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a b s t r a c t

We present a model describing phytoplankton growth in Lake Mangueira, a large subtropical

lake in the Taim Hydrological System in South Brazil (817 km2, average depth 2 m). The hori-

zontal 2D model consists of three modules: (a) a detailed hydrodynamic module for shallow

water, which deals with wind-driven quantitative flows and water level, (b) a nutrient mod-

ule, which deals with nutrient transport mechanisms and some conversion processes and

(c) a biological module, which describes phytoplankton growth in a simple way. We solved

the partial differential equations numerically by applying an efficient semi-implicit finite

differences method to a regular grid. Hydrodynamic parameters were calibrated to continu-

ous measurements of the water level at two different locations of the lake. An independent

validation data set showed a good fit of the hydrodynamic module (R2 ≥ 0.92). The nutrient

and biological modules were parameterized using literature data and verified by compar-

ing simulated phytoplankton patterns with remote sensing data from satellite images and
E
Complex model field data of chlorophyll a. Moreover, a sensitivity analyses showed which parameters had

the largest influence on the simulated phytoplankton biomass. The model could identify

zones with a higher potential for eutrophication. It has shown to be a first step towards

a management tool for prediction of the trophic state in subtropical lakes, estuaries and

reservoirs.

7

8
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and Henderson, 1992), phytoplankton in shallow lakes is 12
O
R

R

. Introduction

uring the last 200 years, many lakes have suffered from
utrophication, implying an increase of both the nutrient
oading and organic matter (Wetzel, 1996). This degradation
rocess usually resulted in an increase of water turbidity due
U
N

C
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o blooms of cyanobacteria or green algae and subsequently
he disappearance of submerged aquatic macrophytes (Moss,
998).
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An aspect that has often been neglected in freshwa-
ter systems is the fact that phytoplankton is horizontally
often not evenly distributed in space. Though the occurrence
of phytoplankton patchiness is known for a long time in
marine systems (e.g. Platt et al., 1970; Steele, 1978; Steele
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often assumed to be homogeneous. However, there are var- 13

ious mechanisms that may cause horizontal heterogeneity in 14

shallow lakes. For example, grazing by aggregated zooplank-
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Fig. 1 – Taim Hydrological System situated in the South of B
south of Lake Mangueira are denominated as TAMAN, TAMA

ton and other organisms may cause spatial heterogeneity
in phytoplankton (Scheffer and De Boer, 1995). Submerged
macrophytes beds may be another mechanism by reduction
of wave resuspension and allopathic effect on the algal com-
munity (Van den Berg et al., 1998). For large shallow lakes, wind
can be a dominant factor leading to both spatial and temporal
heterogeneity of phytoplankton (Carrick et al., 1993), either
indirectly by affecting the local nutrient concentration due
to resuspended particles, or directly by resuspending algae
from the sediment (Scheffer, 1998). In the management of
large lakes, prediction of distributed phytoplankton can assist
the manager to decide on an optimal course of actions, such
as biomanipulation and regulation of recreation or potable
water supply (Reynolds, 1999). However, it is difficult to mea-
sure the spatial distribution of phytoplankton. Mathematical
modelling of phytoplankton population can be an impor-
tant alternative methodology in improving our knowledge
regarding the physical, chemistry and biological processes
related to the phytoplankton ecology (Scheffer, 1998; Edwards
and Brindley, 1999; Mukhopadhyay and Bhattacharyya,
2006).

There is already a large variety of phytoplankton mod-
els. The simplest models are based on a steady-state or on
the assumption of complete mixing (Schindler, 1975; Smith,
1980; Thoman and Segna, 1980). Phytoplankton models based
on more complex vertical 1D hydrodynamic processes gave
a more realistic representation of the stratification and mix-
ing processes in deep lakes (Imberger and Patterson, 1990;
Hamilton et al., 1995a,b; Imberger, 1995). However, the ver-
U

Please cite this article in press as: Fragoso Jr., C.R., et al., Modelling spatia
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tical 1D assumption might be restrictive, especially in large
shallow lakes that are poorly stratified and often character-
ized by a significant differences between pelagic and shore
zones. In those cases, a horizontal 2D model with a complete
 P
R. The meteorological stations in the north, middle and

nd TAMAS, respectively.

description of the hydrodynamic and ecological processes
can offer more insight in the factors determining local water
quality.

Currently, computational power is not limiting the devel-
opment of 2D and 3D models anymore, and these models are
more frequently applied. There is a large diversity of 2D and
3D hydrodynamic models, of which most are designed to study
deep-ocean circulation or coastal, estuarine and lagunal zones
(Blumberg and Mellor, 1987; Casulli, 1990). However, only few
of them are coupled with biological components (Lord et al.,
1994; Rajar and Cetina, 1997; Bonnet and Wessen, 2001).

Over the past decade there has been a concerted effort
to increase the realism of ecosystem models that describe
plankton production as biological indicator of eutrophication.
Most of this effort has been expended on the description
of phytoplankton in temperate lakes; thus, multi-nutrient,
photo acclimation models are now not uncommon (e.g. Olsen
and Willen, 1980; Edmondson and Lehman, 1981; Sas, 1989;
Fasham et al., 2006; Mitra and Flynn, 2007; Mitra et al., 2007).
In subtropical lakes, eutrophication has been intensively stud-
ied, but only focusing on measurement of changes in nutrient
concentrations (e.g. Matveev and Matveeva, 2005; Kamenir et
al., 2007).

Here, we present a phytoplankton model coupled with a
horizontal 2D hydrodynamic model for the large subtropical
shallow Lake Mangueira (South Brazil) focusing on spatial het-
erogeneity of phytoplankton. The hydrodynamic parameters
were calibrated using continuous water level measurements
in two stations in Lake Mangueira and the Taim wetland.
ECOMOD 5267 1–13
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The parameters describing algae growth were based on lit- 77

erature values. The generated spatial patterns of chlorophyll 78

a concentration were verified both with a field data set and 79

with a cloud-free satellite image provided by Terra Moderate 80

dx.doi.org/10.1016/j.ecolmodel.2008.08.004
Original text:
Inserted Text
modeling 

Original text:
Inserted Text
1995a; Hamilton et al., 1995b; 

Original text:
Inserted Text
2-D and 3-D 

Original text:
Inserted Text
2-D and 3-D 



D

ARTICLE INECOMOD 5267 1–13

e c o l o g i c a l m o d e l l i n g x

Fig. 2 – Simplified representation of the interactions
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nvolving the state variables (double circle) and the
rocesses (rectangle).

esolution Imaging Spectroradiometer (MODIS) with spatial
esolution of 1.0 km. Additionally, we carried out a sensitivity
nalysis of the biological parameters.

. Material and methods

.1. Study area

he Taim Ecological Reserve was established to protect the
aim Hydrological System, a heterogeneous and productive
cosystem in southern Brazil (Fig. 1), harboring an exceptional
igh biodiversity. The reserve encompasses a variety of habi-
ats such as beaches, dunes, forests, grasslands, lakes and
etlands (Garcia et al., 2006).

The system studied is part of this reserve and includes the
aim wetland and Lake Mangueira covering a total area of
bout 950 km2, of which 86% is occupied by the lake (Fig. 1).
he average depth of the lake is approximately 2 m and its

rophic state ranges from oligotrophic to mesotrophic. The
esotrophic conditions occur in the spring and summer when

t suffers from a notable water withdrawal to irrigation of rice
rops (approximately 2 L ha−1 s−1 during 100 days), as well as
high input of nutrients loading from its watershed. The sys-

em is located in a subtropical climate region. Hydrological and
eteorological variables have being monitored at hourly fre-

uency since 2001 by a federal conservation program. These
ariables include water level, precipitation, temperature, solar
adiation, wind velocity and direction in three stations in Lake
angueira (Fig. 1).

.2. Model description

he present model was structured in three modules: (a) hydro-
ynamic module, which simulates the variables that quantify
U

Please cite this article in press as: Fragoso Jr., C.R., et al., Modelling spatia
subtropical lake in South Brazil. Ecol. Model. (2008), doi:10.1016/j.ecolmod

he water flow (velocity and water level), (b) transport and con-
ersions of nutrients, and (c) a biological module, which deals
ith growth and loss of phytoplankton biomass. An overview
f the modeled processes is given in Fig. 2.
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The hydrodynamic model is based on the shallow
water equations derived from Navier–Stokes, which describe
dynamically a horizontal two-dimensional flow:

∂�

∂t
+ ∂[(h + �)u]

∂x
+ ∂[(h + �)v]

∂y
= 0 (1)

∂u

∂t
+ u

∂u

∂x
+ v

∂u

∂y
= −g

∂�

∂x
− �u + �x + Ah∇2u + fv (2)

∂v

∂t
+ u

∂v

∂x
+ v

∂v

∂y
= −g

∂�

∂y
− �v + �y + Ah∇2v − fu (3)

where u(x, y, t) and v(x, y, t) are the water velocity compo-
nents in the horizontal x and y directions; t is time; �(x, y, t) is
the water surface elevation relative to the undisturbed water
surface; g is the gravitational acceleration; h(x, y) is the water
depth measured from the undisturbed water surface; f is the
parameter of Coriolis; �x and �y are the wind stresses in the
x and y directions; ∇ = ∂/∂x · �i + ∂/∂x · �j is a vector operator in
the plane x–y; Ah is the coefficient of horizontal eddy viscosity;

and � = (g
√

u2 + v2)/Cz (Daily and Harlerman, 1966) where Cz

is the Chezy friction coefficient.
Usually, the wind stresses in the x and y direc-

tions are written as a function of wind velocity (Wu,
1982):

�x = CD · Wx · ||W|| (4)

�y = CD · Wy · ||W|| (5)

where CD is the wind friction coefficient; Wx and Wy

are the wind velocity components (m s−1) in the x and
y directions, respectively. Wind velocity is measured at
10 m from water surface; ||W|| =

√
W2

x + W2
y is the norm of

wind velocity vector. An efficient numerical semi-implicit
Eulerian–Lagrangian finite differences scheme was used
in order to assure stability, convergence and accuracy
(Casulli, 1990; Casulli and Cheng, 1990; Casulli and Cattani,
1994).

The nutrient module considers the advection and dif-
fusion of each substance, inlet and outlet loading, sed-
imentation and resuspension through following equa-
tion:

∂(HC)
∂t

+ ∂(uCH)
∂x

+ ∂(vCH)
∂y

= ∂

∂x

(
Kh

∂(HC)
∂x

)
+ ∂

∂y

(
Kh

∂(HC)
∂y

)

+ source or sink (6)

where C is the average concentration in the water col-
umn; H = � + h is the total depth; and Kh is the hori-
zontal scalar diffusivity assumed as 0.1 m2 day−1 (Chapra,
1997).

Eq. (6) was applied to model total phosphorus, total
ECOMOD 5267 1–13
l heterogeneity of phytoplankton in Lake Mangueira, a large shallow
el.2008.08.004

nitrogen and phytoplankton. All these equations are solved 154

dynamically, using a simple numerical semi-implicit central 155

finite differences scheme (Gross et al., 1999a,b) (Fig. 2). Thus, 156

the mass balances involving phytoplankton and nutrients can 157
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be written as

∂(Ha)
∂t

+ ∂(uHa)
∂x

+ ∂(vHa)
∂y

= �effHa + ∂

∂x

(
Kh

∂(Ha)
∂x

)

+ ∂

∂y

(
Kh

∂(Ha)
∂y

)
+ inlet/outlet

(7)

∂(Hn)
∂t

+ ∂(uHn)
∂x

+ ∂(vHn)
∂y

= −ana�effHa + ∂

∂x

(
Kh

∂(Hn)
∂x

)

+ ∂

∂y

(
Kh

∂(Hn)
∂y

)
+ inlet/outlet (8)

∂(Hp)
∂t

+ ∂(uHp)
∂x

+ ∂(vHp)
∂y

= −apa�effHa − kphosp

+ ∂

∂x

(
Kh

∂(Hp)
∂x

)
+ ∂

∂y

(
Kh

∂(Hp)
∂y

)

+ inlet/outlet (9)

where a, n and p are chlorophyll a, total nitrogen and total
phosphorus concentrations, respectively; ana is the N/Chla
ratio equal to 8 mg N mg Chla−1; apa is the P/Chla ratio equal
to 1.5 mg N mg Chla−1, inlet/outlet represents the balance
between all inlets and outlets in a control volume ∂x ∂y ∂z;
and kphos is the settling coefficient of the phosphorus which
can be estimated by (Chapra, 1997):

kphos = 10
H

(8)

Four important assumptions were made in this scheme:
(a) fixed stoichiometric conversions were applied to transfers
between nutrients and phytoplankton; (b) there is no loss of
mass due to degradation processes, (c) total nitrogen in the
water was considered as a conservative substance, we thus
discarded processes like denitrification, N fixation, sedimenta-
tion and resuspension and (d) total phosphorus was assumed
to fixate to the sediment, resuspension was neglected.

The phytoplankton growth (primary production) and loss
processes are represented through effective growth rate
(Lucas, 1997). The effective growth rate itself is not a simple
constant, but varies in response to environmental factors such
as temperature, nutrients, respiration, excretion and grazing
by zooplankton:

�ef = �P(T, N, I)a − �La (9)

where �P(T, N, I) is the primary production rate as a func-
tion of temperature (T), nutrients (N), and light (I); �L is the
loss rate due respiration, excretion and grazing by zooplank-
ton and a is the chlorophyll a concentration. The temperature
effect on primary production was assumed to be an exponen-
tial function that is widely used in phytoplankton models (e.g.
U
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Eppley, 1972; Canale and Vogel, 1974), which presents only two
parameters to calibrate.

�T = Gmax · �T−20
T (10)
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where �T is the growth rate (day−1) at temperature T (◦C); Gmax

is the maximum growth rate algae at 20 ◦C; and �T is the tem-
perature effect coefficient.

We used a commonly used Monod saturating function
to model nutrient limitation. In our case, involving multiple
nutrients, there are several ways in which the nutrient lim-
itation term could be refined. We used Liebig’s law, where
the most limiting nutrient controls phytoplankton growth rate
(Lucas, 1997):

�N = min
(

n

n + kN
,

p

p + kP

)
(11)

where �N is the growth rate due nutrients uptake (day−1); and
kN and kP are the half-saturation for nitrogen and phosphorus
uptake, respectively.

The dependence of the growth rate of phytoplankton on
light was approached by an optimum function (Steele, 1965),
incorporating light inhibition a high light levels.

�L =
2.718f p(e−˛1 − e−˛2 )

ke(� + h)
(12)

where,

˛1 = fPARIa
e−ke(�+h)

Is
(13)

˛2 = fPARIa
Is

(14)

where �L is the phytoplankton growth rate on light depen-
dence (day−1); fp is the photoperiod; fPAR is the fraction of
photosynthetically active radiation (PAR); Ia is the light level
(kJ m−2 day−1); IS is the optimal light level (kJ m−2 day−1), and
ke is the light attenuation coefficient (m−1). We assumed that
light attenuation coefficient can be related with the amount
of chlorophyll a concentration in the water (Riley, 1956):

ke = k′
e + 0.0088a + 0.054a2/3 (15)

where k′
e is the light attenuation (m−1) due other factors rather

than phytoplankton, such as particle-free water and color,
nonvolatile suspended solids and detritus. The processes con-
tribute to the loss rate of phytoplankton considered were
respiration, excretion and grazing by zooplankton and others
organisms. They are usually modeled as a single first-order
decay being respiration and excretion depending of tempera-
ture, as in

�L = �R + �G (16)

and

�R = kre · �T−20
R (17)

� = k (18)
ECOMOD 5267 1–13
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where �L is the total phytoplankton loss rate; �R is the loss 241

rate of phytoplankton by respiration and excretion; �G is 242

the death of algae due to grazing by zooplankton and other 243
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Table 1 – Hydrodynamic and biological parameters description and its values range

Parameter Description Unit Values range Reference

Hydrodynamic
1 Ah Horizontal eddy viscosity coefficient m1/2 s−1 5–15 White (1974)
2 CD Wind friction coefficient – 2e−6–4e−6 Wu (1982)
3 CZ Chezy coefficient – 50–70 Chow (1959)

Biological
1 Gmax Maximum growth rate algae day−1 1.5–3.0 Jørgensen (1994)
2 IS Optimum light intensity for the algae growth cal cm−2 dia−1 100–400 Schladow and Hamilton (1997)
3 k′

e Light attenuation coefficient in the water m−1 0.25–0.65 Schladow and Hamilton (1997)
4 �T Temperature effect coefficient – 1.02–1.14 Eppley (1972)
5 �R Respiration and excretion effect coefficient – 1.02–1.14 Schladow and Hamilton (1997)
6 kP Half-saturation for uptake phosphorus mg P m−3 1–5 Lucas (1997)
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7 kN Half-saturation for uptake nitrogen
8 kre Respiration and excretion rate
9 kgz Zooplankton grazing rate

rganisms; kre is the respiration and excretion rate; kgz is the
razing rate by zooplankton and other organisms and �R is
coefficient modelling the temperature effect. Thereby, nine
arameters control the variation of the effective growth rate of
hytoplankton. These biological parameters and its respective
alues range are listed in Table 1.

.3. Calibration and validation of hydrodynamic
odule

he basic part of the model is the hydrodynamic module.
hus, an accurate prediction of the hydrodynamic condi-

ions can identify how the phytoplankton is being transported
nd where zones with high potential of eutrophication and
hytoplankton blooms are located. The hydrodynamic mod-
le was calibrated by tuning the model parameters within
heir observed literature ranges (Table 1). Nonetheless, the
ydraulic resistance caused by presence of emerged macro-
hytes in Taim Wetland was represented by a smaller Chezy’s
esistance factor than used in other lake areas (Wu et al., 1999).
alibration and validation of the hydrodynamical parameters
as done using two different time-series of water level and
ind produced for two locations in Lake Mangueira (north and

outh).
We used a period of 26 days for calibration, starting 10

uly 2002 at 4:00 p.m., and 15 days for validation, starting
1 January 2003 at 0:00 a.m. The reason of that choice was
he availability of continuous data during these periods. The
alibration period differed significantly from the calibration
eriod as in this summer period withdrawal of water to rice
rops took place. We assumed a constant pumping rate to rep-
esent water withdrawal to rice crops, whereas in reality there
ere unknown daily fluctuations.

The coefficient of determination (R2) between model
esults and field data were computed to measure the model
erformance.

.4. Phytoplankton simulation
U
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or the parameters of the phytoplankton module we used the
verage values for the literature range given in Table 1. To eval-
ate its performance we simulated another period of 86 days,
tarting 22 December 2002 at 00:00 h (summer). Solar radiation
 P
R

O
O

Fg N m−3 5–20 Lucas (1997)
ay−1 0.05–0.25 Chapra (1997)
ay−1 0.10–0.20 Chapra (1997)

and water temperature data were taken from TAMAN meteo-
rological station, situated in northern part of Lake Mangueira.
Photosynthetically active radiation (PAR) at the Taim wetland
was assigned as 20% of the total radiation, in order to rep-
resent the indirect effect of the emergent macrophytes on
phytoplankton growth rate according experimental studies
of emerged vegetation stands in situ. At the lake areas, we
assumed that the percentage of PAR was 50% of the total solar
radiation (Janse, 2005).

The resulting phytoplankton patterns were compared
with satellite images from MODIS, which provides improved
chlorophyll a measurement capabilities over previous satellite
sensors. For instance, MODIS can better measure the concen-
tration of chlorophyll a associated with a given phytoplankton
bloom. Unfortunately, there were no detailed chlorophyll a
and nutrient data available for the same period. Therefore, we
compared only the median simulated values with field data
from another period (2001 and 2002).

2.5. Sensitivity analysis of the biological module

To determine which biological parameters had the strongest
effect on the calculated phytoplankton biomass, a simple sen-
sitivity analysis was applied. We considered only biological
parameters which are directly responsible for effective growth
rate (d−1) of phytoplankton. For this analysis we use the same
conditions and input variables that were used for hydrody-
namic calibration (26 days). For each parameter the model ran
twice: first with the minimum value and then with the max-
imum value. All other parameters were kept at their default
values. For each of these runs, the minimum, maximum and
mean daily chlorophyll a concentrations were calculated for
the simulation period.

3. Results

3.1. Calibration and validation of hydrodynamic
module
ECOMOD 5267 1–13
l heterogeneity of phytoplankton in Lake Mangueira, a large shallow
el.2008.08.004

The simulated and observed values of water levels at two sta- 316

tions of Lake Mangueira during the calibration and validation 317

period are shown in Fig. 3. The model was able to reproduce 318
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RFig. 3 – Time series of wind velocity and direction on Lake M
Mangueira into calibration and validation periods (simple lin

the water level well in both extremities of Lake Mangueira.
Wind-induced currents can be considered the dominant fac-
tor controlling transport of substances and phytoplankton in
Lake Mangueira, producing advective movement of superfi-
cial water masses in a downwind direction. For instance, a
southwest wind, with magnitude approximately greater than
4 m s−1, can causes a significant transport of water mass and
substances from south to north of Lake Mangueira, leading
to a almost instantaneous increase of the water level in the
northeastern parts and, hence the decrease of water level in
southwestern areas.
 U
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Apart from wind effects, also the water balance between
precipitation and evaporation is an important factor deter-
mining the water level in Lake Mangueira. Note that in the
validation period the water withdrawal to rice crops was
ueira and water levels fitted at the north and south of Lake
bserved, dotted line: calculated).

an important factor in the water balance. The assumption
of a constant pumping rate turned out to be a reasonable
approach, which it might have led to the slightly lower coeffi-
cients of determination (R2).

In summary, the fit and verification of the model have
showed that a semi-implicit Eulerian–Lagrangian difference
finite scheme presents good results, respecting stability, con-
vergence and precision principles as it was previously seen
in others papers (e.g. Casulli and Cheng, 1990; Casulli and
Cattani, 1994).
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3.2. Sensitivity analysis 344

The results of the sensitivity analysis are summarized in Fig. 4. 345

The first panel corresponds to relative effect of the maximum 346
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Fig. 4 – Relative effect of each biological parameter on the
minimum, mean and maximum daily values of chlorophyll
a considering its (a) maximum and (b) minimum
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alue assigned in the range for a particular parameter (Fig. 4a)
nd the second one using its minimum value (Fig. 4b).

The histogram shows that the model outcome is rather sen-
itive to various parameters. The parameters with a strongest
ffect in the model outcome are related to the effect of
emperature (Gmax, �T and �R) and to loss processes, such
s respiration and zooplankton grazing (kra and kgz). The
arameters related to light penetration (Is and k′

e) and phos-
horous/nitrogen uptake (kP, kN) have a weaker effect on
he effective growth rate, indicating that the phytoplankton
rowth in subtropical conditions (summer-autumn period)
as not strongly limited by light and nutrients.

.3. Phytoplankton simulation in the Lake Mangueira

he model was used to determinate the spatial distribution
f chlorophyll a and to identify locations with higher growth
nd phytoplankton biomass in Lake Mangueira. Fig. 5 shows
Please cite this article in press as: Fragoso Jr., C.R., et al., Modelling spatia
subtropical lake in South Brazil. Ecol. Model. (2008), doi:10.1016/j.ecolmod

he spatial distribution of phytoplankton biomass for different
imes during the simulation period.

Specifically, in Lake Mangueira there is a strong gradient
f phytoplankton productivity from littoral to pelagic zone
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(Fig. 5). Moreover, the model outcome suggests that there is a
significant transport of phytoplankton and nutrients from lit-
toral to pelagic zones through hydrodynamic processes. This
transport was intensified by several large sand bank forma-
tions that are formed perpendicular to the shore line of the
lake, carrying nutrients and phytoplankton from the shallow
to deepest zones.

In addition, it was possible to identify zones with the
highest productivity. There is a trend of phytoplankton aggre-
gation in the southwest and northeast areas as dominant
wind directions coincide with longitudinal direction of the
Lake Mangueira (Fig. 6). The clear water in the Taim wetland,
north of Lake Mangueira, was caused by shading of emergent
macrophytes, modeled as a fixed reduction of PAR.

After 1200 h of simulation (50 days), the daily balance
between the total primary production and loss was negative.
That means that daily losses such as respiration, excretion
and grazing by zooplankton exceeded the primary production
in the photoperiod, leading to a significant reduction of the
chlorophyll a concentration for the whole system (Fig. 5d and
e).

We verified the modeled spatial distribution of chlorophyll
a with those estimated by remote sensing (Fig. 7). The sim-
ulated patterns had a reasonably good similarity with the
evaluated patterns by remote sensing (Fig. 7a and b). In both
figures, large phytoplankton aggregations can be observed in
both southern and northern parts of Lake Mangueira, as well
as in littoral zones.

Unfortunately we did not have independent data of phy-
toplankton in the simulation period. Therefore we could only
compare the median values of simulated and observed chloro-
phyll a, total nitrogen and total phosphorus for three points
of Lake Mangueira (Fig. 8). We thus assumed that the median
values were comparable between the years. The fit of these
variables was reasonable, considering that we did not calibrate
the biological parameters of the phytoplankton module.

We also fitted the model without considering spatial pro-
cesses on the median chlorophyll a data of all stations (results
not shown), but obviously it is then impossible to model
the differences between the stations. Interestingly, this non-
spatial simulation resulted in a poorer fit, as the simulated
median chlorophyll a values were systematically overesti-
mated (ca. 28 mg m−3). That indicates that in the model
hydrodynamic processes (i.e. advection and diffusion) had a
rather strong effect on the average pelagical chlorophyll a val-
ues, probably due to the exchange with the littoral zones.

4. Discussion

Recognition of the importance of spatial and temporal scales
is a relatively recent issue in ecological research on aquatic
food webs (Bertolo et al., 1999; Woodward and Hildrew, 2002;
Bell et al., 2003; Mehner et al., 2005). Among other things, the
observational or analytical resolution necessary for identify-
ing spatial and temporal heterogeneity in the distributions of
ECOMOD 5267 1–13
l heterogeneity of phytoplankton in Lake Mangueira, a large shallow
el.2008.08.004

populations is an important issue (Dungan et al., 2002). Most 419

ecological systems exhibit heterogeneity and patchiness on a 420

broad range of scales, and this patchiness is fundamental to 421

population dynamics, community organization and stability. 422
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Fig. 5 – Phytoplankton dry weight concentration fields in �g l−1, for the whole system at different times: (a) 14 days; (b) 28
days; (c) 43 days; (d) 57 days; (e) 71 days; (f) 86 days. The color bar indicates the phytoplankton biomass values. A wind

ity o

423

424

425

426

427

428

429

430
N
Csleeve, in each frame, indicates the direction and the intens

Mangueira is showed as well.

Therefore, ecological investigations require an explicit deter-
mination of spatial scales (Levin, 1992; Hölker and Breckling,
U

Please cite this article in press as: Fragoso Jr., C.R., et al., Modelling spatia
subtropical lake in South Brazil. Ecol. Model. (2008), doi:10.1016/j.ecolmod

2002), and it is essential to incorporate spatial heterogeneity
in ecological models to improve understanding of ecological
processes and patterns (Hastings, 1990; Jørgensen et al., 2008).
In models of lake ecosystems, horizontal spatial heterogene-
f the wind. The border between Taim wetland and Lake

ity of phytoplankton and hydrodynamic processes are often
neglected. Our model analysis showed that it is important
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to consider such spatial heterogeneity in large lakes, as the 431

water quality is expected to differ significantly between the 432

shores and the pelagic zones. Especially for prediction of the 433

water quality (including the variability due to wind) at the 434

dx.doi.org/10.1016/j.ecolmodel.2008.08.004
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ittoral zones of such lake, incorporation of spatial explicit
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ecreationists and lake managers. Also for more detailed stud-
es of the growth and competition of phytoplankton species,
etailed information of water movement is very important

Huisman et al., 1999).

ig. 7 – (a) MODIS-derived chlorophyll a image of 1 km spatial res
oncentration field simulated in Lake Mangueira on 8 February 2
 Peds, and the frequency of the varying wind directions.

The hydrodynamic module, using a semi-implicit Eule-
rian–Lagrangian finite differences scheme, showed excellent
ECOMOD 5267 1–13
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results during hydrodynamic calibration and validation (i.e. 443

coefficients of determination above 0.92). The scheme, which 444

is rarely used in ecological researches (e.g. Lucas and Cloern, 445

2002; Robson and Hamilton, 2004; Romero et al., 2004a; Romero 446

olution on 8 February 2003 and (b) chlorophyll a
003.
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Fig. 8 – Comparison between box-plot diagrams
corresponding to 37 samples (2001 and 2002) and the
median values of chlorophyll a, total nitrogen and total
phosphorus simulated by model at the three sampling
locations of Lake Mangueira (TAMAS = south,
TAMAC = centre and TAMAN = north).
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et al., 2004b; Spillman et al., in press), allowed us to use
a larger step time than in other numerical schemes, assur-
ing stability, convergence and precision (Casulli and Cheng,
1990; Casulli and Cattani, 1994). Computationally, the result-
ing algorithm is suitable for the simulations of complex two or
three-dimensional flow using fine spatial resolution and rel-
atively large time steps. The present formulation also is fully
vectorizable and allows for the simulation of flooding and dry-
ing of tidal flats.

The model describes the most important hydrodynamic
and the main biological processes of the phytoplankton in an
integrated way, in order to help to understand the role of phy-
toplankton heterogeneity in a shallow lake. However, as the
model focuses on hydrodynamic processes many biological
processes were simplified. For instance, important microbial
processes such as nitrification, resuspension, mineralization
of detritus and interactions between water-sediment were
neglected or strongly simplified. The modelling of phyto-
plankton growth was also kept very simple. All species of
phytoplankton were lumped without distinction between
functional groups, such as cyanobacteria, diatoms and other
small edible algae. Therefore, their different characteristics
could not be taken account. Other aquatic organisms, such
as phytoplankton in the sediment, zooplankton, zooben-
thos, macrophytes and fishes, were not modeled dynamically,
limiting the interactions between trophic groups. The inter-
actions with emergent macrophytes in wetland area were
also only indirectly modeled by a fixed reduction of PAR.
Others more realistic mechanisms can also be implemented
for wetland areas, such as moderate effect of wind-induced
resuspension and distinct nutrient processes in the water col-
umn.

The current model could be extended to provide a more
complete description of aquatic food-web, but the complex-
ity involved in a full food-web model may be large, whereas
a simpler model allows for better understanding of the main
processes that determine the results (Van Nes and Scheffer,
2005). As it is good to combine different approaches of differ-
ent complexity (Van Nes and Scheffer, 2005), we are currently
developing a more complex version of this model which aggre-
gates most neglected biological processes (Fragoso et al., 2007).

Our sensitivity analysis, analyzing the summer-autumn
period, indicated that phytoplankton growth in this subtropi-
cal shallow lake is particularly sensitive to temperature and
loss processes like respiration and grazing by zooplankton
and other organisms. This is in line with model analyses and
empirical results in temperate lakes (Barko and Smart, 1981;
Spencer, 1986; Scheffer et al., 1993). Of course, subtropical
lakes do not freeze in winter, but they can also be subject
to relatively strong temperature variations during the season
(e.g. in Lake Mangueira, water temperature can take values
between 8 ◦C and 27 ◦C). In view of the key role of phyto-
plankton in subtropical lakes, the relatively strong effect of
temperature on phytoplankton biomass indicates that climate
changes can influence the tropic state of the subtropical lakes
as was observed for temperate lakes (Scheffer et al., 2001; Van
Leeuwen et al., 2007).
ECOMOD 5267 1–13
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Remote sensing data can help us to calibrate and verify 504

a distributed heterogeneously model outcome. However, the 505

application of satellite remote sensing for lake water is con- 506
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trained by the need for high spatial resolution image data
nd thus remains limited by spectral resolution capabilities.
urthermore, it is difficult to quantify chlorophyll a in waters
haracterized by high and heterogeneous suspended sedi-
ent concentrations (SSC). The SSC dominates the spectral

eflectance, masking the spectral influence from other com-
onents in broad spectral band systems, making chlorophyll
determination from remote sensing imagery difficult. Also

n Lake Mangueira, SSC can be a dominate component in the
ater column, as resuspension can be significant in this shal-

ow windy lake.
Apart of results from remote sensing, we observed that an

ndependent data set of the spatial distribution of chlorophyll
and other states variables is important for a better verifica-

ion of the modeled phytoplankton results. The lack of spatial
nd temporal distributed data for the Lake Mangueira made
t impossible to compare simulated and observed values in

detailed way. However, the good fit in the median values
f nutrients and phytoplankton indicated that the model is
promising step towards a management tool for subtropical

cosystems.
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