosystem dynamics.  Numerical models that 

describe the major processes of aquatic ecosystems can be used to differentiate 

between various processes to focus on those that are deemed critical to ecosystem 

function. 

Advances in computational power have led to the development of process based 

ecological models that can be run over long times scales.  Models have been used to 

evaluate different aspects of aquatic ecosystem dynamics in lakes (Carpenter and 

Kitchell 1993; Chen et al. 2002; Cole et al. 2002; Håkanson and Boulion 2003; 

Hongping and Jianyi 2002; Ji et al. 2005; Krivtsov et al. 2001; Lunte and Leucke 

1990; Rukhovets et al. 2003; Scavia et al. 1988), reservoirs (Mehner 2000; Osidele 

and Beck 2004; Romero et al. 2004), fjords (Ross et al. 1994), estuaries (Griffin et 

al. 2000; Robson and Hamilton 2004), lagoons (Lin et al. 1999) and in the marine 

environment (Carlotti and Radach 1996; Laws et al. 1998).  The models range in 

complexity from simple mass balances to highly parameterized simulation tools that 

include hydrodynamic processes (Carlotti and Radach 1996; Robson and Hamilton 

2004; Ross et al. 1994).  Some models simulate nutrient fluxes between trophic 

levels and provide valuable insights into the relative importance of various 

components of lake-wide nutrient budgets (Urabe et al. 1995).  These models may 

also yield more detailed temporal and spatial information on nutrient fluxes between 

different trophic levels in a lake than is often possible with field or laboratory data.  
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Specifically, models can be used to predict how the fluxes change in response to 

environmental factors or lake management strategies. 

In this study a coupled hydrodynamic and ecological model (DYRESM-

CAEDYM) has been applied to the data sets of three different aquatic ecosystems, to 

simulate the seasonal dynamics of phytoplankton, zooplankton and nutrient (N and 

P) species.  The one-dimensional mechanistic structure of DYRESM (Yeates and 

Imberger 2004) allows vertically dependent processes such as sediment to water 

nutrient fluxes and particle settling to be accurately represented using realistic 

parameter values for these processes. A varying layer size is used in DYRESM to 

adjust vertical resolution according to water column density gradients, reducing 

numerical diffusion while minimising computation times.  The combination of an 

explicit representation of both nitrogen and phosphorus fluxes together with several 

phytoplankton and zooplankton groups in a vertically resolved model that allows 

inter-annual and annual variations to be examined in a single model run, is used in 

this study to provide new insights into the inter-connections amongst the state 

variables. 

In the first application, Lake Kinneret, Israel, extensive time series data that 

included biomass of phytoplankton and zooplankton to species level, was aligned 

with output from CAEDYM by allocating phytoplankton into three representative 

taxa and zooplankton into three size classes.  This allowed for rigorous calibration 

and validation of the DYRESM-CAEDYM model generally not possible when data 

is scarce (Håkanson and Boulion 2003; Osidele and Beck 2004).  The objective of 

the first component of the thesis was to investigate the role of zooplankton in the 

cycling of C, N and P between trophic levels in Lake Kinneret.  The model was used 
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to quantitatively examine how zooplankton biomass, secondary production and 

fluxes between trophic levels may be affected by seasonal changes in hydrodynamic 

mixing regimes.  In addition, a sensitivity analysis was conducted to evaluate the 

relative importance of key parameters on model simulation results.  The effect of 

zooplankton grazing and excretion on the availability of nutrients was estimated with 

the calibrated numerical model and compared to external sources from inflows and 

internal sources from sediment release. 

Mono Lake, U.S.A., the site of the second stage of the thesis is a nitrogen limited 

(Joye et al. 1999) saline lake with a relatively simple food web (Jellison et al. 1993) 

that is subjected to wind-driven boundary-layer mixing events (Macintyre et al. 

1999).  These criteria provide a site with a large signal to noise ratio, to compare the 

influence of alternative sources of nitrogen to the photic zone during stratification 

and mixing periods and thus to place the contribution of benthic boundary layer 

(BBL) transport in the context of the full ecological cycle.  In this study the 

DYRESM-CAEDYM model was applied to Mono Lake during four monomictic 

years from 1991-1994 in an attempt to quantify different aspects of the lake’s 

biogeochemical nitrogen cycles.  The model parameters and processes were initially 

calibrated to ensure an acceptable representation of the field data.  In addition, due to 

the complex nature of the model parameterization, it was necessary to explore the 

sensitivity of the simulation results to variations in the parameter space.  A 

sensitivity analysis was thus conducted on the full parameter set to determine the 

five most sensitive parameters.  By fixing each of the sensitive parameters at their 

lower and upper bound and recalibrating the remaining parameters within acceptable 

limits we obtained 10 alternative parameter sets.  This enabled the calculation of 

parameter estimation errors on predictions made using model simulation results to 
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allow an assessment of uncertainty in the validity of the conclusions drawn in the 

course of the study.  The simulated output was initially used to predict the sources 

and sinks of nitrogen to the photic zone and these were compared to the roles of 

recycled and external sources on the primary and secondary productivity in the lake.  

To enable the quantification of the significance of BBL transport on the ecological 

processes of the lake, a series of simulations were run in which this mechanism was 

switched off allowing a comparison between lake behaviour with and without BBL 

transport. 

Finally the model was applied to the Shark Bay Salt ponds in Western Australia.  

The relatively low biodiversity and simple hydrodynamics of solar salt ponds make 

them ideal sites for the application of numerical models.  The ecological gradient of 

the primary ponds was studied by applying the model to a series of seven ponds 

linked by outflows and inflows.  Biomass and fluxes of carbon, nitrogen and 

phosphorus were extracted from the model to evaluate the role that Artemia play in 

mediating the observed transfer from planktonic to benthic dominance in primary 

production and the switch from nitrogen to phosphorus limitation from the lower to 

higher salinity ponds of the primary system.  The model was run with the Artemia 

species removed and the results compared to the baseline run.  Model results were 

then used to determine what if any the effect that Artemia grazing has on the 

ecological patterns observed within the salinity gradient of the primary system. 

The overall aim of this thesis was to test the ability of numerical models to assess 

the interaction between the physical and ecological processes of aquatic ecosystems.  

The first application drew on the collection of many ecological data to focus on 

ecological processes.  In the second, the relative simplicity of the food web allowed 
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for a focus on a specific physical process, that of BBL transport, and its effect on 

ecological processes.  The strength of the physical gradient of the third application 

and relatively simple ecology enabled the contrast between physical and ecological 

forces to be evaluated. 
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Chapter 2. A numerical simulation of the role of zooplankton in C, N and P 

cycling in Lake Kinneret, Israel. 

2.1 Abstract 

We quantify the role of zooplankton in nutrient cycles in Lake Kinneret, Israel, 

using field data and a numerical model.  A coupled ecological and hydrodynamic 

model (DYRESM-CAEDYM) was validated with an extensive field data set to 

simulate the seasonal dynamics of nutrients, three phytoplankton groups and three 

zooplankton groups.  Parameterization of the model was conducted using field, 

experimental and literature studies.  Sensitivity of simulated output was tested over 

the full parameter space and established that the most sensitive parameters were 

related to zooplankton grazing rates, temperature responses and food limitation.  The 

simulated results predict that, on average, 51% of the carbon from phytoplankton 

photosynthesis is consumed by zooplankton.  Excretion of dissolved nutrients by 

zooplankton account for 3-46% and 5-58% of phytoplankton uptake of phosphorus 

and nitrogen, respectively.  Comparison of nutrient fluxes attributable to 

zooplankton with nutrient loads from inflows and release from bottom sediments 

shows that the relative contribution by zooplankton to inorganic nutrients in the 

photic zone varies seasonally in response to the annual hydrodynamic cycle of 

stratification and mixing.  As a percent of total dissolved organic sources relative 

contributions by zooplankton excretion are highest (62%) during periods of 

stratification and when inflow nutrient loads are low, and lowest (2%) during the 

breakdown of stratification and when inflow loads are high.  The results illustrate the 

potential of a lake ecosystem model to extract useful process information to 

complement field data collection and address questions related to the role of 

zooplankton in nutrient cycles. 
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2.2 Introduction 

Zooplankton play an important role in lake dynamics, as grazers that affect algal 

and bacterial populations, as a food source for higher trophic levels, and in the 

excretion of dissolved nutrients.  Thus understanding their role in the distribution 

and flux of nutrients in aquatic systems is critical for effective lake management.  

Zooplankton grazing on phytoplankton can transfer more than 50% of carbon fixed 

by primary production to higher trophic levels (Hart et al. 2000; Laws et al. 1998; 

Scavia 1980).  Zooplankton excretion strongly influences trophic dynamics in 

freshwater ecosystems by contributing inorganic N and P for primary and bacterial 

production (Gilbert 1998; Lehman 1980; Sterner 1986; Vanni 2002; Wen and Peters 

1994).  Estimates of the fraction of N and P regenerated by zooplankton and then 

utilized by phytoplankton range from 14-50% (Hudson and Taylor 1996; Hudson et 

al. 1999; Urabe et al. 1995).  The factors controlling this fraction include 

temperature, zooplankton and phytoplankton biomass and species composition, 

internal nutrient ratios and mixing regimes.  Because these factors interact 

dynamically, it has been difficult to quantify the role of zooplankton in nutrient 

cycling. 

Models have previously been used to evaluate different aspects of zooplankton 

dynamics in lakes (Carpenter and Kitchell 1993; Chen et al. 2002; Cole et al. 2002; 

Håkanson and Boulion 2003; Hongping and Jianyi 2002; Ji et al. 2005; Krivtsov et 

al. 2001; Lunte and Leucke 1990; Rukhovets et al. 2003; Scavia et al. 1988), 

reservoirs (Mehner 2000; Osidele and Beck 2004; Romero et al. 2004), fjords (Ross 

et al. 1994), estuaries (Griffin et al. 2000; Robson and Hamilton 2004), lagoons (Lin 

et al. 1999) and in the marine environment (Carlotti and Radach 1996; Laws et al. 

1998).  The models range in complexity from simple mass balances to highly 
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parameterized simulation tools that include hydrodynamic processes (Carlotti and 

Radach 1996; Robson and Hamilton 2004; Ross et al. 1994).  Some models simulate 

nutrient fluxes between trophic levels and provide valuable insights into the relative 

importance of zooplankton in nutrient cycles (Urabe et al. 1995).  These models may 

also yield more detailed temporal and spatial information on nutrient fluxes between 

different trophic levels in a lake than is often possible with field or laboratory data.  

Specifically, models can be used to predict how the fluxes change in response to 

environmental factors or lake management strategies. 

Lake Kinneret has been studied intensely both in situ and experimentally 

(Hambright et al. 1994; Serruya 1978; Yacobi et al. 1993; Zohary et al. 1994).  The 

lake supplies approximately 30% of Israel’s drinking water; a fact that has motivated 

an extensive water quality and ecological monitoring program as well as a major 

subsidized fishing effort to rid the lake of planktivorous sardines in the hope of 

fostering the existing zooplankton population (Blumenshine and Hambright 2003).  

The monitoring program has included routine sampling of various levels of the lake 

food web, including zooplankton and phytoplankton, water column and tributary 

chemical and physical parameters, and meteorological data. 

In this study we applied a coupled hydrodynamic and ecological model 

(DYRESM-CAEDYM) to the Lake Kinneret data set, to simulate the seasonal 

dynamics of phytoplankton, zooplankton and nutrient (N and P) species.  The 

extensive time series data for Lake Kinneret, which includes biomass of 

phytoplankton and zooplankton to species level, was aligned with output from 

CAEDYM by allocating phytoplankton into three representative taxa and 

zooplankton into three size classes, allowing for rigorous calibration and validation 

of the DYRESM-CAEDYM model generally not possible when data is scarce 



 

 

28

(Håkanson and Boulion 2003; Osidele and Beck 2004). A similar modelling 

approach has been adopted for carbon exchanges between biota in Lake Kinneret 

(Hart et al. 2000), but only at a lake-wide scale and without consideration of N and P 

fluxes.  The one-dimensional mechanistic structure of DYRESM (Yeates and 

Imberger 2004) allows vertically dependent processes such as sediment to water 

nutrient fluxes and particle settling to be accurately represented using realistic 

parameter values for these processes. A varying layer size is used in DYRESM to 

adjust vertical resolution according to water column density gradients, reducing 

numerical diffusion while minimising computation times.  The combination of an 

explicit representation of both nitrogen and phosphorus fluxes together with several 

phytoplankton and zooplankton groups in a vertically resolved model that allows 

inter-annual and annual variations to be examined in a single model run, is used in 

this study to provide new insights into the inter-connections amongst the state 

variables. 

The objective of the present study was to investigate the role of zooplankton in 

the cycling of C, N and P between trophic levels in Lake Kinneret.  After validating 

the coupled DYRESM-CAEDYM model against a comprehensive data set, we used 

the model to quantitatively examine how zooplankton biomass, secondary 

production and fluxes between trophic levels may be affected by seasonal changes in 

hydrodynamic mixing regimes.  In addition a sensitivity analysis was conducted to 

evaluate the relative importance of key parameters on model simulation results.  The 

effect of zooplankton grazing and excretion on the availability of nutrients was 

estimated with the calibrated numerical model and compared to external sources 

from inflows and internal sources from sediment release. 
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2.3 Study Site 

Lake Kinneret (32o48’N: 35 o37’E) is a warm-monomictic freshwater lake with 

maximum depth 43m, mean depth 25m and surface area approximately 170 km2 

(Figure 2.1). The lake is vertically mixed in winter (December to February) and 

thermal stratification sets up in spring, persisting for 7-8 months.  Temperature in the 

surface layer typically ranges from 15-17ºC in winter to 26-30ºC in summer 

 

(Hambright et al. 1994). 

Figure 2.1 – Map of Lake Kinneret showing location of the main sampling 

station, A and Jordan River inflow.  Depth contours are in meters. 

The phytoplankton assemblage of Lake Kinneret is generally dominated in 

winter-spring by the dinoflagellate Peridinium gatunense, in summer-autumn by a 
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diverse assemblage of nanoplankton, mostly chlorophytes, and since the mid 1990s 

also by filamentous cyanobacteria.  A third component to the phytoplankton 

assemblage is the diatom Aulacoseira granulata that in some years forms a deep-

water bloom in January-February (Zohary 2004).  Macro-zooplankton biomass in 

Lake Kinneret is dominated for most of the year by herbivorous cladocerans 

(Gophen 1984).  The predatory zooplankton assemblage includes adult copepods, 

and large rotifers.  The micro-zooplankton community includes copepod nauplii, 

small herbivorous and bactivorous rotifers, ciliates and heterotrophic flagellates 

(Hadas and Berman 1998).  A study of stable carbon isotopes showed seasonal 

dietary variations of macro-zooplankton, with nanoplankton the predominant food 

source (Zohary et al. 1994).  The major food sources for the micro-zooplankton are 

bacteria and picophytoplankton for the smaller heterotrophic flagellates, and 

bacteria, heterotrophic flagellates and nanophytoplankton for the ciliates (Hadas and 

Berman 1998; Madoni et al. 1990). 

2.4 Methods 

Model description - The model used in this study is a modified version of the 

Computational Aquatic Ecosystem Dynamics Model (CAEDYM) coupled to the 

Dynamic Reservoir Model (DYRESM).  In DYRESM the lake is represented as a 

series of homogeneous horizontal Lagrangian layers of variable thickness; as inflows 

and outflows enter or leave the lake, the affected layers expand or contract, 

respectively, and those above move up or down to accommodate any volume 

change.  Mass, including that of the ecological state variables, is adjusted 

conservatively each time layers merge or are affected by inflows and outflows.  The 

main processes modelled in DYRESM are surface heat, mass and momentum 

transfers, mixed layer dynamics, hypolimnetic mixing, benthic boundary layer 
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mixing, inflows and outflows.  Local meteorological data are used to determine 

penetrative heating due to short-wave radiation and surface heat fluxes due to 

evaporation, sensible heat, long-wave radiation and wind stress.  The surface wind 

field introduces both momentum and turbulent kinetic energy to the surface layer 

contributing to vertical mixing.  In addition to surface layer mixing, DYRESM 

includes algorithms that account for internal mixing (encompassing the effects of 

shear mixing energized by internal waves) and benthic boundary layer (BBL) mixing 

(determined by the turbulent kinetic energy budget and parameterized by Lake 

Number and the Burger number).  In this way mass transfer is enabled from 

hypolimnetic layers to the thermocline region via the BBL.  A schematic flow chart 

of the operations performed in DYRESM is presented in Figure 2.2.  A detailed 

description of the processes included in DYRESM is given by Yeates and Imberger 

(2004). 
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Figure 2.2 – Schematic representation of (A) the physical processes included in the 
physical model DYRESM.  (BBL: benthic boundary layer; IC: internal cells; BC: 
benthic boundary layer cells) and (B) the carbon fluxes represented in the ecological 
model, CAEDYM. 
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The ecological model CAEDYM was set up in the form of a ‘N-P-Z’ (nutrients-

phytoplankton-zooplankton) model, but with resolution to the level of individual 

species or groups of species (Griffin et al. 2000).  In the present study the model was  

used to simulate phosphorus and nitrogen in both particulate organic and dissolved 

inorganic forms (POP and PO4, PON, NO3, NH4), dissolved oxygen (DO), 

particulate organic carbon (POC), dissolved organic carbon (DOC), three 

phytoplankton groups and three zooplankton groups.  The state variable POC was 

taken to represent only the detrital component of organic carbon and did not include 

phytoplankton carbon.  The phytoplankton community was simulated using three 

groups in the model: “dinoflagellates", representing Peridinium gatunense, 

"diatoms", representing Aulacoseira granulata and "nanoplankton" to account 

collectively for all other phytoplankton.  The total zooplankton biomass was 

separated in the model into predatory zooplankton comprised of adult stages of 

cyclopoid copepods and the large  rotifer Asplanchna, macro-zooplankton comprised 

of cladocerans and juvenile (copepodid) stages of copepods, and micro-zooplankton 

comprised of copepod nauplii, small rotifers and ciliates.  CAEDYM uses a series of 

ordinary differential equations to describe changes in concentrations of nutrients, 

detritus, dissolved oxygen, phytoplankton and zooplankton as a function of 

environmental forcing and ecological interactions for each Lagrangian layer 

represented by DYRESM.  Details of the structure of this model are given in Robson 

and Hamilton (2004) and Romero et al. (2004).  Physical transport of ecological 

variables is carried out by DYRESM.  The variables of irradiance, temperature, 

salinity and density are also passed to CAEDYM at each 1-hr time step and used in 

equations to determine rates of change of biomass and chemical constituents for each 

of the ecological state variables.  A conceptual diagram of the major ecological 
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components and interactions represented in the model is shown in Figure 2.2 and the 

main equations used in CAEDYM are listed in Table 2.1. 

ΔPj/Δt = [Pmax,jf1(T)min(f(I), f(P), f(N)) - (Rj)f2(T) - Predj]Pj ± Sj 
           = production – (respiration + excretion + mortality) – predation ± settling 
ΔZi/Δt = [GiAif(Z)if1(T)(1-fex-feg) - (Ri+Mi)f2(T) - Predi]Zi 
           = (assimilation – excretion – egestion) – (respiration + mortality) – predation 
ΔPOC/Δt = Σ[Gif(Z)if1(T)i((1-Ai)+Aifeg) +Mif2(T)i]Zi + Σ[Rj(1-fres)(1-fDOM)f2(T)]Pj 
                   - PredPOMPOC - RPOCf(DO)f1(T)POC ± SPOM 
                = (zooplankton messy feeding + zooplankton egestion 
                    + zooplankton mortality) + phytoplankton mortality 
                    – zooplankton predation – POC decomposition ± settling 
ΔDOC/Δt = Σ[Rj(1-fres)fDOMf2(T)]Pj + RPOCf(DO)f2(T)POC - RDOCf (DO)f2(T)DOC 
                = phytoplankton excretion + POC decomposition – DOC mineralisation 
ΔPOP/Δt = Σ[Gif(Z)if1(T)i((1-Ai)+Aifeg) +Mif2(T)i]IPZiZi  
                   + Σ[Rj(1-fres)(1-fDOM)f2(T)]IPj 
                   - PredPOMPOP - RPOPf(DO)f1(T)POP ± SPOM 
                = (zooplankton messy feeding + zooplankton egestion 
                     + zooplankton mortality) + phytoplankton mortality  
                    – zooplankton predation – POP mineralization ± settling 
ΔPO4/Δt = RPOPf (DO)f2(T)POP - Σ[UPmax,jf1(T)jf(IP)jf(P)j]Pj  
                   + SdPO4f(DO)f2(T)LA/LV 
               = POP mineralisation – phytoplankton uptake + PO4 sediment flux 
ΔPON/Δt = Σ[Gif(Z)if1(T)i((1-Ai)+Aifeg) +Mif2(T)i]INZiZi  
                      + Σ[Rj(1-fres)(1-fDOM)f2(T)]INj 
                   - PredPOMPON - RPONf(DO)f1(T)PON ± SPOM 
                 = (zooplankton messy feeding + zooplankton egestion  
                   + zooplankton mortality) + phytoplankton mortality  
                   – zooplankton predation – PON mineralization ± settling 
ΔNH4/Δt = RPONf(DO)f1(T)PON - Σ[UNmax,jPNf1(T)jf(IN)jf(N)j]Pj  
                - RNOf(DO)f2(T)NH4 + SdNH4f(DO)f2(T)LA/LV 
               = PON mineralisation – phytoplankton uptake – nitrification 
                 + NH4 sediment flux 
ΔNO3/Δt = RNOf(DO)f2(T)NH4 – RN2f(DO)f2(T)NO3 
                  - Σ[UNmax,j(1-PN)f1(T)jf(IN)jf(N)j]Pj 
                = nitrification – denitrification – phytoplankton uptake 
ΔDO/Δt = kO2(DOatm – DO) + Σ[Pmax,jf1(T)jmin(f(I), f(P), f(N)) - Rjf2(T)j]PjYO2:C 
                Σ[Rif2(T)i]ZiYO2:C - RDOCf (DO)f1(T)DOCYO2:C 
                - RNOf (DO)f2(T)NH4 – SdDOf(DO)f2(T)LA/LV 
             = atmospheric flux + (phytoplankton oxygen production – phytoplankton  
                    respiratory consumption) – zooplankton respiratory consumption 
                    – utilisation of oxygen in mineralisation of DOM – utilisation of oxygen 
                    in nitrification – sediment oxygen demand. 
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Temperature functions 
f1(T) = θT-20 - θk(T-a)+b 
where k, a and b are constants solved numerically to satisfy the following conditions: 
f1(T) = 1; at T=Tsta 
∂f1(T)/∂T = 0; at T=Topt 
f1(T) = 0; at T=Tmax 
f2(T) = θT-20 
Limitation equations 
f(Z)i=(ΣPj+ΣZk+POC)/(Ki+ΣPj+ΣZk+POC) 
f(I)j = I/Is exp(1-I/Is) 
f(IP)j = [IPmax/(IPmax-IPmin)][1-IPmin/IP] 
f(IN)j = [INmax/(INmax-INmin)][1-INmin/IN] 
f(DO) = DO/(KDO+DO) 
f(P) = PO4/(KP+PO4) 
f(N) = (NH4+NO3)/(KN+NH4+NO3) 
PN = (NH4 NO3)/[(NH4+KN)(NO3+KN)] + (NH4 KN)/[(NH4+KN)(NO3+KN)] 
Settling 
Sj = (ws/Δz)Pj 
SPOM = (g(ρPOM -ρw)(DPOM)2/18μ)/Δz)POM 
Predation 
Predi = Σ(Gkf(Z)kf1(T)kZkPzZOOk,i) 
Predj = Σ(Gif(Z)if1(T)iZiPzPHYi,j) 
PredPOM = Σ(Gif(Z)if1(T)iZiPzPOC) 
Abbreviations: Z, zooplankton; P, phytoplankton; POC, particulate organic carbon; 
DOC, dissolved organic carbon; POP, particulate organic phosphorus; PO4, 
phosphate; PON, particulate organic nitrogen; NH4, ammonium; NO3, nitrate; POM, 
particulate organic matter (C, N or P); IPzi, zooplankton internal phosphorus; INzi, 
zooplankton internal nitrogen; IPj, phytoplankton internal phosphorus; INj, 
phytoplankton internal nitrogen; DO, dissolved oxygen; DOatm, concentration of 
oxygen in the atmosphere; DPOM, POM diameter; g, acceleration due to gravity; LA, 
layer area; LV, layer volume; Δz, layer thickness; ρw, density of water; μ, viscosity 
of water; kO2, oxygen transfer coefficient. Subscripts: i, zooplankton group; j, 
phytoplankton group; k, zooplankton predator group. 

Table 2.1 – Equations used to describe the processes included in the ecological 

model CAEDYM 

The major nutrient fluxes represented in CAEDYM are uptake of dissolved 

inorganic nutrients by phytoplankton, release of dissolved nutrients from 

phytoplankton excretion, grazing, egestion and excretion of nutrients by 

zooplankton, nitrification and denitrification of inorganic nitrogen, sedimentation of 

nutrients in particulate form, bacterially catalyzed mineralization of organic nutrients 

and release of dissolved nutrients from bottom sediments (Table 2.1). 
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Net change in carbon concentration for each phytoplankton state variable at each 

model time step is calculated as the difference between the increment due to gross 

primary production and losses due to sedimentation, grazing by zooplankton, 

respiration, excretion and mortality.  These terms are calculated using equations 

parameterized to represent the different physiologies of each phytoplankton group 

(Table 2.2).  Losses due to grazing by zooplankton are calculated by multiplying the 

food assimilation rate for each zooplankton group by a preference factor for each 

food source. 

Net zooplankton growth is calculated as a balance between food assimilation and 

losses from respiration, excretion, egestion, predation and mortality.  Food 

assimilation is calculated as the product of the maximum potential rate of grazing, 

assimilation efficiency, and temperature and food concentration functions.  A 

constant internal nutrient ratio is assumed for simplicity, and excretion of nutrients is 

used to maintain this ratio at each time step.  Advective movement of zooplankton is 

carried out in DYRESM.  The mechanism of diel vertical migration (DVM) by 

zooplankton was not included in the model.  Easton and Gophen (2003) surveyed 

DVM in Lake Kinneret and found some diel variation in distribution of zooplankton 

but concluded that physical forces such as internal waves were interfering in 

migration. 

Bacteria were not modeled explicitly but nutrient fluxes associated with bacterial 

metabolism were included by way of mineralization of particulate organic pools 

(POC, POP and PON).  These pools therefore included a detrital component as well 

as a bacterial component, all of which were potentially grazed.  Fish were not 

modeled explicitly, however, grazing of fish on phytoplankton and predation of fish 

on zooplankton were accounted for by increasing the phytoplankton and zooplankton 
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mortality terms by a constant factor calculated using estimates of fish biomass and 

grazing and predation rates.  Silica limitation of diatoms has not been observed in 

Lake Kinneret  (Zohary unpub. data) so this nutrient and its physiological effects 

were not included in the model. 

Collection of field verification data – The main lake sampling station (Station A) 

is located at the deepest point in the lake (Figure 2.1).  Data were chosen from this 

station for 1997 and 1998 because these years contained the most complete record 

for both model inputs (forcing data) and in-lake data.  In addition there were marked 

differences in phytoplankton assemblages between these two years that enabled us to 

rigorously evaluate both the validity of the model parameterization and patterns in 

model flux outputs. 

Water samples were collected from Station A with a 5-L bottle sampler from 

discrete depths (0, 1, 2, 3, 5, 7, 10, 15, 20, 30 and 40m) between 0800 and 1000h 

every two weeks for phytoplankton enumeration, and weekly for analysis of nutrient 

(TN, TP, PO4-P, NO3-N and NH4-N) concentrations.  The methods used for 

phytoplankton microscope counts, biovolume calculation and determination of fresh 

weight are described in Zohary (2004).  As model simulations are based on 

phytoplankton carbon concentrations, wet weight (WW) was converted to carbon by 

assuming ratios of 0.155, 0.041 and 0.110 g C (g WW)-1 for Peridinium sp., 

Aulacoseira sp. and nanoplankton respectively determined using a CHN analyzer 

(Zohary, unpub. data). 

For routine determinations of copepod, cladoceran and rotifer biomass, composite 

water samples from discrete water column depths were taken every two weeks.  

Samples were collected every 5m from the surface to the depth of the surface mixed 
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layer that ranged from 16m during stratification down to the bottom at 40m during 

winter.  All samples were mixed, fixed with formalin, and a subsample of 800 ml 

was taken for zooplankton counts. The counts were converted to biomass using 

values of mean wet weight per individual assuming a constant size within each 

taxonomic or life history group.  Carbon content was estimated as 6% of wet weight 

for copepods (including all stages) and 8% of wet weight for cladocerans and rotifers 

(Hart et al. 2000).  Ciliate biovolume was estimated assuming an oblate spherical 

shape and using a value of 0.14 pg C μm-3 to convert to equivalent carbon mass (Putt 

and Stockner 1989).  No ciliate data were available for the period 1997-1998 so 

multi-annual monthly means of data from 2001-2003 were used for both simulated 

years.  Zooplankton were categorized as predatory zooplankton (predatory copepods 

and rotifers), macro-zooplankton (cladocerans and juvenile copepods) or micro-

zooplankton (small herbivorous and bactivorous rotifers, ciliates and flagellates).  

Micro-zooplankton data were used for comparative purposes only and not for 

measures of model fit due to paucity of flagellate data and the fact that samples were 

collected outside of the simulated period. 

Particulate organic carbon (POC) concentration in the water was approximated 

from measurements of total suspended solids (TSS) using the following equation: 

POC = TSS * 0.5 * LI    (1) 

where LI is the proportion of TSS allocated to organic matter as calculated by 

mass lost from filter combustion for 1 hour at 550°C, and assuming that C is 0.5 of 

the weight of organic matter.  LI values for Lake Kinneret varied from 0.6 during 

diatom blooms to 0.925 during Peridinium blooms, and 0.8 for the rest of the year 

(A. Parparov, personal communication, 2004) 
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Model Inputs - Model input files include data for initialization, meteorology, 

inflows and outflows.  The initialization file was prepared from field data collected 

on 5 January 1997.  Inflow data included the daily volume, temperature, salinity and 

nutrient concentrations of each inflow.  Phytoplankton and zooplankton 

concentrations were negligible in the inflows and were set to zero.  The outflow file 

included the total daily outflow volume from released outflow and local pumping.  

Meteorological input data included hourly short- and long-wave radiation, air 

temperature, vapor pressure, wind speed and precipitation collected from a 

meteorological station located at Tabgha (Figure 2.1) approximately 1 km from the 

northwest shore of the lake (see Gal et al. (2003)). 

The physical parameters used to simulate the hydrodynamics of Lake Kinneret 

were either physical constants or were fixed according to the dimensions of the lake 

(Yeates and Imberger 2004). 

Parameters used for CAEDYM are listed in Table 2.2.  Most parameters were 

derived from recent experimental analyses on the three phytoplankton groups 

(Zohary, unpub. data) and three zooplankton groups (Hambright, unpub. data) from 

the lake, as well as published literature (as listed in Table 2.2) and reports on the 

biota of Lake Kinneret.  Where parameters were not available, a series of model runs 

were performed to calibrate the simulation results against field data, maintaining 

parameter values within the bounds of literature values for the same or similar 

species in other lakes. 
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General     
Parameter Description Units Assigned 

value 
Values from 
field/lit 

Kd Background extinction 
coefficient 

m-1 0.25 0.46a 0.25b 

Source a (Serruya and Berman 1976) 
b Best fit to field data  

 
Phytoplankton 
Parameter Description Units Assigned 

values: 
Peridinium 
Nanoplankton 
Aulacoseira 

Values from 
field/literature 

Pmax Maximum potential 
growth rate 

day-1 0.4 
2.8 
2.4 

0.24-4.56a 
2.4-8.57a 
0.715b 

Is Light saturation for 
maximum production 

μEm-2s-1 130 
75 
440 

130c 
75d 
440-710b 

Kep Specific attenuation 
coefficient 

m2 g C-1 0.449 
0.54 
0.448 

0.449e 
 
0.448f 

KP Half saturation 
constant for 
phosphorus uptake 

mg L-1 0.002 
0.0015 
0.0015 

0.001-0.0048h 
0.0011h 
0.0028-0.0111h 

KN Half saturation 
constant for nitrogen 
uptake 

mg L-1 0.11 
0.035 
0.01 

0.38c 
 
 

INmin Minimum internal N 
ratio 

mg N (mg C) -1 0.0448 
0.05 
0.0766 

0.0448g 
 
0.125h 

INmax Maximum internal N 
ratio 

mg N (mg C) -1 0.094 
0.222 
0.1125 

0.09g 
 
0.146h 

UNmax Maximum rate of 
nitrogen uptake 

mg N (mg C) –1 
day-1 

0.0448 
0.111 
0.109 

0.0043c 
 
 

IPmin Minimum internal P 
ratio 

mg P (mg C) –1 0.0045 
0.0061 
0.0119 

0.0040g 
 
0.0119h 

IPmax Maximum internal P 
ratio 

mg P (mg C) –1 0.0187 
0.0296 
0.0850 

0.0187g 
 
0.0850h 

UPmax Maximum rate of 
phosphorus uptake 

mg P (mg C) –1 
day-1 

0.0033 
0.0148 
0.0125 

0.0006-0.0060h 
0.0074h 
0.0031-0.0187h 

θj Temperature multiplier 
for growth 

 1.062 
1.12 
1.12 

1.08c 
 
1.06b 

Tsta Standard temperature °C 20 
20 
20 

 

Topt Optimum temperature °C 24 
25 
20 

22h 
20-30h 
16-17h 

Tmax Maximum temperature °C 30 
35 
27.5 

28h 
>35h 
26-27h 
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Rj Metabolic loss rate 
coefficient 

day-1 0.02 
0.03 
0.01 

0.03c 
 
0.039-0.051h 

θR Temperature multiplier 
for metabolic loss 

 1.06 
1.07 
1.12 

 

fres Fraction of respiration 
relative to total 
metabolic loss 

 0.4 
0.4 
0.4 

 

fDOM Fraction of metabolic 
loss rate that goes to 
DOM 

 0.1 
0.1 
0.1 

 

ws Settling velocity ms-1 0.0 
1.74e-6 
1.6e-5 

 
 
7e-6-1.15e-5h 

Sources a(Pollingher and Berman 1982) 
b(Cole and Jones 2000) 
c(Pollingher 1986) 
dEstimated from (Reynolds 1984) 
e(Serruya and Berman 1976) (converted from Chl a units) 
f(Kirk 1994) (cites (Jewson 1977) – Aulacoseira in Lough Neagh, converted 
from Chl a units) 
g(Wynne et al. 1982) 
hZohary unpublished data 

 
Zooplankton 
Parameter Description Units Assigned 

values: 
Predatory 
Macro 
Micro 

Values from 
field/literature 

Gi Grazing rate gC m-3 (gC m-3)-1 

day-1 
1.1 
1.67 
2.5 

1.0a 
1.67b 
2-10 

Ai Grazing efficiency - 0.9 
1.0 
1.0 

 

Ri Respiration rate 
coefficient                        

day-1 0.08 
0.08 
0.25 

0.32 a 
0.12 b 
 

Mi Mortality rate coefficient   day-1 0.01 
0.01 
0.1 

 

feg Fecal pellet fraction of 
grazing 

day-1 0.10 
0.05 
0.1 

 

fex Excretion fraction of 
grazing 

day-1 0.3 
0.11 
0.2 

0.13 a 
0.11 b 
 

DOmz Minimum DO tolerance gO m-3 1.5 
1.0 
0.5 

 

θi Temperature multiplier 
for growth 

 1.2 
1.1 
1.08 

1.1 a 
1.15 b 
 

Tsta Standard temperature °C 20 
20 
20 

20 a 
20 b 
 

Tmin Minimum temperature oC 28 
28 

29 a 
28 b 
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20  
Tmax Maximum temperature oC 38 

34 
27 

34 a 
34 b 
 

θRi Respiration 
temperature 
dependence                   

 1.05 
1.15 
1.15 

1.1 a 
1.15 b 
 

Ki Half saturation constant 
for grazing                        

g C m-3 0.5 
0.7 
0.5 

0.14c 
0.54d 
1.64e 

INzi Internal ratio of nitrogen 
to carbon. 

g N gC-1 0.2 
0.2 
0.2 

0.184f 
0.165g 

IPzi Internal ratio of 
phosphorus to carbon 

g P gC-1 0.01 
0.01 
0.01 

0.005f 
0.012g 

PzPHY Preference of 
zooplankton for 
nanoplankton 

 0.1 
1.0 
0.0 

0.05h 
0.38 h 
0.1 h 

PzZOO Preference of 
zooplankton for 
predatory zooplankton 

 0.1 
0.0 
0.0 

0.1 h 
0.0 h 
0.05h 

PzZOO Preference of 
zooplankton for macro-
zooplankton 

 0.5 
0.0 
0.0 

0.75h 
0.0h 
0.0h 

PzZOO Preference of 
zooplankton for micro-
zooplankton 

 0.3 
0.0 
0.0 

0.05h 
0.0h 
0.0h 

PzPOC Preference of 
zooplankton for POC 

 0.0 
0.0 
1.0 

0.05h 
0.2h 
0.75h 

Sources a(Gophen 1976)  

b(Gophen 1976) 

c(Landry and Hassett 1985), Calanus pacificus 
d(Haney and Trout 1985), Ceriodaphnia quadrangular. 
e(Stemberger and Gilbert 1985), Asplanchna priodonta 
f(Andersen and Hessen 1991), Acanthodiaptomus denticornis mean 
g(Andersen and Hessen 1991), Daphnia longispina mean 
h(Gophen and Azoulay 2002) 

 
Dissolved Oxygen and Nutrients 
Paramete
r 

Description Units Assigned 
values 

Values from 
field/literature 

YO2:C Stoichiometric ratio of 
oxygen to carbon 

- 2.6667  

SdDO DO sediment exchange 
rate 

g O m-2 day-1 1.5  

KDO_sed Half saturation constant 
for  DO sediment flux 

g O m-3 0.5  

KDO_POM Half saturation constant 
for dependence of 
POM/DOM 
decomposition on DO 

g O m-3 2.5  

fanB Aerobic/anaerobic 
factor 

- 0.3  

θPOM Temperature multiplier - 1.18 1.02-1.14a 
RPOC Mineralisation rate for 

POC to DOC 
day-1 0.001  

RPOP Mineralisation rate for 
POP to PO4 

day-1 0.01 0.01-0.1a 



 

 

43

RPON Mineralisation rate for 
PON to NH4 

day-1 0.02 0.01-0.03a 

DPOM Diameter of POM 
particles 

m 0.0000150  

ρPOM Density of POM 
particles 

kg m-3 1080  

KePOC Specific light 
attenuation coefficient 
for POC 

m2 g-1 0.001  

RDOC Mineralisation rate for 
DOC 

day-1 1 Set to 1 to 
eliminate DOC 
pool for 
simplicity 

KeDOC Specific light 
attenuation coefficient 
of DOC 

m2 g-1 0.001  

RN2 Denitrification rate 
coefficient 

day-1 0.08 0.1a 

θN2 Temperature multiplier 
for denitrification 

- 1.08 1.045a 

KN2 Half saturation constant 
for denitrification 
dependence on oxygen 

g N m-3 0.5  

RNO Nitrification rate 
coefficient 

day-1 0.015 0.1-0.2a 

θNO Temperature multiplier 
for nitrification 

- 1.08 1.08a 

KNO Half saturation constant 
for nitrification 
dependence on oxygen 

g O m-3 0.5  

θsed Temperature multiplier 
for sediment nutrient 
fluxes 

- 1.05  

SdPO4 Release rate of PO4 
from sediments 

g m-2 day-1 0.0008 0.0008b 

KDO_SdPO4 Controls sediment 
release of PO4 via 
oxygen - Half 
saturation constant for 
sediment PO4 release 
dependence on DO 

g m-3 3.0  

SdNH4 Release rate of NH4 
from sediments 

g m-2 day-1 0.05 0.025b 

KDO_SdNH4 Controls sediment 
release of NH4 via 
oxygen - Half 
saturation constant for 
sediment NH4 release 
dependence on DO 

g m-3 1.0  

Sources a(Jorgensen and Bendoricchio 2001) 

b (Serruya et al. 1974) 

Table 2.2 – Parameters used in CAEDYM to simulate ecological variables in Lake 

Kinneret. 
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The period from January to April of 1997 was used for initial parameter 

calibration.  Half-saturation constants for zooplankton grazing strongly influenced 

the timing and magnitude of peaks in phytoplankton and zooplankton biomass.  For 

each zooplankton group these parameters were adjusted within ranges of published 

literature, to reproduce the observed mid-winter and spring peaks of the predatory 

and macro-zooplankton groups, and winter growth and mid-spring peaks of micro-

zooplankton.  The remainder of 1997 was used to make minor adjustments to 

parameters (e.g., grazing and losses) in order to reproduce observed seasonal 

variations while the 1998 period was used for model validation. 

Comparisons of field and model data were made for monthly averaged photic 

zone concentrations (surface 10m).  Definition of what would be considered a 

“good” or “acceptable” fit is difficult to establish quantitatively and we choose 

representation of closeness of model fit using the average absolute error normalized 

to the mean (NMAE; (Alewell and Manderscheid 1998)): 

NMAE =
st − ot( )

t=1

n

∑
no

,    (2) 

where st is the simulated value at time t, ot is the observed value at time t, ō is the 

mean of the observed values over the simulation period and n is the number of 

observed values.  NMAE is a measure of the absolute deviation of simulated values 

from observations, normalized to the mean; a value of zero indicates perfect 

agreement and greater than zero an average fraction of the discrepancy normalized to 

the mean.  Since an acceptable fit depends on the scatter of the observed data, we 

calculated, from the field data for each state variable, a standard deviation from 

monthly averages.  As a comparison to overall model fit, these monthly standard 
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deviations were then averaged over the simulation period and normalized to the 

mean (see Table 2.3).  Model fit was considered acceptable when the simulated 

NMAE’s fell within or close to one standard deviation of the observed monthly 

average field data. 

Although the NMAE method gives useful quantitative information about model 

performance, it may misrepresent the fit in cases where the mean is very small 

compared with a short-term peak or bloom (Alewell and Manderscheid 1998).  

Values of NMAE were therefore combined with qualitative graphical comparisons in 

evaluating the success of the calibration procedure.  This measure was particularly 

effective when exploring the solution space of sensitive parameters. 

A sensitivity analysis was performed on each of the CAEDYM parameters listed 

in Table 2.2, adjusting each parameter by ±10% or by ± 0.01 in the case of the 

temperature multipliers.  Sensitivity coefficients (sij ) to assess the relative sensitivity 

of variable i to parameter j were calculated according to Chen et al. 2002: 

j

j

i

i

ij
c

c

s

β
βΔ

Δ

=      (3) 

where Δcj is the change in variable i from the reference value ci and Δβj is the 

change in parameter j from the reference value βj.  The calculations were made for 

each of the major state variables taking the daily mean photic depth (defined as 1% 

of incident PAR) concentrations averaged over the full simulation period. 
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2.5 Results 

Dissolved oxygen in the upper 10m measured in the field is elevated through the 

first six months of both years, with a peak in May-April corresponding to increased 

phytoplankton biomass as a result of Peridinium blooms (Figure 2.3).  The simulated 

data show a similar pattern although peak values are slightly lower than in the field.  

The inorganic nitrogen field data for the upper 10m of water column show a strong 

seasonal pattern with increased concentrations in the winter months following the 

breakdown in stratification, and low concentrations during the summer stratified 

period (Figure 2.3).  The NO3 peak and subsequent decline in the field data followed 

a similar sequence, but with a 1-2 month phase lag compared with NH4 (Figure 2.3).  

The lag may be explained by nitrification of NH4 to NO3 at turnover, following the 

progressive build up of NH4 in the hypolimnion during the stratified period.  NO3 

subsequently declined in the surface layer as inorganic nutrients were depleted 

through biological uptake (Figure 2.3).  The simulated results showed a similar 

pattern although the summer decline of NO3 in 1997 was slower than observed in the 

field and the NH4 peak in the 1997-1998 winter was slightly delayed (Figure 2.3).  

The PO4 field data varied irregularly in 1997, declined to low concentrations in the 

first 3 months of 1998 and then showed elevated concentrations throughout the 

remainder of 1998 (Figure 2.3).  A period of increased concentration following the 

breakdown of stratification in December 1997 was captured with the model 

simulations, as well as the elevated concentrations in the second half of 1998, but the 

model otherwise tended to underestimate PO4 concentrations (Figure 2.3).  Despite 

this discrepancy, the simulation results of the major (in term of biomass) 

phytoplankton species (nanoplankton and Peridinium) generally closely followed the 

trends in the field data. 
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Figure 2.3- Comparison of monthly averages of model simulation results 

(continuous line) and field data (circles) for Lake Kinneret in 1997 and 1998 for 

nutrients (NH4, NO3, PO4), phytoplankton (nanoplankton, Peridinium and 

Aulacoseira), photic depth (defined as 1% incident light level), POC, DO and 
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zooplankton (predatory, macro and micro).  The error bars on the field data indicate 

the standard deviation from the mean for each month. 

The nanoplankton field and simulated data exhibit a similar pattern to the PO4 

data with lower variability.  Concentrations were variable in 1997, decreased in early 

1998 and were then elevated for the remainder of 1998 (Figure 2.3).  The Peridinium 

field data show two peaks; one in 1997 and one in 1998 (Figure 2.3).  The 1997 peak 

occurred later (June – July) and was seven times lower than the peak in June 1998 

peak which was the end-point of a continuous increase from February 1998 (Figure 

2.3).  The other major difference between the years was that, although some 

Peridinium biomass persisted through the second half of 1997, there was little 

biomass in the second half of 1998.  These patterns were captured well in the 

simulated data (Figure 2.3).  Large increases in Aulacoseira biomass occurred in 

January and February of both 1997 and 1998. The simulated results did not 

reproduce the bloom in 1998 but the C-biomass contributed by Aulacoseira was 

small (3% of total) and of lesser importance to the role of zooplankton, that generally 

do not graze this large filamentous diatom (Figure 2.3).  The timing and magnitude 

of the peaks may be related to resuspension of resting cells caused by high 

turbulence (Zohary 2004) while the decline may be related to the re-establishment of 

the stratification and enhanced sedimentation losses of cells.  Resuspension of 

resting cells was not simulated in the model, which may explain the absence of an 

Aulacoseira bloom in the 1998 simulated results, while the initial conditions 

prescribed for January 1997 (0.025 gC m-3) stimulated a bloom prior to stratification. 

Biomass of predatory zooplankton in Lake Kinneret showed reasonable scatter 

punctuated by a short-duration peak in April 1997 and a larger peak from April to 

May 1998 (Figure 2.3).  The magnitude of these variations was captured by the 
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model simulations but the peak in June 1998 was not reproduced (Figure 2.3).  The 

field data for the macro-zooplankton biomass were almost ten times higher than for 

the predatory zooplankton.  It is difficult to discern obvious seasonal patterns in the 

field data although concentrations were elevated mid summer and mid winter; which 

were captured in the simulations (Figure 2.3).  The micro-zooplankton field data 

were compiled by averaging monthly biomass measurement for years 2001 to 2003, 

so there is no inter-annual variation (Figure 2.3) but there is a peak in concentration 

for the months of April and May.  These peaks were not captured in the model data, 

and the simulated concentrations for the remainder of both years were lower than the 

field data (Figure 2.3).  Although the contribution of micro-zooplankton to total 

zooplankton biomass is small, this group has high growth and excretion rates, so 

their contribution to lake nutrient fluxes is most probably underestimated. 

It is possible that discrepancies between model and field data may be the result of 

misrepresentation of field data associated with bias from sampling concentrated 

patches of zooplankton (see Yacobi et al. (1993)).  The errors associated with spatial 

and temporal variations are reflected in the error bars representing the standard 

deviation calculated from samples taken at different times in the lake (Figure 2.3); 

high spatial variability is evident where the standard deviation exceeds the mean 

value (e.g. predatory zooplankton in June 1998).  In the cases where spatial variation 

is not so evident (e.g. Peridinium January to December 1997) simulated and 

observed data are generally in good agreement.  In these cases the use of a spatially 

averaged model is more appropriate. 

In summary, the model appeared to simulate all the variables within the bounds of 

the scatter in the field data. The only major exception to this was micro-zooplankton 

where the model simulations were consistently too low after the initial calibration 
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period.  As explained above, the micro-zooplankton were characterized by a high 

turnover of biomass so that achieving a balance between growth rate and respiration 

was difficult.  Current data collection of micro-zooplankton has improved and future 

work will focus on the role of the micro-zooplankton in the nutrient cycles of the 

lake. 

In both 1997 and 1998 the field data indicate that anoxia occurs in the 

hypolimnion from June to November or December, below a depth of approximately 

20m (Figure 2.4C).  This pattern was well reproduced by the model although the 

oxygen depletion extended vertically faster in the field than in the model.  Based on 

the comparison or field and simulated temperatures (Figure 2.4A and B respectively) 

the extent of mixing through the water column is well reproduced, but the 

discrepancy in the oxygen contour plots (Figure 2.4C and D) suggests that the water 

column oxygen depletion, determined through interactions of mixing, consumption 

and  photosynthetic production of oxygen,  may require further study and 

refinement.  The pattern of stratification and anoxia is also reflected in increased 

release rates of PO4-P during anoxia (see  Figure 2.7A) resulting in PO4 buildup in 

the hypolimnion prior to breakdown of stratification at which point it is rapidly 

vertically redistributed (Figure 2.4E & F).  For the case of the observed total 

phytoplankton carbon (Figure 2.4G), elevated concentrations occur from May to 

August 1997 and also in February to June, 1998.  For the simulated results the 

timing of these patterns is well matched although the magnitude is ~ 30% lower for 

the summer bloom of 1998 (Figure 2.4H). 



 

 

51

14
15.7
17.4
19.1
20.8
22.5
24.2
25.9
27.6
29.3
31

40

30

20

10

0

D
ep

th
 (

m
)

Field A

0
1.2
2.4
3.6
4.8
6
7.2
8.4
9.6
10.8
12

40

30

20

10

0

D
ep

th
 (

m
)

C

1997 1998
Date

J FMAMJ J ASONDJ F MAMJ J ASOND

14
15.7
17.4
19.1
20.8
22.5
24.2
25.9
27.6
29.3
31

40

30

20

10

0

D
ep

th
 (

m
)

Model B

0
1.2
2.4
3.6
4.8
6
7.2
8.4
9.6
10.8
12

40

30

20

10

0

D
ep

th
 (

m
)

Model D

1997 1998
Date

J FMAMJ J ASONDJ F MAMJ J ASOND

0.0001
0.0002
0.0004
0.0008
0.0016
0.0032
0.0063
0.0126
0.0251
0.0501
0.1

40

30

20

10

0

D
ep

th
 (

m
)

Field E

0
0.3
0.6
0.9
1.2
1.5
1.8
2.1
2.4
2.7
3

40

30

20

10

0

D
ep

th
 (

m
)

G

1997 1998
Date

J FMAMJ J ASONDJ F MAMJ J ASOND

0.0001
0.0002
0.0004
0.0008
0.0016
0.0032
0.0063
0.0126
0.0251
0.0501
0.1

40

30

20

10

0

D
ep

th
 (

m
)

Model F

0
0.3
0.6
0.9
1.2
1.5
1.8
2.1
2.4
2.7
3

40

30

20

10

0

D
ep

th
 (

m
)

H

1997 1998
Date

J FMAMJ J ASONDJ F MAMJ J ASOND

Figure 2.4 – Comparative contour plots for measured and simulated temperature, ºC 

(A and B), dissolved oxygen, g L-1 (C and D), PO4 (E and F) and total phytoplankton 

carbon g L-1 (G and H) for 1997-1998. 
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Quantitative measures of model fit – The calculated values of normalized mean 

absolute error are presented in Table 2.3 for each of the major state variables over 

the full simulation period from 1997 to1998.  They all fall within or close to the 

normalized mean standard deviation of the field data with the exception of NH4 and 

NO3.  Although the NMAE values for the simulated results were generally higher for 

the full simulation period (1997-1998) than for the calibration period (1997), the 

increases were comparatively low, indicating that in general, the model provides a 

robust prediction beyond the 1997 calibration period. 

Variable NMAE SD/Mean 
Dissolved oxygen 0.07 (0.09) 0.07 (0.06)
NH4 0.66 (0.68) 0.40 (0.44)
NO3 0.43 (0.32) 0.27 (0.20)
PO4 0.81 (0.81) 0.66 (0.91)
Nanoplankton 0.50 (0.41) 0.37 (0.41)
Peridinium 0.40 (0.51) 0.41 (0.44)
Aulacoseira 0.79 (0.49) 0.68 (0.89)
Predatory zooplankton 0.59 (0.51) 0.50 (0.46)
Macro-zooplankton 0.46 (0.35) 0.31 (0.20)
Micro-zooplankton 0.85 (0.88) - 
Average 0.52 (0.46) 0.41 (0.45)

Table 2.3– Results of normalised mean absolute error (NMAE) calculations applied 

to compare simulated to field data for years 1997-1998.  The standard deviation (SD) 

and mean are calculated for the field data.  The values in parentheses represent the 

same calculations made over the 1997 calibration period. 

Sensitivity analysis – To evaluate which parameters have the greatest effect on 

model results, sensitivity coefficients (sij Eq. 3) (a relative measure of sensitivity of 

outcome related to parameter change) were calculated for each of the major state 

variables and presented in Table 2.4.  Chen et al. (2002) defined a parameter to be 

sensitive if the sij was > 0.5.  Using this definition the percentage of sensitive 

parameters (highlighted in bold) for each variable was calculated and included in the 

last row of Table 2.4.  Of nine variables, four (NO3, nanoplankton, Aulacoseira and 
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macrozooplankton) had less than 10% of parameters sensitive, three (NH4, 

Peridinium and microzooplankton) had approximately 30% and two (PO4 and 

predatory zooplankton) had the majority of parameters sensitive to their outcome.  A 

sij value greater than one means that the percentage change in simulated variable is 

greater than the percentage change in the parameter, in other words the parameter 

change is leveraged by the model. 

Parameter NH4 NO3 PO4 Peri Nano Aula Pred Macro Micro Ave 
Kd -0.36 -0.14 0.44 -0.41 -0.07 -0.38 -1.18 0.11 -0.51 0.40
Pmax -0.63 -0.35 -0.76 1.41 -0.10 -0.10 -1.66 -0.47 -0.18 0.63
 -0.48 -0.25 -0.12 -0.75 0.00 -0.47 -0.20 0.30 -0.14 0.30
 -0.27 -0.06 1.08 0.13 -0.02 1.06 -0.89 0.11 -0.35 0.44
Is -0.40 -0.14 -0.38 -0.22 -0.08 -0.08 -0.88 -0.06 -0.49 0.30
 -0.32 -0.12 0.22 0.20 -0.07 0.00 -1.12 -0.03 -0.24 0.26
 0.03 0.04 -0.20 -0.72 0.03 -0.43 0.06 0.07 -0.55 0.24
Kep -0.02 0.06 -0.63 -0.53 0.04 0.08 0.07 0.03 -0.60 0.23
 0.17 0.13 1.41 -0.02 0.01 -0.31 -0.32 0.13 -0.83 0.37
 -0.58 -0.19 -1.30 -0.01 -0.06 -0.10 -0.82 -0.21 -0.05 0.37
KP -0.05 0.15 -0.99 -1.91 0.05 -0.02 0.58 0.16 -0.88 0.53
 -0.40 -0.26 0.29 1.13 -0.03 0.40 -1.23 -0.23 -0.26 0.47
 -0.35 -0.18 -0.23 -0.07 -0.09 -0.29 -0.96 -0.04 -0.51 0.30
KN -0.40 -0.24 -0.69 0.07 -0.06 -0.02 -1.06 0.08 -0.43 0.34
 -0.27 -0.28 -1.53 0.16 -0.06 -0.10 -0.86 -0.13 -0.24 0.40
 -0.41 -0.14 0.20 -0.09 -0.04 0.09 -0.89 -0.04 -0.78 0.30
INmin -0.37 -0.17 0.17 -0.48 -0.05 -0.09 -0.83 0.04 -0.53 0.30
 -0.70 -0.37 0.65 -0.04 -0.05 -0.07 -1.02 -0.14 -0.46 0.39
 -0.11 -0.12 0.20 -0.08 0.03 -0.35 -0.05 0.12 -0.24 0.14
INmax -0.32 -0.22 -0.31 -0.21 -0.02 -0.06 -0.48 -0.11 -0.60 0.26
 -0.68 -0.74 0.80 -0.61 -0.07 -0.08 -0.67 0.01 -0.20 0.43
 -0.54 -0.22 -0.61 -0.03 -0.09 0.04 -1.19 -0.19 -0.51 0.38
UNmax -0.62 -0.26 -0.10 -0.11 -0.05 0.05 -0.59 0.01 0.16 0.22
 -0.67 -0.46 1.30 -0.40 -0.04 0.01 -0.81 -0.01 -0.28 0.44
 -0.44 -0.18 -2.28 -0.58 -0.08 -0.09 -0.77 -0.38 -0.56 0.59
IPmin -0.16 0.10 1.18 -2.61 -0.03 0.02 -0.19 0.22 -0.63 0.57
 -0.58 0.03 -0.81 0.82 -0.16 0.62 -2.28 -0.67 -0.02 0.67
 -0.53 -0.21 -1.28 -0.09 -0.09 -0.98 -1.12 -0.12 -0.53 0.55
IPmax -0.75 -0.30 -0.45 0.06 -0.09 -0.09 -1.27 -0.02 -0.47 0.39
 -0.67 -0.20 -0.85 -0.52 -0.07 -0.04 -0.88 -0.12 0.01 0.37
 -0.27 -0.04 -0.56 -0.18 -0.06 -0.03 -1.05 -0.06 0.05 0.26
UPmax -0.83 -0.35 -0.52 1.30 -0.10 0.00 -1.88 -0.46 -0.43 0.65
 -0.18 0.09 -0.98 -2.04 0.04 -0.52 0.38 0.21 -0.59 0.56
 -0.25 -0.05 -1.09 -0.32 -0.06 0.50 -0.96 -0.06 -0.54 0.43
θj -0.33 -0.15 0.86 -0.12 0.00 -0.15 -0.21 0.29 -0.67 0.31
 -0.55 -0.09 -0.35 -0.25 -0.06 0.23 -1.29 -0.36 -0.01 0.35
 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Tsta -0.23 -0.08 -0.78 0.24 -0.02 0.00 -0.31 -0.11 -0.03 0.20
 -0.08 -0.05 1.53 -1.31 0.06 0.01 0.58 0.49 -0.01 0.46
 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Topt 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
 -0.28 -0.08 -0.13 -0.77 0.01 0.00 0.28 0.23 0.04 0.20
 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
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Tmax -0.34 -0.09 -1.15 2.06 -0.05 -0.01 -1.48 -0.57 -0.01 0.64 
 -0.15 0.00 0.58 -0.30 -0.01 0.00 -0.10 -0.16 -0.03 0.15 
 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
Rj 0.31 0.28 0.91 -2.59 0.04 0.00 0.58 0.37 0.06 0.57 
 -0.26 -0.10 1.60 0.52 -0.07 0.15 -1.15 -0.26 0.23 0.48 
 0.42 0.25 0.57 -0.43 0.04 -0.23 0.00 0.12 -0.23 0.25 
θ -0.46 -0.14 -1.36 -1.14 -0.07 0.09 -0.52 -0.12 -0.44 0.48 
 -0.31 -0.17 0.36 0.06 -0.06 -0.08 -1.04 0.04 -0.36 0.28 
 -0.50 -0.09 -1.80 -0.61 -0.14 0.13 -0.82 -0.40 0.26 0.53 
fres -0.17 -0.14 0.41 -0.01 0.02 -0.06 -0.18 0.05 -0.39 0.16 
 -0.43 -0.14 -0.42 -0.56 -0.04 -0.06 -0.60 -0.04 -0.19 0.28 
 -0.38 -0.09 -1.03 -0.13 -0.09 -0.12 -1.21 -0.06 -0.51 0.40 
fDOM -0.22 -0.09 -0.93 -0.09 -0.03 -0.05 -0.73 0.01 0.09 0.25 
 -0.30 -0.11 0.15 0.14 -0.05 0.07 -0.90 0.05 -0.48 0.25 
 -0.53 -0.16 0.18 -0.23 -0.05 0.04 -0.84 -0.16 -0.26 0.27 
ws 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
 -0.58 -0.21 -0.81 -0.23 -0.10 -0.07 -1.45 -0.22 0.06 0.41 
 -0.29 -0.08 2.04 -0.17 0.01 -1.53 0.12 -0.09 -0.29 0.51 
Gi -1.98 -0.24 -3.91 -8.21 1.81 -0.23 30.21 -4.61 -0.21 5.71 
 -0.05 -0.04 -0.09 2.63 -0.77 0.95 -4.14 -0.10 -0.98 1.08 
 -0.32 -0.15 0.32 0.12 -0.04 -0.07 -0.74 -0.06 2.36 0.46 
Azi -1.77 -0.24 -3.97 -7.96 1.99 -0.12 34.76 -4.66 -0.72 6.24 
 0.08 0.26 -0.31 3.06 -0.76 0.68 -3.45 0.88 -2.17 1.30 
 -0.46 -0.16 -0.74 -0.14 -0.07 -0.08 -1.10 -0.06 2.49 0.59 
Ri -0.36 -0.31 -1.34 2.01 -0.26 0.02 -4.81 0.15 -0.84 1.12 
 -0.58 -0.06 -2.91 -3.73 0.93 -0.05 8.20 -1.89 -0.11 2.05 
 -0.55 -0.16 -1.07 -0.45 -0.06 0.10 -0.97 -0.14 -1.28 0.53 
Mi -0.69 -0.38 -0.31 0.66 -0.13 0.00 -2.36 0.15 -0.36 0.56 
 -0.37 -0.06 -0.83 -0.58 -0.02 -0.13 -0.92 -0.22 0.03 0.35 
 -0.23 -0.14 -0.79 -0.26 -0.01 0.04 -0.29 -0.07 -0.78 0.29 
feg -0.57 -0.22 -1.71 0.61 -0.16 -0.01 -1.99 -0.22 -0.46 0.66 
 -0.54 -0.25 -0.68 -0.30 0.02 -0.05 -0.67 -0.19 -0.08 0.31 
 -0.67 -0.25 0.40 -0.10 -0.07 -0.08 -0.86 -0.13 -0.18 0.31 
fex -0.35 -0.15 -0.89 1.11 -0.15 -0.06 -3.13 0.02 -0.72 0.73 
 -0.16 0.09 -1.38 -0.58 0.07 0.02 0.26 -0.41 -0.45 0.38 
 -0.61 -0.12 -2.37 -0.67 -0.10 -0.03 -0.87 -0.43 -0.58 0.64 
DOmz -0.27 -0.09 0.00 0.03 -0.03 -0.09 -0.35 -0.05 -0.54 0.16 
 -0.19 -0.03 -0.98 -0.26 0.02 0.00 0.04 -0.25 0.06 0.20 
 -0.12 0.07 -0.52 -0.10 -0.02 -0.09 -0.24 -0.14 -0.47 0.20 
θj -0.34 -0.18 -0.99 0.52 -0.14 0.07 -2.41 0.03 -0.50 0.57 
 -0.19 -0.03 -0.77 -1.13 0.22 -0.18 1.20 -0.31 -0.34 0.48 
 -0.45 -0.09 -0.50 -0.27 -0.08 -0.09 -1.12 -0.06 -0.76 0.38 
Tsta -1.28 -0.08 -3.66 -5.96 1.31 -0.01 26.33 -3.76 -0.06 4.72 
 -0.36 -0.13 -1.47 0.89 -0.34 -0.01 -2.23 -0.34 0.06 0.65 
 -0.36 -0.07 -1.24 -0.25 0.02 0.00 -0.13 -0.25 0.65 0.33 
Tmin -0.34 0.02 0.16 -1.26 0.14 0.00 1.99 -0.38 -0.03 0.48 
 -0.31 -0.15 -1.02 2.66 -0.97 -0.01 -4.14 -0.47 -0.07 1.09 
 -0.26 -0.06 1.28 0.00 -0.03 0.00 -0.19 -0.17 0.11 0.23 
Tmax -0.29 -0.16 0.14 0.21 -0.04 0.00 -0.87 0.01 0.17 0.21 
 -0.95 -0.01 -3.45 -4.81 1.32 -0.01 16.47 -2.53 -0.09 3.29 
 -0.19 -0.04 -0.17 -0.08 -0.02 0.00 -0.13 -0.06 -0.02 0.08 
θRi -0.41 -0.16 1.21 0.47 -0.12 0.00 -2.20 0.19 -0.45 0.58 
 -0.52 0.02 -0.26 -1.58 0.33 -0.02 1.84 -0.37 -0.82 0.64 
 -0.80 -0.30 -1.77 -0.37 -0.09 -0.04 -0.74 -0.42 0.85 0.60 
Ki -0.38 -0.32 -0.71 1.55 -0.25 -0.07 -4.46 0.18 -0.56 0.94 
 -0.97 -0.06 -3.69 -7.07 2.07 -0.70 24.28 -3.51 -0.54 4.76 
 -0.42 -0.21 0.67 -0.34 0.03 -0.07 -0.08 0.08 -1.42 0.37 
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INzi 0.25 0.11 0.67 -0.37 0.03 -0.06 -0.32 0.18 -0.51 0.28 
 -0.74 -0.45 0.56 0.21 -0.03 0.00 -0.78 0.03 0.05 0.32 
 -0.43 -0.13 0.10 -0.24 -0.07 -0.16 -1.09 -0.04 -0.54 0.31 
IPzi -0.34 -0.17 1.08 0.29 -0.12 -0.08 -2.09 0.06 -0.11 0.48 
 -0.71 -0.16 -0.74 -0.40 -0.05 -0.47 -0.96 -0.19 -0.44 0.46 
 -0.86 -0.39 -0.78 0.07 -0.09 0.09 -1.27 -0.02 -0.27 0.43 
SdDO -0.45 -0.22 -1.15 -0.21 -0.10 -0.03 -0.93 -0.10 -0.40 0.40 
KDO_sed -0.38 -0.07 -0.14 -0.20 -0.04 -0.01 -0.58 0.03 -0.16 0.18 
KDO_POM -0.38 -0.16 -0.52 -0.50 -0.05 -0.04 -0.82 -0.16 -0.12 0.31 
fanB -0.44 -0.13 -0.87 -0.04 -0.08 0.10 -1.10 -0.06 0.10 0.32 
θPOM -0.38 -0.14 -0.54 -0.43 -0.07 0.01 -0.90 -0.13 -0.35 0.33 
RPOC -0.50 -0.16 -0.17 -0.12 -0.04 -0.06 -0.61 -0.01 -0.31 0.22 
RPOP -0.60 -0.39 1.20 0.08 0.05 0.09 0.30 0.05 -0.50 0.36 
RPON 0.43 0.37 -0.68 -0.10 -0.03 -0.11 -0.77 0.00 -0.64 0.35 
DPOM  -0.96 -0.13 1.00 -2.20 -0.10 -0.02 -1.89 -0.15 -3.56 1.11 
ρPOM -2.11 -0.34 2.36 -4.73 -0.26 -0.22 -4.06 -1.00 -4.13 2.13 
KePOC -0.59 -0.30 -0.71 0.05 -0.04 -0.05 -0.68 -0.08 -0.09 0.29 
RDOP -0.60 -0.27 0.52 0.26 -0.09 0.04 -1.35 -0.03 0.00 0.35 
RDON -0.58 -0.22 -0.95 -0.09 -0.07 0.00 -0.95 0.01 -0.02 0.32 
KeDOC -0.34 -0.10 0.18 -0.46 -0.04 -0.01 -0.77 0.05 0.00 0.22 
θN2 -0.53 -0.25 -0.74 0.43 -0.05 -0.07 -1.06 0.06 -0.25 0.38 
RN2 -0.88 -0.58 -0.03 -0.03 -0.08 -0.09 -1.21 -0.03 0.01 0.33 
KN2 -0.77 -0.56 0.16 -0.43 -0.08 -0.12 -1.16 -0.15 -0.05 0.39 
θNO -0.32 0.08 -2.01 -0.46 -0.06 -0.11 -0.51 -0.26 -0.21 0.45 
RNO -0.91 -0.13 -0.09 0.10 -0.06 -0.10 -1.09 -0.09 -0.40 0.33 
KNO -0.82 -0.28 -2.03 -0.08 -0.10 -0.04 -0.93 -0.30 -0.39 0.55 
θsed -0.38 -0.15 0.70 -0.26 -0.04 -0.11 -0.27 -0.07 -0.35 0.26 
SdPO4 -0.34 -0.17 1.08 0.29 -0.12 -0.08 -2.09 0.06 -0.11 0.48 
KDO_SdPO4 -0.71 -0.16 -0.74 -0.40 -0.05 -0.47 -0.96 -0.19 -0.44 0.46 
SdNH4 -0.86 -0.39 -0.78 0.07 -0.09 0.09 -1.27 -0.02 -0.27 0.43 
KDO_SdNH4 -0.45 -0.22 -1.15 -0.21 -0.10 -0.03 -0.93 -0.10 -0.40 0.40 
% > 0.5 34 2 66 34 7 6 74 8 31 28 

Table 2.4 – Results of sensitivity analysis on parameters used in CAEDYM to 

simulate Lake Kinneret. (Peri = Peridinium, Nano: nanoplankton, Aula = 

Aulacoseira, Pred = predatory zooplankton, Macro = macrozooplankton, Micro = 

microzooplankton, Ave = average of absolute values). 

The greatest number of sensitive parameters relate to the prediction of PO4, 

Peridinium and predatory zooplankton concentrations.  Macrozooplankton and 

microzooplankton had a smaller number of parameters sensitive to their prediction.  

The parameters that had the greatest sij averaged from all variables were the grazing 

rate, assimilation efficiency and standard temperature of the predatory zooplankton.  

These were followed by the half saturation constant for grazing, and the maximum 

(limiting) temperature of the macrozooplankton.  Another very sensitive parameter 
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was the POM density which directly affects the settling loss of POC, POP and PON 

from the water column. 

Trophic dynamics –  Simulations of total carbon mass generally compare 

favourably with field data although simulated biomass of phytoplankton and 

zooplankton tends to be slightly lower than for field measurements (Figure 2.5A and 

B).  This under-prediction is mostly associated with concentrations of POC and may 

be associated partly with conversions of TSS to POC (Eq. 1).  In April of 1998 there 

was an exceptionally large Peridinium bloom (Zohary 2004), the peak concentration 

of which was not well captured by the model (see also Figure 2.3).  In both 1997 and 

1998 the total carbon mass measured in the field and simulated by the model 

increased during mixis, peaked in early summer and then declined towards the end 

of the stratified period (Figure 2.5A and B).  In both the field and the model 

simulation results, the zooplankton biomass represented an average of approximately 

10% of the total carbon biomass (Figure 2.5C and D).  In the field data the detrital 

POC component of total carbon, including bacterial biomass, ranges from c. 75% in 

August 1998, when phytoplankton biomass was low, to nearly zero in May 1998 

during the Peridinium bloom (Figure 2.5C).  In this case the POC data in the field 

may have been underestimated by removing an overestimate of phytoplankton 

carbon and are likely to be closer to those estimated from the simulation results 

during this period. 
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Figure 2.5- Carbon biomass for field (A) and simulated (B) data and percentage of 

total biomass for field (C) and simulated (D) data presented as monthly averages for 

zooplankton, phytoplankton and detrital material. 
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Five major whole-lake carbon fluxes were extracted from the model and 

normalized with respect to the lake’s surface area: (1) gross primary productivity; (2) 

grazing of phytoplankton by zooplankton; (3) grazing of POC by zooplankton; (4) 

contributions of excretion and mortality of phytoplankton to the POC pool and (5) 

contributions of egestion and mortality of zooplankton to the POC pool.  The fluxes 

were calculated daily as a volumetrically integrated value over each of the DYRESM 

layers, and then averaged monthly.  In Figure 2.6 the primary productivity is 

expressed as a positive flux as it represents a source of carbon to the lake, while the 

other fluxes are expressed as negative, representing internal cycling of carbon (not 

sinks).  Over the 24-month simulation period grazing of phytoplankton by 

zooplankton represented 4 to 105% of the monthly carbon assimilated in primary 

productivity (mean 54%, SD 30%) (Figure 2.6).  While grazing of POC was low 

(mean 1%, SD 2%) during most of the year, the contribution increased significantly 

(9%) during the 1998 Peridinium bloom, when the contribution of phytoplankton to 

the detrital POC pool was also maximal.  The simulated flux of carbon from 

phytoplankton and zooplankton to the POC pool ranged from 12 to 93% (mean 34%) 

and from 1 to 23% (mean 9%), respectively, of the carbon assimilated in primary 

productivity. 
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Figure 2.6 - Carbon fluxes (gC m-2 day-1) for total primary productivity (Total Prod), 

grazing of phytoplankton (Phy2Zoop) and POC (POC2Zoop) by zooplankton and 

egestion and mortality of phytoplankton (Phy2POC) and zooplankton (Zoop2POC) 

to the POC pool.  Corresponding periods of stratification and mixis are demarked by 

dashed lines. 

Nutrient dynamics – Four major phosphorus and nitrogen fluxes to and from the 

dissolved nutrient pools were extracted from the model in order to derive the 

contribution of zooplankton to the nutrient cycles of Lake Kinneret.  These fluxes 

are shown in  Figure 2.7 and include: (1) phytoplankton uptake; (2) sediment to 

water exchange; (3) bacterially mediated mineralization and (4) zooplankton 

excretion.  A fifth component, external nutrient loading from inflows (5) (including 

dissolved inorganic and particulate species) was estimated from measured daily 

inflow volumes and nutrient concentrations.  The fluxes are expressed as nutrient 
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mass flux per day with respect to the whole lake.  A negative flux (sink) represents 

loss of dissolved nutrients from the water column (e.g. phytoplankton uptake) and a 

positive flux (source) represents a gain (e.g. zooplankton excretion).  The results, in  

Figure 2.7A, show that although sediment exchange from the lake bottom makes the 

greatest contribution to lake-wide phosphorus fluxes (range: 22-84%, mean: 54%), 

recycling via zooplankton excretion and bacterially mediated mineralization also 

make significant contributions.  Zooplankton excretion accounted for up to 46% of 

the phosphorus assimilated by phytoplankton (minimum: 3% (June 1998), 

maximum: 46% (August 1998), mean: 26%) and simulated values for bacterial 

mineralization account for up to 33% of the phytoplankton demand (minimum: 4% 

(January 1998), maximum: 33% (June 1998), mean: 19%).  For most of the year, the 

external phosphorus loading from inflows was small, contributing on average 6% to 

the phosphorus pool.  However, during the months of February 1997 and January to 

March 1998, the inflow loading reached 11-27% of the total simulated flux from all 

sources, due to high discharge from the Jordan River inflow. 
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Figure 2.7 – (A) Phosphorus fluxes (gP m-2 day-1) for total phytoplankton uptake 
(Phyto uptake), sediment flux (SedFlux), bacterially mediated mineralisation of POP 
to PO4 (BacMin), zooplankton excretion (ZoopEx) and nutrient contribution from 
inflows (Inflow) and (B) nitrogen fluxes (gN m-2 day-1) for total phytoplankton 
uptake (Phyto uptake), sediment flux (SedFlux), bacterially mediated mineralisation 
of PON to NH4 (BacMin), zooplankton excretion (ZoopEx) and nutrient contribution 
from inflows (Inflow).  Corresponding periods of stratification and mixis are 
demarked by dashed lines. 



 

 

62

The patterns of external versus internal nutrient cycling were generally repeated 

in the simulation results for nitrogen fluxes ( Figure 2.7B).  However, the 

contribution by sediment exchange as a fraction of the total sources of nitrogen was 

lower (range: 6%-94%, mean: 43%).  Also, zooplankton excretion as a percentage of 

phytoplankton uptake was higher, ranging from 5% (December 1998) to 58% (April 

1997), with a mean of 32%.  Simulated values for bacterial mineralization accounted 

for up to 64% of the phytoplankton nitrogen uptake (minimum: 7% (January 1998), 

maximum: 64% (June 1998), mean: 25%).  Again, external loading from inflows 

was low, averaging 15% of total sources but increasing to 47% during the high-flow 

periods. 

Phosphorus fluxes from sediment release were low during mixis (early 1997) but 

gradually increased during the stratified period and then sharply declined again 

during mixis of early 1998.  The sediment fluxes increased gradually during the 

stratified period of 1998 and peaked at a higher level than in 1997.  This pattern was 

repeated with nitrogen release from the bottom sediments.  The phosphorus flux 

from zooplankton excretion was high during mixis of early 1997 and then gradually 

decreased towards zero at the end of the stratified period.  It was again high during 

early 1998 mixis before declining sharply with the onset of stratification in 1998. 

The flux from excretion increased in the middle of the 1998 stratified period, but 

declined again towards the end.  This pattern was repeated in the nitrogen flux for 

zooplankton excretion. 

2.6 Discussion 

Quantitative model performance criteria with which to compare our results, 

though limited in number, suggest that our model performs relatively well in 
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simulating the field data.  For example, Ross et al. (1994)  calculated NMAE values 

of 0.38, 1.16, 0.42, 0.63 and 0.65 for phytoplankton, DIN, zooplankton, carnivores 

and as an overall average, respectively, using a coupled hydrodynamic and 

ecological model of four fjords.  On visual inspection our model fit to measured data 

yielded  a “generally good fit” compared with similar ecological models applied to 

data from Lake Ontario (Chen et al. 2002; Scavia 1980), Lac de Pareloup (Thébault 

and Salençon 1993), Lake Zürich (Omlin et al. 2001) and Lake Burragorang 

(Romero et al. 2004). 

The sensitivity analysis served two purposes, firstly to identify the parameters that 

required most attention to focus future modeling attempts and secondly to identify 

which variables are most sensitive to changes in parameters.  It should be noted that 

although experimentally derived parameter values provided a base for calibration, 

these parameters are derived in controlled laboratory environments and do not 

always reflect the stochastic nature of complex ecosystems.  For this reason the 

sensitivity analyses was useful in focusing calibration on those parameters central to 

the objectives of this study.  The predatory zooplankton and macro-zooplankton 

parameters (found to be the most sensitive) were estimated from experimental data 

on the main species of zooplankton from each groups, isolated from Lake Kinneret.  

Future experimental studies should focus on expanding the experiments to other 

species to establish parameters representative to the groups.  The other significant 

parameter was the density of POM.  Since availability of inorganic nutrients are 

dependent on the mineralization of POM, it would be expected that loss of POM 

through settling will affect all levels of the trophic food web.  Although this analysis 

does not claim to answer questions on the bottom-up/top-down control debate, it is 

interesting to note that the most sensitive parameters related to both top-down 
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(zooplankton predation) and bottom up (relating to the supply of nutrients to the 

photic zone) control.  In contrast Omlin et al. (2001) found that parameters related to 

growth, respiration and death of both phytoplankton and zooplankton contributed the 

greatest uncertainty to model results and Chen et al. (2002) found that the most 

sensitive parameters in their model related to phytoplankton growth rate and nutrient 

limitation.  The most sensitive variables were PO4, predatory zooplankton and 

Peridinium.  Again PO4 and predatory zooplankton come from the opposite sides of 

the bottom-up/top-down control.  It is possible that the Peridinium showed high 

sensitivity due to the fact that during most of the simulation period it is the dominant 

plankton group in terms of carbon biomass. 

Our simulation results produced an estimate of over 50% of primary production 

transferred via zooplankton grazing to secondary production.  To place our research 

in context with other studies we compared our simulated estimates of the percentage 

of primary production transferred via zooplankton grazing to secondary production.  

In a seasonal carbon mass balance model of Lake Kinneret using data from 1989-

1992, Hart et al. (2000) estimated, on average, that 42% of primary production was 

consumed directly by zooplankton. Our estimate of 54% is higher but may be 

explained by the lower Peridinium biomass in 1997 (Zohary 2004).  A lower 

Peridinium biomass in the bloom phase means that a greater percentage of primary 

productivity is partitioned into the highly grazed nanoplankton component.  In other 

systems, Lin et al. (1999) estimated that 58% of primary production was transferred 

to secondary producers based on a simple mass balance for a sandy barrier lagoon in 

southwestern Taiwan, Laws et al. (1988) used measurements from a field study to 

calculate a transfer of 50% in Auke Bay, Alaska, and Scavia (1980) used an NPZ 

model similar to ours to estimate 62% transfer efficiency of carbon in Lake Ontario.  



 

 

65

Although there is uncertainty in estimates of the percentage of primary production 

transferred to secondary producers, relatively large values are widespread across 

different systems, even with different methods of analysis.  Thus as transfer of 

primary production to higher trophic levels via secondary production is highly 

important, accurately simulating and understanding trophic dynamics in these 

systems will clearly be reliant on quantifying the role of secondary production. 

A field study of the contribution of zooplankton to nutrient fluxes in Lake Biwa, 

Japan found that, on average, the fraction of nitrogen regenerated by zooplankton 

during stratification was 50% of that fixed by primary production, compared to 15% 

for phosphorus (Urabe et al. 1995).  In contrast we estimate 32% and 26% for 

nitrogen and phosphorus respectively.  Urabe et al. (1995) attributed the lower 

relative contribution of zooplankton to the phosphorus pool to phosphorus limitation.  

In our study the average simulated N:P ratio of the nanoplankton for 1997-1998 was 

13.5 by weight, the N:P ratio of macro-zooplankton the main grazer was set at 7.5 

and the average simulated N:P ratio of zooplankton excretion was 21.  This suggests 

that for Lake Kinneret the nanoplankton are P-limited and zooplankton growth may 

also be strongly influenced by P.  The main reason the values of excretion expressed 

as a percentage of phytoplankton uptake do not differ widely is due to the fact that 

mixing from P released from the bottom sediments gives a proportionately greater 

contribution to available nutrients in the photic zone than for nitrogen.  On this basis 

we would conclude that the effect of zooplankton grazing and excretion of nitrogen 

and phosphorus does not appear to significantly alter the elemental balance in the 

photic zone. 
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2.7 Conclusion 

The model used here was shown to reproduce the seasonal variation of biomass of 

the dominant phytoplankton and zooplankton in Lake Kinneret.  The model 

produced the best results when variability in field data was low and showed the 

biggest divergence when there was large scatter in the field data.  The model results 

showed that even though zooplankton biomass at no stage exceeded more than 22% 

of the total plankton carbon, zooplankton excretion of dissolved nutrients can 

account for up to 52% and 48% of the phytoplankton demand for phosphorus and 

nitrogen respectively.  Using the model output we were able to compare the 

hydrodynamic and ecological sources and sinks of nutrients in the photic zone to 

determine which integrating factors ultimately determine seasonal patterns in 

plankton ecology.  The ability of numerical models, such as the one used in this 

study, to couple ecological and physical variables enables researchers to ask 

questions that relate to the integration of both biotic and abiotic factors in 

limnological nutrient cycles.  Further improvements to the current model 

formulation will enable us to extend the ecosystem focus to questions such as the 

role of micro-zooplankton in nutrient recycling. 
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Chapter 3. Effect of benthic boundary layer transport on the productivity of 

Mono Lake, California during a period of monomixis. 

3.1 Abstract 

The significance of the transport of nutrient-rich hypolimnetic water via the 

benthic boundary layer (BBL) on the productivity in Mono Lake was studied using a 

coupled hydrodynamic and ecological model validated against field data.  The 

coupled model enabled us to differentiate between the role of biotic components and 

hydrodynamic forcing on the internal recycling of nutrients necessary to sustain high 

rates of primary productivity.  A 4-year period of monomixis (1991-1994) was 

simulated in which recycled nutrients from zooplankton excretion and bacterial 

mineralization exceeded sediment fluxes as the dominant source for primary 

productivity.  Model outputs suggested that BBL transport was responsible for a 

53% (± 4%) increase in the flux of hypolimnetic ammonium to the photic zone 

during stratification with an increase in primary production of 6% (± 4%) and 

secondary production of 5% (± 2%).  Although the estimated impact of BBL 

transport on the productivity of Mono Lake was not large, significant nutrient fluxes 

were simulated during periods when BBL transport was most active.  Extended 

analysis indicated that BBL transport may be more important in shallower lakes with 

lower productivity. 
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3.2 Introduction 

The transport of nutrient-rich water from benthic to pelagic regions has been 

linked to increased levels of primary productivity in stratified lakes (Eckert et al. 

2002; Macintyre et al. 1999; Ostrovsky et al. 1996).  Ostrovsky et al. (1996) suggest 

that seiche activity at the boundary of Lake Kinneret sustained a vertical perimeter 

flux between the hypolimnetic and epilimnetic waters enhancing biological 

productivity in the lake.  MacIntyre et al. (1999) calculated the upward fluxes of 

ammonium across the nutricline in Mono Lake and suggested nearshore boundary 

fluxes could be the dominant pathway supplying ammonium to the deep chlorophyll 

maxima.  Eckert et al. (2002) used microstructure measurements of temperature, 

oxygen and hydrogen sulphide in Lake Kinneret to conclude that following the onset 

of stratification, the flux of benthic nutrients to the water column is the limiting 

factor controlling biological activity.  These and other field experiments have 

highlighted the importance of nutrient-rich water from the benthic boundary layer 

(BBL) in sustaining primary production.  In this study we have defined BBL 

transport as the movement of water within the layer bordering the bottom sediments 

of a lake (Goudsmit et al. 1997; Yeates and Imberger 2004) alternatively referred to 

as the bottom boundary layer (Lorke et al. 2005).  This transport is then associated 

with mixing of hypolimnetic waters into the epilimnion via such mixing processes as 

internal waves. 

The development of basin-scale internal waves arising from wind induced energy 

are responsible for large scale water motions both in the interior and lake boundaries 

(Imberger 1998).  It has been shown that most of the turbulence caused by these 

large-scale motions occurs at the BBL (Imberger 1998; Wuest and Lorke 2003).  In 
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order to differentiate between boundary versus internal mixing modes of vertical 

transport Yeates and Imberger (2004) parameterized the split between mixing in the 

internal and benthic boundary layer (BBL) using values of Lake number, LN 

(Imberger and Patterson 1990) and Burger number, BN (Pedlosky 1987).  The LN is a 

measure of the amplitude of basin-scale internal waves in response to surface wind 

forcing and the BN describes waves that evolve from simple seiches (Yeates and 

Imberger 2004).  Simulations performed on a number of monomictic lakes indicated 

that fluxes through the BBL were dominant during strong wind events occurring 

during period of stratification (Yeates and Imberger 2004).  Since the BBL is 

associated with elevated nutrient levels it is expected that these events would have a 

significant effect on the ecological dynamics of the lake. 

The significance of the supply of nutrients via the BBL to pelagic food webs 

needs to be placed in context.  A number of studies, aimed at identifying sources 

(both new and recycled) and sinks of nutrients in the photic zone have focused on 

bacterial mineralization (Hudson and Taylor 1996), regeneration through planktonic 

organisms (Hudson and Taylor 1996; Lehman 1980; Wen and Peters 1994), nitrogen 

fixation (Tonno et al. 2005) hypolimnetic flux and inflows and outflows (Caraco et 

al. 1992).  Although focus has been paid to the occurrence of the phenomena of BBL 

transport and its potential impact on the support of primary productivity, the 

upwelling of nutrient-rich hypolimnetic waters via the BBL and the consequent 

effect on lake-wide ecological processes has so far not been quantified. 

Mono Lake is a nitrogen limited (Joye et al. 1999) saline lake with a relatively 

simple food web (Jellison et al. 1993) and is subjected to wind-driven boundary-

layer mixing events (Macintyre et al. 1999).  These criteria provide a site with a 

large signal to noise ratio, to compare the influence of alternative sources of nitrogen 
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to the photic zone during stratification and mixing periods and thus to place the 

contribution of BBL transport in the context of the full ecological cycle.  Yeates and 

Imberger (2004) simulated a BBL thickness in Mono Lake of 10-15m suggesting an 

active role in the development of the thermal structure of the lake.  In this study, a 

coupled hydrodynamic and ecological model has been applied to Mono Lake during 

four monomictic years from 1991-1994 in an attempt to quantify different aspects of 

the lake’s biogeochemical nitrogen cycles.  We initially calibrated the model 

parameters and processes to ensure an acceptable representation of the field data.  In 

addition, due to the complex nature of the model parameterization, it was necessary 

to explore the sensitivity of the simulation results to variations in the parameter 

space.  A sensitivity analysis was thus conduced on the full parameter set to 

determine the five most sensitive parameters.  By fixing each of the sensitive 

parameters at their lower and upper bound and recalibrating the remaining 

parameters within acceptable limits we obtained 10 alternative parameter sets.  This 

enabled us to calculate parameter estimation errors on predictions made using model 

simulation results and allowed an assessment of uncertainty in the validity of the 

conclusions drawn in the course of this study.  The simulated output was initially 

used to predict the sources and sinks of nitrogen to the photic zone and these were 

compared to the roles of recycled and external sources on the primary and secondary 

productivity in the lake.  To enable us to quantify the significance of BBL transport 

on the ecological processes of the lake, a series of simulations were run in which this 

mechanism was switched off allowing a comparison between lake behaviour with 

and without BBL transport. 
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3.3 Study Site 

Mono Lake (38oN: 119oW) is a large saline lake (salinity approximately 90 ppt) with 

maximum depth 45 m, mean depth 17 m and surface area approximately 160 km2 ( 

Figure 3.1).  Being a terminal lake, evaporation is balanced by inflows from four 

major creeks and surface runoff.  The lake was monomictic during the period studied 

(1991-1994); vertically mixed in winter (December to February) with thermal 

stratification beginning in early spring and persisting through autumn (Romero and 

Melack 1996).  However, at other times following large runoff years, the lake 

experienced multi-year periods of chemical stratification (i.e. meromixis) (1982-

1988 and 1995-2003).  The present study examines four monomictic years (1991–

94) to assess the effects of BBL on nutrient cycling and productivity during stratified 

and holomictic periods.  The plankton dynamics were also relatively stable during 

these years (Jellison and Melack 2001) and enabled us to test the stability of the 

numerics of the ecological model. 
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Figure 3.1 – Bathymetric map of Mono Lake showing sampling stations.  Depth 

contours are in meters. 

Typical of highly saline lakes, the phytoplankton assemblage of Mono Lake has 

few species, dominated by coccoid chlorophytes (Jellison and Melack 1993b).  A 

second eukaryotic phototrophic species has recently been identified, referred to as 

Picocystis sp., and found to account for 25% of primary production during the winter 

bloom and greater than 50% at other times of the year (Roesler et al. 2002).  Despite 

low species composition primary productivity levels are relatively high measuring 

1.6 gC m-2 d-1 (Jellison and Melack 1993a).  There is only one macro-zooplankton 

found in Mono Lake, the brine shrimp Artemia monica Verill (Lenz 1982) and some 

pelagic ciliates and rotifers may be present at times (Mason 1967).  However, the 
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ciliates and rotifers contribute a negligible amount to the total zooplankton biomass 

in the lake (Jellison, unpublished data; Jellison et al. (2001)). 

There is a strong seasonal pattern in the nutrient and ecological dynamics of 

Mono Lake (Jellison and Melack 2001).  The seasonal patterns are driven by both 

biotic and abiotic forces and potentially affect productivity from both bottom-up and 

top-down controls.  Temperatures in the surface layer for this period typically ranged 

from 2-5ºC in winter to 12-22ºC in summer.  Summer stratification results in anoxic 

conditions in the hypolimnion and sediment release of ammonium.  The flux of this 

ammonium to the photic zone is limited until the winter overturn mixes the whole 

lake which leads an increase in primary productivity in the spring.  The lake’s major 

macro-zooplankton A. monica, forms over wintering cysts that hatch each spring 

(Dana et al. 1995).  A. monica biomass peaks in the spring, remains high during the 

summer and gradually declines during the autumn as food is scarce and temperatures 

drop.  The spring growth of A. monica biomass is associated with a simultaneous 

decline in phytoplankton biomass due to grazing and rise in surface concentrations 

of ammonium from zooplankton excretion.  Phytoplankton biomass remains low 

during the summer and only recovers toward the end of the year when grazing 

pressure is removed (Jellison and Melack 1988). 

Nitrogen is the limiting macronutrient for primary production in the photic zone 

and its concentration responds both to hydrodynamic events and ecological 

conditions (Joye et al. 1999).  Nutrient inputs from inflowing streams and planktonic 

nitrogen fixation are very low relative to internal fluxes (Jellison and Melack 2001), 

where the main sources are from sediment release in the hypolimnion, phytoplankton 

and zooplankton excretion and bacterially catalyzed mineralization of particulate 

organic nitrogen.  Peak concentrations in the photic zone are observed at the 
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breakdown of stratification as nutrient-rich hypolimnetic waters become entrained 

into the epilimnion.  Towards the end of the holomixis period and onset of 

stratification ammonium levels are generally low.  When the zooplankton appear in 

spring and commence phytoplankton grazing elevated levels of ammonium are again 

observed that persist throughout the stratified period.  Internal phytoplankton 

nitrogen is converted to ammonium and nitrate via the zooplankton grazing and 

excretion pathway. 

3.4 Methods 

Model description - The model used in this study is a modified version of the 

Computational Aquatic Ecosystem Dynamics Model (CAEDYM) (Robson and 

Hamilton 2004; Romero et al. 2004) coupled to the Dynamic Reservoir Model 

(DYRESM) (Yeates and Imberger 2004).  In DYRESM the lake is represented as a 

series of homogeneous horizontal layers of variable thickness (Yeates and Imberger 

2004); as inflows and outflows enter or leave the lake, the affected layers expand or 

contract, respectively, and those above move up or down to accommodate the 

volume change.  In addition, layers can merge or split in response to energy changes.  

Mass, including that of the ecological state variables, is adjusted conservatively each 

time layers expand, contract, merge or are affected by inflows and outflows.  The 

main processes modelled in DYRESM are surface heat, mass and momentum 

transfers, mixed layer dynamics, hypolimnetic mixing, benthic boundary layer 

mixing, inflows and outflows. 

Local meteorological data are used to determine heating due to short-wave 

radiation penetration and surface heat fluxes due to evaporation, sensible heat, long-

wave radiation and wind stress.  The surface wind field introduces both momentum 
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and turbulent kinetic energy to the surface layer contributing to vertical mixing.  In 

addition to surface layer mixing, DYRESM includes algorithms that account for 

internal mixing (encompassing the effects of internal wave energized shear mixing) 

and benthic boundary layer (BBL) mixing (determined by the turbulent kinetic 

energy budget and parameterized by Lake number and the Burger number).  The 

total volume of water (Fi
T) exchanged by deep water mixing and transport processes 

for layer i is determined by the following equation: 
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where N2 is the buoyancy frequency, A is the layer area (m2), KM is the molecular 

diffusion coefficient for heat, Δt is the time step (seconds), LN is the Lake number 

and δi the layer thickness of layer i (m) (Yeates and Imberger 2004).  In this way 

mass transfer is enabled from hypolimnetic layers to the thermocline region 

internally and via the BBL.  A recent modification of the DYRESM code is the 

separation of these mass transfers described in detail by Yeates and Imberger (2004).  

The Lagrangian layers have been separated into internal and BBL cells so volume 

exchange occurring beneath the surface mixing layer can be separated into that 

associated with internal mixing (between internal cells ) and that associated with 

benthic boundary layer mixing (between BBL cells) (Figure 3.2A&B).  The volume 

exchange is partitioned into BBL (Fi
B) and internal (Fi

I) using the following 

equation: 
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where BN is the Burger number (Yeates and Imberger 2004). 

The ecological model CAEDYM was set up in the form of an ‘N-P-Z’ (nutrients-

phytoplankton-zooplankton) model (Figure 3.2C) with resolution to the level of 

individual species or groups of species (Bruce et al. 2006).  In the present study it is 

used to simulate phosphorus and nitrogen in both particulate and dissolved inorganic 

forms (POP and PO4, PON, NO3, NH4), dissolved oxygen (DO), particulate detrital 

organic carbon (POC), dissolved organic carbon (DOC), one phytoplankton group 

representing the coccoid chlorophytes and Picocystis sp. and one zooplankton group 

representing A. monica.  The state variable POC was taken to represent only the 

detrital component of organic carbon and did not include phytoplankton carbon.  

CAEDYM uses a series of ordinary differential equations (Table 3.1) to describe 

changes in concentrations of nutrients, detritus, dissolved oxygen, phytoplankton and 

zooplankton as a function of environmental forcing and ecological interactions for 

each cell represented by DYRESM.  Physical transport of ecological variables is 

carried out by DYRESM.  The variables of irradiance, temperature, salinity and 

density are also passed to CAEDYM at each 1-hr time step and used in equations to 

determine rates of change of biomass and chemical constituents for each of the 

ecological state variables.  CAEDYM uses the same layer structure as DYRESM 

including the division of hypolimnetic layers into two cells, BBL and internal.  The 

BBL cells are considered adjacent to sediment cells so that sediment exchange of 

nutrients and oxygen occurs to and from these cells.  Further details of the structure 

of CAEDYM are given in Robson and Hamilton (2004) and Romero et al. (2004). 
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Figure 3.2 – Schematic representation of (A) the model layer structure (B) internal 

and boundary layer mixing in the physical model DYRESM.  (BBL: benthic 

boundary layer; Internal: internal cells) and (C) the carbon and nitrogen fluxes 

represented in the ecological model, CAEDYM.  Dotted lines indicate that these 

variables are not included in model. 
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The major nutrient fluxes represented in CAEDYM are uptake of dissolved 

inorganic nutrients by phytoplankton, release of dissolved nutrients from 

phytoplankton excretion, grazing, egestion and excretion of nutrients by 

zooplankton, nitrification and denitrification of inorganic nitrogen, sedimentation of 

nutrients in particulate form, mineralization of organic nutrients and release of 

dissolved nutrients from bottom sediments (Table 3.1). 

Table 3.1 – Equations used to describe the processes included in the ecological 

model CAEDYM 

∂Zi/∂t = [GiAif(Z)if1(T)(1-fex-feg) - (Ri+Mi)f2(T) - Predi]Zi 
          = (assimilation – excretion – egestion) – (respiration + mortality) – predation 
∂P/∂t = [Pmax,jf1(T)min(f(I), f(P), f(N)) - (Rj)f2(T) - Predj]Pj ±Sj 
         = photosynthetic uptake – (respiration + excretion + mortality) – predation 
            ± settling 
∂POC/∂t = Σ[Gif(Z)if1(T)i((1-Ai)+Aifeg) +Mif2(T)i]Zi + Σ[Rj(1-fres)(1-fDOM)f2(T)]Pj 
                   - PredPOCPOC - RPOCf(DO)f1(T)POC ± SPOM 
               = (zooplankton messy feeding + zooplankton egestion 
                   + zooplankton mortality) + phytoplankton mortality 
                   – zooplankton predation – POC decomposition ± settling 
∂DOC/∂t = Σ[Rj(1-fres)fDOMf2(T)]Pj + RPOCfPOC(POC)f (DO)f2(T)POC 
                   - RDOCf (DO)f2(T)DOC 
                = phytoplankton excretion+ POC decomposition – DOC mineralisation 
∂POP/∂t = Σ[Gif(Z)if1(T)i((1-Ai)+Aifeg) +Mif2(T)i]IPZiZi  
                   + Σ[Rj(1-fres)(1-fDOM)f2(T)]IPj 
                   - PredPOCPOP - RPOPf(DO)f1(T)POP ± SPOM 
                = (zooplankton messy feeding + zooplankton egestion 
                   + zooplankton mortality) + phytoplankton mortality 
                   – zooplankton predation – POP decomposition  ± settling 
∂DOP/∂t = Σ[Rj(1-fres)fDOMf2(T)]IPj + Σ[AifexGif(Z)if1(T)i]IPZiZi  
                  +RPOPf (DO)f1(T)POP - RDOPf (DO)f1(T)DOP 
               = phytoplankton release + zooplankton excretion + POP decomposition 
                    – DOP mineralisation 
∂PO4/∂t = RDOPf (DO)f2(T)DOP - Σ[UNmax,jf1(T)jf(IP)jf(P)j]Pj  
                  + SdPO4f(DO)f2(T)LA/LV 
               = DOP mineralisation – phytoplankton uptake + PO4 sediment flux 
∂PON/∂t = Σ[Gif(Z)if1(T)i((1-Ai)+Aifeg) +Mif2(T)i]INZiZi  
                 + Σ[Rj(1-fres)(1-fDOM)f2(T)]INj - PredPONPON - RPONf(DO)f1(T)PON 
                 ± SPOM 
               = (zooplankton messy feeding + zooplankton egestion  
                  + zooplankton mortality) + phytoplankton mortality 
                  – zooplankton predation – PON decomposition ± settling 
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∂DON/∂t = Σ[Rj(1-fres)fDOMf2(T)]INj + Σ[AifexGif(Z)if1(T)i]INZiZi  
                    + RPONf(DO)f2(T)PON -  RDONf(DO)f2(T)DON 
                = phytoplankton release + zooplankton excretion + PON decomposition  
                    – DON mineralisation 
∂NH4/∂t = RDONf(DO)f1(T)DON - Σ[UNmax,jPNf1(T)jf(IN)jf(N)j]Pj  
                - RNOf(DO)f2(T)NH4 + SdNH4f(DO)f2(T)LA/LV 
               = PON mineralisation – phytoplankton uptake – nitrification 
                 + NH4 sediment flux 
∂NO3/∂t = RNOf(DO)f2(T)NH4 – RN2f(DO)f2(T)NO3 
                  - Σ[UNmax,j(1-PN)f1(T)jf(IN)jf(N)j]Pj 
               = nitrification – denitrification – phytoplankton uptake 
∂DO/∂t = kO2(DO_atm – DO) + Σ[Pmax,jf1(T)jmin(f(I), f(P), f(N)) - Rjf2(T)j]PjYO2:C 
                Σ[Rif2(T)i]ZiYO2:C - RDOCf (DO)f1(T)DOCYO2:C 
                - RNOf (DO)f2(T)NH4 – SdO2f(DO)f2(T)LA/LV 
             = atmospheric flux + (phytoplankton oxygen production – phytoplankton  
                    respiratory consumption) – zooplankton respiratory consumption 
                 – utilisation of oxygen in mineralisation of DOM – utilisation of oxygen 
                       in nitrification – sediment oxygen demand. 
Temperature functions 
f1(T) = θT-20 - θk(T-a)+b 
where k, a and b are constants solved numerically to satisfy the following conditions: 
f1(T) = 1; at T=Tsta 
∂f1(T)/∂T = 0; at T=Topt 
f1(T) = 0; at T=Tmax 
f2(T) = θT-20 
Limitation equations 
f(Z)i=(ΣPj+ΣZk+POC)/(Ki+ΣPj+ΣZk+POC) 
f(I)j = I/Is exp(1-I/Is) 
f(IP)j = [IPmax/(IPmax-IPmin)][1-IPmin/IP] 
f(IN)j = [INmax/(INmax-INmin)][1-INmin/IN] 
f(DO) = DO/(KDO+DO) 
f(P) = PO4/(KPO4+PO4) 
f(N) = (NH4+NO3)/(KN2+NH4+NO3) 
PN = (NH4 NO3)/[(NH4+KN)(NO3+KN)] + (NH4 KN)/[(NH4+KN)(NO3+KN)] 
Settling 
Sj = (ws/Δz)Pj 
SPOM = (g(ρPOM -ρw)(DPOM)2/18μ)/Δz)POM 
Predation 
Predi = Σ(Gkf(Z)kf1(T)kZkPzZOOk,i) 
Predj = Σ(Gif(Z)if1(T)iZiPzPHYi,j) 
Abbreviations: Z, zooplankton; P, phytoplankton; POC, particulate organic carbon; 
DOC, dissolved organic carbon; POP, particulate organic phosphorus; PO4, 
phosphate; PON, particulate organic nitrogen; NH4, ammonium; NO3, nitrate; POM, 
particulate organic matter (C, N or P); IPzi, zooplankton internal phosphorus; INzi, 
zooplankton internal nitrogen; IPj, phytoplankton internal phosphorus; INj, 
phytoplankton internal nitrogen; DO, dissolved oxygen; DOatm, concentration of 
oxygen in the atmosphere; LA, layer area; LV, layer volume; Δz, layer thickness; ρw, 
density of water; μ, viscosity of water; kO2, oxygen transfer coefficient. Subscripts: i, 
zooplankton group; j, phytoplankton group; k, zooplankton predator group. 
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Net change in carbon concentration of the phytoplankton at each model time step 

is calculated as the difference between the increment due to gross primary 

production and losses due to sedimentation, grazing by zooplankton, respiration, 

excretion and mortality.  These terms are calculated using equations parameterized 

to represent the physiology of the main phytoplankton species.  Losses due to 

grazing by zooplankton are calculated by multiplying the food assimilation rate for 

the zooplankton by a preference factor for phytoplankton over detrital POC. 

Net zooplankton growth is calculated as a balance between food assimilation and 

losses from respiration, excretion, egestion, predation and mortality.  Food 

assimilation is calculated as the product of the maximum potential rate of grazing, 

assimilation efficiency, and temperature and food concentration functions.  A 

constant internal nutrient ratio is assumed and excretion of nutrients calculated to 

maintain this ratio at each time step.  Advective movement of zooplankton is carried 

out in DYRESM. 

Bacteria have not been directly simulated as they were not measured during the 

study period.  However the nutrient pathways catalyzed by bacteria were included as 

mineralization of the particulate organic pools (POC, POP and PON).  The POC, 

POP and PON pools available for zooplankton grazing include bacteria.  Predation 

of zooplankton by grebes was accounted for by an additional predation term for the 

months of August to November estimated from predation studies (Cooper et al. 

1984). 

The advantage of using a depth resolved model DYRESM linked to the ecological 

model CAEDYM is that we could explore the effect of transport and mixing 

between the epilimnion, metalimnion and hypolimnion on the ecological processes 
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in the lake.  Of most relevance to this study is the exchange of nutrient-rich 

hypolimnetic waters to the photic zone via the BBL and its consequential effect on 

the primary productivity.  The separation of internal and BBL cells in the layered 

structure of the current DYRESM allowed us to differentiate between the transport 

of nutrients in the internal and BBL and to determine the relative importance of each 

process on the mixed layer ecological dynamics.  The ecological model also returns 

the attenuation coefficient (as a function of the concentration of both phytoplankton 

and particulate organic matter) to the hydrodynamic model at each one hour time 

step.  This variable is used to determine the extent of light and heat penetration that 

in turn governs the deepening of the surface mixed layer and the timing of winter 

turnover.  In this way the feedback on a sub-daily time scale between the ecological 

and physical models is instrumental in the application of the model to aid in 

understanding of the interaction of various lake processes. 

Field sampling and analytical analysis - Seasonal and year-to-year variation in 

nutrients, phytoplankton, and zooplankton have been monitored fortnightly in Mono 

Lake since 1982.  During the 4 years considered here (1991–1994), ammonium and 

chlorophyll profiles were determined by sampling 7-10 discrete depths at two 

pelagic stations (2 and 7), while A. monica abundance was determined via vertical 

net tows collected at 10 (1991–1992) or 20 (1993–1994) pelagic stations.  

Chlorophyll a was also determined in the upper water column from samples 

collected with a 9-m integrating tube sampler at 5 pelagic stations (2, 6, 7, 10, 11). 

Nutrient and phytoplankton samples were immediately passed through a 120-μm 

net to remove all stages of A. monica and a sub-sample filtered through Gelman A/E 

glass fiber filters for analysis of nutrients (Jellison and Melack 1993a).  Ammonium 
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concentrations were measured with the indophenol blue method as described by 

Jellison and Melack (1993a).  Nitrate and nitrite concentrations were measured but 

were always low (< 1 μM) (Jellison and Melack 1993a; Jellison and Melack 1993) 

and thus not considered in this study.  Phosphate concentrations are orders of 

magnitude greater than the half saturations constants for phytoplankton so again 

were not considered in this study (Jellison et al. 1993).  Determination of 

phytoplankton Chl a were determined by spectrophotometric analysis as described 

by Jellison and Melack (1993a).  Conversion of chlorophyll to carbon units were 

made by assuming a C:Chl a ration of 50 (see Jellison & Melack 2001).  

A. monica were collected using vertical net tows (120-μm mesh) to within 1-m of 

the bottom or well below the oxycline depending on stratification.  A. monica 

biomass (dry weight) was estimated from stage-specific abundance, adult female 

length data, and weight-length relationship determined in the laboratory simulating 

in situ conditions of food and temperature (Dana et al. 1993).  Conversion from dry 

weight to carbon assumed 0.4 gC/g dry weight. 

Model Inputs - Model input files included data for initialization, meteorology, 

inflows and outflows.  The initialization file was prepared from field data collected 

on 13 January 1991.  Inflow data included the daily volume, temperature and salinity 

for two inflows, one representing total surface inflows (streams and direct runoff) 

and the other, hydrothermal springs.  The volume of the hydrothermal springs was 

set at 3888 m3 day-1, based on a 3He mass balance of Mono Lake (Clark and Hudson 

2001).  The surface inflows were calculated based on a water mass balance using 

measured values of water depth and evaporation calculated by DYRESM.  As 

ammonium, phytoplankton and zooplankton concentrations are negligible in the 
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inflows, they were set to zero (Jellison and Melack 2001).  Meteorological input data 

included hourly short- and long-wave radiation, air temperature, vapor pressure, 

wind speed and precipitation.  Air temperature, vapor pressure (converted from 

relative humidity), wind speed and precipitation were collected at a meteorological 

station located on Paoha, a central island (Figure 3.1).  Radiation data were collected 

from a meteorological station located approximately 7 km from the southwest shore 

of the lake (Figure 3.1). 

The physical parameters used to simulate the hydrodynamics of Mono Lake were 

either physical constants or ones fixed according to the dimensions of the lake 

(Yeates and Imberger 2004). 

The formulation of CAEDYM used here to describe the ecological variables and 

processes required 57 parameters determined by several methods (Table 3.2).  Most 

phytoplankton parameters were derived from experimental analysis on the 

predominant phytoplankton species (Jellison and Melack 1993a; Roesler et al. 2002) 

of Mono Lake.  The zooplankton parameters were determined where available from 

experiments conducted on A. monica or alternative Artemia species (see Table 3.2).  

Where parameters were not available, a series of model runs were performed to 

calibrate the simulation results against field data, maintaining parameter values 

within the bounds of literature values measured in other lakes. 
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Table 3.2– Parameters used in CAEDYM to simulate ecological variables in Mono 

Lake. 

General     
Parameter Description Units Assigned 

value 
Values from 
field/lit 

Kd Background extinction 
coefficient 

m-1 0.35 0.29-0.34a 

Source a Calculated from unpub data on in-situ light measurements 

 

Phytoplankton 
Parameter Description Units Assigned 

values:  
Values from 
field/literature 

Pmax Maximum potential 
growth rate 

d-1 5.96 7.2a 

IK Parameter for initial 
slope of PI curve 

μEm-2s-1 25 25b 

Kep Specific attenuation 
coefficient 

m2 g C-1 0.008 0.008c 

KP Half saturation 
constant for 
phosphorus uptake 

mg L-1 0.001 Low value as not 
P limited 

KN Half saturation 
constant for nitrogen 
uptake 

mg L-1 0.0573 Calibrated 

INcon Constant internal N 
ratio 

mg N (mg C) -1 0.0926 0.17d 

IPcon Constant internal P 
ratio 

mg P (mg C) –1 0.026 0.048d 

θj Temperature multiplier 
for growth 

 1.06 1.07e 

Tsta Standard temperature °C 19  
Topt Optimum temperature °C 22  
Tmax Maximum temperature °C 39.5  
Rj Metabolic loss rate 

coefficient 
d-1 0.302 Calibrated 

θR Temperature multiplier 
for metabolic loss 

 1.05 Calibrated 

fres Fraction of respiration 
relative to total 
metabolic loss 

 0.693 Calibrated 

fDOM Fraction of metabolic 
loss rate that goes to 
DOM 

 0.291 Calibrated 

ws Settling velocity m d-1 0.008 0.04-0.013f 
Sources aJellison and Melack 1993a, based on maximum value of carbon uptake 

measured from lake samples 1983-1990 assuming 50gC gChl a-1 
b Jellison and Melack 1993a, based on minimum value of IK measured from 
lake samples 1983-1990. 
cJellison and Melack 1993a. 
dJellison and Melack 2001, estimated from seston ratios during the summer 
period from monomictic years 1991-1995 1984 
eJellison and Melack 1993a, based on Q10 of 1.95. 
fJellison et al. 1993a. 
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Zooplankton 
Parameter Description Units Assigned 

values: 
Values from 
field/literature 

Gi Grazing rate gC m-3 (gC m-3)-1 

d-1 
1.12 1.26a 

Azi Grazing efficiency - 1.0 Close to 1 as 
filter feeders 

Ri Respiration rate 
coefficient                       

d-1 0.113 0.035-0.1 b 

Mi Mortality rate coefficient  d-1 0.0107 0.0033c 
0.0262d 

feg Fecal pellet fraction of 
grazing 

d-1 0.096 Kfz+kez=0.36-
0.68e 

fex Excretion fraction of 
grazing 

d-1 0.49  

DOmz Minimum DO tolerance mg L-1 0.0 0-1.2f 
θi Temperature multiplier 

for growth 
 1.055 1.22 g 

 
Tmin Minimum temperature Deg C 6 6.8-9.0h 

 
θRi Respiration 

temperature 
dependence                   

 1.10  

Ki Half saturation constant 
for grazing                       

g C m-3 1.12 2.96i 

INzi Internal ratio of nitrogen 
to carbon. 

g N gC-1 0.208 0.197/0.218j 

IPzi Internal ratio of 
phosphorus to carbon 

g P gC-1 0.02 0.0135k 

PzPHY Preference of 
zooplankton for 
phytoplankton 

 0.8  

PzPOC Preference of 
zooplankton for POC 

 0.2  

Sources aEvjemo and Olsen 1999 and Evjemo et al. 2000 (Artemia fransiscana optimal 
food 11days old)  
bEvjemo and Olsen 1999 and Evjemo et al. 2000 (Artemia fransiscana range of 
food 11days old)  
cJellison et al. 1993 (based on survival rate over 30 days) 
dDana and Lenz 1986 (based on survival rate over 26 days) 
eEvjemo et al. 2000, Artemia fransiscana. 
fDO concentration at depth of deep Chl a maxima (unpub data). 
gJellison et al. 1993 (best fit to temperature function used in model) 
h Jellison unpub data 1991-1994. (based on temperature at which total biomass 
< 0.01 before Spring growth) 
iEvjemo and Olsen 1999 (Artemia fransiscana 11days old, 26-28°C, Holling 
Type II)  
j Jellison unpub data (Females/Males) 
k Martin 1968 

 

Dissolved Oxygen and Nutrients 
Paramete
r 

Description Units Assigned 
values 

Values from 
field/literature 

SdDO DO sediment exchange 
rate 

g m-2d-1 0.053  

KDO_sed Half saturation constant 
for  DO sediment flux 

mg O L-1 0.537  

KDO_POM Half saturation constant 
for dependence of 

mg O L-1 1.46  
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POM/DOM 
decomposition on DO 

fanB Aerobic/anaerobic factor - 0.357  
θPOM Temperature multiplier - 1.03 1.02-1.14a 
RPOC Mineralisation rate for 

POC to DOC 
d-1 0.12  

RPOP Mineralisation rate for 
POP to DOP 

d-1 0.1 0.01-0.1a 

RPON Mineralisation rate for 
PON to DON 

d-1 0.4 0.01-0.03a 

DPOM Diameter of POM 
particles 

m 0.000009  

ρPOM Density of POM particles kg m-3 1109  
KePOC Specific light attenuation 

coefficient for POC 
m2 g-1 0.00943  

RDOC Mineralisation rate for 
DOC 

d-1 1 Set to 1 to 
eliminate DOP 
pool for 
simplicity 

RDOP Mineralisation rate for 
DOP to PO4  

d-1 1 Set to 1 to 
eliminate DOP 
pool for 
simplicity 

RDOP Mineralisation rate for 
DOP to PO4  

d-1 1 Set to 1 to 
eliminate DOP 
pool for 
simplicity 

RDON Mineralisation rate for 
DON to NH4  

d-1 1 onset to 1 to 
eliminate DON 
pool for 
simplicity. 

KeDOC Specific light attenuation 
coefficient of DOC 

m2 g-1 0.001  

RN2 Denitrification rate 
coefficient 

d-1 0.000864 0.1a 

θN2 Temperature multiplier for 
denitrification 

- 1.08 1.045a 

KN2 Half saturation constant 
for denitrification 
dependence on oxygen 

mg N L-1 1.75  

RNO Nitrification rate 
coefficient 

d-1 0.00553 0.1-0.2a 

θNO Temperature multiplier for 
nitrification 

- 1.08 1.08a 

KNO Half saturation constant 
for nitrification 
dependence on oxygen 

mg O L-1 0.5  

θsed Temperature multiplier for 
sediment nutrient fluxes 

- 1.05  

SdNH4 Release rate of NH4 from 
sediments 

g m-2 d-1 0.0712 0.054-0.18b 

KDO_SdNH4 Half saturation constant 
for sediment NH4 release 
dependence on DO 

g m-3 0.565  

Sources aJorgensen and Bendoricchio 2001 

b Jellison et al. 1993 
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A wide variety of quantifiable measures of model fit are described in Alewell and 

Manderscheid (1998).  We choose the average absolute error normalized to the mean 

(NMAE; Alewell and Manderscheid 1998): 

NMAE =
st − ot( )

t=1

n

∑
no

,    (2) 

where st is the simulated value at time t, ot is the observed value at time t, ō is the 

mean of the observed values over the simulation period and n is the number of 

observed values.  NMAE is a measure of the absolute deviation of simulated values 

from observations, normalized to the mean; a value of zero indicates perfect 

agreement and greater than zero an average fraction of the discrepancy normalized to 

the mean.  In order to place estimations of model error in the context of the time 

scales of variability within the observed data, we also calculated for each state 

variable, the standard deviation of observed data normalized to the mean over the 

simulation period (see Table 3.3).  In addition, the correlation coefficients and 

associated slope for the direct comparison of observed against simulated values for 

each state variable were calculated.  The total number of observed data used in the 

estimation of error was 313. 

Table 3.3 – Results of normalised mean absolute error (NMAE) calculations applied 
to compare simulated to field data for simulated years 1991-1994. The values in 
brackets represent the same calculations made over the 1991-1992 calibration period. 

Variable NMAE SD/Mean r2 Slope N 
NH4 0.58 (0.56) 0.88 (0.72) 0.37 (0.59) 0.29 (0.61) 77 
Phytoplankton 0.45 (0.44) 1.15 (1.04) 0.79 (0.85) 0.61 (0.80) 71 
Artemia monica 0.30 (0.30) 0.85 (0.95) 0.79 (0.83) 0.80 (0.87) 46 
TPON 0.35 (0.34) 0.83 (0.82) 0.90 (0.94) 0.52 (0.57) 46 
TPOC 0.43 (0.42) 0.91 (0.88) 0.86 (0.92) 1.02 (1.15) 46 
Dissolved oxygen 0.31 (0.31) 0.48 (0.48) 0.64 (0.64) 0.32 (0.32) 27 
Average 0.40 (0.40) 0.85 (0.82) 0.72 (0.79) 0.59 (0.72) 313 
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The period from 1991-1992 was used for initial parameter calibration.  

Comparisons of field and model data were made for six major model state variables: 

(1) ammonium (NH4); (2) total particulate organic nitrogen (TPON); (3) total 

particulate organic carbon (TPOC); (4) dissolved oxygen (DO); (5) phytoplankton 

carbon and (6) zooplankton carbon.  TPON and TPOC refer to the sum of 

phytoplankton and detrital particulate nitrogen and carbon respectively.  Lake-wide 

averages of the surface to 9-m integrated concentrations of NH4, TPON, TPOC, DO 

and phytoplankton carbon were compared.  For zooplankton, lake-wide averaged 

biomass (g C m-2) as determined by vertical net tows were compared to vertically-

integrated model output.  A manual calibration procedure was initially applied 

whereby individual parameters were adjusted and the model response observed.  The 

particular features of the observed data that were used to adjust individual 

parameters were dependent on the parameter adjusted.  For example, the minimum 

temperature for A. monica growth was adjusted to gain best representation of the 

timing of the spring zooplankton peak and the grazing rate adjusted to gain best 

representation of the magnitude of this peak.  Individual parameters were adjusted in 

this way until an overall model average NMAE (calculated using the field data from 

the five variables listed above) of less than 0.5 was achieved.  

Once a reasonable fit was achieved through trial-and-error, the local parameter 

space optima was determined by applying a Levenberg-Marquant (L-M) method of 

optimization (Marquardt 1963) using a predefined Matlab® function (The 

MathWorks Inc., Natick, MA).  In this function parameters were adjusted to 

optimize the sum of the NMAE values for the same five variables listed above.  

Additional bounds were placed on simulated values of primary productivity and 
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nitrogen sedimentation to fall within the ranges of those estimated by Jellison et al. 

(1993).  The years 1993-1994 were used for model validation. 

Uncertainly in model predictions arises from many different sources including 

those associated with process representation, parameter estimation, uncertainty in 

inputs and observed data (Alewell and Manderscheid 1998; Omlin et al. 2001; 

Power 1993; Solidoro et al. 2003).  While a full analysis of model uncertainty is 

beyond the scope of this paper, we made an estimate of the uncertainty associated 

with parameter estimation by comparing output from simulations using ten different 

parameter sets.  Initially the five most sensitive parameters to model output were 

established by the sensitivity analysis described below.  We then determined 

alternative parameter sets by fixing the lower and upper bound of each parameter 

and then optimizing the remaining parameters via the L-M method described above 

until appropriate calibration was achieved.  A benchmark NMAE value of 0.5 was 

selected so that calibration was deemed successful if the NMAE was less than 0.5 

(Table 3.4).  The lower and upper bounds for each sensitive parameter were 

determined by experimental or literature ranges.  Model output from this suite of 

parameter sets was then used as an estimate of the relative uncertainty in model 

output.  As the upper and lower bound of the five most sensitive parameters were 

used, this should provide a conservative estimate of the model uncertainty associated 

with parameter estimation. 
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Table 3.4 – The minimum and maximum values of the five most sensitive 

parameters and the corresponding results of normalised mean absolute error 

(NMAE) calculations applied to compare simulated to field data for simulated years 

1991-1994.  The values in brackets represent the same calculations made over the 

1991-1992 calibration period. 

Parameter Optimal Lower 
bound 

Upper 
bound 

NMAE 
(lower 
bound) 

NMAE 
(upper 
bound) 

SdNH4 0.06 0.01 0.10 0.49 0.42 
fex 0.50 0.05 0.70 0.49 0.44 
Kd 0.30 0.35 0.25 0.41 0.43 
INcon 0.09 0.07 0.22 0.47 0.49 
feg 0.16 0.05 0.20 0.47 0.42 
 

To determine the five parameters most sensitive to model output, a sensitivity 

analysis was performed on each of the CAEDYM parameters listed in Table 3.2.  

Sensitivity coefficients (sij ) to assess the relative sensitivity of variable i to 

parameter j were calculated according to: 

j

j

i

i

ij
c

c

s

β
βΔ

Δ

=  

where Δcj is the change in output variable i from the reference value ci and Δβj is 

the change in parameter j from the reference value βj (Chen et al. 2002).  Because 

this study is concerned with the role of physical transport mechanisms on lake-wide 

nitrogen fluxes we focused on the response of the five major nitrogen fluxes 

(phytoplankton uptake, sediment flux, zooplankton regeneration, settling and upward 

flux through thermocline into surface mixed layer) to parameter manipulation.  Each 

parameter was adjusted by ±10% or by ± 0.01 in the case of the temperature 
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multipliers.  A time variant array of sensitivity parameters was calculated for each 

flux and then the average taken and used to rank the parameters according to 

sensitivity. 

To enable us to quantify the significance of BBL transport on the ecological 

processes of the lake, a series of simulations were run in which this mechanism was 

switched off allowing a comparison between lake behaviour with and without BBL 

transport.  In DYRESM the lake-wide vertical fluxes are partitioned into internal and 

BBL contributions (see eq.36 in Yeates and Imberger (2004)).  The BBL 

contribution was set to zero with all other parameters (physical and ecological) 

remaining the same.  The simulated output of nitrogen fluxes and primary and 

secondary production were then analyzed and compared against base line output. 

3.5 Results 

Nutrient concentrations, phytoplankton and zooplankton biomass - The seasonal 

ammonium pattern of low winter concentrations and high summer values is 

reproduced by the model (Figure 3.3).  Similarly peak concentrations of ammonium 

apparent in the observed data coinciding with the arrival of A. monica in the spring 

are well matched in magnitude and timing by the model results (Figure 3.3).  At the 

onset of holomixis, the model simulated reduced ammonium concentrations 

corresponding to increased phytoplankton biomass.  However, the isolated high 

spikes in ammonium concentration observed in the field data during holomixis were 

generally not captured by the model (Figure 3.3). 



 

 

92

0

0.1

0.2

N
H

4 m
g 

l-1

1991 1992 1993 1994

strat strat strat strat

0

2

4

6

P
hy

to
pl

an
kt

on
 m

gC
 l-1

1991 1992 1993 1994

strat strat strat strat

0

10

20

A
rt

em
ia

 m
gC

 l-1

Date1991 1992 1993 1994

strat strat strat strat

0

0.5

T
P

O
N

 m
g 

l-1

1991 1992 1993 1994

strat strat strat strat

0

2

4

TP
O

C
 m

g 
l-1

1991 1992 1993 1994

strat strat strat strat

0

5

10

D
O

 m
g 

l-1

Date1991 1992 1993 1994

strat strat strat strat

Figure 3.3 - Comparison of model simulation results (lines) and field data (crosses) 
for Mono Lake from 1991 to 1994 for 9-m depth integrated averages of ammonium 
(NH4), total phytoplankton carbon (phytoplankton), total organic nitrogen (TPON), 
total organic carbon (TPOC) and dissolved oxygen (DO), vertical net tows of 
Artemia monica (Artemia). 
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The simulated values of phytoplankton biomass follow the low summer 

concentrations, timing and slope of the autumn recovery and spring decline observed 

in the field data (Figure 3.3).  However the elevated values of phytoplankton 

biomass observed in the field at the end of the mixing periods (early 1992, 1993 and 

1994) are not captured by the model (Figure 3.3). 

The total particulate organic nitrogen (TPON) and total particulate organic carbon 

(TPOC) data observed in the field closely followed that of the phytoplankton, with 

elevated values during the winter in the absence of grazing and low values during the 

summer months.  These patterns were captured well by the model although elevated 

levels of TPON were again underestimated by the model during periods of holomixis 

(Figure 3.3).  However elevated levels of TPOC were generally captured by the 

model suggesting that the model overestimated the detrital component of the 

particulate carbon pool. 

Simulated concentrations of dissolved oxygen are similar to those measured in the 

field during stratified periods.  The model, however, under predicted concentrations 

in late spring for both 1991 and 1992 (Figure 3.3). 

Productivity and nitrogen fluxes – Primary productivity in Mono Lake has been 

estimated using a numerical interpolative model incorporating photosynthetic uptake 

rates and measured vertical attenuation of PAR (Jellison and Melack 1993a).  During 

the non-meromictic conditions of 1989 and 1990, Jellison and Melack (1993a) 

estimated an average daily productivity of 1.6 gC m-2 d-1.  This matches exactly the 

value simulated by DYRESM-CAEDYM of 1.6 gC m-2 d-1 averaged over the 1991-

1994 monomictic period.  During periods of stratification an average daily 
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productivity of 1.7 gC m-2 d-1 was simulated and 1.3 gC m-2 d-1 during periods of 

holomixis. 

Average rates of lake-wide nitrogen sedimentation were measured in 1986 and 

1987 ranging from approximately 5.9 MgN d-1 (ca. 2.5 mmol m-2 d-1) during the 

summer to 2.7 MgN d-1 (ca. 1.2 mmol m-2 d-1) during the winter (Jellison et al. 

1993).  These rates are on the order of those simulated by the model as 3.1 MgN d-1, 

3.7 MgN d-1 and 2.1 MgN d-1 averaged over the full 4-yr period, during stratification 

and holomixis respectively.   Areal average lake-wide nitrogen fluxes from the 

sediments were calculated by the model as 9.4 mgN m-2 d-1, 12.5 mgN m-2 d-1 and 

6.2 mgN m-2 d-1 averaged over the full 4-yr period, during stratification and 

holomixis respectively.  Jellison et al. (1993) estimated the rate of ammonia release 

from the sediments based on sediment core profiles collected in 1988 as 58-162 

mgN m-2 d-1 (ca. 3.6-10.1 mmol m-2 d-1).  Although greater than those predicted by 

the model these estimates were derived under anoxic conditions so should be taken 

as an upper estimate. 

Measures of model performance - The calculated values of normalized mean 

absolute error, correlation coefficient and slope are presented in Table 3.3 for each of 

the main state variables over the full simulation period from 1991 to 1994 and 

compared to the calibration period from 1991 to 1992.  Calculations of correlation 

coefficients are all equal to or greater than 0.8 with the exception of NH4 and DO. 

Sensitivity analysis -  The five parameters that displayed the greatest sensitivity to 

annual estimates of lake-wide nitrogen fluxes were: (1) release rate of NH4 from 

sediments (SdNH4); (2) the fraction of zooplankton grazing excreted (fex); (3) 

background extinction coefficient (Kd); (4) internal nitrogen to carbon ratio of the 
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phytoplankton (INcon) and (5) the fraction of zooplankton grazing egested (feg).  The 

optimal parameter value (determined by the model best fit), and the upper and lower 

bounds used to determine alternative parameter sets are listed in Table 3.4. 

Nitrogen budget – Five major nitrogen fluxes were extracted from the model in 

order to compare the various component of the nitrogen budget (Figure 3.4).  These 

fluxes were: (1) phytoplankton uptake; (2) sediment to water exchange; (3) 

bacterially mediated mineralization; (4) phytoplankton excretion and (5) 

zooplankton excretion.  The model results are expressed as mass flux per day with 

respect to the whole lake, with phytoplankton uptake as a negative flux (sink) and 

the other four terms as positive fluxes (source).  The results indicate that 

mineralization of particulate nitrogen made the greatest contribution to 

phytoplankton uptake in the winter and zooplankton excretion during the summer 

(Figure 3.4).  Sediment-released nitrogen fluxes are comparatively low although 

significant in making up the difference between phytoplankton uptake and excretion 

(Figure 3.4). 
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Figure 3.4 – Nitrogen fluxes (MgN d-1) for total phytoplankton uptake (PhyUp) 

against sediment flux (SedFlux), mineralization of PON (Mineral), phytoplankton 

excretion (PhyEx), and zooplankton excretion (ZoopEx).  Corresponding periods of 

stratification and holomixis are demarked by dashed lines. 

Boundary layer mixing –  In the absence of BBL transport a greater build up of 

ammonium in the hypolimnion was simulated, the difference being greatest in the 

early part of the stratified period (Figure 3.5).  However the difference in the 

epilimnion is not so pronounced.  Similarly the simulated results of the 9 m depth 

averaged concentrations of ammonium, TPON, TPOC, DO and phytoplankton and 

vertical A. monica biomass indicated little difference between the alternative 

scenarios of BLL mixing (Figure 3.6). 
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Figure 3.5 - Comparison of NH4 (gm-3) depth profiles for the scenarios of BBL 

transport activated (solid line) and absent (dotted line) and field data (solid dots) for 

selected dates from 1991. 
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Figure 3.6 -  Comparison of model simulation results with BBL transport activated 

(solid lines) and absent (dotted lines) from 1991 to 1992 for 9-m depth integrated 

averages of ammonium (NH4), total phytoplankton carbon (phytoplankton), total 
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organic nitrogen (TPON), total organic carbon (TPOC) and dissolved oxygen (DO) 

and vertical net tows of Artemia monica (Artemia). 

Calculations based on model output indicate that for 1991 to 1994 BBL transport 

was responsible for a 53% increase in upwards flux of ammonium across the 

thermocline during periods of stratification.  For the corresponding periods the 

simulated increase in primary production was calculated as 6% and secondary 

production as 5%.  The model results, averaged over periods of autumn holomixis 

and winter for the 4 years of simulation, indicated a reduction in upward ammonium 

flux of 28% when the BBL transport was active.  This corresponded with a 

simulated decrease in primary production of 7% and negligible increase in secondary 

production of 1% for the same periods.  The estimated net increase for 1991-1992 in 

ammonium flux across the thermocline due to BBL transport was 9%, primary 

productivity was 2% and secondary productivity was 3%. 

In order to place the context of differences in upward ammonium flux due to BBL 

transport in the context of the nitrogen cycle, the five major nitrogen fluxes were 

compared for both scenarios (Figure 3.7).  In this comparison it was found almost no 

difference in the rates of regenerated nutrients, sediment flux and settling when BBL 

transport is inactive.  Model results indicate that when the BBL transport was active 

ammonium flux across the thermocline accounts for 11% of the total nitrogen 

sources to the photic zone during stratified periods.  This compares to 5% when BBL 

transport is inactive. 
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Figure 3.7 - Comparison of lake-wide nitrogen fluxes for phytoplankton uptake (Phy 

Uptake), total regenerated sources (Tot Regen), sediment flux (Sed Flux), flux across 

the thermocline (Hyp Flux) and settling of particulate nitrogen (Settling) averaged 

annually, during the stratified periods and during the mixed periods from 1991 to 

1994 from the boundary mixing on (black bars) and off (white bars) scenarios.  Error 

bars indicate one standard deviation from mean. 

3.6 Discussion 

The timing and slope of the early spring peak in A. monica biomass observed in 

the field was matched in the simulated results across the full four year simulation 

period (Figure 3.3).  This suggests that the use of a step temperature function was 

sufficient to represent the process responsible for the hatching and initial growth of 

over-wintering A. monica cysts during the period studied.  However, experiments 
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have demonstrated that increases in salinity can influence the hatching process (Dana 

and Lenz 1986) so an additional salinity factor would be required in order to use the 

model to predict A. monica dynamics under alternative salinities.  Although 

simulated mid-summer concentrations of A. monica compare favorably with those 

observed in the field the autumn decline was difficult to simulate well (Figure 3.3).  

The model included three processes responsible for decreases in biomass during this 

period, limited grazing at low temperatures, end of life mortality and grebe 

predation.  A greater understanding of the combination of triggers responsible for the 

autumn decline in A. monica will aid in the model representation of these processes.  

Alternatively a cohort model such as that proposed by (Jellison et al. 1995) may be 

required to accurately represent the autumn decline. 

Differences between measures of fit comparing the calibration and validation 

periods are small.  Although the ecological dynamics of the model during the 

validation period are similar to that of the calibration period this result is an 

indication of model stability.  However, it should be noted that this stability only 

relates to that the representation of the interactions between the main processes 

responsible for determining the ecological patterns observed in the lake over the four 

monomictic years studied.  Comparison to measures of fit for other lake ecosystem 

models is difficult as quantitative measures are rarely given.  However, our overall 

measurement of NMAE compare favorably to Ross et al. (1994) (0.65) and Bruce et 

al. (2006) (0.52). 

Since we defined sensitivity in relation to estimates of lake-wide nitrogen fluxes it 

follows that the parameters showing the most sensitivity are related to the nitrogen 

cycle.  Since the inflow of nitrogen into the lake is negligible, it follows that for 

Mono Lake, sediment release is a critical source of nitrogen to the lake water 
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column.  Similarly both the fractions of zooplankton grazing that goes into either 

egestion (the bulk of which is deposited into sediments and thus lost from the photic 

zone) or excretion (providing nitrogen in a form for primary production) have a 

direct effect on the proportion of phytoplankton nitrogen that is recycled.  The ratio 

of phytoplankton internal nitrogen to carbon controls both the uptake of inorganic 

nitrogen by phytoplankton and the flux of nitrogen recycled via the zooplankton 

grazing and excretion pathway.  Background extinction influences nitrogen fluxes 

indirectly by controlling the amount of light available for primary productivity. 

Model results indicated that during the summer stratified periods the 

phytoplankton N demand in the surface to 9-m of Mono is predominantly met by 

regenerated sources of zooplankton and phytoplankton excretion and bacteria 

mineralization.  Of these, the model predicted that the dominant source was 

zooplankton excretion.  The zooplankton biomass was well represented by the model 

including timing and magnitude of the initial peak.  It follows that during these 

peaks the model displayed the closest fit to the ammonium data.  On the other hand 

mid winter spikes in ammonium during period of reduced phytoplankton biomass 

were not reproduced in the model output.  The model simulated almost constant 

phytoplankton biomass during the winter months that again is inconsistent with the 

field data.  From this we would conclude that the mechanism driving the 

phytoplankton/ammonium uptake/release process is not well represented by the 

model during winter conditions of high algal biomass and light-limitation.  For this 

study we simulated a constant internal C:N ratio in the phytoplankton.  It is possible 

that modelling the internal nitrogen as a dynamic variable would improve the 

simulation of the phytoplankton/ammonium interactions during periods of 

holomixis. 
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This study employed optimization techniques to determine a series of parameter 

sets to best represent field data as described by the processes included in the current 

model formulation.  Some field data were represented better than others and 

misrepresentation of field data by the simulation will serve to direct improvements in 

future model generations.  Although the modeled fluxes sometimes over or 

underestimated the measured concentrations, the general seasonal patterns were 

captured by the simulations and thus used to provide insight into the processes 

determining the ecosystem dynamics of Mono Lake. 

Bruce et al. (2006) in their study of the role of zooplankton in the nutrient cycles 

of Lake Kinneret, Israel found zooplankton excretion to be the dominant source of 

dissolved nitrogen during winter overturn and sediment release the dominant source  

during summer stratification.  For Mono Lake we found that zooplankton excretion 

was most influential in the summer stratified period.  Although the simulated rate of 

ammonium flux from the sediments was higher in Lake Kinneret (Bruce et al. 2006), 

the main reason for finding sediment-released nutrients relatively less important in 

Mono Lake is due to two-fold higher rates of primary productivity and greater 

recycling due to zooplankton excretion in Mono Lake.  The higher zooplankton 

recycling may be due to a lack of fish predation that allows zooplankton to reach 

very high biomass. 

Mac Intyre and Jellison (2001) suggested that transport of nutrient-rich 

hypolimnetic water via the BBL layer is responsible for increased ammonium flux 

across the thermocline and consequential increase in productivity.  By comparing the 

simulation results from the two scenarios we found that although the increase in 

upward ammonium flux across the thermocline during the stratified periods of 1991-

1994 due to BBL transport was 53% (± 4%) the total primary productivity for the 
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same period only increased by 6% (± 4%), because the model suggested that 87% of 

the phytoplankton N demand is met by regenerated sources which would explain 

why an increase in external supply did not make so much difference.  MacIntyre et 

al. (1999) highlighted the importance of BBL transported ammonium across the 

thermocline in sustaining primary productivity to the deep chlorophyll maxima.  As 

a percentage of total phytoplankton demand during the stratified periods the model 

calculated that the upward flux of ammonium across the thermocline was 12% with 

BBL on and 5% with BBL off.  MacIntyre et al. (1999) reached a similar conclusion 

and by assuming that 5-10% of total primary productivity occurs in the deep 

chlorophyll maximum during the summer suggested that BBL may be the dominant 

mechanism supplying ammonium to the deep chlorophyll maximum. 

As anticipated, during stratification simulation results indicate that BBL transport 

leads to an increase in ammonium across the thermocline and concomitant increase 

in primary productivity.  However, during periods of mixing this pattern was 

reversed.  A greater build-up of ammonium in the hypolimnion occurred during 

stratification in the case where BBL transport is absent (Figure 3.5).  Although in the 

absence of BBL transport, less flux was available in the photic zone during 

stratification, at overturn a greater mass of ammonium led to greater upwards flux of 

ammonium and concomitant increase in primary productivity.  As a result, on an 

annual average, primary productivity was similar under both scenarios. 

By comparing the secondary production under both scenarios our model results 

indicate that BBL transport is responsible for 3% (± 2%) increase in zooplankton 

growth.  Although not large, it is slightly greater than the increase in primary 

productivity.  Again this makes sense in the context of seasonal timing.  Since the 
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zooplankton are present predominantly during the summer stratified periods, 

increased primary productivity due to BBL transport in these periods will make a 

greater difference to secondary productivity.  Our model results have illustrated the 

importance of timing of BBL transport and its effect on primary productivity on the 

growth of A. monica.  The model used in this study did not include algorithms to 

represent differences in generations using a stage-structured zooplankton model.  

Inclusion of a stage-structured model might enable us to determine whether the 

timing of BBL transport events and concomitant increases in primary productivity 

effect the timing and magnitude of successive generations of A. Monica in Mono 

Lake. 

It is apparent that one of the reasons the transport of ammonium via the BBL does 

not have a significant impact on the productivity of Mono Lake is that sediment 

released nutrients do not contribute a major component of the nutrient cycle.  Model 

results have confirmed previous studies indicating that that productivity is 

predominantly sustained by recycled nutrients (Jellison et al. 1993).  Furthermore, 

simulated estimates of BBL volume from 1991-1994 revealed that on average the 

benthic boundary layer comprised only 1% by volume and stored only 1% of the 

lake-wide nitrogen mass.  To investigate the potential importance of BBL transport 

for shallower lakes where the volume of BBL may be larger in proportion to the lake 

volume we ran three additional simulations using the same Mono Lake input files for 

1991-1994, but lowered the surface level of the lake to an initial depth of 35m, 30m 

and 22m respectively.  Combining the results of these simulations we plotted the 

flux of ammonium transported via the BBL as a fraction of total phytoplankton N 

demand against daily average values of Lake Number (LN) and primary productivity 

(Figure 3.8).  Simulated output indicated that the fraction of N demand met by 
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hypolimnetic nutrients transported upwards in the BBL rarely exceeds 50% and only 

when primary productivity is minimal or for LN close to 1.  The LN is inversely 

proportional to the thermocline height and is both a measure of the energy available 

at the thermocline from wind induced surface stress and the volumetric importance 

of the hypolimnion (Imberger and Patterson 1990). 

 

Figure 3.8 - Flux of ammonium transported via the BBL as a fraction of lake-wide 

vertical fluxes (closed circles) versus daily average values of Lake Number (LN) and 

Burger Number (BN) 

For Lake Kinneret, estimates of primary productivity fall between 0.5 and 1.7 gC 

m-2 d-1 (Bruce et al. 2006).  Mean daily values of LN estimated for Lake Kinneret 

range from 10-2 to 100 with a period of low LN associated with strong wind events 

(Yeates and Imberger 2004).  Given these ranges, it is predicted that the importance 

of BBL transport in Lake Kinneret may be greater than the 6% predicted for Mono 
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Lake.  In Lake Geneva, a study investigating the effect of internal waves on basin 

exchange indicated up to 40% of hypolimnetic volume was exchanged following 

episodes of strong winds (Umlauf and Lemmin 2005).  Primary productivity in Lake 

Geneva is relatively high (Pelletier 1998) so this volume exchange may not have a 

great impact on lake wide averages of primary productivity.  For Lake Constance, 

estimates of LN during stratification are relatively high (Yeates and Imberger 2004) 

and productivity less is than 1 gC m-2 d-1 (Tilze et al. 1991) suggesting that for Lake 

Constance the transport of nutrients through the BBL may be less important to 

overall lake productivity but potentially significant during episodic events associated 

with low LN. 

The results of this study have indicated that the relative importance of BBL 

transport as a source of nutrients sustaining productivity in the photic zone is 

determined by both the lake productivity and lake morphology.  Future studies will 

be focused on comparing the effect of BBL transport on the ecology of other lakes.  

By differentiating between physical and ecological process we hope to be able to 

determine what limnological features, if any, may lead to BBL transport having a 

greater impact on lake ecology than that observed in Mono Lake. 
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Chapter 4. The role of zooplankton in the ecological succession of plankton and 

benthic algae across a salinity gradient in the Shark Bay solar salt ponds. 

4.1 Abstract 

The relatively low biodiversity and simple hydrodynamics make solar salt ponds 

ideal sites for ecological studies.  We have studied the ecological gradient of the 

primary ponds at the Shark Bay Resources (SBR) solar salt ponds, Western Australia 

using a coupled hydrodynamic ecological numerical model, DYRESM-CAEDYM.  

Seven ponds representative of the primary system were simulated with salinity 

ranging from 45 to 155 ppt.  Five groups of organisms were simulated, three 

phytoplankton, one microbial mat algae, and one zooplankton as well as dissolved 

inorganic and particulate organic nitrogen, phosphorus and carbon.  By extracting 

the various carbon fluxes from the model we determined the role that the introduced 

zooplankton, Artemia spp. play in grazing the particulate organic carbon (POC) from 

the water column in the high salinity ponds.  We also examined the nutrient fluxes 

and stoichiometric ratios of the various organic components for each pond to 

establish the extent to which observed patterns in nutrient dynamics are mediated by 

the presence of Artemia spp.  Model results indicated that Artemia spp. grazing was 

responsible for reduced water column POC in the higher salinity ponds.  This 

resulted in an increase in PAR reaching the pond floor and consequent increase in 

microbial mat biomass. These results demonstrate the dual benefits of Artemia spp. 

to salt production in improved quality and quantity.  In contrast, this study found no 

direct link between Artemia spp. and observed changes in planktonic algal species 

composition or nutrient limitation across the salinity gradient of the ponds. 
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4.2 Introduction 

The brine shrimp Artemia are typically encouraged or introduced into solar salt 

ponds due to their beneficial role in salt production (Tackaert and Sorgeloos 1993).  

The three main benefits to salt production, both direct and indirect are: (1) the 

grazing of particulate organic matter (POM) from the water column in the high 

salinity ponds preventing a build up of POM in the crystallizers that may lead to 

contamination of sodium chloride precipitation (Davis 1993); (2) provision of 

nutrients via sinking fecal pellets to sustain the growth of benthic microbial mats that 

are in turn beneficial for the prevention of pond leakage (Jones et al. 1981) and (3) 

dead Artemia provide substrate to sustain populations of red halophilic bacteria 

which in turn aid in solar energy absorption and hence evaporation in the 

crystallizers (Davis 1980). 

Less well documented is the role Artemia play in firstly the changes in species 

composition and diversity (Jones et al. 1981; Williams 1998) and secondly changes 

in nutrient dynamics (Jones et al. 1981; Segal et al. 2006) observed across the 

salinity gradient associated with solar salt pond operation.  Increased salinity has 

been associated with reduced species diversity and changes in species composition 

(Williams 1998).  In addition, zooplankton in freshwater ecosystems have been 

thought to influence phytoplankton community structure through the regeneration, 

via excretion, of limiting nutrients (Frost et al. 2004; Sterner and Hessen 1994; 

Touratier et al. 2001).  As an integral part of salt pond management (Tackaert and 

Sorgeloos 1993), the question remains to be asked, in what way is Artemia 

responsible for some of the ecological patterns observed in salt ponds?  In his review 

of salinity as a determinant of the structure of biological communities Williams 
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(1998) noted that due to indirect mechanisms and correlates of salinity “it is not 

always possible easily to disentangle the effects of these from the direct effects of 

salinity”.  In this study we have attempted to address this problem through the use of 

a processed based numerical model. 

The relatively low biodiversity and simple hydrodynamics of solar salt ponds 

make them ideal sites for the application of numerical models.  We have studied the 

ecological gradient of the primary ponds at the Shark Bay Resources solar salt 

ponds, Western Australia using a coupled hydrodynamic ecological numerical 

model, DYRESM/CAEDYM.  Biomass and fluxes of carbon, nitrogen and 

phosphorus were extracted from the model to evaluate the role that Artemia play in 

mediating the observed transfer from planktonic to benthic dominance in primary 

production (Segal et al. 2006) and the switch from nitrogen to phosphorus limitation 

from the lower to higher salinity ponds of the primary system (Segal et al. 2006).  

The model was run with the Artemia species removed and the results compared to 

the baseline run.  This enabled us to determine what if any the effect that Artemia 

grazing has on the ecological patterns observed within the salinity gradient of the 

primary system. 

4.3 Study Site 

The Shark Bay solar salt fields are located in Western Australia (26o20’S: 113 

o20’E) (Figure 4.1).  The solar salt operation is divided into two main sections, the 

primary ponds (Useless Inlet, total surface area 5,602 ha) and secondary 

concentrators (Useless Loop, total surface area 820 ha).  Seawater enters the primary 

system with a salinity of 45 ppt and flows through a series of 13 ponds ranging in 

depth from 4.5m to 0.7m, approximately 40km (Figure 4.2), increasing in salinity 
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due to evaporation to 155 ppt at which stage the sea water concentrate is pumped 

through a 20km open channel to the secondary system.  In the secondary system the 

flow is divided into a number of concentrators before reaching the crystallizers 

where precipitation of sodium chloride occurs and is then harvested.  Operation 

commenced in 1967 and currently produces approximately 1 million tones per year.  

The system is shut down during the winter season (approximately May to 

September) when rainfall exceeds evaporation. 

 

Figure 4.1 - Location of Shark Bay solar salt ponds in Western Australia (from Segal 

et. al 2006). 



 

 

113

 

Figure 4.2 - Layout and flow path of the primary pond system (from Segal et. al 

2006) 

The biota in the primary system consist of any organisms that enter the tidally 

oscillating gate in the first pond as well as an introduced species of zooplankton, 
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Artemia spp.  Diversity of species decreases with increasing salinity, typical of solar 

salt fields (Toumi et al. 2005).  As salinity increases the planktonic biota move from 

a more complex food web including higher order organisms such as fish to a simpler 

zooplankton/phytoplankton ecology.  Similarly the benthic community progress 

from a more diverse community including sea grasses to an algal and cyanobacteria 

dominated benthos forming microbial mats.  The phytoplankton assemblage include 

species of marine diatoms, Dunaliella salina, a unicellular photosynthetic green 

algae usually colored red or orange and Ochromonas spp., a mixotrophic flagellate.  

The microbial mats are dominated by the cyanobacteria, Aphanothece halophytica 

and diatom species. 

Although lower salinity ponds are thought to contain a variety of zooplankton 

species typical of marine systems, at higher salinities the zooplankton are 

predominantly Artemia.  The brine shrimp are likely to be dominated by the strain 

Artemia parthenogenetica as identified by Vanhaecke and Sorgeloos (1989) using 

cysts taken from Shark Bay during 1977 and 1979.  However, in the same study, it is 

mentioned that a previous investigation by Abreu-Grobois and Beardmore (1980) 

included a low percentage of Artemia fransiscana.  In this study we refer to the 

Artemia population as Artemia spp. 

Any organic matter present in the secondary crystallizers can reduce the quality 

and commercial value of the salt product  (Tackaert and Sorgeloos 1993) and so the 

operation of the primary system is managed to minimize organic output.  The brine 

shrimp Artemia spp. were introduced into the primary ponds as a management 

strategy prior to operation to moderate phytoplankton populations.  It was intended 

that the Artemia spp. would promote the transfer of organic carbon from the 

planktonic to benthic community thereby reducing the outflow of organic carbon 
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from the primary to secondary systems.  The microbial mats were initially 

established through nutrient fertilization with the aim of reducing seepage and to act 

as a nutrient sink.  A field study of the salt ponds carried out in August 1997 

concluded that the biological condition controlled by salinity and combined nitrogen 

and phosphate in the water column was at a desirable level (Davis 1997).  The 

reasons for this conclusion were based on the observation of a healthy and well 

functioning brine shrimp population and functioning benthic communities (Davis 

1997). 

4.4 Methods 

Model description - The model used in this study is a modified version of the 

Computational Aquatic Ecosystem Dynamics Model (CAEDYM) (Romero et al. 

2004) coupled to the Dynamic Reservoir Model (DYRESM) (Yeates and Imberger 

2004).  Seven ponds representative of the primary system were modeled separately 

by DYRESM-CAEDYM linked by inflows and outflows.  The physical variables of 

temperature, density, salinity and light were calculated by DYRESM and fed in at 

each time step to CAEDYM to determine temporal changes in the ecological 

variables. 

In DYRESM each pond is represented as a series of homogeneous horizontal 

layers of variable thickness (Yeates and Imberger 2004).  Inflow temperature, 

density, salinity and concentrations of ecological variables were determined by the 

upstream pond.  Local meteorological data were used to determine heating due to 

short-wave radiation, evaporation, sensible heat, long-wave radiation and wind 

stress.  Surface mass fluxes due to evaporation and precipitation were similarly 

parameterized using local meteorological data and properties of the surface layer.  
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The surface wind field was used to determine both momentum and turbulent kinetic 

energy in the surface layer contributing to vertical mixing. 

Particulate Organic Matter 
(PON/POP/POC) 

Artemia sp. 

Fish Predation 

Sediment Concentrations (PON/POP/POC NH4, NO3 and PO4) 

Phytoplankton 

Dissolved Inorganic Nutrients 
(NH4, NO3 and PO4) 

Microphytobenthos (Microbial Mats) 

 

Figure 4.3 - Schematic representation of the major state variables and the carbon and 

nutrient fluxes represented in the ecological model, CAEDYM. 

The ecological model CAEDYM was set up in the form of an ‘N-P-Z’ (nutrients-

phytoplankton-zooplankton) model, but with resolution to the level of individual 

species or groups of species (Griffin et al. 2000).  In the present study it is used to 

simulate phosphorus and nitrogen in both particulate and dissolved inorganic forms 

(POP and PO4, PON, NO3, NH4), dissolved oxygen (DO), particulate organic carbon 

(POC) and dissolved organic carbon (DOC).  The state variable POC was taken to 

represent only the detrital component of organic carbon and did not include 
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phytoplankton carbon.  Six organisms have been chosen to represent the food web of 

the Shark Bay salt ponds, three phytoplankton groups (marine diatoms, Dunaliella 

salina and Ochromonas), one zooplankton (Artemia spp.) and one microbial mat 

group (Aphanothece halophytica and microbial mat diatoms) group.  CAEDYM uses 

a series of ordinary differential equations to describe changes in concentrations of 

nutrients, detritus, dissolved oxygen, phytoplankton and zooplankton as a function of 

environmental forcing and ecological interactions for each cell represented by 

DYRESM.  Physical transport of ecological variables is carried out by DYRESM.  A 

conceptual diagram of the major ecological components and interactions represented 

in the model is shown in Figure 4.3 and the main equations used in CAEDYM are 

listed in Table 4.1.  Details of the structure of CAEDYM are given in (Robson and 

Hamilton 2004) and (Romero et al. 2004). 

ΔPj/Δt = [Pmax,jf1(T)min(f(I), f(P), f(N)) - (Rj)f2(T) - Predj]Pj 
         = production – (respiration + excretion + mortality) – predation 
ΔMMk/Δt = [Pmax,kf1(T)min(f(I), f(P), f(N)) - (Rk)f2(T) 
         = production – (respiration + excretion + mortality) 
ΔZi/Δt = [GiAif(Z)if1(T)(1-fex-feg) - (Ri+Mi)f2(T) - Predi]Zi 
          = (assimilation – excretion – egestion) – (respiration + mortality) – predation 
ΔPOC/Δt = Σ[Gif(Z)if1(T)i((1-Ai)+Aifeg) +Mif2(T)i]Zi + Σ[Rj(1-fres)(1-fDOM)f2(T)]Pj 
                   - PredPOMPOC - RPOCf(DO)f1(T)POC ± SPOM 
               = (zooplankton messy feeding + zooplankton egestion + zoop mortality) 
                      + phytoplankton mortality – zooplankton predation 
                      – POC decomposition ± settling 
ΔDOC/Δt = Σ[Rj(1-fres)fDOMf2(T)]Pj + RPOCf(DO)f2(T)POC - RDOCf (DO)f2(T)DOC 
                = phytoplankton excretion + POC decomposition – DOC mineralisation 
ΔPOP/Δt = Σ[Gif(Z)if1(T)i((1-Ai)+Aifeg) +Mif2(T)i]IPZiZi  
                  + Σ[Rj(1-fres)(1-fDOM)f2(T)]IPj 
                   - PredPOMPOP - RPOPf(DO)f1(T)POP ± SPOM 
               = (zooplankton messy feeding + zooplankton egestion 
                   + zooplankton mortality) + phytoplankton mortality  
                   – zooplankton predation – POP mineralization ± settling 
ΔPO4/Δt = RPOPf (DO)f2(T)POP - Σ[UPmax,jf1(T)jf(IP)jf(P)j]Pj  
                 + SdPO4f(DO)f2(T)LA/LV 
               = POP mineralisation – phytoplankton uptake + PO4 sediment flux 
ΔPON/Δt = Σ[Gif(Z)if1(T)i((1-Ai)+Aifeg) +Mif2(T)i]INZiZi  
                   + Σ[Rj(1-fres)(1-fDOM)f2(T)]INj - PredPOMPON - RPONf(DO)f1(T)PON 
                   ± SPOM 
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               = (zooplankton messy feeding + zooplankton egestion 
                    + zooplankton mortality) + phytoplankton mortality  
                  – zooplankton predation – PON mineralization ± settling 
ΔNH4/Δt = RPONf(DO)f1(T)PON - Σ[UNmax,jPNf1(T)jf(IN)jf(N)j]Pj  
                - RNOf(DO)f2(T)NH4 + SdNH4f(DO)f2(T)LA/LV 
               = PON mineralisation – phytoplankton uptake – nitrification 
                  + NH4 sediment flux 
ΔNO3/Δt = RNOf(DO)f2(T)NH4 – RN2f(DO)f2(T)NO3 
                  - Σ[UNmax,j(1-PN)f1(T)jf(IN)jf(N)j]Pj 
               = nitrification – denitrification – phytoplankton uptake 
ΔDO/Δt = kO2(DOatm – DO) + Σ[Pmax,jf1(T)jmin(f(I), f(P), f(N)) - Rjf2(T)j]PjYO2:C 
                Σ[Rif2(T)i]ZiYO2:C - RDOCf (DO)f1(T)DOCYO2:C 
                - RNOf (DO)f2(T)NH4 – SdDOf(DO)f2(T)LA/LV 
             = atmospheric flux + (phytoplankton oxygen production – phytoplankton  
                    respiratory consumption) – zooplankton respiratory consumption 
                    – utilisation of oxygen in mineralisation of DOM – utilisation of oxygen 
                       in nitrification – sediment oxygen demand. 
 
Temperature functions 
f1(T) = θT-20 - θk(T-a)+b 
where k, a and b are constants solved numerically to satisfy the following conditions: 
f1(T) = 1; at T=Tsta 
∂f1(T)/∂T = 0; at T=Topt 
f1(T) = 0; at T=Tmax 
f2(T) = θT-20 
Limitation equations 
f(Z)i=(ΣPj+ΣZk+POC)/(Ki+ΣPj+ΣZk+POC) 
f(I)j = I/Is exp(1-I/Is) 
f(IP)j = [IPmax/(IPmax-IPmin)][1-IPmin/IP] 
f(IN)j = [INmax/(INmax-INmin)][1-INmin/IN] 
f(DO) = DO/(KDO+DO) 
f(P) = PO4/(KP+PO4) 
f(N) = (NH4+NO3)/(KN+NH4+NO3) 
PN = (NH4 NO3)/[(NH4+KN)(NO3+KN)] + (NH4 KN)/[(NH4+KN)(NO3+KN)] 
f(S) = 1 + (β-1)(Sopt – S)2/(Sopt-Smin)2                           where S < Sopt 

          1 + (β-1)(Sopt – S)2/(Smax-Sopt)2                           where S > Sopt 
Settling 
Sj = (ws/Δz)Pj 
SPOM = (g(ρPOM -ρw)(DPOM)2/18μ)/Δz)POM 
Predation 
Predi = Σ(Gkf(Z)kf1(T)kZkPzZOOk,i) 
Predj = Σ(Gif(Z)if1(T)iZiPzPHYi,j) 
PredPOM = Σ(Gif(Z)if1(T)iZiPzPOC) 
Abbreviations: Z, zooplankton; P, phytoplankton; MM, microbial mat; POC, 
particulate organic carbon; DOC, dissolved organic carbon; POP, particulate organic 
phosphorus; PO4, phosphate; PON, particulate organic nitrogen; NH4, ammonium; 
NO3, nitrate; POM, particulate organic matter (C, N or P); IPzi, zooplankton internal 
phosphorus; INzi, zooplankton internal nitrogen; IPj, phytoplankton internal 
phosphorus; INj, phytoplankton internal nitrogen; DO, dissolved oxygen; DOatm, 
concentration of oxygen in the atmosphere; T, temperature; S, salinity; LA, layer 
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area; LV, layer volume; Δz, layer thickness; ρw, density of water; μ, viscosity of 
water; kO2, oxygen transfer coefficient. Subscripts: i, zooplankton group; j, 
phytoplankton group; k, microbial mat group. 

Table 4.1 – Equations used to describe the processes included in the ecological 

model CAEDYM 

The major nutrient fluxes represented in CAEDYM are uptake of dissolved 

inorganic nutrients by phytoplankton, release of dissolved nutrients from 

phytoplankton excretion, grazing, egestion and excretion of nutrients by 

zooplankton, nitrification and denitrification of inorganic nitrogen, sedimentation of 

nutrients in particulate form, mineralization of organic nutrients (both in the water 

column and benthic substrate) and release of dissolved nutrients from bottom 

sediments (Table 4.1). 

Net change in carbon concentration of the phytoplankton at each model time step 

is calculated as the difference between the increment due to gross primary 

production and losses due to sedimentation, grazing by zooplankton, respiration, 

excretion and mortality.  These terms are calculated using equations parameterized 

to represent the physiology of the main phytoplankton species.  Losses due to 

grazing by zooplankton are calculated by multiplying the food assimilation rate for 

the zooplankton by a preference factor for each phytoplankton group. 

Microbial mat biomass is quantified on an area basis as gC m-2of sediment.  The 

maximum potential growth is multiplied by the minimum value of expressions for 

limitation by light, phosphorus and nitrogen and a temperature function.  The current 

formulation of the model does not include a closed nutrient balance in the sediment 

cells.  For this reason the microbial mats are limited by available nutrients in the 

water column only.  Mat growth is balanced by loss due to respiration and excretion.  
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The model does not account for any grazing on the microbial mats by brine flies or 

zooplankton which for the purpose of this study was assumed negligible. 

Net zooplankton growth is calculated as a balance between food assimilation and 

losses from respiration, excretion, egestion, predation and mortality.  Food 

assimilation is calculated as the product of the maximum potential rate of grazing, 

assimilation efficiency, and temperature and food concentration functions.  A 

constant internal nutrient ratio is assumed and excretion of nutrients calculated to 

maintain this ratio each time step. 

Bacteria were not modeled explicitly but nutrient fluxes associated with bacterial 

metabolism were included by way of mineralization of particulate and dissolved 

organic pools (POC, POP, PON, DOP and DON).  These pools therefore included a 

detrital component as well as a bacterial component, all of which were potentially 

grazed.  Although fish are observed in the lower salinity ponds in the primary system 

they were not modeled explicitly, however, predation of fish on zooplankton was 

accounted for by adjusting the salinity limitation function to represent increased loss 

at the salinity ranges where fish are present. 

Collection of field verification data – The density of water in each pond in the 

primary systems were measured on a weekly basis.  These measurements were 

converted to salinity based on an equation of state (Baseggio 1974) assuming initial 

temperatures of 17.5°C and taking into account precipitation of gypsum at a salinity 

of 118 ppt. 

Ecological data were collected from four main sources: (1) quarterly reports of 

the nutrients and Chl a of the SBR ponds (SBR, unpub. data); (2) weekly reports of 



 

 

121

Artemia spp. counts (SBR, unpub. data); (3) a status report of the biological 

condition of the Useless Loop Solar Saltfield (Davis 1997) and (4) a biological 

assessment of the Shark Bay pond system after the addition of pond PM1 (Davis 

1999).  The production year of 1998 to 1999 was chosen for this study because this 

year contained the most comprehensive record for both operation inputs (pond 

transfers) and ecological data.  By commencing the study during the non-operation 

period we were able to stabilize the model prior to any pond inflows or outflows 

occurring. 

Nutrient measurements of total nitrogen, total phosphorus and phosphate (soluble 

reactive phosphorus) in ppm for each of the basins were taken from SBR quarterly 

reports (Oct 1995 to Aug 1998).  Units were converted to mg L-1 by multiplying by 

the specific gravity of the inflow.  Data from 25 August 1998 were used to initialize 

CAEDYM, as this is the closest sampling date to the DYRESM initialization date of 

16 September 1998.  The measurements also provide a general overview of seasonal 

trends in nutrient concentrations, allowing for model verification.  Values of initial 

ammonium concentrations were calculated based on the assumption that nitrate 

comprises approximately 30% of the total nitrogen levels, while nitrate was set at a 

constant value of 0.01 mg L-1 throughout the basins. 

Two reports on the biological condition of the solar salt ponds (Davis 1997 and 

Davis 1999) provided qualitative estimates of species abundance for the six 

organisms simulated in this study.  For the purposes of model calibration, results 

from these reports have been combined to provide a broad overview of trends 

through the primary system for the 1998-1999 production season (Figure 4.4).  A 

ranking scheme has been applied (Table 4.2) to convert estimates of abundance to 

carbon units for use with CAEDYM.  This scheme was applied to all species of 
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interest, excluding Artemia spp. for which mg carbon L-1 estimates could be derived 

based on counts of individuals L-1. 

Ranking Qualitative descriptor 
1 Rare
2 Common 
3 Abundant  
4 Superabundant/dominant 

Table 4.2 – Abundance ranking scheme used to transfer qualitative observations into 

quantitative concentrations. 

For estimates of phytoplankton concentrations, total Chl a concentrations were 

divided up into phytoplankton groups based on individual abundance rankings.  For 

example in a particular pond with two groups present with abundance rankings of 2 

and 3 the Chl a concentration for that pond would be divided by 2/5 and 3/5 

respectively.  Conversions to carbon units were made by assuming a C:Chl a ratio of 

50 for each phytoplankton group simulated. 
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Figure 4.4 - Ecological succession along a salinity gradient of major species present 

in the seven primary salt ponds (From Davis 1999). 

Measurements of Artemia spp. per litre made on a weekly basis by SBR.  

Numbers were averaged over sampling sites within the ponds, as per the nutrient 

data.  Counts of individuals L-1 were converted to mg carbon L-1 as per the dry 

weight:length relationship determined by Reeve (1963).  At an average length of 8 

mm, each individual would have a dry weight of approximately 600 μg.  Assuming 

that carbon accounts for approximately 50% of the dry weight, each individual 

would be comprised of approximately 300 μg carbon. 

As noted in Davis (1999), a superabundant (ranking of 4) microbial mat was 

approximately 2-4 cm thick.  Over a 2 year period from 2002-2003, Segal et al 

(2006) colleted 2cm benthic samples from a selection of ponds in the primary 
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system.  Results of their analysis ranged from 0.07 – 0.37 gC m-2 (Segal et al. 2006).  

For the modeling exercise we based our assumption that the initial concentration of 

the mats could be approximated as 0.1 gC m-2 for each abundance ranking on these 

results. 

Model Inputs - Model input files included data for initialization, meteorology, 

inflows and outflows.  Initialization files were prepared from field data collected on 

or near 8 July 1998.  Inflow data included the daily volume, temperature, salinity, 

nutrient, phytoplankton and zooplankton concentration of each pond inflow.  Surface 

inflow volumes were calculated based on a water mass balance using measured 

values of surface water elevation and evaporation calculated by DYRESM.  The 

remaining input variables were taken from the daily simulated output from the 

upstream pond for each pond except PM1 which receives inflow from the ocean.  

For the ocean inflow quarterly measurements by SBR of density, Chl a, total 

nitrogen, total phosphorus, phosphate and counts of Artemia spp. were interpolated 

to obtain daily values.  Inflow temperatures were set to daily air temperatures.  It was 

assumed that ammonium and nitrate comprise approximately 25% and 12.5% of the 

total nitrogen levels respectively and that marine diatoms constituted the total Chl a.  

The outflow file included the total daily outflow volume estimated using the same 

water balance method described previously.  For the purpose of the study subsurface 

inflow and outflows were considered negligible.  Meteorological input data included 

short-wave radiation, cloud cover, air temperature, vapor pressure, wind speed and 

precipitation.  Values of total daily solar radiation, cloud cover and vapor pressure 

(converted from relative humidity) were supplied by the Bureau of Meteorology 

measured at the Denham Weather Station, approximately 20km from Useless Loop.  
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Air temperature, wind speed and precipitation data have been compiled from data 

collected at the SBR weather station located at Useless Loop. 

The physical parameters used to simulate the hydrodynamics of the Shark Bay 

solar salt ponds were either physical constants or were fixed according to the 

dimensions of the pond system (Yeates and Imberger 2004). 

Parameters used for CAEDYM are listed in Table 4.3.  The phytoplankton and 

microbial mat species present in the Shark Bay ponds have been well studied and 

many parameters were derived from experimental analysis (refer to Table 4.3).  The 

zooplankton parameters were determined where available from experiments 

conducted on Artemia species (refer to Table 4.3).  Where parameters were not 

available estimations based on previous model studies were initially used (Bruce et 

al. 2006). 

 

General     
Parameter Description Units Assigned value Values from 

field/lit 
Kd Background extinction 

coefficient 
m-1 0.35 0.29-0.34a 

Source a Calculated from unpub data on in-situ light measurements 

 

Phytoplankton 
Parameter Description Units Assigned 

values:  
Ochromonas 
Ocean diatoms 
D. salina 

Values from 
field/literature 

Pmax Maximum potential 
growth rate 

day-1 4.5 
1.44 
1.0 

4.5a 
1.44b 
2.0c 

IK Parameter for initial 
slope of PI curve 

μEm-2s-1 50 
60 
100 

100-350a 
120b 

100-200c 
Kep Specific attenuation 

coefficient 
m2 g C-1 0.02 

0.02 
0.02 

 

KP Half saturation mg L-1 0.001  
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constant for 
phosphorus uptake 

0.002 
0.005 

 
 

KN Half saturation 
constant for nitrogen 
uptake 

mg L-1 0.01 
0.02 
0.017 

 
 
0.017-0.059d 

IPcon Constant internal P 
ratio 

mg P (mg C) -1 0.01 
0.014 
0.012 

0.028g 
 
 

INcon Constant internal N 
ratio 

mg N (mg C) –1 0.14 
0.106 
0.14 

0.212g 
 
 

θj Temperature multiplier 
for growth 

 1.07 
1.07 
1.07 

 
 
 

Tsta Standard temperature °C 20 
20 
20 

 

Topt Optimum temperature °C 25 
28 
28 

20a 
 
27c 

Tmax Maximum temperature °C 35 
35 
35 

35a 
 
35-40f 

Smin Minimum salinity ppt 48 
20 
75 

 
 
20e 

Sopt Optimum salinity ppt 70 
60 
110 

 
 
100-150e 

Smax Maximum salinity ppt 90 
90 
250 

 
 
300c 

Rj Metabolic loss rate 
coefficient 

day-1 0.1 
0.05 
0.03 

 

θR Temperature multiplier 
for metabolic loss 

 1.07 
1.05 
1.07 

 

fres Fraction of respiration 
relative to total 
metabolic loss 

 0.6 
0.7 
0.6 

 

fDOM Fraction of metabolic 
loss rate that goes to 
DOM 

 0.5 
0.5 
0.5 

 

Sources aAndersson et al 1989 
b Robson and Hamilton 2003 based on marine diatoms in the Swan River 
cLoeblich 1972. 
dThomas and Dodson 1974 
eOren 1993 
f Borowitzka 1981 
g Rothhaupt 1996 

 

Microbial Mats 
Parameter Description Units Assigned 

values:  
Values from 
field/literature 

Pmax Maximum potential 
growth rate 

day-1 2.0 2.0a 

IK Parameter for initial 
slope of PI curve 

μEm-2s-1 230 104b 
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KP Half saturation 
constant for 
phosphorus uptake 

mg L-1 0.005  

KN Half saturation 
constant for nitrogen 
uptake 

mg L-1 0.025  

IPcon Constant internal P 
ratio 

mg P (mg C) -1 0.07  

INcon Constant internal N 
ratio 

mg N (mg C) –1 0.1  

θj Temperature multiplier 
for growth 

 1.08  

Tsta Standard temperature °C 20  
Topt Optimum temperature °C 33  
Tmax Maximum temperature °C 39  
Smin Minimum salinity ppt 90  
Sopt Optimum salinity ppt 160  
Rj Metabolic loss rate 

coefficient 
/day 0.03  

θR Temperature multiplier 
for metabolic loss 

 1.07  

fres Fraction of respiration 
relative to total 
metabolic loss 

 0.8  

Sources aRoux 1996, assuming 0.4 gC g dry wt 
b Borowitzka 1981, optimal growth. 

 

Zooplankton 
Parameter Description Units Assigned 

values: 
Values from 
field/literature 

Gi Grazing rate gC m-3 (gC m-3)-1 

day-1 
1.2 1.26a 

Azi Grazing efficiency - 1.0 Close to 1 as 
filter feeders 

Ri Respiration rate 
coefficient                        

day-1 0.05 0.035-0.1 a 

Mi Mortality rate coefficient  day-1 0.01 0.0033b 
0.0262c 

feg Fecal pellet fraction of 
grazing 

day-1 0.2 Kfz+kez=0.36-
0.68d 

fex Excretion fraction of 
grazing 

day-1 0.2  

θi Temperature multiplier 
for growth 

 1.08  

Tsta Standard temperature °C 20  
Topt Optimum temperature °C 33  
Tmax Maximum temperature °C 39  
θRi Respiration 

temperature 
dependence                   

 1.07  

Ki Half saturation constant 
for grazing                       

g C m-3 0.1 2.96e 

INzi Internal ratio of 
nitrogen to carbon. 

g N gC-1 0.2 0.23a 

IPzi Internal ratio of 
phosphorus to carbon 

g P gC-1 0.01 0.0135k 

PzPHY Preference of 
zooplankton for 

 0.8  
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phytoplankton 
PzPOC Preference of 

zooplankton for POC 
 0.2  

Sources aEvjemo and Olsen 1999 and Evjemo et al. 2000 (Artemia fransiscana optimal 
food 11days old)  
bJellison et al. 1993 (based on survival rate of Artemia monica over 30 days) 
cDana and Lenz 1986 (based on survival rate of Artemia monica over 26 days) 
dEvjemo et al. 2000, Artemia fransiscana. 
eEvjemo and Olsen 1999 (Artemia fransiscana 11days old, 26-28°C, Holling 
Type II)  
k Martin 1968 

 

Dissolved Oxygen and Nutrients 
Parameter Description Units Assigned 

values 
Values from 
field/literature 

KDO_POM Half saturation 
constant for 
dependence of 
POM/DOM 
decomposition on DO 

mg O L-1 1.46  

θPOM Temperature multiplier - 1.03 1.02-1.14a 
RPOC Mineralisation rate for 

POC to DOC 
day-1 0.12  

RPOP Mineralisation rate for 
POP to DOP 

day-1 0.1 0.01-0.1a 

RPON Mineralisation rate for 
PON to DON 

day-1 0.4 0.01-0.03a 

DPOM Diameter of POM 
particles 

m 0.000009  

ρPOM Density of POM 
particles 

kg m-3 1109  

KePOC Specific light 
attenuation coefficient 
for POC 

m2 g-1 0.00943  

RDOC Mineralisation rate for 
DOC 

day-1 1 Set to 1 to 
eliminate DOP 
pool for 
simplicity 

RDOP Mineralisation rate for 
DOP to PO4  

day-1 1 Set to 1 to 
eliminate DOP 
pool for 
simplicity 

RDOP Mineralisation rate for 
DOP to PO4  

day-1 1 Set to 1 to 
eliminate DOP 
pool for 
simplicity 

RDON Mineralisation rate for 
DON to NH4  

day-1 1 onset to 1 to 
eliminate DON 
pool for 
simplicity. 

RN2 Denitrification rate 
coefficient 

day-1 0.000864 0.1a 

θN2 Temperature multiplier 
for denitrification 

- 1.08 1.045a 

KN2 Half saturation 
constant for 
denitrification 
dependence on 
oxygen 

mg N L-1 1.75  
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RNO Nitrification rate 
coefficient 

day-1 0.000553 0.1-0.2a 

θNO Temperature multiplier 
for nitrification 

- 1.08 1.08a 

KNO Half saturation 
constant for nitrification 
dependence on 
oxygen 

mg O L-1 0.5  

Sources aJorgensen and Bendoricchio 2001 

Table 4.3 – Parameters used in CAEDYM to simulate ecological variables in the 

Shark Bay primary system solar salt ponds. 

Due to the paucity of ecological data no formal verification was preformed for 

this study.  However, successive studies have shown the ecology of the Shark Bay 

salt ponds to be relatively stable (Davis 1997, Davis 1999), so the aim of model 

calibration was to reproduce this stability.  A number of model runs were performed 

and the results checked for stability.  Any deviation from a stable condition indicated 

errors in parameter estimates which were then adjusted and the model run again.  

This process was repeated until an acceptable stability was achieved. 

To determine the role of the dominant zooplankton, Artemia spp. on the algal 

succession observed in the Shark Bay ponds the model was run with the Artemia 

spp. sub model switched off.  The initial conditions for Artemia spp. were set to zero 

with all other input conditions (physical and ecological) remaining the same.  The 

results were then analyzed and compared against the base line results. 

4.5 Results 

Pond salinities were determined by DYRESM by calculating a balance between 

evaporation, rainfall, inflows and outflows.  Since the organisms in the ponds were 

highly dependent on the salinity it was essential that the model presented an accurate 

representation of pond salinities.  The match between observed and simulated 
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salinities (Figure 4.5) was achieved by adjusting the flume pumped flow from the 

last pond.  This flow was selected to gain the best match between observed and 

simulated salinity measurements for all ponds (Figure 4.5). 
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Figure 4.5 - Comparison of simulated salinities (solid line) against field data 

(crosses) for the seven ponds of the primary system. 

As Artemia spp. do not appear in great number in the lower salinity ponds the 

difference in oceanic diatom and ochromonas biomass and spatial succession 

simulated by the model when the brine shrimp was absent was not noticeable there 

(Figure 4.6).  However, the simulated concentrations of Dunaliella salina in the high 

salinity ponds were markedly higher (7 to 11 times) in the absence of Artemia spp. 

grazing (Figure 4.6).  The simulated results suggest that the phytoplankton biomass 

was still dominated by Dunaliella salina in the high salinity ponds in the absence of 
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Artemia spp. (Figure 4.6).  Similarly the model results suggest that microbial mats 

would still appear in the higher salinity ponds in the absence of Artemia spp. 

however concentrations would be lower (Figure 4.6).  The model predicted that the 

amount of PAR reaching the bottom of the high salinity ponds would be 

significantly lower (2 to 4 times) in the absence of Artemia spp. (Figure 4.7).  Note 

that PAR is both a function of pond depth and concentration of biological matter in 

the water column which is why the values tend to increase with decreasing water 

column depth of the higher salinity ponds. 
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Figure 4.6 - Comparison of simulated carbon concentrations of major groups of 

biota in the Shark Bay salt pond food web when Artemia spp. predation is active 

(left) and absent (right). 
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Figure 4.7 - Comparison of simulated PAR values on pond floor when Artemia spp. 

predation is active (left) and absent (right). 

Simulated results indicate a significant difference in the total phosphorus and 

nitrogen budgets across the salinity gradient of the seven primary ponds (Figure 4.8).  

While concentrations of nitrogen increase across the salinity gradient, total 

concentrations of phosphorus peak in pond P1B then indicate a sharp decline in P2 

maintained to P3B (Figure 4.8).  The most noticeable difference in the simulated 

phosphorus and nitrogen budgets was the contribution that the dissolved inorganic 

components make to the total concentrations.  For phosphorus, the inorganic 

component of the total pool was slightly lower in the higher salinity ponds (P2 to 

P3B) and for nitrogen significantly greater.  Similarly the particulate component was 

slightly lower in the high salinity ponds for phosphorus and for nitrogen the 

particulate component increased across the lower salinity ponds (PM1 to P1B) then 

decreased over the higher salinity ponds (Figure 4.8).  The simulated phytoplankton 

contribution on the other hand was similar for both phosphorus and nitrogen, making 

a greater contribution from PM1 to P1B and lower in P2 to P3B.  The Artemia spp. 

contribution only appeared from P2 and was proportionally greater for nitrogen than 

phosphorus.  This was also true for the contribution by the microbial mats. 
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Figure 4.8 - Comparison of simulated concentrations of major components in 

nutrient budget for microbial mats (MMat), dissolved inorganic nutrients (DIN/DIP), 

particulate organic nutrients (PON/POP), internal phytoplankton nutrients (Phy) and 

internal Artemia spp. nutrients (Art) when Artemia spp. predation is active (left) and 

absent (right) for phosphorus (P) and nitrogen (N). 

When the Artemia spp. were absent the model predicted increased levels of total 

phosphorus in the higher salinity ponds (Figure 4.8). Both the contribution from 

particulate and phytoplankton phosphorus was greater and inorganic phosphorus 

lower.  Comparatively the total nitrogen concentrations in the absence of Artemia 

spp. were not significantly greater (Figure 4.8).  Again the contribution from 

particulate and phytoplankton nitrogen was greater and inorganic nitrogen lower. 
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The uptake of phosphorus by microbial mats was predicted by the model as 

occurring only in the higher salinity ponds (P2 to P3B) and greater (approximately 

double) in P3A and P3B compared to P2 (Figure 4.9).  A similar result was predicted 

for nitrogen (Figure 4.9).  As a comparison to determine the reason for the simulated 

changes in nutrient dynamics the microbial mat fluxes were calculated as a 

proportion of the total nutrients in each pond.  It was found that as a function of total 

nutrients the microbial mat phosphorus uptake was 2 to 2.5 times greater than that of 

nitrogen.  By contrast simulated zooplankton excretion and egestion as a function of 

total nutrients were of similar magnitude for both phosphorus and nitrogen. 
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Figure 4.9 - Comparison of simulated values of major nutrient fluxes for microbial 

mat uptake (MMats), total phytoplankton uptake (PhyUp), bacterially mediated 

mineralization of POP and PON (BacMin), zooplankton excretion (ZoopEx) and 
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zooplankton egestion (ZoopEg) when Artemia spp. predation is active (left) and 

absent (right) for phosphorus (P) and nitrogen (N). 

Bacterial mineralization of both phosphorus and nitrogen increased slightly in the 

simulations when the Artemia spp. were absent compared to present (Figure 4.9).  In 

contrast phytoplankton uptake remained approximately the same despite increases in 

phytoplankton biomass (Figure 4.8).  Simulated values of microbial mat uptake were 

reduced when the Artemia spp. were switched off (Figure 4.9) which was in 

agreement to the lower simulated biomass (Figure 4.8). 

4.6 Discussion 

Due to their lack of anatomical defense mechanisms against higher tropic level 

organisms (Tackaert and Sorgeloos 1993) Artemia spp. do not appear in great 

abundance in the first four of the seven ponds simulated in this study.  These ponds 

were influenced by top down effects of fish predation and competition with marine 

zooplankton species not modeled in this study.  We will therefore focus our 

discussion on the higher salinity ponds treating the earlier ponds merely as sources 

of salt, nutrients and phytoplankton via inflows. 

Our model results indicated that if Artemia spp. were removed from the system, 

the most noticeable change in biotic composition of the higher salinity ponds would 

be a substantial increase (7-11 fold) in biomass of the phytoplankton group 

represented by Dunaliella salina.  This suggests that Artemia spp. were indeed 

responsible for the marked reduction in phytoplankton biomass observed in these 

ponds for the 1998-1999 production year.  This result confirms standard salt pond 

operation knowledge that Artemia grazing plays an essential role in the removal of 
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water column algae prior to crystallization ponds (Davis 1993).  As excessive 

biological matter flowing downstream to the crystallization process can be 

detrimental to the quality of precipitated salt (Davis 1993) this conclusion highlights 

the importance of Artemia in effective salt pond management. 

Although their study was focused on freshwater lakes, parallels from the results 

of our study can be drawn to those described in Vadeboncoeur et al. (2003).  In 

comparing the benthic and pelagic contributions to primary productivity along a 

eutrophication gradient as measured by concentrations of total phosphorus 

Vadeboncoeur et al. (2003) found a switch from benthic to pelagic dominance of 

primary productivity in response to increasing eutrophication.  Our results indicated 

that along the salinity gradient the total phosphorus decreased (Fig. 4.8) 

corresponding to a switch from pelagic to benthic dominance.  Although many 

factors such as pond depth, morphometry, littoral habitat and grazing can influence 

the extent to which benthic communities are established (Vadeboncoeur et al. 2003) 

it appears that increased phytoplankton growth whether by increased eutrophication 

or reduced predation inhibits benthic productivity. 

Zooplankton, through selective grazing and nutrient regeneration, have been 

found to influence phytoplankton species composition in lakes (Frost et al. 2004; 

Sterner and Hessen 1994; Touratier et al. 2001).  In this study we have attempted to 

extricate the effect of zooplankton grazing as a determinant of changes in 

phytoplankton community structure observed across a salinity gradient.  Our results 

suggest, however, that the switch from marine species of diatoms and flagellates to 

the more salt tolerant chlorophyte, Dunaliella salina may be more a function of 

salinity tolerances than grazing by Artemia. 
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In the Shark Bay solar salt ponds the appearance of microbial mats on the pond 

floor coincides with a sharp increase in density of Artemia spp.  This coincidence 

has been observed in other saltern systems leading to the conclusion that the Artemia 

provide essential nutrients via sinking fecal pellets to the benthic communities 

fostering the growth of microbial mats (Jones et al. 1981).  This secondary role of 

Artemia in salt production ponds could not be determined directly due to the 

limitations of the current version of our model.  The model in its current state does 

not include a complete balance in sediment nutrients, grazing by zooplankton and 

brine fly on the microbial mats and a parameterized bacterial and fungal community 

in the benthic layer that would allow for additional nutrient pathways by which 

particulate matter would be mineralized and released into the water column. 

Due to the model limitations described above we focused our examination on the 

role that the clearing of the water column of particulate matter by Artemia spp. 

grazing plays on the increase of photosynthetic available radiation (PAR) to the pond 

floor.  Model results showed that although microbial mat communities still appeared 

when Artemia spp. grazing was switched off, biomass was reduced by 30% in the 

shallowest pond P3B up to 80% in the deepest pond P2.  This trend was reflected in 

the simulated values of PAR reaching the bottom layer which was reduced similarly 

by 54% in P3B to 78% in P2.  Studies have demonstrated that due to reduced 

seepage from ponds floors, the development of microbial mats is of direct benefit to 

salt production (Jones et al. 1981).  Given this link our model results indicate that the 

presence of Artemia spp. in the higher salinity ponds may also be beneficial to the 

quantity of salt produced in the Shark Bay ponds. 
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Figure 4.10 - Simulated phytoplankton nutrient limitation functions for the cases 

where Artemia spp. is present and absent for phosphorus (P) and nitrogen (N). A 

value of 1.0 indicates no limitation and 0.0 full limitation. 

The role of zooplankton in nutrient recycling in aquatic ecosystems is well 

documented (Sarnelle and Knapp 2005) as is the idea that elemental stoichiometry of 

zooplankton may affect nutrient limitation in phytoplankton (Sterner 1986; Sterner 

and Hessen 1994).  The results of this study indicate firstly that Artemia spp. were 

responsible for a significant supply of recycled nutrients to meet phytoplankton 

demand for both nitrogen and phosphorus in the higher salinity ponds of the primary 

system (Figure 4.9).  The second conclusion made by this study was that the 

simulated switch from nitrogen to phosphorus limitation across the salinity gradient 

(Figure 4.10) was not mediated by the nutritional requirements of Artemia spp.  In 

fact in the absence of Artemia spp. grazing the transition was more pronounced 
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leading to the hypothesis that changes in the nutritional requirements of the algal 

species may be responsible for the switch.  Specifically the phytoplankton species 

with higher salt tolerances observed in greater numbers in the downstream ponds 

such as Dunaliella salina have a lower N:P ratio (3.4) than these observed in the 

upstream ponds such as marine diatoms (N:P of 10.0). 

Conclusions drawn regarding the effect of Artemia spp. on nutrient budgets were 

made under the limitations of the current version of the model as described 

previously.  It is hoped that future versions of the model addressing all or some of 

these limitations may be used to revisit the effect of various components of the 

nutrient balance on biota living along the salinity gradient manifest in solar salt 

ponds. 

4.7 Conclusion 

Results from this study indicate that Artemia spp. grazing contribute to reduced 

phytoplankton and particulate carbon in the higher salinity ponds.  This leads to 

greater light reaching the microbial mats enabling increased benthic productivity.  

However, changes in phytoplankton composition do not appear to by influenced by 

Artemia spp. grazing or nutrient recycling and were perhaps more influenced by 

phytoplankton competition and/or salinity tolerances.  Furthermore, our results 

indicate that the predicted switch from a nitrogen to phosphorus limited system 

along the salinity gradient of the primary system may be linked to changes in the 

stoichiometry of the dominant phytoplankton species rather than regeneration of 

zooplankton excreted nutrients.  In fact the results showed that in absence of Artemia 

spp. in the upper salinity ponds, phytoplankton P limitation would be greater.  In 

summary, the presence of Artemia spp. in the Shark Bay solar salt ponds appears to 
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be beneficial to salt production in the dual role of clearance of biological matter in 

the water column (improving quality) and fostering of microbial mat communities 

(increasing quantity).  The hypothesis that algal species (both planktonic and 

benthic) may play a greater role in observed nutrient trends could be confirmed in 

further studies focused on phytoplankton competition and nutrient exchange by 

microbial mat algae. 
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Chapter 5. General Discussion 

A coupled hydrodynamic and ecological model has been used in three separate 

applications to demonstrate the ability of numerical models to be used to answer 

questions aimed at improving the understanding of ecosystem functions. 

In the first, the role of zooplankton in the nutrient cycles of Lake Kinneret, Israel 

was quantified.  The model was parameterized and calibrated using an extensive 

field data set.  It was found that the excretion of dissolved nutrients by zooplankton 

accounted for up to 58% of phytoplankton demand and that this value varied 

seasonally in response to patterns of stratification and mixing.  In the second 

ecosystem, Mono Lake, USA, results from model simulations were studied to 

determine the significance of the transport of nutrient rich hypolimnetic water via the 

benthic boundary layer (BBL) on lake productivity.  Model results indicated that 

although on average the impact of BBL transport on Mono Lake ecology was not 

large, significant nutrient fluxes were simulated during periods when BBL transport 

was most active.  In the final application, the ecological gradients of the primary salt 

ponds of Shark Bay, Australia were studied with specific focus on the role of 

zooplankton as a determinant of ecosystem dynamics.  Model results indicated that 

zooplankton grazing was responsible for reduced water column particulate organic 

matter and increased light available for the development of microbial mats.  

However, no direct link between zooplankton grazing and observed changes in 

planktonic algal species composition or nutrient limitation across the salinity 

gradient of the ponds was found. 

In comparing the results of the three studies it is clear that the impact of biotic 

versus abiotic forces in determining ecosystem function depends on the strength of 
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the respective forces.  The nutrient cycles of highly productive systems such as 

Mono Lake are dominated by rapid internal recycling through the lake biota.  

Although the nutrient uptake by phytoplankton in Lake Kinneret was supported in 

part by zooplankton excretion, physical processes such as seasonal inflows were also 

a significant source of nutrients.  For the Shark Bay salt ponds, both the strength of 

the salinity gradient and zooplankton grazing were found to be significant 

determinants on the observed ecological patterns. 

Results from this study demonstrate the potential of a lake ecosystem model to 

extract useful process information to complement field data collection and address 

questions related to the relationship between physical and ecological processes in 

aquatic ecosystems.  Recent developments in the structure and form of DYRESM-

CAEDYM include species of fish and bacteria and improved representation of the 

sediment release model.  Future work will aim to build on the results of this thesis to 

further improve the understanding of aquatic ecosystems. 
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