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ABSTRACT 
This study reports the first preliminary results of the DYRESM-CAEDYM model application to a mid size sub-alpine lake (Lake 

Pusiano North Italy). The in-lake modelling is a part of a more general project called Pusiano Integrated Lake/Catchment project 
(PILE) whose final goal is to understand the hydrological and trophic relationship between lake and catchment, supporting the 
restoration plan of the lake through field data analysis and numerical models. DYRESM is a 1D-3D hydrodynamics model for 
predicting the vertical profile of temperature, salinity and density. CAEDYM is multi-component ecological model, used here as a 
phytoplankton-zooplankton processes based model, which includes algorithms to simulate the nutrient cycles within the water 
column as well as the air-water gas exchanges and the water-sediments fluxes. The first results of the hydrodynamics simulations 
underline the capability of the model to accurately simulate the surface temperature seasonal trend and the thermal gradient 
whereas, during summer stratification, the model underestimates the bottom temperature of around 2 °C. The ecological model 
describes the epilimnetic reactive phosphorus (PO4) depletion (due to the phytoplankton uptake) and the increase in PO4 
concentrations in the deepest layers of the lake (due to the mineralization processes and the sediments release). In terms of 
phytoplankton dynamics the model accounts for the Planktothrix rubescens dominance during the whole season, whereas it seems to 
underestimate the peak in primary production related to both the simulated algal groups (P. rubescens and the rest of the other 
species aggregated in a single class). The future aims of the project are to complete the model parameterization and to connect the 
in-lake and the catchment modelling in order to gain an integrated view of the lake-catchment ecosystem as well as to develop a 
three dimensional model of the lake. 
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1. INTRODUCTION 

Many studies underline the significance of coupled 
hydrodynamics-ecological models in both limnological 
processes understanding and management of lacustrine 
environments (Hamilton & Schladow 1997; Omlin et al. 
2001) as they allow simulating chemical and biological 
dynamics in a proper physical contest rather than under 
simplified conditions (such as continuously mixed con-
dition or two box approximation). 

The adaptation of a biogeochemical model for Lake 
Pusiano is a part of the Pusiano Integrated Lake/ catchment 
Project (PILE) which aims at understanding the hydrologi-
cal and trophic relationships between lake and catchment 
through field data analysis and numerical models. The 
applied goal of the project is to support the restoration and 
the management plans of the lake ecosystem. 

This preliminary study aims at presenting the state 
of the art of the biogeochemical model's development 
and at discussing the first model simulations of the 2002 
limnological year. 

2. STUDY SITE 

Lake Pusiano is a mid-size (surface area 5 km2) 
warm monomictic sub-alpine lake, with a maximum 
depth of around 24 m and a residence time less than one 
year. In terms of trophic conditions the ecosystem is 
characterized by phosphorus limitation (Legnani et al. 
2005). The limnological features of this environment 
have considerably changed during the last 30 years. In 
particular the trend of total phosphorus (TP) concentra-
tions indicates a sharp decrease of this nutrient in the 
last 15 years (1984 winter overturn = 198 µg P l-1, 2004 
winter overturn = 67 µg P l-1). Despite this reduction of 
the TP concentrations since 1994 Lake Pusiano has suf-
fered conspicuous cyanobacterial blooms. During 2002 
the lake was strongly dominated by the filamentous 
cyanobacterium Planktothrix rubescens, whereas the 
following year the phytoplankton population shifted 
toward a more diversified condition with crysophytes 
and chlorophytes as dominant groups (Legnani et al. 
2005). 
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3. METHODS 

In this study the physical and chemical-biological 
processes occurring on the Lake Pusiano at the seasonal 
scale have been simulated by coupling the hydrody-
namics model DYRESM with the ecological model 
CAEDYM. 

DYRESM (DYnamic REservoir Simulation Model) 
is a 1D - 3D hydrodynamics model for predicting the 
vertical distribution of temperature, salinity and density 
in lakes and reservoirs at the seasonal or decadal time 
scales (Antenucci & Imerito 2002). The model assumes 
that the horizontal density gradients quickly equilibrate 
horizontal parameter variations and that it is sufficient 
to keep track of only the vertical structure (1D approxi-
mation) and the lake may be represented by a series of 
horizontal layers of uniform property but variable thick-
ness. These layers or slabs are assumed to be Lagran-
gian in nature and move vertically in response to 
inflows and outflows entering the lake structure either 
above or below a particular slab. The model accounts 
for surface hydrodynamics (balance of heat and 
momentum), inflow and outflow dynamics and internal 
mixing processes driven by external forcing mecha-
nisms; in this sense it accounts for 3D processes, but 
retains only the memory of what these processes do to 
the vertical structure. The model uses as input forcing 
hourly or daily meteorological data (incident short wave 
radiation, long wave radiation, air temperature, wind 
speed, vapour pressure and rainfall), daily inflow and 
volumes, salinities and temperatures and outflow vol-
umes. When the hydrodynamics model is coupled with 
CAEDYM the daily inflow concentrations of the water 
quality variables are also required. 

CAEDYM (Computational Aquatic Ecosystem 
DYnamics Model) is a multivariable generalized eco-
logical model, but in this application, only a subset of 
the algorithms was activated. These included algorithms 
to simulate the population dynamics of the main fresh-
water phytoplankton and zooplankton groups. Primary 
production and the influence of light availability, nutri-
ents, temperature as well as grazing on phytoplankton 
constituted the basis for the phytoplankton-zooplankton 
model. The algorithms to dynamically simulate the air-
water gas exchanges and the water-sediment fluxes 
(Romero et al. 2003) were also activated.  

The current version of the Lake Pusiano ecological 
model was structured in order to simulate, with a daily 
time step, the following biogeochemical cycles: nitro-
gen and phosphorus dynamics, the dynamics of 2 
phytoplankton groups (P. rubescens and the rest of the 
phytoplankton species aggregated in a single class G2) 
and of 1 zooplankton group (herbivores). For a com-
plete description of the Lake Pusiano model readers are 
referred to Copetti (2005) and to Romero et al. (2003) 
for the CAEDYM code. The following model descrip-
tion focuses only on the phosphorus-phytoplankton sub-
model. 

The phytoplankton dynamics was computed for each 
group (at a give time step and dynamic layer) with the 
following equation: 

( ) ( ) ( ) ( )[ ]{ }AiSGLTfNfPfIf
dt

dAi
TNPI −−−= ,,minmaxμ  (1 

where Ai (µg Chl-a l-1) is the chlorophyll concentration 
of a given phytoplankton group (P. rubescens or G2 in 
this study), µmax (day-1) is the maximum growth rate at 
20 °C in absence of limitation by nutrients and light, 
fI(I), fP(P) and fN(N) are limiting expressions for light, 
phosphorus and nitrogen respectively, fT(T) is a function 
for temperature dependence, L accounts for metabolic 
losses, G for grazing due to zooplankton and S for 
biomass losses due to settling. 

The algorithm proposed by Wallas et al. (1996) was 
used to account for photo-inhibition, (Walsby 2001), for 
P. rubescens: 
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where I (µmol m-2 s-1) is the incoming irradiance, IS 
(µmol m-2 s-1) represents the light saturation value at 
which production is maximal. 

For the rest of the phytoplankton species (G2) a 
simple Webb type model was applied (Webb et al. 
1974): 

 
⎟⎟
⎠

⎞
⎜⎜
⎝

⎛
−=

k
I I

IIf exp1)(  (3 

where Ik (µmol m-2 s-1) is the light intensity at which the 
photosynthetic ratio is equivalent to the maximum 
production. 

The incident surface short wave radiation was sup-
plied by the hydrodynamics model and was converted to 
photosynthetically active radiation (PAR; 400-700 nm) 
by assuming 45% of the incident spectrum was active 
(Jellison & Melack 1993). The photosynthetic compo-
nent was assumed to penetrate the water column 
according to Beer's Law: 

 Kdz
z II 0=  (4 

where Iz (µmol m-2 s-1) is the radiance at a certain depth 
z, I0 (µmol m-2 s-1) is the surface incoming radiation and 
Kd (m-1) is the light extinction coefficient. In this study 
the light adsorption was dominated by the attenuation 
due to pure water and the presence of algae, so that the 
total Kd could be computed with the following equation: 
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were w
dK  (m-1) is the attenuation coefficient due to pure 

water (0.33 m-1), Ke (m2 mg Chl-a-1) is the rate at which 
the extinction coefficient increases with increasing the 
chlorophyll concentration  
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(Ai, µg Chl-a l-1) and Gi denote a given phytoplankton 
group. 
For both algal groups the phosphorus and nitrogen 
limitation function was assumed to be controlled by a 
dynamic internal nutrient process. The phosphorus 
function takes form as follows: 
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where IPmax (mg P mg Chl-a-1) and IPmin (mg P mg Chl-
a-1) are user defined bounds for internal phosphorus 
concentrations, IP (mg P mg Chl-a-1) is the actual 
internal phosphorus content at a given time step. The 
phosphorus uptake function was modeled with: 
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where UPmax (mg P mg Chl-a-1 day-1) is the maximum 
phosphorus uptake, PO4 (mg P l-1) is the external 
dissolved reactive phosphorus concentration and KP (mg 
P l-1) is the half saturation coefficient. The temperature 
function )(TfT  included limitation at high temperature 
and was identical to that used for phytoplankton growth 
(see below). 

A similar formulation was applied to nitrogen to 
ensure the uptake of both the external nitrate and 
ammonium concentrations were accounted for. As the 
system is phosphorus limited the description of the 
phytoplankton-nitrogen dynamics is not reported here. 

The temperature function )(TfT
 accounts for 

changes in growth rate due to temperature and was 
assumed to be given by: 

 ( ) bTf aTK
G
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where T (°C) is the water temperature, 
Gϑ  is a non 

dimensional temperature multiplier prescribed by the 
user. By defining Topt, Tmax and Ts the temperature at 
which )(TfT

 is maximal, zero and equal to 1 respec-
tively, the model solves the equation which accounts for 
inhibition at higher temperatures [see Romero et al. 
(2003), for details]. 
Loss processes (L) were simulated with a lumped term 
that included the effects of respiration, mortality and 
excretion: 

 20−= T
RRKL ϑ  (9 

where KR (day-1) is the "respiration" rate coefficient 
although it also includes the effects of mortality and 
excretion, Rϑ  is a non-dimensional multiplier and T (°C) 
is the water temperature. In the model a certain 
percentage (fixed by the user) of these metabolic losses 
(morality and excretion) goes into the Particulate 
Organic Matter (POM) pool and the remainder goes to 
the Dissolved Organic Matter (DOM) pool. Figure 1 
shows schematically the fate of different dissolved and 
particulate phosphorus species as assumed in 
CAEDYM. 

Mortality due to grazing (G) was based on a 
Michaelis-Menten type equation (not shown). The 
model allows users to fix the preference of each zoo-
plankton group for a given phytoplankton class (in 
terms of diet percentage). In this study, since P. rube-
scens is grazed only lightly by zooplankton (Kurmayer 
& Jüttner 1999), the herbivores pressure was applied 
only to the G2 group. 

 

Fig. 1. Simplified schematic of the phosphorus–phytoplankton model. PO4 = dissolved reactive phosphorus, DOP = Dissolved 
Organic Phosphorus, POP = Particulate Organic Phosphorus, Algal-IP = Algal Internal Phosphorus. 
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Biomass losses due to sedimentation (S) were simu-
lated by applying a simple constant settling velocity 
equal to zero for the buoyant species P. rubescens 
(Walsby 1994; Omlin et al. 2001) and equal to 0.1 m 
day-1 for the G2 group. 

The PO4 water sediment flux was simulated as a 
function of temperature and dissolved oxygen concen-
tration at the water-sediment interface. Table 1 reports 
the principal model parameters for the Lake Pusiano 
application of CAEDYM. 

In order to validate the model results a one year 
experimental campaign was carried out in 2002 during 
which time all input variables, required by DYRESM 
and CAEDYM were measured. Daily averaged me-
teorological data were supplied by the meteorological 
station of the Lombardy Regional Agency for Environ-
mental Protection located in the city of Lecco (around 
10 km far form the lake shore), and the discharge of the 
principal inflows was obtained from applying the 
hydrological model SWAT, previously calibrated, to the 
catchment (Salerno 2005). 

The limnological campaign consisted of taking pro-
file data at the deepest point of the lake. Hydrochemical 
parameters (nutrients, organic carbon, pH, oxygen, con-

ductivity) were measured in the water column at fort-
nightly intervals during maximum summer stratification 
and at monthly intervals during the rest of the year. 
Phytoplankton and zooplankton populations were con-
currently sampled. The same sampling schedule was 
also applied to the principal tributaries. For details on 
the analytical methods see Legnani et al. (2005). Water 
temperature data were measured in continuous (every 
15 minutes) by a thermistor chain at the point of maxi-
mum depth as well as on the principal tributary (every 
30 minutes). 

4. RESULTS 
Figure 2 reports the first results of the hydro-

dynamics model for 2002. Surface temperatures varied 
from 4.5 °C at the beginning of February (maximum 
winter overturn) to 28.9 at the end of June (during 
maximum stratification). The comparison between field 
and simulated data related to the lake surface layer 
shows an excellent model performance (R = 1, N = 257) 
during the most of the year indicating a good simulation 
of the surface heat budged. On the bottom the seasonal 
temperature cycle is more smoothed with temperature 
ranging from 4.3 (at winter overturn) to 6.3 °C (after the 

Tab. 1. Principal parameters of the phosphorus-phytoplankton model.

Process Equation Symbols P. rubescens Chlorophytes literature range Unit 

growth (1) µmax 0.12 0.9 0.12–3.63 day-1 

(2) Is 20  20-300 µmol m-2 s-1 
light limitation (3) Ik  100 20-300 µmol m-2 s-1 

light estinction (5) Ke 0.033 0.025 0.01-15.1 m2 (mg Chl-a)-1 

IPmax 2.0 2.0 0.95–10.9 mg P (mg Chl-a)-1 phosphorus 
limitation 

(6) IPmin 0.3 0.3 0.1-1 mg P (mg Chl-a)-1 

UPmax 0.05 0.05 0.14-1 mg P (mg Chl-a)-1 day-1 phosphorus 
uptake  

(7) KP 0.02 0.02 0.001–0.03 mg P l-1 

Tmax 30 35 33-40 °C 
Topt 15 26 20-32 °C 
Tsta 10 20 18-20 °C 

temperature 
dependence 

(8) 

ϑG 1.04 1.04 1.02-1.14  

KR 0.015 0.05 0.001-0.171 day-1 
loss processes (9) ϑG 1.04 1.04 1.02-1.14  

 

Fig. 2. Comparison between field and simulated temperature data. 
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onset of thermal stratification). The principal lack in 
model performances seems to be the inability in simu-
lating the slight temperature increase during spring 
(weak stratification). This mismatch between field and 
simulated data is likely due to the use of daily averaged 
meteorological data instead of sub-daily data (not avail-
able for the whole simulated period) which smoothed 
the effects of the meteorological driving forces. In par-
ticular the simulation of mixing events driven by the 
wind action is highly sensitive to the temporal resolu-
tion of the input data (Imberger 1994). A possible 
explanation of the model failure is so a raw description 
of the turbulent kinetic energy budget along the water 
column during the period of weak stratification. After 
the onset of a stable thermal stratification, and the heat 
exchange reduction between upper and lower layers, a 
difference of around 2 °C persist for the rest of the year. 

The comparison between field and simulated PO4 
concentrations data are shown in figure 3 where it is 
seen that the model reproduced the seasonal trends of 
both the surface and bottom layers rather well. The 
model clearly accounted for the surface nutrient deple-
tion, principally due to the phytoplankton uptake, and 
the bottom nutrient enrichment due to remineralization 
and release from sediments. In the surface layer (R = 
0.7, N = 17) a better agreement was reached in the sec-

ond half of the year when the difference in concentra-
tions were constantly below 6 µg P l-1. 

On the bottom (R = 0.9, N = 16) the field data 
showed some variability that was absent in the simu-
lated concentrations. Two reasons can be put forward to 
account for the different behavior of measured and 
simulated data. First, the sharp nutrient gradient that 
characterize the lower layers of the lake (around 30 µgP 
l-1 between 15 and 22.5 m depth) amplifies differences 
in concentration due to errors in the sampling depth and 
second the dynamics of the benthic boundary layer 
which were turned off in this study. 

In terms of phytoplankton dynamics (Fig. 4) the 
model reproduced the strong dominance of P. rubescens 
that represent about 70% of the total Chl-a content. 
Passing from the chemical to the biological level it has 
also to be noted a general reduction of the agreement 
between measured and simulated data, as underlined by 
the decline of the regression coefficient which moves 
from 0.7 - 0.9 for the PO4 concentrations to 0.3 and 0.4 
for P. rubescens and G2 respectively. This is likely the 
effects of error dispersion arising from lower (e.g. 
hydrodynamics) to higher simulated levels (e.g. chemi-
cal and biological). Finally the model seems to smooth 
the peak of the phytoplankton dynamics giving an aver-
age response of the phytoplankton behavior. 

 

Fig. 3. Comparison between field and simulated PO4 data. 
 
 
 

Fig. 4. Comparison between field and simulated data related to P. rubescens and G2 group (7.5 m depth). 
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5. DISCUSSION AND FUTURE GOALS 

On the basis of the authors' knowledge the PILE 
project represents the first attempt in simulating the 
hydrological and trophic behavior of the lake-catchment 
integrated system as a whole, in an Italian lacustrine 
environment. Despite the complexity of the system the 
first results of the in-lake modelling, seems to be 
encouraging as the model appears to be able to catch 
some key limnological phenomena related to both 
hydrodynamics and ecological processes at the seasonal 
scale. Model failures are likely due the low quality 
and/or low resolution of the input data for hydrody-
namics (Imberger 1994) and to the difficulties in cali-
brating a number of parameters for the ecological 
simulations. From this point of view the simulation of 
only two algal groups represents an evident simplifica-
tion of the ecosystem complexity as the G2 group is 
composed of species with different functional and mor-
phological properties. A future goal of the project will 
be to extend the model simulation to a wider spectrum 
of algal groups in order to reach a better description of 
the ecosystem diversification. In general terms to be 
more effective the application of complex models needs 
an effort to improve the quality of the driving forces 
(meteorology and hydrology) and a more efficient rela-
tionship between modeler and experimental limnolo-
gists in order to reduce the uncertainty of the model 
parameters. 

The future aims of the project will be to gain a better 
connection between the catchment and the in-lake mod-
elling and to develop a three dimensional model of the 
lacustrine ecosystem, which seems to be of fundamental 
importance for the understanding of the lake responses 
at a sub-daily time scale. 
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