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a b s t r a c t

In this paper we address the formulation of two mechanistic water quality models that differ in the way
the phytoplankton community is described. We carry out parameter estimation subject to differential-
algebraic constraints and validation for each model and comparison between models performance.
The first approach aggregates phytoplankton species based on their phylogenetic characteristics (Taxo-
nomic group model) and the second one, on their morpho-functional properties following Reynolds'
classification (Functional group model). The latter approach takes into account tolerance and sensitivity
to environmental conditions. The constrained parameter estimation problems are formulated within an
equation oriented framework, with a maximum likelihood objective function. The study site is Paso de
las Piedras Reservoir (Argentina), which supplies water for consumption for 450,000 population. Nu-
merical results show that phytoplankton morpho-functional groups more closely represent each species
growth requirements within the group. Each model performance is quantitatively assessed by three
diagnostic measures. Parameter estimation results for seasonal dynamics of the phytoplankton com-
munity and main biogeochemical variables for a one-year time horizon are presented and compared for
both models, showing the functional group model enhanced performance. Finally, we explore increasing
nutrient loading scenarios and predict their effect on phytoplankton dynamics throughout a one-year
time horizon.

© 2015 Elsevier Ltd. All rights reserved.
1. Introduction

Ecological and environmental factors continuously interact so
that the planktonic habitat never reaches the equilibrium for which
only one species would be favored (Scheffer et al., 2003; Wyatt,
2013). External factors such as fluctuations in the environment,
periodic forcing and spatial heterogeneity, as well as self-
organizing mechanisms seem to be the cause of non-equilibrium
dynamics allowing coexistence of many species (Roy and
Chattopadhyay, 2007). Grime (1979) explained the co-existence of
phytoplankton species through the CSR (Competitor-Stress
tolerator-Ruderals) theory. This theory is based on the idea that
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a, Argentina.
da).
spatial and temporal environmental heterogeneity creates a com-
plex mosaic of microhabitats allowing a broad suite of strategies to
co-exist. In aquatic ecosystems, such as lakes and reservoirs,
phytoplankton communities are highly diverse and hundreds of
phytoplankton species coexist. However, a usual approach in lake
models is to represent phytoplankton biomass through a single
variable that describes the major seasonal pattern of total phyto-
plankton (Hongping and Yong, 2003; Zhang et al., 2004; Ito et al.,
2010; del Barrio Fernandez et al., 2012). Also, the use of taxo-
nomic criteria to assign plankton species to a group that, in turn, is
included as an output variable has been widely applied in lake
modeling (e.g. Riley and Stefan, 1988; Sagehashi et al., 2000; Bowen
and Hieronymus, 2003; Romero et al., 2004; Arhonditsis and Brett,
2005a; Mooij et al., 2007; Rigosi et al., 2011). Some authors model
blooming species of cyanobacteria such as Oscillatoria agardhii
(Montealegre et al., 1995), Planktothrix rubescens (Omlin et al.,
2001a) and Microcystis aeruginosa (Bonnet and Poulin, 2002)
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Fig. 1. Paso de las Piedras Reservoir. S1, S2, S3 and S4: sampling stations and (+)
meteorological station.

Fig. 2. Cyanobacteria biomass concentration vs. time for two sampling frequencies.
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separately from the rest of the phytoplankton community. On the
other hand, a few authors have proposed phytoplankton classifi-
cation based on different properties (Reynolds et al., 2002;
Friedrichs et al., 2007; Salmaso and Padis�ak, 2007; Mieleitner and
Reichert, 2008; Kruk et al., 2010; Segura et al., 2013). Reynolds’
approach (Reynolds et al., 2002; Padisak et al., 2009) aggregates
phytoplankton species into 38 functional groups based on their
morphology, survival strategies and environmental tolerance and
sensitivity. This classification has been recently applied to a wide
range of aquatic environments such as deep lakes (Salmaso and
Padisak, 2007), temperate lakes (Huszar and Caraco, 1998), eutro-
phic lakes (Padis�ak and Reynolds, 1998; Fonseca and Bicudo, 2008)
tropical coastal lagoons (Alves-de-Souza et al., 2006) and marine
environments (Alves-de-Souza et al., 2008; Smayda and Reynolds,
2001, 2003). Kruk et al. (2011) studied 211 lakes worldwide
ranging from subpolar to tropical regions, concluding that phyto-
plankton biomass can be better predicted from environmental
variables using the morpho-functional classification than consid-
ering the taxonomic group classification.

In this work, we formulate two mechanistic water quality
models, whose main difference is the representation of phyto-
plankton community. The first model aggregates phytoplankton
species based on their taxonomic characteristics and the second
one, on their morpho-functional properties following Reynolds'
classification. We carry out parameter estimation subject to dif-
ferential algebraic constraints and validation for bothmodels, using
collected data from Paso de las Piedras Reservoir (Argentina), along
one year and a half. Finally, we compare both models performance
and discuss the convenience of including additional complexity in
phytoplankton community representation. This paper is structured
as follows: Section 2 provides a brief description of the study site
and sampling methods for data used in model calibration and
validation; Section 3 describes both water quality models and the
methodology for solving the parameter estimation problem, as well
as statistical tests of model performance. Section 4 presents nu-
merical results and discussion. Finally; Section 5 presents conclu-
sions and future work.

2. Material and methods

2.1. Case study

Paso de las Piedras Reservoir is located in the south of Buenos
Aires Province, in Argentina (38e39�S, 61e62�W) (Fig. 1). This
artificial water body was built in 1978 by damming Sauce Grande
River in its confluence with El Divisorio Stream, to supply drinking
water to more than 450,000 inhabitants of two cities and for in-
dustrial activities at a petrochemical complex nearby. The reservoir
has a surface area of 36 km2, with a mean depth of 8.2 m and a
retention time of 4 years. It is a non-stratified lake, mainly due to
wind effects (intense and constant essentially in spring and sum-
mer), low topology of the surrounding area and the large retention
time (Intartaglia and Sala, 1989). Furthermore, the reservoir is
eutrophic-hypereutrophic as result of high nutrient loading from
several diffuse sources (Fernandez et al., 2009). Climatic factors, as
well as nutrient concentration, give rise to recurrent phytoplankton
blooms during summer and early autumn (Intartaglia and Sala,
1989; Parodi et al., 2004; Fernandez et al., 2009) which cause se-
vere problems in water supply.

2.2. Sampling

Sample collection was carried out between January and
December 2004. Four sampling sites were considered: S1 (in the
water intake tower of the purifying plant), S3 (next to El Divisorio
Creek), S2 and S4 in coastal zones (Fig. 1). Samples were taken at
two depths (0.5 and 10 m).

When working with dynamic systems, it is necessary to take
into account the variable with fastest time response to determine if
the sampling frequency is adequate to represent the dynamics of
the system (Jørgensen et al., 1981; Hangos and Cameron, 2001).
Fig. 2 shows cyanobacteria dynamics as obtained with a monthly
frequency (mid-month) and a twice aweek frequency, respectively.
As it can be seen, in winter cyanobacteria concentration variability
is low, so the sampling frequency can be lower, while during the
warm periods it can be underestimated. Based on these consider-
ations, biological variables, temperature and dissolved oxygenwere
sampled twice a week; while nutrients were sampled once a week.
Samples for qualitative analysis were taken with a 30-mm-mesh
plankton net and a van Dorn bottle. Some samples were not fixed,
while others were fixed immediately with 4% formaldehyde.
Samples for quantitative analyses were collected with a van Dorn
bottle and fixed immediately with Lugol's solution.



Fig. 3. Simplified diagram of the Paso de las Piedras Reservoir water quality model.
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For qualitative analysis, samples were observed under an optical
microscope Nikon Eclipse 80i with a digital DXM1200F camera.
Phytoplankton was identified using Kom�arek & Anagnostidis keys
(1989,1999, 2005), Kom�arek and Fott (1983), Hind�ak (1988, 1990),
and Krammer and Lange-Bertalot (1986, 1988,1991a, b). The
Uterm€ohl method (1958) was used to quantify phytoplankton un-
der an inverted microscope (Wild) with a magnification of x400.
Sedimentation time was more than 12 h. The number of settling
units counted in each individual sample varied according to the
species accumulation curve; the same chamber volume (10ml) was
used throughout the study and at least 40 fields were counted for
each chamber (Rott, 1981). The cells were discriminated to the
species level, wherever possible. Cell counts were converted to
biovolume according to their size and geometric form (Hillebrand
et al., 1999; Sun and Liu, 2003). We calculated each species bio-
volume, bymeasuring the dimension of 30 cells of each species and
calculating its mean value. Furthermore, as ecological models
require the formulation of mass balances, phytoplankton biomass is
represented in these models by its carbon content. For this reason,
carbon content of phytoplankton cells was calculated based on
biovolume, following Smayda (1978):

log10C ¼ 0:758ðlog10VÞ � 0:422 for diatoms (1)

log10C ¼ 0:866ðlog10VÞ � 0:460 for other taxa (2)

whereV is the cell volume in mm3 and C is the carbon concentration
in pg/cell.

Water samples for nutrient analysis were collected with a van
Dorn bottle at the same sites and depth as for phytoplankton; they
were stored in darkness at 4 �C and processed within 24e48 h.
Nitrate (NO3

�), nitrite (NO2
�), ammonium (NH4

þ), total phosphorus
(TP), soluble reactive phosphorus (SRP) and silica were analyzed in
the Water Authority Laboratory (ADA), Buenos Aires, following the
methods described by the American Public Health Association
(1992). Furthermore, in situ measurements of selected chemical
and physical characteristics were conducted, including electrical
conductivity, temperature and pH using a Horiba U-10 multisensor.
Two meteorological stations located next to the reservoir area,
provided data of air temperature, wind speed and direction and
precipitations (Fig. 1). The Laboratory of Hydraulic at Universidad
Nacional del Sur and the Water Authority (ADA) provided these
data, along with data on reservoir water volume and level, and
tributary flows and nutrient concentrations.

3. Mathematical model

3.1. Water quality model

We propose mechanistic water quality models describing the
main biogeochemical processes within a water body. The models
include mass balances for phytoplankton, NO3

�, NH4
þ, SRP, OP and

ON, DO and BOD, resulting in a complex system of partial
differential-algebraic equations (PDAE) that takes into account
temporal and spatial concentrations variation.

An important assumption is the consideration of averaged
horizontal concentrations. Thus, the differences in spatial concen-
trations are only along the vertical coordinate (Fig. 3). This
approach has been adopted in many mechanistic water quality
models (Omlin et al., 2001a, b; Zhang et al., 2004; Arhonditsis et al.,
2006). The small differences in data collected during bloom periods
between sampling stations (8, 9 and 12% average differences in
nitrate, phosphate and total phytoplankton concentrations,
respectively) justify this assumption (Estrada et al., 2009a).

To transform the PDAE system into a set of ordinary differential-
algebraic equations (DAE), the water column is spatially discretized
into two horizontal layers (upper and lower). A bi-layer description
is appropriate for water bodies that have thermocline, particularly
during the spring phytoplankton bloom and the subsequent strat-
ification period in summer (Arhonditsis and Brett, 2005a; Zhang
et al., 2004). Two layers discretization has been adopted in
several ecological models, mainly in order to represent differences
between the epilimnion and hypolimnion in stratified lakes during
summer and winter periods (Rajar and Cetina, 1997; Zhang et al.,
2004; Osidele and Beck, 2004; Arhonditsis and Brett, 2005a).
Even though in our case study there is no thermocline that prevents
mixing along the water column, light intensity decreases with
depth, creating differences in the primary productivity between
layers, thus justifying the vertical spatial discretization. The annual
mean compensation point in Paso de las Piedras Reservoir (calcu-
lated as 2 x Secchi depth) is 3.12mwhile themean depth of the lake
is 8.2 m indicating that the lower layer has a light intensity lower
than the required for phytoplankton growth and respiration be-
comes the prevalent metabolic process.

Table 1 shows component mass balances formulated for Paso de
las Piedras Reservoir water quality model (Eqs. (1) and (2)) and a
water mass balance that takes into account tributaries and pre-
cipitationwater inputs, evaporation and outputs for drinking water
and industrial proposes (Eq. (3)). Dynamic mass balances in each
spatial layer include component inputs from tributaries (Term 1 in
Eq. (1)), outputs for both potabilization and industrial purposes and
the river itself (Term 1 in Eq. (2) and term 2 in Eq. (1), respectively),
generation and consumption (Term 3 in Eq. (1) and term 2 in Eq.
(2)), and transference between layers (Term 4 in Eq. (1) and term 3
in Eq. (2)), also accounting for lake volume variability (through
upper layer height variability, term 5 in Eq. (1)). Algebraic equations
represent the generation/consumption terms and the forcing
functions. These ones are approximated with sinusoidal functions
and correspond to temperature, solar radiation, precipitations,
evaporation, tributaries inflows, phosphorus and nitrogen con-
centration in tributaries, and silica concentration profiles. The
corresponding nomenclature is shown in Table 2. Appendix A
shows the equations that describe phytoplankton, nutrients and
dissolved oxygen dynamics. A more detailed explanation of these
rate equations can be found in Estrada et al. (2009a, b).

3.2. Phytoplankton succession modeling

In this section we briefly describe the alternative approaches to
model phytoplankton community, either based on taxonomic or
functional groups. In both cases, the different groups differ in their
competition strategies related to available resources and their
metabolic rates, which include the following parameters:



Fig. 4. Calibration. Observed data (mean and standard deviation) for the four sampling stations and simulation time series for total phytoplankton biomass for taxonomic and
functional group approaches.

Table 1
Mass balance equations for water quality model of Paso de las Piedras Reservoir. For taxonomic approach j¼ Cy, Chl and Diat and for functional group approach j¼ C, D, F, H1, J,
M and P.

Upper layer (U)
dCUj
dt

¼
X
k

QIN;Uk

VU
CIN;Ujk|fflfflfflfflfflfflfflfflfflffl{zfflfflfflfflfflfflfflfflfflffl}
1

�QOUT;U

VU
CUj|fflfflfflfflfflfflffl{zfflfflfflfflfflfflffl}

2

þ rUj|{z}
3

� kdA
DhVU

�
CUj � CLj

�
|fflfflfflfflfflfflfflfflfflfflfflfflfflffl{zfflfflfflfflfflfflfflfflfflfflfflfflfflffl}

4

�CUj
hU

dh
dt|fflfflffl{zfflfflffl}

5

(1)

1 Tributaries inputs (Sauce Grande River and El Divisorio Stream)
2 Sauce Grande River output
3 Generation/consumption term
4 Exchange between layers (Fick law)
5 Upper layer volume variation
Lower layer (L)
dCLj
dt

¼ �QOUT ;L

VL
CLj|fflfflfflfflfflfflffl{zfflfflfflfflfflfflffl}

1

þ rLj|{z}
2

þ kdA
DhVL

�
CUj � CLj

�
|fflfflfflfflfflfflfflfflfflfflfflfflfflffl{zfflfflfflfflfflfflfflfflfflfflfflfflfflffl}

3

(2)

1 Outputs for drinking water and industrial proposes
2 Generation/consumption term
3 Exchange between layers (Fick law)
Total water balance

dh
dt

¼ 1
A

"
Qrain � Qevap þ

X
k

QIN;k �
X
m

QOUT;m

#
(3)

j refers to each phytoplankton group, i.e.: cyanobacteria, chlorophyta and diatoms for the taxonomical group approach and group F, J, H1, P, D, M and C for the functional
group approach

k refers to tributaries
m refers to each output of the reservoir
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maximum growth rate (kj,growth), respiration rate (kj,resp), mortality
rate (kj,death), settling velocity (kj,settling), optimal temperature (Topt,j)
and light intensity for growth (Iopt,j).

Based on relative abundance of phytoplankton biomass in our
case study, three taxa are considered in the taxonomic group-based
model: cyanobacteria (Cy), chlorophytes (Chl) and diatoms (Diat)
(in Table 1, j ¼ Cy, Chl, Diat). Cyanobacteria are modeled as K-
selected organisms (Reynolds, 2006). These organisms are charac-
terized by low metabolic rates and growth, high optimal growth
temperatures and irradiances, low sedimentation rates and low
vulnerability to grazing by herbivorous zooplankton. On the other
hand, diatoms are parameterized as R-selected organisms which
tend to have high metabolic, growth and sedimentation rates, low
optimal temperature and irradiance requirements. Chlorophytes
are intermediate between cyanobacteria and diatoms in terms of
their competitive strategies against available resources (Zhao et al.,
2008b).
In the functional group-based approach, we combine the species

contributing with more than 5% to the total biomass into functional
groups, using Reynolds' criteria, following Padis�ak et al. (2009),
Reynolds (2006) and Reynolds et al. (2002). Such functional
groups form clusters of species with more or less precisely defined
demands for different combinations of physicochemical and bio-
logical properties (depth of mixing layer, light, temperature, P, N, Si,
CO2 and grazing pressure) of the lake environment. Once the spe-
cies of the phytoplankton community of Paso de las Piedras
Reservoir are classified based on Reynolds' groups (Table 3), the
most representative groups throughout the year are selected ac-
cording to their relative biomass contribution to total phyto-
plankton biomass. The main functional groups included in the
water quality are referred to as C, D, F, H1, J, M and P. Functional
groups C and D are represented by Cyclotella meneghiniana and



Table 2
Model variables nomenclature.

Symbol Description Unit

Cj Concentration of the component j mg/L
U Upper layer
L Lower layer
QIN,k Tributaries inputs L/d
QOUT,U Sauce Grande River output L/d
QOUT,L Drinking water and industrial proposes outputs L/d
QOUT,m Tributaries outputs L/d
Qrain Precipitation inputs L/d
Qevap Evaporation outputs L/d
VU Upper layer volume L
VL Lower layer volume L
hU Upper layer depth m
hL Lower layer depth m (Fixed at 3.5)
hT Total depth m
Dh Depth between the middle of the upper layer and the middle of the lower layer m
rUj Generation/consumption term for j in the upper layer mg/L/d
rLj Generation/consumption term for j in the lower layer mg/L/d
A Lake area m2

kd Eddy diffusion rate m2/d
Zmax Maximum depth of the reservoir m

Table 3
Main phytoplankton species of Paso de las Piedras Reservoir included in each
functional group.

FG Specie Taxonomic group

C Cyclotella meneghiniana Bacillariophyceae
D Stephanodiscus sp. Bacillariophyceae
P Closterium aciculare Zygnemaphyceae

Closterium moniliferum Zygnemaphyceae
Staurastrum chaetoceras Zygnemaphyceae
Staurastrum gracile Zygnemaphyceae
Aulacoseira granulata Bacillariophyceae
Aulacoseira granulata var. angustissima Bacillariophyceae
Navicula peregrina Bacillariophyceae

F Sphaerocystis schroeteri Chlorophyceae
Planktosphaeria gelatinosa Chlorophyceae
Dictyosphaerium ehrenbergianum Chlorophyceae
Dictyosphaerium pulchellum Chlorophyceae
Lagerheimia citriformis Chlorophyceae
Oocystella borgei Chlorophyceae
Oocystella lacustris Chlorophyceae
Oocystella marssonii Chlorophyceae
Oocystella parva Chlorophyceae
Oocystella solitaria Chlorophyceae

J Pediastrum duplex var. duplex Chlorophyceae
Coelastrum microporum Chlorophyceae
Coelastrum astroideum Chlorophyceae
Coelastrum indicum Chlorophyceae

H1 Anabaena circinalis Cyanobacteria
M Microcystis aeruginosa Cyanobacteria

Microcystis flos-aquae Cyanobacteria
Microcystis natans Cyanobacteria
Microcystis protocystis Cyanobacteria
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Stephanodiscus sp. respectively, the most abundant diatoms in the
reservoir. They are typical of eutrophic andmixed waters since they
are negatively affected by the onset of stratification. The F group
includes non-motile but near-neutrally-buoyant colonial green
algae typical of clear, deeply mixed meso-eutrophic lakes. It com-
prises the species: Sphaerocystis schroeteri, Planktosphaeria gelati-
nosa, Dictyosphaerium ehrenbergianum, Dictyosphaerium
pulchellum, Lagerheimia citriformis, Oocystella borgei, Oocystella
lacustris, Oocystella marssonii, Oocystella parva, Oocystella solitaria.
H1 is the classical eutrophic, low nitrogen group, it includes
nitrogen-fixing species Dolichospermum circinalis. Group J includes
mainly non-gelatinous, non-motile Chlorococcales prominent in
shallow, highly enriched systems. In Paso de las Piedras Reservoir it
includes: Pediastrum duplex var. dúplex, Coelastrum microporum,
Coelastrum astroideum and Coelastrum indicum. Group M is typical
of eutrophic to hypertrophic, small-to medium-sized water bodies.
It includes almost monocultures of large colonies of species such as
Microcystis aeruginosa, Microcystis flos-aquae, Microcystis natans
and Microcystis protocystis. Group P includes R-strategist organisms
(ruderals) that tolerate light and carbon. They require a continuous
or semi-continuous mixed layer of 2e3 m thickness. In Paso de las
Piedras Reservoir it includes: Closterium aciculare, Closterium
moniliferum, Staurastrum chaetoceras, Staurastrum gracile, Aulaco-
seira granulata, A. granulata var. angustissima, Navicula peregrina.

3.3. Parameter estimation

Complex deterministic models for aquatic ecosystems typically
have a large number of parameters that are site-specific and un-
known. These parameters must be tuned based on observed data of
the system under study. The water quality model of Paso de las
Piedras Reservoir described in Section 3 comprises a set of
nonlinear differential algebraic equations (DAE) that can be rep-
resented by the following general equation:

f ðxðtÞ; _xðtÞ; yðtÞ; q Þ ¼ 0 (3)

where x(t) are differential state variables (Table 1), _xðtÞ are the time
derivatives, y(t) are algebraic variables through which we describe
the input data (temperature, solar radiation, precipitation, evapo-
ration, tributaries inflows and the external nutrient loading), and
generation/consumption terms rUj and rLj) and q is the set of pa-
rameters to be estimated. A set of initial conditions was defined for
the differential variables with the experimental concentrations of
the first sample data.

We carried out an exhaustive search on the range of the
parameter values in the literature. These values are based on field
studies, laboratory and modeling See Table 8).

In previous work, we performed a global sensitivity analysis on
the ecological model of Paso de las Piedras Reservoir (Estrada and
Diaz, 2010) to identify main parameters to which model outputs
are more sensitive. Based on this study, we selected the model
parameters that will be estimated (vector q). As Bennett et al. (2013)
mention, sensitivity analysis is an important and useful tool on
model development. We formulated the parameter estimation
problem as a constrained dynamic optimization problemwithin an
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equation oriented environment in gPROMS. The gEST tool in
gPROMS (PSEnterprise, 2014) solves dynamic parameter estimation
problems with two alternative performance criteria, least squares
or maximum likelihood. The idea behind the maximum likelihood
estimation is to determine the values of control parameters that
maximize the probability of best fitting the sample data. Because
the measurement errors are important in the process being
observed, the maximum likelihood estimation needs not only the
water quality mathematical model but also a model for measure-
ment errors (Seinfeld and Lapidus, 1974). Assuming that these er-
rors are independent and normally distributed, the objective
function considered in this method is:

4 ¼ M
2
lnð2pÞ þ 1

2

min

q

8><>:
XNE
i¼1

XNVi

j¼1

XNMij

k¼1

264ln�s2ijk�þ
�
x*ijk � xijk

�2
s2ijk

375
9>=>;
(4)

whereM is the total number of measurements, NE is the number of
experiments, NVi is the number of measured variables in the ith
sampling site, NMij is the number of measurement of the jth vari-
able in the ith sampling site, s2ijk is the variance of the kth mea-
surement of variable j in sampling site i. The optimization algorithm
determines both the values of the lake model parameters and the
variance model parameters (s). If the structure of the data is
known, gEST provides two alternative models for the measurement
error variance: homoscedastic and heteroscedastic.

In order to specify themodel variance of themeasurement error,
we applied Levene's test to the observed data for the four sampling
stations from Paso de las Piedras Reservoir. The groups in the sta-
tistical test are cyanobacteria, chlorophytes, diatoms and inorganic
nutrients concentrations and subgroups correspond to these con-
centrations grouped in different months.

The parameter estimation problem is formulated as:

min
q 4

subject to
DAE lake model

xið0Þ ¼ x0i
pL � p � pU

(5)

In Eq. (5) selected parameters to be estimated (q) are the opti-
mization variables (time independent degrees of freedom). In this
approach a Nonlinear Programming problem (NLP) is formulated at
the outer level, with these parameters as optimization variables.
Given estimated values for these parameters, there are no degrees
of freedom in the inner level, and the differential algebraic equa-
tions (DAE) system can be solved with a DAE solver; in our case,
DASOLV routine (Petzold, 1982), within gPROMS (PSEnterprise,
2014). If the optimum value of the optimization problem is not
found, information on objective function, constraints and their
gradients is transferred to the external NLP problem, in which
variables q are updated by solving the NLP and transferred to pro-
ceed with the next inner DAE system solution. The NLP in the outer
level is solved with an SQP (Successive Quadratic Programming)
algorithm.

Data for calibration purposes were collected throughout an
entire year (2004) twice a week for phytoplankton and physico-
chemical variables, andweekly for nutrients determinations. Model
validation is carried out against an independent data set of Paso de
las Piedras for the period between January and June of 2005 in
which samples were collected fortnightly.
3.3.1. Statistical evaluation of model performance
The model performance for calibration purposes has been

assessed quantitatively by three diagnostic measures calculated,
based on monthly average values of the main state variables
(phytoplankton groups for both approaches, SRP, NO3

� and DO).
Additionally, residual plots have been made.

The mean error (ME) (Eq. (6)) is a measure of model bias giving
information on overestimation or underestimation of a variable and
should be close to zero (Power, 1993). The relative error (RE) (Eq.
(7)) characterizes the model accuracy. The index of agreement (d)
(Eq. (8)), proposed byWillmott (1981), is a standardizedmeasure of
the degree of model prediction error and varies between 0 and 1
(Moriasi et al., 2007; Rode et al., 2007), with higher values indi-
cating better agreement between data and model simulations.

ME ¼
Pn

i¼1

�
yi � byi�
n

(6)

RE ¼
Pn

i¼1

				yi � byi 				Pn
i¼1 yi

(7)

d ¼ 1�
Pn

i¼1 ðyi � byiÞ2Pn
i¼1 ðjbyi � yj þ jyi � yjÞ2

(8)

where y is the mean of the observed values, yi and byi the observed
and simulated values, respectively, and n the number of
observations.

Residual plots show temporal distribution of residuals for state
variables and give information about the unpredicted system
behavior (Hangos and Cameron, 2001; Bennett et al., 2013).

4. Results and discussion

4.1. Analysis of phytoplankton biomass data

We carry out a detailed analysis of collected data from Paso de
las Piedras Reservoir to define the state variables that represent
phytoplankton community in the taxonomic and functional group-
based models, respectively. In the first case, phytoplankton is
classified into three taxonomic groups (cyanobacteria, diatoms and
chlorophytes), whose observed data are shown in Fig. 5 for the
sampling period (2004). These groups comprise over 90% of total
phytoplankton biomass (Table 4).

In the second case, phytoplankton species are classified into 18
functional groups based on Reynolds et al. (2002). Seven of these
functional groups (in Table 1, j ¼ F, J, H1, P, D, M, C) are selected as
state variables for the functional group model based on the criteria
that their mean annual biomass exceeds 5% of the mean annual
total biomass (Table 5). As in the case of the taxonomic approach,
the mean monthly biomass of the selected functional groups most
of the time explains up to 90% of total biomass (Table 6).

Tables 3 and 7 show the phytoplankton species included in the
functional groups in the model and their main characteristics,
respectively. We include the most common problem-causing algae
related with drinking water supply within the selected functional
groups. A survey conducted by AWWA Research Foundation (Defler
and Belk, 2004) to collect information about the existing algae
problems at U.S. water treatment plants (WTPs) revealed that 73%
experienced algae-related problems and 90% of 126WTPs reported
taste and odor problems. Drinking water supply from Paso de las
Piedras Reservoir is affected during summer and early autumn
months by the appearance of unpleasant odor and flavor. The



Fig. 5. Calibration. Observed data and simulation time series for main state variables using the taxonomic group approach model of Paso de las Piedras Reservoir.

Table 4
Percentage of biomass of the taxonomic groups included in the model in relation to total phytoplankton biomass in mgC/L of Paso de las Piedras Reservoir.

TG Jan. Feb. Mar. Apr. May Jun. Jul. Aug. Sep. Oct. Nov. Dec.

Cyanobacteria 32.4 20.8 48.1 40.0 26.6 2.8 3.6 5.8 0.2 1.2 13.5 19.4
Chlorophyta 63.4 77.9 37.4 44.3 64.7 77.8 66.1 82.5 21.7 33.2 44.5 57.5
Diatoms 3.5 0.8 13.7 15.1 6.2 17.4 28.0 5.8 77.2 48.8 37.7 19.4P3

i¼1TG 99.2 99.6 99.2 99.3 97.6 97.9 97.7 94.2 99.1 83.2 95.7 96.3

J. Di Maggio et al. / Journal of Environmental Management 165 (2016) 31e52 37
strong odor is due to the presence of geosmin, released by Doli-
chospermum circinalis (group H1) (Dzialowski et al., 2009; Parinet
et al., 2010; Ho et al., 2012). Microcystis (group M), other impor-
tant genera of cyanobacteria in Paso de las Piedras Reservoir, is not
commonly involved in taste and odor problems but it is, as in the
case of D. circinalis, associated with the production of toxins (Defler
and Belk, 2004). Certain diatoms, desmids, and dinoflagellates are
able to clog the filters at WTPs because of their cell walls which
persist even when the cell is dead. AWWA reported that in the 48%
of the WTPs with algae-related problems, filter clogging by algae
took place. Dolichospermum (group H1) and Microcystis (group M)
also appear as filter clogging algae (APHA, AWWA andWPCF, 1989),
but diatoms are the main algae class associated to this problem.
There are two main functional groups of diatoms listed as filter-
clogging algae (Palmer, 1980; Joh et al., 2011) in Paso de las Pied-
ras Reservoir, group C, mainly represented by Cyclotella mene-
ghiniana, and group D, represented by Stephanodiscus sp. Both of
them are central diatoms with different growth requirements
(silica, temperature, light, etc.), tolerances and sensitivities
(Table 3). Themost relevant genera included in group P (Table 7) are
the filamentous diatom Aulacoseira and desmids Closterium and
Staurastrum, all of them filter-clogging algae (Palmer, 1980; APHA,
AWWA and WPCF, 1989). Even though the taxonomic approach
takes into account main algae groups, it is important to note that
the model based on functional groups describes with more detail
the main species of phytoplankton community related to problems
in drinking water supply. For example, although Dolichospermum
and Microcystis (modeled as cyanobacteria in the taxonomic
approach) can produce toxins, the nature and effects of these toxins
are different (Carmichael, 1992, 1997), whereby it is important to
model them as separated state variables.

Regarding phytoplankton succession in Paso de las Piedras
Reservoir, the dominant phytoplankton species in January 2004
belong to groups P and J, with more than 80% of total biomass.
Groups P and J also dominated in February 2004 accompanied by
groups F and M. During mid-February and March 2004, dominated



Table 5
Annual mean biomass and percentage relative abundance (RA%) for functional
groups (FG) based on Reynolds classification for phytoplankton species of Paso de las
Piedras Reservoir.

FG Biomass (mgC/L) RA%

F 0.2367 25.07
J 0.2068 21.91
H1 0.1240 13.14
P 0.0982 10.40
D 0.0707 7.49
M 0.0520 5.51
C 0.0509 5.39
LO 0.0461 4.88
X1 0.0136 1.44
X2 0.0112 1.18
T 0.0106 1.12
K 0.0065 0.69
Y 0.0061 0.65
X3 0.0046 0.48
XPH 0.0033 0.35
W2 0.0018 0.19
MP 0.0006 0.07
N 0.0006 0.06

Table 6
Percentage of biomass of the functional groups included in the model in relation to total phytoplankton biomass in mgC/L of Paso de las Piedras Reservoir.

FG Jan. Feb. Mar. Apr. May Jun. Jul. Aug. Sep. Oct. Nov. Dec.

C 0.2 0.5 0.7 0.4 0.9 1.2 24.7 38.6 2.3 1.7 8.7 1.6
D 3.0 0.0 0.0 0.0 0.2 0.0 1.4 18.6 74.8 46.5 28.8 3.7
F 18.1 19.2 9.4 18.4 35.1 61.9 52.4 18.9 10.9 7.6 13.2 13.7
H1 21.3 7.3 34.6 0.7 0.5 0.7 1.9 1.0 0.2 0.3 13.4 40.1
J 34.2 54.1 20.6 17.4 21.7 9.7 9.3 14.6 7.6 12.6 5.5 8.6
M 8.6 10.7 10.7 7.4 4.6 0.6 0.1 0.1 0.0 0.00 0.1 4.5
P 9.1 2.0 16.2 18.1 8.2 18.7 3.2 2.1 1.4 5.3 18.4 21.0P7

i¼1FG 94.5 93.9 92.2 62.4 71.2 92.9 92.9 93.7 97.2 74.1 88.1 93.1

Table 7
Main characteristics of phytoplankton functional groups considered in this study (quoted from Reynolds et al., 2002; Reynolds, 2006 and Padis�ak et al., 2009).

FG Habitat template Tolerance Sensitivity

C Eutrophic small- and medium-sized lakes with species sensitive to the onset of stratification Light and C deficiencies Si exhaustion, stratification
D Shallow and enriched turbid waters, including rivers Flushing Nutrient depletion
F Continuous or semi-continuous mixed layer of 2e3 m in thickness. Eutrophic epilimnia Mild light and C deficiency Stratification and silica depletion
H1 Clear, deeply mixed meso-eutrophic lakes Low nutrients CO2 deficiency and high turbidity
J Shallow, mixed, highly systems (including many low-gradient rivers) Settling into low light
M Eutrophic, both stratified and shallow lakes with low nitrogen content. Low nitrogen, low carbon Mixing, poor light, low phosphorus
P Eutrophic to hypertrophic, small to medium-sized water bodies High insolation Flushing, low total light
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groups H1 and P. April was dominated by group P with a smaller
contribution of groups F, J, LO and M. During May and June 2004
group P still dominated, together with group F. July and October
were dominated by diatoms from groups C and D. The latter
dominated until mid-November. In December, as the water tem-
perature increased, the relative biomass of the diatom groups
decreased and group P became dominant again. Collected data of
the phytoplankton biomass classified by functional groups is shown
in Fig. 6. As compared to the taxonomic group classification, it can
be seen that phytoplankton patterns for the functional group
approach are simpler and with lower data dispersion. More details
on phytoplankton succession patterns and dominance of phyto-
plankton groups are provided in Fernandez et al. (2014).
4.2. Calibration, validation and ecological performance

As a first step, we have carried out Levene's test on variances of
measurement errors. Numerical results, which are shown in
Table C1 from Appendix C, determine homoscedasticity and this
information is included within the parameter estimation problem
(constant variance model in gPROMS).

The parameter estimation problem constrained with the water
quality model (Eq. (5)) based on taxonomic groups for phyto-
plankton has 21 differential, 60 algebraic equations and 17 pa-
rameters to be estimated, which are shown in Table 8. The model
based on functional groups has 29 differential, 108 algebraic
equations and 35 parameters as degrees of freedom for the
parameter estimation problem, which are also shown in Table 8. In
both cases, there is an additional differential equation corre-
sponding to the integral objective function (Eq. (4)). As compared to
the model based on taxonomic groups, the second parameter
estimation problem (functional group approach) has 8 differential
and 48 algebraic additional equations, which are described in
Table C2, from Appendix C. The increase in model size and
complexity is mainly reflected in CPU time required for solution
(Table C2, Appendix C).

Table 8 shows the optimal values of the 17 and 35 estimated
parameters for taxonomic and functional group models, respec-
tively. Parameter values not involved in the calibration task are
listed in Appendices A and B.

Table 9 presents the goodness-of-fit statistics for the calibration
of taxonomic and functional group models, based on monthly av-
erages values through the evaluation of the medium error (ME), the
relative error (RE) and the index of agreement (d).

Fig. 4 shows total phytoplankton profiles along the time horizon
considered in the calibration period for both approaches including
mean and standard deviation for the data of the four sampling
stations. Figures 5 to 7 show the observed data and simulated time
series after parameter estimation, for the main water quality vari-
ables of both models. These figures show experimental data for the
sampling station next to the intake tower (S1in Fig. 1) which is
considered more important in terms of water quality concerns.

The taxonomic group model provides acceptable agreement
with experimental data, with cyanobacteria dynamics achieving
the most satisfactory fit (ME ¼ �0.045, REError! Reference source
not found. ¼ 39.5%, dError! Reference source not found. ¼ 0.91),



Fig. 6. Calibration. Observed data and simulation time series for the state variables that represent phytoplankton of Paso de las Piedras Reservoir in the functional group approach
model.



Table 8
Optimal parameter set for taxonomic and functional group models. kj,growth: maximum growth rate (day�1), kj,death: mortality rate (day�1), Ioptj: optimal light intensity for
growth (Wm�2), KPj: half-saturation constant for phosphorus uptake (mgl�1), K1: background light attenuation coefficient (m�1), Knit: half-saturation constant for oxygen
limitation of nitrification (mgl�1),J: strength of the ammonium preference (mgl�1), qm: temperature adjustment for phytoplanktonmortality rate, qr: temperature adjustment
for phytoplankton respiration rate, qmn: temperature adjustment for organic nitrogen mineralization rate, qmp: temperature adjustment for organic phosphorus mineralization
rate.j: Cy, Diat, Chl for taxonomic approach and j: C, D, F, H1, J, M, P for functional group approach.

Parameter Unit Range Initial value Optimal value Parameter Unit Range Initial value Optimal
value

Taxonomical group approach
kCy,growth 1/d 0.1e3.3 0.20 0.22 K1 1/m 0.25e5.0 2.00 2.14
kDiat,growth 1/d 0.2e3.6 0.66 1.00 Knit mg/L 7.0E�4-2.0 0.12 0.19
kChl,growth 1/d 0.2e3.6 0.76 0.85 qm e 1.00e1.09 1.02 1.00
kDiat,death 1/d 0.03e0.59 0.15 0.48 qr e 1.00e1.09 1.05 1.08
kChl,death 1/d 0.03e0.46 0.10 0.15 qmn e 1.02e1.12 1.08 0.96
IoptCy w/m2 32e143 53 79 qmp e 1.00e1.12 1.08 0.99
IoptChl w/m2 40e116 47 48 J e 0.03 0.01
KPCy mg/L 3.0E�4e4.0E�2 2.0E�3 2.0E�4

KPDiat mg/L 1.0E�4e4.0E�2 0.03 0.30
KPChl mg/L 1.0E�4e4.0E�2 0.03 9.0E�4

Functional group approach
kC,growth 1/d 0.2e3.6 1.24 1.39 KPJ mg/L 1.0E�4e4.0E�2 1.0E�4 2.0E�4

kD,growth 1/d 0.2e3.6 0.66 0.56 KPM mg/L 3.0E�4e4.0E�1 1.4E�3 1.0E�4

kF,growth 1/d 0.2e3.6 0.99 1.72 KPP mg/L 1.0E�4e4.0E�2 0.01 1.0E�4

kH1,growth 1/d 0.1e3.3 0.50 0.69 IoptC w/m2 7e64 5 5
kJ,growth 1/d 0.2e3.6 1.07 0.63 IoptD w/m2 7e64 14 16
kM,growth 1/d 0.1e3.3 0.32 0.56 IoptF w/m2 7e64 17 25
kP,growth 1/d 0.2e3.6 0.22 0.17 IoptH1 w/m2 32e197 49 81
kC,death 1/d 0.03e0.59 0.49 0.43 IoptJ w/m2 32e197 102 143
kD,death 1/d 0.03e0.59 0.44 0.44 IoptM w/m2 32e197 106 159
kF,death 1/d 0.03e0.46 0.03 0.03 IoptP w/m2 7e117 38 57
kH1,death 1/d 0.03e0.12 0.05 1.0E�4 K1 1/m 0.25e5.0 1.26 0.97
kJ,death 1/d 0.03e0.46 0.44 0.13 Knit mg/L 7.0E�4-2.0 0.051 0.047
kM,death 1/d 0.03e0.12 0.10 0.20 qm e 1.00e1.09 1.042 1.061
kP,death 1/d 0.03e0.46 0.09 0.08 qr e 1.00e1.09 1.080 1.098
KPC mg/L 1.0E�4e4.0E�2 0.09 0.08 qmn e 1.02e1.12 1.020 1.000
KPD mg/L 1.0E�4e4.0E�2 0.01 1.0E�3 qmp e 1.00e1.12 1.020 1.023
KPF mg/L 1.0E�4e4.0E�2 0.30 0.80 J e 0.057 0.246
KPH1 mg/L 3.0E�4e4.0E�1 0.17 0.44

References: Mechling and Kilham (1982), Reynolds (1984), Asaeda and Van Bon (1997), Fasham (1993), Bruce et al. (2006), Cerco and Cole (1994), Omlin et al. (2001b),
Priyantha et al. (1997), Wetzel (2001), Bonnet and Poulin (2002), Chen et al. (2002), Hongping and Jianyi (2002), Romero et al. (2004), Arhonditsis and Brett (2005a),
Makler-Pick et al. (2011), Rigosi et al. (2011).
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even when collected data show an important dispersion. The
timing of the peak is in good agreement with the observed data
(Fig. 5).

In the functional group-based model, all phytoplankton vari-
ables show good agreement with the observed data (Table 9). As it
is shown in Fig. 6, the model always reproduces the dominant
Table 9
Calibration: medium (ME), relative error (RE) and index of agreement (d) of the
main model variables for taxonomic and functional group models.

Mean error (mg/l) Relative error (%) d (dimensionless)

Taxonomic model
Cyanobacteria �0.045 39.5 0.91
Diatoms �0.086 117.0 0.53
Chlorophyta 0.224 56.6 0.77
Nitrate 0.035 13.9 0.61
Phosphate �0.017 41.8 0.43
Dissolved oxygen 0.730 47.9 0.81
Functional groups model
C 0.002 27.7 0.99
D 0.005 54.6 0.94
F 0.072 43.3 0.90
H1 0.057 51.6 0.89
J 0.052 67.4 0.80
M 0.002 46.7 0.90
P 0.001 45.3 0.79
Nitrate 0.021 13.4 0.22
Phosphate 0.005 22.0 0.89
Dissolved oxygen �0.210 32.2 0.81
group of the phytoplankton community along the time horizon. It
can be seen that the observed data patterns are simpler (in terms of
number of peaks) when classified within functional groups,
showing less dispersion (compare Figs. 5 and 6).

Prediction of cyanobacteria concentration included in group H1
(mainly Dolichospermum circinalis) and group M (mainly Micro-
cystis spp.) is in satisfactory agreement (Table 9). Table 10 shows the
differences between mean predicted output value and mean
observed data for the period of the main biomass peak in the year.
These differences, for groups H1 and M, are 0.90 and 18.54%,
respectively.

Because of its implication in human and ecosystem health, one
of the main concerns in water quality modeling is to find a better
representation of cyanobacteria population dynamics. The taxo-
nomic group-based model we propose attains a good representa-
tion of cyanobacteria blooms, with one state variable. The
functional group-based model, which describes dominant cyano-
bacteria species with two state variables (M and H1 concentration)
provides a better ecological representation. This model is able to
capture the different preferences of group M and group H1 species
for temperature, light and nutrients. Numerical results provide an
optimal growth temperature value of 30 �C for groupM and 23.8 �C
for group H1, respectively. These results are in agreement with
optimal growth temperatures for Microcystis (dominant within
group M), between 30 and 35 �C (Chu et al., 2007; Imai et al., 2009)
and Dolichospermum (dominant within group H1) optimal-growth
temperatures are below 25 �C (Bormans et al., 2005). During the
study period, water temperature was optimum until the end of



Fig. 7. Calibration. Time series for inorganic nutrients of the upper layer (a), lower layer (b), exchange and net generation rates for cyanobacteria and SRP (c) and dissolved oxygen
(d) for functional group approach.

Table 10
Mean biomass concentration for each functional group during bloom period.

Bloom period Mean observed values (mg/l) Mean simulated values (mg/l)

Group C 24/06e17/08 0.269 0.298
Group D 20/08e11/11 0.251 0.241
Group F 26/04e17/08 0.459 0.432
Group H1 01/01e01/04 0.342 0.345
Group J 01/01e01/04 0.542 0.448
Group M 01/01e07/04 0.151 0.123
Group P 19/02e06/05 0.171 0.170
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February for D. circinalis, whereas Microcystis growth was slightly
limited during the bloom periods because water temperature in
Paso de las Piedras was not at its optimal value. It is known that
Microcystis has greater requirements of light than Dolichospermum
(Robarts and Zohary, 1992) and this is well represented by the
optimal values obtained in the calibration process of the functional
group-based model.

Another important feature that can be represented by the
functional group-based model is the different dynamics of phos-
phorus uptake by both functional groups describing cyanobacteria.
Through the values obtained in the calibration for the parameters
involved in phosphorus uptake (Table 8), the functional group-
based model represents well the fact that Microcystis (group M)
grows better than Dolichospermum (group H1) in non-limited
phosphorus conditions (Nalewajko and Murphy, 2001). Model
limiting functions (Eqs. A.2-A.5) can take values between 0 and 1.
Values closer to zero indicate an important growth limitation.
During the calibration period, the phosphorus limiting function for
group M is always close to 1 (no limitation) whereas for group H1 it
is lower than 0.7, indicating limitation by nutrients. These results
are in agreement with Reynolds (1984, 1997), who stated that
phytoplankton distribution among different types of habitats
(based on the accessibility of light and nutrient resources) coincides
substantially with algae classification based on their morphologies.

During the studied period, chlorophytes were the most diverse
phytoplankton group, represented by 87 taxa. The taxonomic
group-based model, which requires one state variable for chlor-
ophyte concentration, predicts the main biomass peak (Fig. 5) but
fails to correctly predict the chlorophytes succession pattern, as
demonstrated by the goodness-of-fit statistics (Table 9). On the
other hand, the functional group-based model is able to predict the
switch in the dominating groups of green algae throughout the
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year, mainly due to the inclusion of three different state variables to
describe chlorophyte concentration (F, J and P), which have
different requirements for growth (Fig. 6). The difference between
simulated and observed mean biomass value of P, F and J groups
during the main peak periods is 0.58%, 5.88% and 17.34%, respec-
tively, also indicating a good model performance. Several species of
the coenobial genera Coelastrum, along with other colonial chlor-
ococcales (group J) developed a summer bloom. It is well known
that these organisms have high light requirements (Becker et al.,
2010), which is in good agreement with the optimal calibrated
parameter value, IoptJ (optimal light intensity for group J growth,
Table 8). Furthermore, as also observed in other nutrient-rich en-
vironments (Tucker and Llyod, 1984; Kim and Boo, 2001), a winter
bloom of green algae is developed by organisms of group F, mainly
composed of Dictyosphaerium pulchellum and D. ehrermbergianum.
This biomass peak cannot be captured by the taxonomic group-
based model because of the difference between the growth
model parameter values obtained in calibration for Chlorophytes
concentration and those that represent light, temperature and
nutrient requirements of species aggregated in group F. In partic-
ular, group F tolerates mild light intensities (Table 7) with an
optimal value of 48 w/m2inIoptJ.Diatoms and chlorophytes included
in group P (mainly Aulacoseira, Closterium and Staurastrum species,
Table 3) are filter-clogging algae, not well represented by the
taxonomic group-based model. In this model, Alulacoseira spp are
included in the state variable diatom concentration. However, these
organisms have very different growth requirements than the other
two dominant diatoms in Paso de las Piedras Reservoir (Cyclotella
meneghiniana and Stephanodiscus sp.). These last ones have higher
optimal temperatures and light for growth and lower settling rates
(Table 8). Statistical measures for the functional group-basedmodel
show a good agreement for group P (ME ¼ 0.001 mg/L, RE ¼ 45.3%,
d ¼ 0.79). The functional group-based model also improves the
representation of winterespring peaks of groups C and D, which
include themost conspicuous centric diatoms of Paso de las Piedras
Reservoir (Fig. 6, Tables 9 and 10). The functional group-based
model captures the three annual peaks of diatoms. The first peak
is in summer, represented by group P (mainly Aulacoseira), while
the other two biomass peaks take place in the cold period, repre-
sented by group C (Cyclotella meneghiniana) in early winter, and
group D (Stephanodiscus sp.) between late winter and early spring.

Regarding nutrient concentrations, Table 9 and Fig. 7 show that
RE andME for nitrate concentration in the functional group-based
model presents a slight improvement as compared to the taxo-
nomic group-based model (Table 9). Also the mean annual nitrate
concentration obtained with the functional group-based model
shows an improvement, with 1.43% variation with respect to
observed values, whereas the taxonomic model shows 2.39% vari-
ation (Fig. 7). Table 9 and Fig. 7 also show phosphate goodness-of-
fit statistics of the functional group-based model, showing very
good agreement with collected data and an important improve-
ment, as compared to the taxonomic group-based approach. The
Table 11
Mean annual values for phosphate, total phytoplankton and individual functional group
total biomass of each group. O: oligotrophic-metrophic, E: eutrophic and H: hipertrophic

PO4 (mg/l) Total phytoplankton (mg/l) Group C (mgC/l) Group D (mgC/l) Group

O 2.8 0.18 0.012 (0.7%) 0.026 (14.4%) 0.009 (
7.0 0.25 0.014 (0.6%) 0.0361 (14.6%) 0.009 (

E 38.8 0.34 0.020 (0.6%) 0.064 (19.0%) 0.011 (
122.4 0.36 0.051 (1.4%) 0.064 (18.1%) 0.017 (

H 200.5 0.63 0.048 (7.6%) 0.064 (10.2%) 0.158 (
241.8 0.95 0.035 (3.6%) 0.064 (6.7%) 0.065 (

Bold type indicate dominant functional group.
variation of the mean annual phosphate concentrationwith respect
to observed data for the taxonomic model and the functional group
model are 6.85% and 1.90%, respectively. As in most freshwater
ecosystems, phosphorus is the limiting nutrient of the primary
productivity in Paso de las Piedras. The reason for this assumption
is the increment of nitrogen concentration within the water body
due to the presence of cyanobacteria with heterocysts that can fix
atmospheric nitrogen (Vollenweider, 1975; Schindler et al., 2008).
Therefore, the accurate tuning of phosphate concentrations is an
important issue in lakes and reservoir models. Fig. 7(b) shows a
good fit for inorganic nutrients concentration profiles and observed
data for the lower layer of the water column. A comparison of the
exchange rates between layers and the generation/consumption
rates (net rates) for the model variables shows that the vertical
spatial resolution is required since the absolute value of the ex-
change rates are lower than the generation rates most of the time
(Fig. 7(c)).

Finally, dissolved oxygen concentrations predicted with the
functional group-based model also have a better fit than those
obtained with the taxonomic group-based approach (Table 9 and
Fig. 7(d)), with variations of annual mean concentrations of 3.06%
and 10.64%, respectively.

Additionally, monthly mean residual values for phytoplankton
variables of the taxonomic and functional group-based models are
shown in Appendix D (Figures D.1 and D.2, respectively). As it is
observed in Figure D.2, residual values are closer to zero, showing
that the functional group-based model provides a better descrip-
tion of the phytoplankton community behavior.

After calibration, we carry out model validation with an inde-
pendent data set collected during the 2005 summer-autumn
bloom. Numerical results and collected data are shown in
Figure E.1, from Appendix E. It can be seen that cyanobacteria
community is more accurately represented by the functional
group-based model than the taxonomic one. Statistical diagnostic
measures of model performance for the mean of the sampling
stations for group M and group H1 (Figure E.1) concentrations are
ME¼�5.7� 10�4 mg/L, RE¼ 15.50%,d¼ 0.99 andME¼ 0.041 mg/L,
RE ¼ 69.67%,d ¼ 0.79, respectively. These values indicate a
considerable improvement with respect to the taxonomic group-
based model, which presents poor statistical values
(ME ¼ �0.56 mg/L, RE ¼ 635.4%,d ¼ 12)for cyanobacteria concen-
tration (Figure E.1). Also, FigureE.1shows an adequate representa-
tion of desmids and diatoms species included in group P, which
causes filter blocking in the potabilization process during blooms.
The functional group-based model can provide information for the
determination of additional measures that must be taken in the
water purification process according to the species that constitute
the blooms. That is in line with the issue that morphological group-
based models better represent environmental conditions as
compared to phylogenetic group-based models, giving a better
description of the ecosystem functioning (Kruk et al., 2011).
s biomass concentrations for different nutrient scenarios. In brackets: percentage of
.

F (mgC/l) Group H1 (mgC/l) Group J (mgC/l) Group M (mgC/l) Group P (mgC/l)

4.9%) 0.002 (1.2%) 0.030 (16.8%) 0.017 (9.6%) 0.095 (52.4%)
3.7%) 0.002 (1.0%) 0.072 (29.3%) 0.030 (12.3%) 0.100 (38.7%)
3.1%) 0.004 (1.1%) 0.118 (35.0%) 0.042 (12.6%) 0.100 (28.7%)
4.8%) 0.009 (2.4%) 0.121 (33.9%) 0.043 (12.2%) 0.097 (27.2%)
25.1%) 0.098 (15.6%) 0.121 (19.3%) 0.043 (6.9%) 0.100 (15.4%)
6.8%) 0.529 (55.5%) 0.121 (12.7%) 0.043 (4.5%) 0.097 (10.1%)
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4.3. Analysis of alternative trophic state scenarios

The trophic state of Paso de las Piedras Reservoir has already
been studied in previous work (Intartaglia and Sala, 1989;
Fern�andez et al., 2009). Based on chlorophyll a concentration and
turbidity data, the reservoir was included within the eutrophic
category. However, according to total phosphorus concentration
this water body is within the hypereutrophic state.

To study phytoplankton sensitivity to changes in phosphorus
concentration, we run six different trophic scenarios for phosphate
concentration, corresponding to oligo-mesotrophic (2.8 and 7.0 SRP
Fig. 8. Succession phytoplankton patterns for oligo-mesotrophic (a an
mg/L mean annual concentration), eutrophic (38.8 and 122.4 SRP
mg/L mean annual concentration) and hypereutrophic (200.5 and
241.8 SRP mg/L mean annual concentration) states, respectively.
These trophic scenarios are achieved varying phosphorus concen-
tration in the tributaries. Table 11 shows, for each trophic scenario,
the mean annual phosphate within the water body, total phyto-
plankton and functional group abundance, as well as the percent-
age of total biomass corresponding to each group. Numerical
results (Fig. 8 and Table 11) show that, as limiting nutrient con-
centration increases, cyanobacteria concentration increases as well.
For the first scenario of eutrophic condition (38.8 mg/L) the
d b), eutrophic (c and d) and hypereutrophic (e and f) scenarios.
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abundance of group M increases up to a certain value and remains
constant with rising phosphate concentration. On the other hand,
cyanobacteria concentration within group H1 remains low until
hypereutrophic conditions are reached. At this point, it becomes
completely dominant over group M (Microcystis spp) and over the
other functional groups. Nutrient loading and water temperature
are two main driving forces for cyanobacteria development. The
functional group-based model we propose in this paper predicts
that group H1 is more sensitive to phosphorus increase than group
M, in agreement with a recent experimental study carried out over
more than 100 U.S. lakes (Rigosi et al., 2014). Group C biomass
shows an increase under hypereutrophic conditions, with the
largest increase at actual phosphate concentration (200.5 mg/L),
while group D achieves the highest concentration in eutrophic
scenarios and keeps these values in hypereutrophic conditions.
Mean annual biomass of group P remains constant throughout the
phosphorus concentration gradient, representing over 50% of total
phytoplankton biomass under oligotrophic conditions to 10% in the
last hypertrophic scenario (Table 11). Phosphate concentration
observed during the study period (200.5 mg/L) supports the highest
biomass concentration of group F, with 25% of mean annual total
biomass. Colonial chlorococcales of group J reaches the highest
concentration at the second scenario of eutrophic condition and
remains constant under hypereutrophic conditions.

5. Conclusions

In this paper we have assessed the performance of two mech-
anistic water quality models with different approaches for the
description of phytoplankton community in a non-stratified water
body. These approaches aggregate phytoplankton species accord-
ing to taxonomic or functional group criteria (based on Reynolds'
classification) and both models are formulated in the same physical
and numerical framework.

The parameter estimation problems subject to differential
algebraic constraints have been solved within an equation oriented
framework in gPROMS and the goodness of fit of both models has
been assessed, showing a better performance of the functional
group-based model. This is closely related to the way phyto-
plankton data are grouped in the different approaches. The func-
tional group classification provides simpler patterns for
phytoplankton concentration, with low observed data dispersion.
Phytoplankton population change
rij ¼ Rgrowth;ij � Rresp;ij � Rdeath;ij � Rsettling; ij

Specific phytoplankton growth rate Rgrowth;ij ¼ kg

Temperature limitation fjðTiÞ ¼
Ti

Toptj
exp

 
1� Ti

Toptj

Nutrient limitation fjðNiÞ ¼

8>>>><>>>>:
min

"
Ci;PO4

Ci;PO4
þ KPj

;
Ci;

Ci;PO4

Ci;PO4
þ KPj

j ¼ Cy; C

Light limitation fjðIiÞ ¼
IOi

Ioptj
exp

 
1� IOi

Ioptj

!

I0i
¼ I½1� expð � KeDDiÞ�

KeDDi
; Ke ¼ K1 þ K2

P
Cij

cchl
Furthermore, in both models, properties such as the affinity for
different nutrients at different external concentrations, silica re-
quirements, light necessities and tolerance, etc. are, in part, deter-
mined by parameter values selected in the calibration process.
These parameter values are more related to functional and
morphological properties of each species than by phylogeny. An
optimal set of parameter values is more representative of the
specieswithin a functional group than the parameters of taxonomic
groups which include species which may have very different
growth requirements. .

Although the functional group-based model implies a 38% in-
crease in the total number of differential equations, the solution
approach proved to be quite efficient and the additional compu-
tational cost is acceptable (275 s against 27.6 s for solving the entire
parameter estimation problem).

Finally, we can conclude that mathematical models are impor-
tant tools for planning and decision making in different processes,
on the short and long term. In the case of water reservoir man-
agement, ecological models are being increasingly used in the
identification of possible problems and in decision making pro-
cesses. As future work, the functional group-based model is being
extended to include zooplankton and fish dynamics as it has been
done with the taxonomic group-based model (Estrada et al., 2011).
The extended model will provide a reliable basis for the formula-
tion of an optimal control problem to plan restoration policies,
evaluate their effects on water quality and the economic feasibility
of their implementation.
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Appendix A. Generation/consumption terms for mass balance
equations (Table 1, Eqs (1) and (2)) of Paso de las Piedras
Reservoir water quality model. i ¼ upper (U) and lower layer
(L). For taxonomic approach j ¼ Cy, Chl, Diat and for
functional group approach j ¼ C, D, F, H1, J, M,P.
(A.1)

rowth;i fjðTiÞfjðIiÞfjðNiÞCij (A.2)

!
(A.3)

Ci;Si
Si þ KSij

#
j ¼ Diat or j ¼ C

hl or J ¼ D; F;H1; J;M; P

(A.4)

(A.5)



(continued )

Respiration Rresp;ij ¼ kresp;jq
ðT�20Þ
r Cij (A.6)

Death Rdeath;ij ¼ kdeath;jq
ðT�20Þ
m Cij (A.7)

Settling Rsettling;ij ¼ ksettling;j
Cij
hi

(A.8)

Rate of change of nitrogen cycle compounds concentration

rNH4 ;i ¼

 �Ruptake;i;NH4

� Rnit;i;NH4
þ Rdeath;i;NH4

þ Rminer;i;ON i ¼ U
�Ruptake;i;NH4

� Rnit;i;NH4
þ Rdeath;i;NH4

þ Rminer;i;ON þ Rsed;i;NH4
i ¼ L (A.9)

rNO3; i ¼ �RNO3 ;uptake;i þ RNH4 ;nit;i � RNO3 ;denit;i (A.10)

rON;i ¼



Rdeath;i;ON þ Rminer;i;ON � RON;i;settling i ¼ U
Rdeath;i;ON þ Rminer;i;ON � RON;settling þ RON;U;settling i ¼ L (A.11)

Phytoplankton NH4 uptake Ruptake;i;NH4
¼
X
j

�
ancRgrowth;jPNH4

�
(A.12)

NH4 preference factor PNH4
¼ 1� exp

�
JjCi;NH4

�
(A.13)

NH4 release by phytoplankton death Rdeath;i;NH4
¼
X
j

�
Cijkdeath;jancð1� fONÞ

�
(A.14)

Nitrification rate Rnit;i;NH4
¼ knitq

ðT�20Þ
nit

Ci;DO
Knit þ Ci;DO

Ci;NH4
(A.15)

ON mineralization rate Rminer;i;ON ¼ kmnq
ðT�20Þ
mn

P
j
Cij

Kmpc þ
P
j
Cij

Ci;ON (A.16)

NH4 release from sediments Rsed;i;NH4
¼ SN

�
1� CL;DO

KDOS þ CL;DO

�
A (A.17)

Phytoplankton NO3 uptake Ruptake;i;NO3
¼
X
j

�
ancRgrowth;j

�
1� PNH4

��
(A.18)

Denitrification rate Rdenit;i;NO3
¼ kdenitq

ðT�20Þ
denit

Kdenit

Kdenit þ Ci;DO
Ci;NO3

(A.19)

ON release by phytoplankton death Ruptake;i;ON ¼
X
j

�
Cijkdeath;jancðfONÞ

�
(A.20)

ON settling rate R;; ¼
ksetlling

hi
Ci;ON (A.21)

Rate of change of phosphorus cycle compounds concentration

ri;PO4;
¼

 �Ruptake;i;PO4

þ Rdeath;i;PO4
þ Rminer;i;OP i ¼ U

�Ruptake;i;PO4
þ Rdeath;i;PO4

þ Rminer;i;OP þ Rsed;i;PO4
i ¼ L (A.22)

ri;OP ¼



Rdeath;i;OP þ Rminer;i;OP � ROP;i;settling i ¼ U
Rdeath;i;OP þ Rminer;i;OP � ROP;i;settling þ ROP;U;settling i ¼ L (A.23)

Phytoplankton PO4 uptake Ruptake;i;PO4
¼
X
J

�
apcRgrowth;j

�
(A.24)

PO4 release by phytoplankton death Rdeath;i;PO4
¼
X
j

�
Cijkdeath;japcð1� fOPÞ

�
(A.25)

(continued on next page)
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PO4 release from sediments Rsed;L;PO4
¼ SP

�
1� CL;DO

KDOS þ CL;DO

�
A (A.26)

OP release by phytoplankton death Ruptake;i;OP; ¼
X
j

�
Cijkdeath;japcðfOPÞ

�
(A.27)

OP mineralization rate Rminer;i;OP ¼ kmpq
ðT�20Þ
mp

P
j
Cij

Kmpc þ
P
j
Cij

Ci;OP (A.28)

OP settling rate Ri;OP ¼ ksetlling
hi

Ci;OP (A.29)

Rate of change of dissolved oxygen concentration

ri;DO ¼



Rreai;i;DO � Rnit;i;DO þ Rresp=photo;i;DO � Roxid;i;BDO i ¼ U
�Rnit;i;DO þ Rresp=photo; i;DO � Rbod;i;DO � Roxid;i;BDO i ¼ L (A.30)

Re� aeration rate Rreair;U;DO ¼ kaq
ðT�20Þ
a

hU

�
C* � CU;DO

�
(A.31)

Saturated dissolved oxygen C* ¼ 16:5� 8
12

T (A.32)

DO consumed in nitrification process Rnit;i;DO ¼ knitq
ðT�20Þ
nit

Ci;DO
Knit þ Ci;DO

Ci;NH4
aon (A.33)

Net production of oxygen by respiration/photosynthesis

Rresp=phot;i;DO ¼
0@X

j

�
Rgrowth;ij � Rresp;ij

�1Aaoc (A.34)

Sediment oxygen demand Rsed;i;DO ¼ ksodq
ðT�20Þ
sod
hL

CL;DO
Ksod þ CL;DO

(A.35)

Rate of change of biochemical oxygen demand concentration
rBOD;i ¼ Rdeath;i;BOD � Roxid;i;BOD � Rsettling;i;BOD (A.36)

BOD generation by phytoplankton death Rdeath;i;BOD ¼
X
j

�
Rdeath;jaoc

�
(A.37)

DO for organic matter oxidation Roxid;i;BOD ¼ kbodq
ðT�20Þ
bod

Ci;DO
Kbod þ Ci;DO

Ci;BOD (A.38)

BOD settling rate Rsettling;i;BOD ¼ ksetlling;BOD
hi

Ci;BOD (A.39)

Appendix B. Parameters of Paso de las Piedras Reservoir water quality model.

Parameter Unit Description Value

Taxonomical approach

kCy,resp 1/d Respiration rate for cyanobacteria 0.05
kDiat,resp 1/d Respiration rate for diatoms 0.48
kChl,resp 1/d Respiration rate for chlorophytes 0.42
kCy,settling m/d Settling rate for cyanobacteria 0.15
kDiat,settling m/d Settling rate for diatoms 0.20
kChl,settling m/d Settling rate for chlorophytes 0.15
ToptCy �C Optimal temperature for cyanobacteria 30.0
ToptDiat �C Optimal temperature for diatoms 17.7
ToptChl �C Optimal temperature for chlorophytes 20.0
IoptChl w/m2 Optimal light intensity for Chlorophytes 43.48
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Parameter Unit Description Value

Taxonomical approach

KPCy mg/L Half-sat. const. for P uptake by cyanobacteria 0.0002
KPDiat mg/L Half-sat. const. for P uptake by diatoms 0.3
KPChl mg/L Half-sat. const. for P uptake by chlorophytes 0.0009
KSij mg/L Half-sat. const. for Si uptake by diatoms 0.0053
Functional approach
kC,resp 1/d Respiration rate for functional group C 0.19
kD,resp 1/d Respiration rate for functional group D 0.19
kF,resp 1/d Respiration rate for functional group F 0.50
kH1,resp 1/d Respiration rate for functional group H1 0.08
kJ,resp 1/d Respiration rate for functional group J 0.03
kM,resp 1/d Respiration rate for functional group M 0.06
kP,resp 1/d Respiration rate for functional group P 0.02
kC,settling m/d Settling rate for functional group C 0.16
kD,settling m/d Settling rate for functional group D 0.32
kF,settling m/d Settling rate for functional group F 0.06
kH1,settling m/d Settling rate for functional group H1 0.50
kJ,settling m/d Settling rate for functional group J 0.80
kM,settling m/d Settling rate for functional group M 0.02
kP,settling m/d Settling rate for functional group P 0.08
ToptC �C Optimal temperature for functional group C 14.6
ToptD �C Optimal temperature for functional group D 6.0
ToptF �C Optimal temperature for functional group F 26.5
ToptH1 �C Optimal temperature for functional group H1 23.8
ToptJ �C Optimal temperature for functional group J 21.4
ToptM �C Optimal temperature for functional group M 30.0
ToptP �C Optimal temperature for functional group P 18.2
KSij mg/L Half-sat. const. for Si uptake by functional group C 0.08
General
knit 1/d Nitrification rate 0.09
kdenit 1/d Denitrification rate 0.001
kmn 1/d Organic nitrogen mineralization rate 0.032
kmp 1/d Organic phosphorus mineralization rate 0.02
kbod 1/d BOD deoxygenation rate 0.50
ksod 1/d Sediment oxygen demand rate 0.65
SN mg/m2

/d Release rate of ammonium from the sediment 0.40
SP mg/m2/d Release rate of phosphate from the sediment 0.0013
Kdenit mg/L Half-sat. const. for oxygen limitation of denitrification 0.2
Kbod mg/L Half-sat. const. for oxygen limitation of BOD oxidation 0.5
Ksod mg/L Half-sat. const. for sediment oxygen demand 0.4
Kmpc mg/L Half-sat. const. for phytoplankton limitation 1.0
KDOS mg/L Half-sat. const. for nutrient sediment fluxes 0.4
kON,settling m/d Settling velocity for organic nitrogen 0.03
kOP,settling m/d Settling velocity for organic phosphorus 0.03
kbod,settling m/d Settling velocity for BOD 0.03
qnit e Temp. adjustment for nitrification rate 1.080
qdenit e Temp. adjustment for denitrification rate 1.080
qN e Temp. adjustment for release of NH4 sediment rate 1.080
qP e Temp. adjustment for release of PO4 sediment rate 1.080
qbod e Temp. adjustment for BOD deoxygenation rate 1.050
qsod e Temp. adjustment for oxygen sediment demand rate 1.080
qa e Temp. adjustment for re-aeration rate 1.028
fON e Fraction of dead phyt. recycled to ON pool 0.5
fOP e Fraction of dead phyt. recycled to OP pool 0.5
fDON e Fraction of dissolved organic nitrogen 1.0
fDOP e Fraction of dissolved organic phosphorus 1.0
fDBOD e Fraction of dissolved CBOD 1.0
anc mgN/mgC Oxygen to carbon ratio 0.1
apc mgP/mgC Oxygen to carbon ratio 0.02
aoc mgO/mgC Oxygen to carbon ratio 2.67
aon mgO/mgN Oxygen to nitrogen ratio 4.57
cchl mgC/mgChl Phytoplankton carbon to chlorophyll ratio 50.0
K2 m2/mg Light attenuation coefficient for chlorophyll 0.002
ka 1/d Re-aeration rate 0.38
A km2 Transversal area of the lake 36.0
Kd m2/d Vertical eddy diffusivity rate 0.543
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Appendix C
Table C.1
Levene's test results for phytoplankton concentration of Paso de las Piedras Reservoirs

Month Group L-critical value Levene's statistic p-value

Jan. Cyan. 3.403 1.630 0.217
Green 2.309 0.121
Diat. 0.129 0.879

Feb. Cyan. 3.467 1.190 0.324
Green 2.679 0.092
Diat. 2.389 0.116

Mar. Cyan. 3.403 6.801 0.005
Green 1.599 0.223
Diat. 0.101 0.904

Apr. Cyan. 3.467 0.100 0.905
Green 1.371 0.276
Diat. 0.089 0.915

May Cyan. 3.403 0.846 0.442
Green 4.802 0.018
Diat. 3.185 0.059

June Cyan. 3.467 0.428 0.657
Green 4.621 0.022
Diat. 0.219 0.805

July Cyan. 3.403 0.097 0.908
Green 2.993 0.069
Diat. 1.369 0.273

Aug. Cyan. 3.403 0.089 0.915
Green 2.714 0.087
Diat. 0.763 0.477

Sept. Cyan. 3.403 0.494 0.616
Green 5.433 0.011
Diat. 1.508 0.241

Oct. Cyan. 3.467 3.021 0.070
Green 0.425 0.660
Diat. 0.175 0.841

Nov. Cyan. 3.403 0.526 0.597
Green 0.285 0.754
Diat. 0.617 0.548

Dec. Cyan. 3.403 0.030 0.971
Green 0.091 0.913
Diat. 0.211 0.811

Table C.2
Computational details for parameter estimation problem.

TG FG

Differential equations 21 29
Initial objective function 450.89 1390.03
Final objective function 123.84 �355.13
Iterations 28 106
CPU time (seconds) 27.56 275.84
Х2 a 603.56 1014.51
Weighted residual 556.19 980.37

a Good fit: weighted residual less than chi-squared value.



J. Di Maggio et al. / Journal of Environmental Management 165 (2016) 31e52 49
Appendix D
Functional 
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Fig. D.2. Residual plot showing the monthly mean of the residuals for phytoplankton
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Appendix E
0 20 40 60 80 100 120 140 160 180
0.0

0.1

0.2

0.3

0.4
Group M

C
on

ce
nt

ra
tio

n 
(m

g/
l)

Time (Days)
0 20 40 60 80 100 120 140 160

0.0

0.1

0.2

0.3

0.4

0.5
Group H1

C
on

ce
tra

tio
n 

(m
g/

L)

Time (Days)

0 20 40 60 80 100 120 140 160
0.00

0.25

0.50

0.75

1.00

1.25

1.50
Group P

C
on

ce
nt

ra
tio

n 
(m

g/
L)

Time (Days)
0 25 50 75 100 125 150

0.0

0.2

0.4

0.6

0.8

1.0

1.2

1.4

Cyanobacteria
C

on
ce

nt
ra

tio
n 

(m
g/

L)

Time (Days)

Fig. E.1. Validation: observed data (mean and standard deviation) and time series for the four sampling station for group M (a), group H1 (b) and group P (c) of the functional group
approach and for cyanobacteria concentration (d) for the taxonomic approach.
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