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a  b  s  t  r  a  c  t

In  this  paper  we  perform  a scenario  analysis  to assess  the likely  ecosystem  structural  shifts  that  might  be
induced  by  seven  alternative  management  scenarios  relative  to current  simulated  lake  dynamics  of  Los
Molinos reservoir,  a monomictic  lake located  in Argentina.  To  carry  out  the  scenario  analysis,  first,  we  for-
mulate,  calibrate  and  validate  a mechanistic  biogeochemical  model  to characterize  the  nutrients  and  phy-
toplankton  dynamics  of  the reservoir  under  study.  The  model  includes  a set  of partial  differential  algebraic
equations,  which  results  from  dynamic  mass  balances  on main  phytoplankton  groups,  nutrients,  dissolved
oxygen  and  biochemical  demand  of  oxygen.  We  consider  the  main  sources  of  nutrient  loading  and  the
dominant  phytoplankton  groups.  The  parameter  estimation  model  is  a  constrained  dynamic  optimization
problem  that  has  been  formulated  within  an  equation  oriented  control  vector  parameterization  environ-
ment.  We  estimated  sixteen  parameters,  previously  identified  as the most  influential  ones.  Numerical
results  for  calibration  and  validation  phases  show  good  agreement  with field  data,  and  then,  we use  the
proposed  model  as  a prospective  tool.  The  obtained  results  for  the  designed  nutrient  loading  scenarios
indicate  the  importance  of  the impacts  of  current  livestock  practices  and  sewage/collective  septic  tanks
discharges  on  the  water  quality.  Model  predictions  indicate  that  the  combination  of reduction  in  nutrient

loading  from  the sewage  of  residential  areas  in  the  lake shore,  and  implementation  of  measures  to  mitigate
nutrient  exports  from  livestock  production  will  render  the most  beneficial  effects  over  the  studied  ecosys-
tem,  thus  promoting  the  improvement  of the  current  ecological  state  of the  reservoir.  This  is  the first  time
such an  approach  has  been  applied  to the study  of  Los  Molinos  catchment.  Thus,  the proposed  ecological
model  constitutes  a  management  tool  to  assess  the  anthropogenic  impacts  over  this  freshwater  resource.

© 2015  Elsevier  B.V.  All  rights  reserved.
. Introduction

Mechanistic biogeochemical models represent the biological,
hemical and physical processes taking place in aquatic ecosys-
ems. These models are formulated as a complex set of differential
lgebraic equations with rate coefficients that must be tuned
o the specific conditions of the site under study (Jørgensen
nd Bendoricchio, 2001). After determining the most influential

arameters into the model, dynamic parameter estimation must
e performed and the model performance to represent the real

∗ Corresponding author. Tel.: +54 291 4861700.
E-mail address: brodriguez@plapiqui.edu.ar (S.B.R. Reartes).

ttp://dx.doi.org/10.1016/j.ecolmodel.2015.10.028
304-3800/© 2015 Elsevier B.V. All rights reserved.
ecosystem has to be validated with an independent data set from
the site (Bennett et al., 2013; Jørgensen and Bendoricchio, 2001).

In a previous work, we  have formulated a first principle based
eutrophication model (Estrada et al., 2009), and we  have also per-
formed sensitivity analysis (Estrada and Diaz, 2010). The latter
model was  posed for Paso de las Piedras Reservoir and consid-
ered the dominant phytoplankton groups and nutrients present
in this water body (Estrada et al., 2009). In the current work we
extend Paso de las Piedras model to take into account the particu-
lar phytoplankton community, nutrient loading and hydrodynamic
regimes and forcing functions existing in Los Molinos Reservoir.

Los Molinos Reservoir is a multipurpose freshwater resource pro-
viding water for domestic supply, irrigation, energy generation,
fishing and recreational activities, located in the Central Region of
Argentina (Bazán, 2011). Field data collected between 2002 and

dx.doi.org/10.1016/j.ecolmodel.2015.10.028
http://www.sciencedirect.com/science/journal/03043800
http://www.elsevier.com/locate/ecolmodel
http://crossmark.crossref.org/dialog/?doi=10.1016/j.ecolmodel.2015.10.028&domain=pdf
mailto:brodriguez@plapiqui.edu.ar
dx.doi.org/10.1016/j.ecolmodel.2015.10.028
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005 have allowed classification of the water body as mesotrophic.
owever, during the last decade, periodic monitoring of the water
ody allows to detect algal blooms, fish kill events and nutrient
nrichment (Bazán, 2011; Cossavella, 2003). These facts evidence
he shift of the reservoir state towards eutrophic, unless manage-

ent measures are undertaken. Moreover, it is a well known fact
hat phytoplankton blooms in the fresh water source may  affect the
ater treatment process, both physically (e.g. filter clogging) and

hemically (e.g. production of harmful cyanotoxins, taste and odour
ompounds and disinfection by-products). In short, high phyto-
lankton concentrations in the source water increase the complex-

ty and cost of the raw water treatment process (Ewerts et al., 2013).
Mechanistic biogeochemical models have been widely used for

nderstanding aquatic ecosystems, predicting biotic responses to
hifts in the driving forces (nutrient enrichment scenarios, cli-
ate change) and assessing restoration strategies for water bodies

Osidele and Beck, 2004; Zhang et al., 2004). Moreover, water qual-
ty modelling provides a range of approaches to support water
esource management. One approach is to apply physically-based
odels for assessing water quality in catchments (Matias et al.,

008). These models produce results with limited input require-
ents allowing catchment assessment and management (Matias

nd Johnes, 2012). Provided that enough site-specific input data
s available, such as to enable model parameter tuning, mechanis-
ic models can also be applied for management purposes. The idea
ehind using these more complex models as management tools

s the possibility of evaluating different nutrient loading scenarios
ver algae growth, nutrient concentrations and the entire ecolog-
cal structure. In other words, the use of models in environmental

anagement allows predicting the effect of a given change on the
cosystem under study in a wider extent.

In this context, the aim of this work is to assess the likely impact
f a range of alternative management scenarios on nutrient loading
n the short and middle term over Los Molinos reservoir ecosystem.
he effects of each considered scenario over the trophic state and
hytoplankton dynamics is analyzed. To achieve this goal, we  for-
ulate a water quality model that fits site-specific conditions of

os Molinos Reservoir. Then, we evaluate the model performance
hrough qualitative and quantitative diagnostic measures (Bennett
t al., 2013). Based on field data, we also determine the reservoir
urrent trophic state.

. Materials and methods

.1. Case study

Los Molinos Reservoir is an artificial water body located at 65 km
W of Córdoba city in Argentina (31◦43′30′′S y 64◦32′20′′W).  It was
onstructed between 1948 and 1953 for drinking water supply,
ydro electrical energy generation, irrigation and flood attenua-
ion. The reservoir has a mean depth of 14 m,  a maximum depth
f 52 m,  an area of 21.1 km2 at spillway level and a maximum vol-
me  of 400 hm3. Its retention time has been estimated in 451 days.

ts main tributaries are: San Pedro River, Los Espinillos River, del
edio River and Los Reartes River. Its effluent is Los Molinos River

see Fig. 1). Los Molinos is a monomictic lake, thermally stratified
uring summer (Bazán, 2011).

The power plant Los Molinos I generates 148 MW for the Cen-
ral Region of Argentina. The reservoir supplies drinking water to
alf a million people of Córdoba city (one third of the population
f that city). Currently, this water body represents a major tourist
ttraction for the region and is also used for recreational activities

ike fishing and water sports. The main activities performed in the
asin are related to agriculture and livestock.

The watershed of Los Molinos Reservoir extends over an area
f 978 km2. In the last decade there has been an important urban
Fig. 1. Los Molinos Reservoir location. S1, S2, S3, S4 and S5: sampling stations.

development in the lakeshore area, as well as tourism increase.
According to a census made in 2008 (Censo Provincial de Población,
2008—Provincia de Córdoba), there are 3500 people that perma-
nently inhabite in the four main lakeshore villages: Potrero de
Garay, Villa Ciudad de América, Los Reartes and Ciudad Parque
Los Reartes. Census data also reveal that the treatment of domes-
tic wastewater in the region is made through septic tanks and
cesspools, which result inefficient due to soil characteristics of the
area, and to the proximity of the dwellings to the reservoir (less
than 50 m from the coast for some buildings) (Nadal et al., 2012).
Moreover, in some cases, the direct discharge of the domestic efflu-
ents, i.e. without previous treatment, is performed. Additionally, a
great number of tourists visit the area every year; and during sum-
mertime the population doubles in the area (Molinero Rodríguez,
2008). Around 300 animals (cows and horses) graze in the west
coast of the reservoir and use it as drinking trough (Nadal et al.,
2012) providing a direct discharge of their manure into the water
body.

The lack of land-use policies related to urbanistic development
in the area, together with the inappropriate household wastewater
treatment, promote nutrient enrichment of the water body (Nadal
et al., 2012), especially phosphorus, which constitutes one of the
essential factors for phytoplankton growth. Therefore, having a tool
to assess the impact of human activities over this ecosystem is
critical to the management of the water resource.

2.2. Sampling and experimental procedures

Physico-chemical and biological data have been monthly col-
lected from January to December of 2007 and 2008 at different
depths in five sampling stations (Bazán, 2011): S1 (in the dam of the
reservoir), S2 (in the center of the water body), S3 (in the mouth of
Los Espinillos River), S4 and S5 in coastal zones (in the mouth of San
Pedro and Los Reartes River, respectively), see Fig. 1. Sampling was

performed at different depths considering the mixing and stratified
periods. During the mixing regime, samples were taken at 0.2 m,  at
the limit o photic zone (considered as twice the Secchi disk depth),
and 1 m from the lake bottom. When a thermocline was detected,
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amples were taken at 0.2 m,  1 m above the thermocline, 1 m below
he thermocline and 1 m from the lake bottom. Tributaries flows
nd their nutrient concentrations were also determined.

In situ measurements of physical variables, including tem-
erature, pH, dissolved oxygen, electrical conductivity and water
urbidity have been taken with multisensors Horiba U-10, U-23 and

-22XD. Moreover, air temperature and Secchi disk depth have
lso been recorded.

Water samples have been taken with Van Dorn and Ninsky
ottles. Nutrient determinations include phosphate (SRP), total
hosphorus (TP), nitrate (NO3), nitrite (NO2), ammonium (NH4),
otal organic nitrogen (ON), organic carbon, total iron, manganese,
alcium, magnesium, potassium, sodium, chloride, fluoride and
ulfate concentrations and alkalinity. For sampling, storage, preser-
ation and sample analysis we follow the guidelines and techniques
f APHA, AWWA  and WEF  (Clesceri et al., 1998); and the interna-
ional standards ISO 5667/2 and ISO 5667/3.

Samples for quantitative analysis have been fixed immedi-
tely with Lugol’s solution. The Utermöhl method (Utermöhl,
958) was used for the quantitative phytoplankton analysis in an

nverted microscope (in Cells/ml). Chlorophyll concentration has
lso been determined according to APHA, AWWA  and WEF  stan-
ards (Clesceri et al., 1998).

Biovolume has been calculated based on cell counts and their
ize and geometric form (Hillebrand et al., 1999; Olenina et al.,
006; Reynolds, 2006; Sun and Liu, 2003). Carbon content of phyto-
lankton cells has been calculated through correlations (Smayda,
978). In the appendix II we present a detailed description (see
able II.A) with the Individual biovolumes of each phytoplankton
pecie considered in this work and it related geometric form.

Furthermore, water sampling and level determination of the
our major tributaries has been carried out. The methodology used
or sampling, storage, preservation and analysis was identical to
hat applied to samples collected in the reservoir.

Data on reservoir water level and volume was  provided by the
rovincial power company: EPEC (Empresa Provincial de Energía
e Córdoba), responsible for operating the power energy plant.

During 2007, thermal stratification was only detected at S1
tation on December between 19 and 20 m depth. For year 2008,

 thermocline was detected on January at S2 (between 13 and
4 m);  on February at S1 and at S2 (between 10 and 11 m)  and at S5
between 4 and 5 m);  and on December at S1 (between 13 and 14 m)
nd at S2 (between 10 and 11 m).  Then, not strong stratification was
etermined for the studied period.

In this study, we consider experimental data from S1 station
ecause the raw water abstraction point for the treatment pro-
ess is located there. Even though a single sampling site would
ot represent in detail the conditions of a large impoundment, the
merging results of the present study would clearly assist in deter-
ining the trends of the variables for management purposes, as it

s close to the water intake (van Ginkel et al., 2001).

. Ecological model description

We  propose an ecological water quality model, based on
Estrada et al., 2009). We have extended the model to take into
ccount specific conditions of our case study. A short description of
he model structure is given in this section. A conceptual diagram
f the model and additional information are presented in Appendix

 (Fig. AI).
We  formulate dynamic mass balances for the main components
f the reservoir ecosystem, rendering a set of partial differential
lgebraic equations (PDAE). We  consider the main taxonomical
hytoplankton groups in the reservoir (dinophyta, cryptophyta
nd cyanobacteria), nutrients (nitrate, nitrite, ammonium, organic
Fig. 2. Temperature profiles for the lower layer (�,—–) and the upper layer
(�,–  – –) as a function of time.

nitrogen, phosphate and organic phosphorus), dissolved oxygen
and biochemical demand of oxygen. Dinophyta and cryptophyta
were considered because they represent the dominant phytoplank-
ton groups observed in the water body and they can also produce
severe problems in treatment processes, promoting filter clog-
ging and unpleasant odors and flavors in the water. We  have also
included cyanobacteria by considering the potential damage they
can cause on human health. Toxins synthesized by cyanobacteria
would turn the resource inappropriate for human and animal con-
sumption, and for recreational activities (Brandalise et al., 2012;
Ewerts et al., 2013). For more details on the selection of the taxo-
nomical groups included in the model, see Section 5.1.

The formulated PDAE system is transformed into an ordinary
differential-algebraic system (DAE) through spatial discretization
of the water body in two horizontal layers. As Los Molinos Reser-
voir is a monomictic lake, thermally stratified during summer, the
physical segmentation considered in this work is consistent with
the observed epilimnetic and hypolimnetic depths. Moreover, dif-
ferent temperatures have been considered for each layer (see Fig. 2).
Two layers discretization has also been applied in other ecological
models for stratified lakes (Arhonditsis and Brett, 2005; Arhonditsis
et al., 2001; Osidele and Beck, 2004; Zhang et al., 2004). A simpli-
fied flux diagram of Los Molinos reservoir model is presented in
Fig. 3, where we observe the physical segmentation adopted, the
inputs/outputs from/to terrestrial and aerial ecosystems and the
interchange between layers and sediment.

The main simplifying assumptions of our model are: water
constant density, constant transversal area for the upper layer,
and horizontally averaged concentrations (only spatial gradients in
vertical direction are considered). Phosphate is considered as the
limiting nutrient in our model (Schindler et al., 2008). Although
the N:P ratio is used to determine the limiting nutrient in aquatic
ecosystems, some authors point out that it is most important to
establish the concentration values of phosphorus and nitrogen bio-
logically available, i.e., inorganic nitrogen (NO2 + NO3 + NH4) and
SRP (Rast and Lee, 1983; Ryding and Rast, 1992). Ryding and Rast
(1992) determine a weight ratio of 8 N:1P as a reasonable one to
establish the biological available limiting nutrient. A N:P ratio less
than 8 suggests that nitrogen could limit the growth; and for ratios
greater than 8, phosphorus is the potential limiting nutrient. More-
over, concentrations below 0.005 mg/l of phosphate and 0.02 mg/l
of total inorganic nitrogen (TIN) have been signaled as limiting of
the primary productivity (Rast and Lee, 1983). Other authors (Sas,

1989) indicate 0.01 and 0.1 mg/l for SRP and TIN limitation, respec-
tively, as threshold values. In Los Molinos Reservoir, for the studied
period, the ratio N:P was  always above 8, indicating a phosphorus
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Fig. 3. Simplified flux diagra

imitation, except for February, 2007. Furthermore, TIN and SRP
ave never been below the mentioned critical values (Rast and Lee,
983; Sas, 1989), in any sampling station. Therefore, phosphorus
ppears as the potential limiting nutrient during the studied period
nd its kinetics are Monod type in the proposed model (see Ec. A.4
n Appendix I).

The global mass balance considers inputs from tributaries and
ischarges of domestic wastewater (QIN), inputs from rains (Qrain),
utputs from Los Molinos River (QOUT), and from evaporation
Qevap), see the following equation:

dh

dt
= 1

A

[∑
k

QINk
−

∑
m

QOUTm + Qrain − Qevap

]
(1)

 corresponds to the inputs from tributaries (rivers: San Pedro, Los
spinillos, Del Medio and Los Reartes), domestic wastewater dis-
harges (in upper layer, U); m corresponds to the outputs for water
reatment (in lower layer, L) and Los Molinos River (in U).

Component mass balances in each layer include the previ-
usly mentioned input (QIN) and output flow rates (QOUT), the
eneration/consumption terms (rj) and terms that account for
ransference between layers (Fick’s law), and reservoir volume vari-
bility (through upper layer height change), Eqs. (2) and (3).

Upper layer (U):

dCUj

dt
=

∑
K

QIN,U,k

VU
CIN,Ujk − QOUT,U

VU
CUj

+ rUj − kdA

�hVU

(
CUj − CLj

)
− CUj

hU

dh

dt
(2)

Lower layer (L):

dCLj

dt
= −QOUT,L

VL
CLj + rLj + kdA

�hVL

(
CUj − CLj

)
(3)

 corresponds to dinophyta, cryptophyta, cyanobacteria, nitrate,
itrite, ammonium, organic nitrogen, phosphate, organic phospho-
us, dissolved oxygen, biochemical demand of oxygen.

Additional algebraic equations stand for rate equations for each
omponent (generation/consumption terms, rj) and forcing func-
ions, these latter ones approximated through sinusoidal functions
or temperature (in each layer, see Fig. 2), solar radiation, rainfall,
vaporation, river inflows/outflows and their associated nutrient
rofiles (in nitrogen and phosphorus). Furthermore, the model

ncludes sewage effluents and manure animal discharges and their
ssociated nutrient contents (in nitrogen and phosphorus), as input

ata. As previously mentioned, the inhabitants of the four main

akeshore villages contribute to sewage inputs throughout the year
nd, during summer time, these inputs rise up to 25% due to
ourism activities in the region. For this reason, the effluent flow
os Molinos reservoir model.

is represented with a step function (see Section 4.2.). The loadings
per capita were estimated in 300 l/dy/inhab, according to ENHOSA
rules, from the Ministry of Infrastructure and Housing of Argentina
(Norma ENOHSA, 1993). The content of organic nitrogen, ammo-
nium and nitrate were taken from the general characterization of
sewage in (Normas para la, 1999), and the phosphate and organic
phosphorus contents from (Metclaf and Eddy, 2003) (see Appendix
I, Table I.D). Regarding livestock loadings, we  consider that their
water content is negligible (taking into account the number of
animals and dimensions of the lake). The manure production and
its nutrient content are taken from ASAE Standards (ASAE D384.1
Manure Production and Characteristics. American Society of Agri-
cultural Engineers FEB03) for horses and cows, the livestock in the
zone. In this latter case, ammonium and phosphate are considered
(see, Table I.D in Appendix I).

Appendix I shows the rate equations that describe phytoplank-
ton, nutrients and dissolved oxygen dynamics (Table I.A) and the
input flow rates related to wastewater and livestock discharges for
mass balance equation, Eq. (2), (Table I.B). Furthermore, a portrayal
of the biogeochemical processes and state variables in the model
has been included in Appendix I (Fig. AI). For readers interested in
more details of the ecological model, we  recommend the work of
(Estrada et al., 2009). Initial conditions for differential equations
are taken from field collected data.

4. Dynamic parameter estimation and model validation

The parameter estimation problem is formulated within a
dynamic optimization framework in gPROMS (PSEnterprise, 2014),
with a maximum likelihood objective function subject to the pro-
posed ecological water quality model. Assuming constant variance
for measurements, the objective function results a weighted least
squares one, and the resulting DAE constrained optimization prob-
lem (P1) formulated is as follows:

 ̊ = N

2
ln (2�) + 1

2
min

p

NV∑
j=1

NTj∑
k=1

⎡
⎢⎣ln

(
�2

jk

)
+

(
C∗

jk
− Cjk

)2

�2
jk

⎤
⎥⎦

st.

Water quality DAE model from Los Molinos Reservoir

(Eqs. 1 to 3 and Eqs. A.1 to A.47)

c (0) = c0

(P1)
cL ≤ c ≤ cU

pL ≤ p ≤ pU
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here N is the total number of measurements, the summations are
ver NV measured state variables (j), and NTj data points for each

 th measured variable, �2
jk

is the variance of the kth measurement
f variable j, c∗

jk
is the kth measured concentration of variable j,

nd cjk is the kth model-predicted concentration of variable j. Vec-
ors c (0) and p contain the component concentrations at time zero,
nd the set of model parameters to be estimated, respectively. The
ptimization algorithm determines both the values of the model
arameters to be estimated, i.e. the elements of vector p, and the
ariance model parameters (�). The component concentrations, i.e.
ector c, may  vary between established lower and upper limits (cL

nd cU). Moreover, values of the estimated parameters are within
iven lower and upper bounds (pL and pU) according to data from
he literature (Arhonditsis and Brett, 2005; Bruno and McLaughlin,
977; Cerco and Cole, 1994; Cloern, 1977, 1978; Grigorszky et al.,
006; Gurung, 2007; Hamilton and Schladow, 1997; Harris et al.,
979; Hedger et al., 2004; Lindström, 1984; Morgan and Kalff, 1979;
jala, 1993; Padisák, 1985; Pérez-Martínez and Sánchez-Castillo,
002; Renaud et al., 2002; Reynolds, 1984, 2006; Rigosi et al., 2011;
omero et al., 2004). Water quality models have a large number
f parameters, which depend on the environmental conditions of
he place under study, and must be tuned considering field data of
he water body. Based on a previously performed global sensitivity
nalysis of the ecological model (Estrada and Diaz, 2010), we  have
elected sixteen parameters to be estimated (p).

Physical, chemical and biological data monthly collected from
anuary to December of 2007 have been used for model calibra-
ion. The values for the estimated parameters are listed in Table 2.
he remaining model parameter values are listed in Appendix I
see Table I.D). Model validation has been carried out with an addi-
ional independent data set collected monthly between January and
ecember 2008.

.1. Evaluation of model performance

Model performance has been evaluated through qualitative and

uantitative methods (Bennett et al., 2013). Qualitative metrics
ssess the ability of the model to represent biogeochemical pro-
esses observed in the studied reservoir. For qualitative testing,
e compare our results to field data and we analyze the outputs

able 1
cenarios run for Los Molinos bassina.

Scenario Dimension Trends 

0 “Base case” Catchment status for 2007
1  Land use Intensification of livestock produ

2  Land use Implementation of good farming
avoiding livestock entrance to th
lakeshore

3  Human population Implementation of an efficient s
with the current resident popula

4 Human population and land use Implementation of an efficient s
with the current resident popula
livestock entrance to the reservo

5  Human population Increase of resident population w
deficient sewage treatments

6  Human population Increase of resident population w
implementation of an efficient s

7 Human population and land use Increase of resident population (
implementation of an efficient s
and avoidance of livestock entra
reservoir

a Each scenario considered in this work was run for a 6 year time horizon.
b Normas para la protección de los recursos hídricos superficiales y subterráneos de la 
delling 320 (2016) 393–406 397

taking into account conceptual aspects, and the ability of the model
to sketch out trends and system behaviour. Three quantitative test-
ing, measures are calculated based on seasonal average values of
the main state variables (SRP, nitrate, dissolved oxygen and phy-
toplankton groups). Bias or mean error, (ME, Eq. (5)) calculates
the mean of the residuals, indicating model’s tendency to under-
or over estimate a variable. Index of agreement (d, Eq. (6)) varies
between 0 and 1 with values close to unity indicating better agree-
ment of model simulations to field data (Willmott, 1981). Root
mean squared error (RMSE, Eq. (7)) calculates a mean error in data
units, and it is not affected by cancelation (as could be in the case
of ME).

ME  =
∑i=1

n

(
y∗

i
− yi

)
n

(5)

d =
∑i=1

n

(
y∗

i
− yi

)2

∑i=1
n

(∣∣(yi − ȳ)
∣∣ +

∣∣(y∗
i

− ȳ
)∣∣)2

(6)

RMSE =

√∑i=1
n

(
y∗

i
− yi

)2

n
(7)

where y∗
i

and yi are the measured and model predicted values,
respectively; ȳ is the mean of the measured values, and n is the
total number of measurements for the analyzed variable.

4.2. Management scenarios description

Ecological water quality models can be efficiently used as tools
to evaluate the impact of different nutrient loading scenarios
(Matias and Johnes, 2012; Olsson and Andersson, 2007). After cali-
bration and validation, we  use Los Molinos Reservoir water quality
model, to explore potential structural shifts of the ecosystem rel-
ative to the current simulated lake dynamics. We  simulate the
changes of ecosystem dynamics induced by seven alternative man-
agement scenarios for the catchment (Table 1, Scenarios 1 to 7).

These scenarios are modeled related to the catchment state in 2007.
In this way, Scenario 0 in Table 1 is considered as the “base case”
for the present analysis. There are two main issues explored in this
study: (1) supply of nutrients into the system from livestock, and (2)

Modelled change

ction in the area Gradual increase in livestock by 20% each year that
promote the increase of ammonium and SRP
discharges

 practices by
e reservoir from

Reduction to zero of ammonium and SRP discharges
from livestock

ewage treatment
tion and land use

All sewers connected to treatment plants (removal of
NO3, NO, NH4, PO and SRP up to allowable limits for
liquid effluent discharge to surface waterways)b

ewage treatment
tion and avoiding
ir

Changes of Scenarios 2 and 3

ith the current Gradual increase of untreated sewage (from direct
discharge of wastewater or deficient sewage
treatment)

ith the
ewage treatment

Gradual increase of discharges with NO3, NO, NH4, PO
and SRP concentrations into allowable limits for liquid
effluent discharge to surface waterwaysb

with the
ewage treatment)
nce to the

Changes of the scenarios 2 and 5

Provincia de Córdoba (1999).
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A complete description of the characteristics of each designed

scenario is presented in Table 1.
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utrient contributions from the unsewered population. The objec-
ive of the designed scenarios for this study is to determine the
hifts that might be induced in the ecosystem by modification of
he nutrient discharge in the reservoir; and, at the same time, to
valuate the scale of the change that might be necessary to reduce
hosphorus loading to a level which could, potentially, sustain a
ood ecological state in the reservoir. In this context, the analyzed
cenarios are designed based on: (a) detected tendencies from pre-
ious studies and field surveys; and (b) hypothetical managerial
olicies for the watershed. Item (a) means that we consider the

ocal census and previous Argentinean population statistics to pro-
ose a reasonable forecast of population growth in the area under
tudy. Item (b) is related to the possible implementation of policies
nd legislations regarding land use in the area; more specifically
hose that prevent direct access of livestock to the reservoir. Addi-
ionally, we test the possible use of proper sewage treatments for
he inhabitants in the area. The last, is a hypothesis but could be
chieve provided that stakeholders get involved on this specific
ssue.

Through scenarios 1 to 7 we want to evaluate the prospects of
hange of the trophic state of Los Molinos Reservoir, and the con-
itions that would support the generation of good ecological status

n the lake. These issues are discussed in Section 5.3. A complete
escription of each designed scenario is presented in this section;
nd they are summarized in Table 1.

Scenario 1 considers intensification of livestock production in
he area. This possibility is analyzed taking into account that cows
nd horses have currently free access to the lakeshore (Bazán, 2011;
adal et al., 2012).

Scenario 2 is designed for preservation of the reservoir as drink-
ng water source; therefore, preventing the direct access of animals
o the lake constitutes a practice that avoids this contamination
ource.

Reducing point sources of discharge with large population in
he catchment can be achieved through the installation of conven-
ional sewage treatment units. However, in rugged geography areas
ith low population density, as in our case study, septic tank sys-

ems are widely used (Johnes et al., 1996). It should be pointed
ut that the type of septic tank used in the studied area are col-
ective systems with direct drains to soil. The proximity between
wellings and the lake (less than 50 m from lake coast for some
uildings), together with soil characteristics, makes this sewage
reatment inadequate (Nadal et al., 2012). Furthermore, there are
ases in which direct discharge to the reservoir is performed. These
ndings, together with field surveys, evidence the need for mit-

gation of point source discharges to waters and also the need
f further treatment of effluents from septic tanks. In this sense,
cenario 3 contemplates performing an adequate sewage treat-
ent with the current resident population and land use. At the

nd of the treatment, we consider the nutrient concentration in
he effluent would fulfill the current standards for the protection
f surface and groundwater resources of Córdoba Province (Normas
ara la protección de los recursos hídricos superficiales y subter-
áneos de la Provincia de Córdoba, 1999). This means that it is
ssumed that the effluent will be discharged to the water body,
fter treatment. The local standards point out that total phospho-
us and total nitrogen concentrations must be below 0.5 mg/l and
0 mg/l, respectively, for direct discharge to a reservoir. As our
odel considers phosphorus in fractions of organic phosphorus

nd phosphate; and nitrogen in fractions of nitrate, organic nitro-
en an ammonium, we express P and N in those terms. According
o (Metclaf and Eddy, 2003) and (Norma ENOHSA, 1993), domes-

ic wastewater organic nitrogen and ammonium content is almost
0% and 60%, respectively; while organic phosphorus and phos-
hate content are approximately 30% and 70%, respectively. Based
n these values, we estimate the concentrations of the treated
Year

Fig. 4. Number of resident people for scenarios run (from 0 to 7) (Table 1).

effluent for organic nitrogen, ammonium, organic phosphorus and
phosphate as 4 mg/l, 6 mg/l, 0.15 mg/l and 0.35 mg/l, respectively.
Moreover, we  consider other scenarios with efficient treatment
facilities and additional factors: Scenario 4 contemplates remov-
ing livestock from the lake shore; Scenario 6 considers the increase
of the resident population (according to Fig. 4) and associated efflu-
ent discharges. Scenario 7 accounts for the increase in the resident
production with proper wastewater treatment and the removal of
livestock. Scenario 5 contemplates the possibility of increase in
the resident population (see Fig. 4), but continuing with the cur-
rent deficient sewage treatments. It is worth noting that the rapid
urban development is a tendency detected in the region through the
provincial census (Censo Provincial de Población, 2008—Provincia
de Córdoba), and also through field surveys (Bazán, 2011; Nadal
et al., 2012). Moreover, during summertime tourism activities
contribute to increase nutrient loadings to the lake. This effect
is also considered for all the cases through a 25% increase in
population (and effluent flow), with respect to the permanent res-
ident population and consequently in the nutrient loadings (see
0 50 0 100 0 150 0 200 0

Days

Fig. 5. Effluent flow for scenarios run (from 0 to 7) (Table 1).
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sidered to avoid undesired effects over this ecosystem (Bazán,
2011; Cossavella, 2003). Up to now, periodic monitoring of Los
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. Results and discussion

.1. Phytoplankton succession

During the studied period the phytoplankton community was
omposed by 37 genera of 6 taxonomical groups: Chlorophyceae
15), Dinophyceae (2), Bacillariophyceae (14), Cyanophyceae (3),
ryptophyceae (2), and Euglenophyceae (1). Among these groups,
inophyceae and Cryptophyceae dominate the phytoplankton
ommunity with an annual mean concentration of 0.166 mgC/l and
.024 mgC/l, respectively. The maximum concentrations through-
ut the year for these groups were 0.784 mgC/l for Dinophyceae
n summer (2007) and 0.070 mgC/l for Cryptophyceae in winter
2007).

Class Dinophyceaein Los Molinos Reservoir was  represented by
wo taxa, Ceratium hirundinella and Peridinium sp. C. hirundinella
s known to clog filters during treatment processes due to their
arge size and thick cell walls, and also to produce by-products that
ause taste and odour problems in the final water supply (Ewerts
t al., 2013; van Ginkel et al., 2001). Then, the extensive presence
f C. hirundinella in the raw water have a negative impact over the
reatment operations and their costs.

The Cryptophyceae population included the genera Cryp-
omonas and Croomonas.  Croomonas dominate thought the entire
ear, except in spring, where Cryptomonas prevails.

Anabaena and Microcystis composed the Cyanophyceae group,
ith dominance of the first one. Cyanophyceae group was not
ominant during the studied period, with an annual mean con-
entration of 0.0012 mgC/l and a maximum concentration of
.0052 mgC/l in spring. Even though, we include this taxonomic
roup into our ecological model by considering the widespread
vidence of their potential to produce harmful (even lethal) hepato-

 neuro- and cytotoxins as well as odour organic compounds
e.g. geosmin) (Ewerts et al., 2013). Conventional treatment pro-
esses (including coagulation, flocculation, sedimentation, sand
ltration) may  remove quite efficiently the cyanobacterial cells,
ut they are not enough to eliminate toxins and geosmin, which
ay  be present as the result of cell lysis during the operations.

yanotoxins and geosmin, like other organic compounds present
n raw water, cannot be removed without advanced treatment
ptions (e.g. activated carbon adsorption or ozone oxidation),
hich increase the operational costs in water treatment. More-

ver, the presence of cyanobacteria and their toxins turn the
eservoir inappropriate for recreational activities (Brandalise et al.,
012). Finally, the magnitude and frequency of cyanobacterial
looms may  be enhanced by nutrient enrichment of water bodies

nduced by human activities, and/or by climate warming (Rigosi
t al., 2014). During the studied period, the concentration of sol-
ble phosphorus on average was 0.0140 mg/l, with peaks up to
.0470 mg/l in summer (see Fig. 7). Then, the phosphorus con-
entration remains low in relation to nutrient-rich conditions
referred by cyanobacteria (i.e. eutrophic or hypereutrophic envi-
onments). However, an increase of nutrient concentration could be
n important driver for the development of blooms. We  consider
hat all the previously mentioned risks associated to cyanobacte-
ia blooms justify the inclusion of this group into our ecological
odel.
The three taxonomic groups included in the model, i.e. Dino-

hyceae, Cryptophyceae and Cyanophyceae, explain between 70%
nd 98% of total phytoplankton biomass except in June, August,
ovember and December. In June and August when a peak of
iatoms was detected with 32% and 27% of total biomass, respec-

ively. And in spring, a peak of chlorophytes was  registered with
1% and 54% of total biomass, respectively. However, diatoms and
hlorophytes have not been included in the model because their
ontribution to total biomass was significant only in those months,
Days

Fig. 6. Observed Secchi disk depth (eutrophic between 1 and 3 m, Wetzel, 1983).

and their annual mean biomass only reached 5.4% and 4.9%, respec-
tively.

5.2. Current trophic state

Algal blooms in Los Molinos Reservoir of C. hirundinella (division
Pyrrhophyta class Dinophyceae) have been detected, with domi-
nance in summer and early autumn (Bazán, 2011). Moreover, fish
kill events associated to the presence of C. hirundinella have been
registered in 1999, 2005 and 2006. The current trophic state of this
reservoir is mesotrophic or eutrophic depending on the analyzed
variable. Regarding Secchi disk depth (see Fig. 6), most of the year it
is below the eutrophic value limit, at 3 m (Wetzel, 1983) (horizontal
line in Fig. 6).

Figs. 7–9 show the concentration profiles for soluble reactive
phosphorus (SRP), nitrate and total phytoplankton, respectively,
and the corresponding eutrophication levels for each variable
(horizontal lines at 0.02 mg/l for SRP, 0.3 mg/l for nitrate, and
5000 cells/ml for algae). Regarding SRP, it is beyond eutrophi-
cation limit for almost a half of samples considered. Nitrate is
always below eutrophication level but is beyond mesotrophic limit
(0.15 mg/l of nitrate) during two months. Phytoplankton remains
always below the eutrophication limit but, after prior observed
algal blooms and nutrient enrichment detected, phytoplankton
dynamics could change and management measures should be con-
0 50 10 0 15 0 20 0 25 0 30 0 35 0
Days

Fig. 7. Observed SRP concentration and eutrophic level (above 0.03 mg/l, Wetzel,
1983).
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ig. 8. Observed nitrate concentration (mesotrophic between 0.30 mg/l and
.15 mg/l, Wetzel, 1983).

ts physical parameters have been made (Corral et al., 2002, 2004).
owever, ecological models have not been developed and cali-
rated to fit local conditions for the evaluation of the effects of
nvironmental disturbances over the dynamics of main compo-
ents in the reservoir.

.3. Model calibration and validation

Problem P1 has been implemented in gPROMS (PSEnterprise,
014), a vector parameterization (CVP) dynamic optimization
nvironment, with a maximum likelihood objective function, to
stimate sixteen parameters. Field data collected monthly between
anuary 2007 and December 2007 were considered for the calibra-
ion process. Optimal parameter values are listed in Table 2. (Values
or the parameters not included in the calibration procedure are
resented in Table I.D, Appendix I). Calibration (also referred to
s “replicative validation” in the classification of Arhonditsis and
rett, 2004) results are presented in graphical and numeric form
with statistical metrics). Fig. 10 shows the observed data and
he simulated profiles along the considered calibration period,
or the main state variables of the model, including phytoplank-
on groups (dinophyta, cryptophyta, cyanobacteria) and nutrients
nitrate, ammonium, SRP and dissolved oxygen). The model dis-
lays an acceptable agreement with field data according to the

isual screening of simulated time series.

Table 3 shows statistical metrics for model calibration, based on
easonal average values for the main state variables. To evaluate
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Fig. 10. Calibration results: Observed data and simulation profiles for the main state
variables of Los Molinos Reservoir model (model: Eqs. 1 to 3 and Eqs. A1 to A.47;
parameters: Table 2 and I.C).
the model performance, we compute the mean error, (ME)), the
index of agreement (d) and the root mean squared error (RMSE),
Eqs. (5)–(7). Statistical metrics reveal that dinophyta dynamics
has the most accurate fit (ME  = 0.0043, d = 0.9971, RMSE = 0.0237).
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Table  2
Optimal parameters for water quality model of Los Molinos Reservoir (Appendix I).

Parameter Description Value Unit

kgrowth,Crip Maximum growth rate for Cryptophyta 0.948609 d−1

kgrowth,Dy Maximum growth rate for Dinophyta 0.649506 d−1

kgrowth,Cyan Maximum growth rate for Cyanophyta 1.41899 d−1

kdeath,Crip Mortality rate for Cryptophyta 0.347124 d−1

kdeath,Dy Mortality rate for Dinophyta 0.149688 d−1

kdeath,Cyan Mortality rate for Cyanophyta 0.046925 d−1

IoptCrip Optimal light intensity for Cryptophyta 52.0766 ly/d
IoptDy Optimal light intensity for Dinophyta 126.696 ly/d
IoptCyan Optimal light intensity for Cyanophyta 101.94 ly/d
KPCrip Half-saturation const. for P uptake by Cryptophyta 0.00768117 mg/l
KPDy Half-saturation const. for P uptake by Dinophyta 0.0048309 mg/l
KPCyan Half-saturation const. for P uptake by Cyanophyta 0.0359664 mg/l
˛nc Nitrogen to carbon ratio 0.096 mgN/mgC
Knit Half-sat. const. for O2 limitation of nitrification 0.1 mg/l
K1 background light attenuation 1 m−1

�m temperature adjustment for phytoplankton respiration rate 1.00804 –
�r temperature adjustment for phytoplankton mortality rate 1.36866 –
�mn temperature adjustment for organic nitrogen mineralization rate 1.64916 –
�mp temperature adjustment for organic phosphorus mineralization rate 1.38738 –

Table 3
Statistical metrics for the main state variables of Los Molinos Reservoir model in calibration and validation.

Statistical metric

Variable Mean error (mg/l) d (dimensionless) RMSE (mg/l)

Calibration Validation Calibration Validation Calibration Validation

Dinophyta* −0.00434 0.02629 0.99705 0.87781 0.023727 0.09037
Cryptophyta* −0.01380 −0.01189 0.73273 0.17113 0.02577 0.01825
Cyanobacteria* 0.00035 −0.00003 0.76915 0.96626 0.00081 0.00215
Nitrate** 0.01253 −0.01939 0.71138 0.43892 0.03902 0.06011
Ammonium** 0.00323 −0.00524 0.28920 0.51107 0.00996 0.01837
SRP** 0.00389 0.00583 0.56970 0.17829 0.00569 0.00706
Dissolved Oxygen** 0.14246 −0.79861 0.22677 0.22471 0.97530 1.92120
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** mg/l.

he model properly reproduces the main biomass peaks for
ryptophyta and cyanobacteria dynamics, with a less accurate per-
ormance in predicting their succession patterns, as reflected on the
tatistical metrics. Nutrient dynamics are satisfactorily represented
s shown by the goodness-of-fit of statistics in Table 3 and Fig. 10.
he annual average phosphate and inorganic nitrogen concentra-
ions, predicted by the model, corresponds to a mesotrophic water
ody (Wetzel, 1983), with 0.0140 mg/l and 0.1676 mg/l, respec-
ively (see Table 4); and deviate in a 13.9% and 0.48% with respect to
eld data. Phosphorus limits the primary productivity in Los Moli-
os Reservoir, as it is usual in freshwater ecosystems (Schindler
t al., 2008). Therefore, an accurate representation of phosphate
ynamics is one of the main aims of our model. The annual average
oncentration of dissolved oxygen simulated by the model deviates
n a 0.11% with respect to observed data.

Model validation is carried out based on an independent data
et of the water body, collected monthly throughout 2008. Notice
hat we perform validation task in a “predictive” way  according

o the classification proposed by Arhonditsis and Brett (2004). The
eld data used in the validation procedure were provided by Uni-
ersidad Nacional de Córdoba and were taken within a project
hat only supported data collection with a monthly frequency.

able 4
nnual average for inorganic nutrients in model calibration and validation.

Variable Calibration (Annual
average)

Validation (Annual
average)

SRP (mg/l) 0.01404 0.01037
Inorganic Nitrogen (mg/l) 0.16760 0.27230
Unfortunately, we do not have access to a more complete, or an
additional, data set.

Fig. 11 shows good agreement between data and predicted
values for the main state variables: nutrients and phytoplankton
dynamics. Statistical metrics are shown in Table 3. The annual aver-
age concentration biases with respect to field data obtained during
the validation process were 30.3%, 19.3% and 6.57% for phosphate;
inorganic nitrogen and dissolved oxygen, respectively (see Table 4).

The validation results here presented prove that the combina-
tion of the proposed model along with the optimized parameters
are able to properly reproduce the ecosystem dynamics of Los Moli-
nos reservoir. Then, the proposed model is an adequate tool for
prospective forecasts of lake dynamics, always taking into account
that the model is a bounded representation of the real natural
system.

5.4. Scenario analysis

5.4.1. Impact on nutrient and phytoplankton concentration
The calibration and validation results indicate the suitabil-

ity of the water quality model for representing the dynamics of
the ecosystem under study. In this Section, we explore possible
ecosystem structural shifts that might be induced by seven alter-
native management scenarios relative to current simulated lake
dynamics. The analysis considers intra- and interannual variabil-
ity, by introducing perturbations to the values of the model forcing

functions. Table 1 depicts the proposed changes in the model forc-
ing functions, through the design of seven different scenarios, as
described in Section 4.2. Each scenario is run for a six year time
horizon, with a daily time step (Fig. 13). However, as we  are
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Table 5
Average percentage change on nutrient and phytoplankton concentrations with respect to the base case (Scenario 0) for the main state variables in the seven analyzed
scenarios (see Table 1).

Scenario

Variable 1 (%) 2 (%) 3 (%) 4 (%) 5 (%) 6 (%) 7 (%)

SRP 4.2 −6.2 −16.9 −31.8 7.2 −16.4 −30.9
Inorganic nitrogen −6.1 10.6 44.6 50.0 −21.9 47.2 52.8
Total  phytoplankton 14.4 −19.0 −44.3 −62.8 31.8 −45.2 −62.4
Cyanobacteria 65.0 −64.1 −87.3 −94.2 146.7 −87.2 −94.2
Dinophyta 6.8 −12.8 −36.1 −55.2 16.2 −37.6 −54.7
Cryptophyta 0.1 −18.3 −64.1 

Every value was  obtained as the average of the annual relative percentage change (with r
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Fig. 11. Validation results: Observed data and simulation profiles for Dinophyta,
Cyanobacteria and inorganic nutrients of Los Molinos Reservoir model (model: Eqs.
1  to 3 and Eqs. A1 to A.47; parameters: Table 2 and I.C).
−90.3 −0.4 −61.1 −90.2

espect to the base case) for the analyzed variable.

interested in prospective results at the middle term, we  analyze
model predictions within an average annual basis (Fig. 12 and
Table 5). Fig. 12 shows annual average values corresponding to
inorganic nutrients, total phytoplankton and cyanobacteria for a six
year horizon. For the sake of clarity, we also analyze the average
percentage change for concentrations of the main state variables
throughout the six year period under analysis. Numerical results
are presented in Table 5.

As it was  previously mentioned, Scenario 0 simulates current
conditions, and it is considered as “base case”.

The intensification of livestock production (Scenario 1 in
Table 1) results in an increase of SRP (Eq. A.23 in Appendix I), and
consequently, in total phytoplankton population. It is important
to remark that phosphorus is the limiting nutrient of the ecosys-
tem under study. A reduction of total dissolved nitrogen is also
produced, associated to the increase of primary productivity of
the water body. It is also worth noting that a sharp rise, of about
65%, in cyanobacteria population is detected (see Table 5, and Eq.
A.1 in Appendix I). As was previously mentioned, the proliferation
of cyanobacteria in a drinkable water source, increase the risk of
harmful blooms whose toxins directly affect human and animal
health (Brandalise et al., 2012; Ewerts et al., 2013).

Scenario 2 produces a slight reduction on the SRP concentra-
tion, of about 6.2% for the whole period under study, but with a
significant reduction on phytoplankton concentration of 19%, and
more than 64% in cyanobacteria concentration (see Table 5). This
scenario illustrates that preventing livestock access to the reser-
voir would result in an associated improvement of the ecosystem
quality. This practice requires stakeholders compromise to adhere
to environmental schemes (Straton et al., 2011), and it is the less
expensive option to implement. Moreover, the introduced changes
in the current production scheme, would not affect the local econ-
omy  provided that suitable measures are taken to allow animals to
drink water in livestock farms (and not directly from the lake).

Scenario 3 induces a greater reduction in SRP concentra-
tion (16.9%) and phytoplankton production (44.3%). This scenario
reflects the effect of performing proper sewage treatment works
(STWs) with current resident population. The decay in primary
productivity associated to the reduction of the limiting nutrient
(phosphorus) also promotes a rise in the inorganic nitrogen con-
centration.

Scenario 4 has the most important effect on SRP concentration,
with a reduction of 31.8% with respect to the base case. Nutrient
concentration decrease also produces a drop of 62.8% in total phyto-
plankton concentration, and of 94.2% in cyanobacteria production
(see Table 5).

The increase in resident population with current STWs and live-
stock practices (Scenario 5, Table 1) results in the largest increase
in SRP and phytoplankton concentrations, about 7.2% and 31.8%,

respectively, with respect to the base case. This scenario clearly evi-
dences the need for suitable land use and urban planning policies
that involve social, economic and environmental considerations,
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ig. 12. Prospection results: Annual averages of inorganic nutrients, total phytopl
.47;  parameters: Table 2 and I.C). Scenarios 0 to 7 are depicted in Table 1. Horizon

pecially taking into account that the tendency of population
rowth during the last decade and the increase of tourism in the
rea has been clearly shown through local census 2008 (Censo
rovincial de Población, 2008—Provincia de Córdoba) and field
urveys (Bazán, 2011; Nadal et al., 2012). Moreover, a significant
ise of cyanobacteria concentration is also predicted (146.7%) by
ur simulations; and this fact represents a rise on the poten-
ial risks over human health related to water quality (Brandalise
t al., 2012; Ewerts et al., 2013; Reynolds, 2006). Increased nutrient
oncentrations have been proved as one of the most important fac-
ors controlling cyanobacteria blooms development in field studies
Rigosi et al., 2014). In this context, Scenario 5 results support
hese findings. Moreover, an increase in dinophyta population (Eq.
.1 in Appendix I), of about 16.2%, is observed for this scenario.
his could produce severe problems during drinkable water treat-
ent processes, promoting filter clogging and unpleasant odors

nd flavors in the water supply (Ewerts et al., 2013; van Ginkel
t al., 2001). It is also worth noting that for years 4 to 6, nitrogen
ecomes the limiting nutrient. According to Ryding and Rast (1992),
hen the N:P ratio is less than 8 nitrogen could limit algae growth.

his is the case for Scenario 5. Currently, nitrogen may  become
imiting in lakes as a result of the great increase in the phosphorus
oncentration caused by waste water discharges (Jørgensen and
endoricchio, 2001).

Scenario 6 assesses the effect of increasing resident population
ith proper STWs over water quality of Los Molinos Reservoir. Sig-
ificant reductions on SRP and phytoplankton concentrations are
redicted of 16.4% and 45.2%, respectively. These values are quite
imilar to the obtained for Scenario 3, as well as the forecasted

eduction in cyanobacteria concentration (see Table 5).

Scenario 7 results in a significant impact on predicted SRP
nd phytoplankton concentrations, with drops similar to the cal-
ulated for Scenario 4 (Table 5). Both scenarios consider the
 and cyanobacteria for a six year time horizon (model: Eqs. 1 to 3 and Eqs. A1 to
e in SRP vs Time graph: oligotrophic level for SRP (Wetzel, 1983).

implementation of proper sewage treatment and good livestock
practices, but Scenario 7 also takes into account the rise on resident
population (see Fig. 4).

For the sake of clarity, Fig. 13 shows numerical results for three
analyzed scenarios on a daily time basis, as obtained with our eco-
logical water quality model. Cyanobacteria, Dynophyta and SRP
profiles correspond to Scenarios 0, 5 and 7, as depicted in Table 1.
Regarding cyanobacteria concentration profiles, is worth noting
that, for Scenario 5 some peaks are predicted with maximum con-
centration of 0.6083 mgC/l. Moreover, cyanobacteria concentration
peaks take place related to SRP peaks. At the same time, our numer-
ical results show that nutrient enrichment, promoted in Scenario
5 (see SRP profile in Fig. 1) is positively related to cyanobacteria
concentration increase. Moreover, nutrient depletion simulated in
Scenario 7, can produce a drastic reduction of cyanobacteria pop-
ulation. Therefore, it is clear that an increase in SRP concentration
in the water body, can stimulate phytoplankton production; and
special attention must be taken in the case of cyanobacteria concen-
tration increase, considering their potential to produce taste and
odour compounds and even toxic compounds, which may  be lethal
to consumers.

5.4.2. Shifts in the trophic state of the reservoir
For the baseline simulation (Scenario 0), the model predicts

mesotrophic conditions according to Wetzel standards (Wetzel,
1983). Scenarios 1 and 5 promote the largest increase in SRP and
phytoplankton concentrations, and a reduction of inorganic nitro-
gen, associated to primary productivity increase. In these scenarios,
our predictions show that the water body trophic state is still

mesotrophic. However, these results should not be misunderstood
because our simulations also predict a significant increase in phyto-
plankton concentration, in particular in cyanobacteria population
(Figs. 1 and 12, Table 5). Additionally, the reduction of inorganic
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itrogen concentration, of about 6% and 22% for Scenarios 1 and 5,
espectively, can be related to the simulated increase in sewages
ischarges in the lake under study (Jørgensen and Bendoricchio,
001). While algae use four to ten times more nitrogen than phos-
horus to growth, wastewater generally has only three times as
uch nitrogen as phosphorus. Consequently, nitrogen can remain

ess abundant than phosphorus regarding phytoplankton needs,
nd eventually, nitrogen can limit the algal growth (Ryding and
ast, 1992). Even so, as cyanobacteria can fix atmospheric nitro-

en, and produce an input of nitrogen into the lake (Jørgensen
nd Bendoricchio, 2001), the best management policy remains to
emove phosphorus from sewage. Furthermore, the bacterial con-
ent associated to sewage discharges should also be a matter of
delling 320 (2016) 393–406

concern to water treatment managers and local authorities when a
reservoir is used for drinking water supply, fishing and recreational
purposes; as in Los Molinos Reservoir case. Even though bacterial
dynamics is not included in the actual version of our model, this
issue will be taken into account in future work, for a most effective
water resource management.

Scenarios 2, 3 and 6 contribute to the improvement of Los Moli-
nos Reservoir trophic state by promoting the reduction on SRP and
phytoplankton concentrations (i.e. on primary productivity), and
mesotrophic phosphorus levels will still stand for these cases.

Scenarios 4 and 7 promote the highest reductions in SRP and
phytoplankton concentrations, and lead to oligotrophic conditions
for the water body, in relation to SRP, in about 3 years. Accord-
ingly, measures to reduce phosphorous loading to the reservoir
should focus on reducing effluent concentration by proper STWs
of wastewaters from residential areas, in combination with the
implementation of measures to mitigate phosphorous loading from
livestock production in the lakeshore.

The trophic state of a reservoir is based on its biological produc-
tivity and nutrient conditions. In this work, Los Molinos reservoir
was set as a mesotrophic which implies that it generally has
medium biological activity and good water quality. A water body in
these conditions supports small augments in nutrient supply with
a rise in production without serious damaging the ecosystem, but
further increases in nutrient loads render in more serious impacts
on water and sediment quality. These effects were captured by
our model in scenarios 1 and 5, where a marked rise of nutrient
loads (see SRP augments of 4.2% and 7.2% in Table 5, respectively)
promote a pronounced augment of phytoplankton community,
especially of cyanobacteria population (65% and 146.7%, respec-
tively, Table 5) whose growth is very dependent on phosphorus
concentration, with respect to the other two  phytoplankton groups
considered in this study. Special attention should be paid to the
increase of cyanobacteria population, as they can have harmful
effects over human and animal health (Brandalise et al., 2012;
Ewerts et al., 2013; Reynolds, 2006).

Furthermore, these results evidence the “lability” of
mesotrophic environments and its possibility of turning eutrophic,
which means that the excessive concentration of nutrients in the
water column could promote the development of harmful algae
blooms related to the following several problems: (1) turbidity
due to high suspended solids and organic matter, with low light
penetration; (2) changes in species composition promoting a
reduction in the ecosystem biodiversity; (3) dominance of poten-
tially toxic cyanobacteria species, (4) low DO concentrations in
deepest waters which can promote sediment nutrient release and
fish kill; (5) a thick sediment layer laden with organic matters; and
(6) odors from algae and muds.

6. Remarks and conclusions

We  propose an ecological water quality model based on first
principles for a freshwater reservoir and we formulate a con-
strained dynamic optimization problem to estimate the model
main parameters, based on field data collected monthly from
January to December 2007. The problem is formulated within
an equation oriented control vector parameterization framework
(PSEnterprise, 2014). The dynamic parameter estimation problem
has 16 parameters, previously identified as the most influential
ones within the model (Estrada and Diaz, 2010). We  also perform
model validation with an independent field data set of the water
body, collected monthly during 2008. Qualitative and quantitative

assessment of the model performance, in the calibration and vali-
dation tasks, shows a good agreement with observed data.

Once calibrated and validated, the model has proved to be a use-
ful tool to evaluate the possible ecosystem structural shifts under
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even alternative management scenarios. Numerical results show
hat the combination of nutrient loading reduction from the sewage
f residential areas, with implementation of measures to mitigate
utrient loadings from livestock production can render the most
eneficial effects over the studied ecosystem. These management
ractices can promote important decrease in nutrients and phy-
oplankton concentrations within the water body, promoting an
mprovement in its current trophic state and, at the same time,
ecreasing cyanobacteria concentration. On the other hand, some
lternative analyzed scenarios boost the increase in nutrients and
hytoplankton concentrations. In this case, it is important to men-
ion that, according to our results, the intensification of livestock
roduction (with access to lake shore); and the growth of resident
opulation (with deficient sewage treatment works) can produce
he largest increases in SRP and phytoplankton concentrations,
nd a reduction on inorganic nitrogen associated to the rise of
he primary productivity. These effects can also be associated to

 significant increase in cyanobacteria population, even though the
esotrophic state of the water body is still kept.
The present study shows the ability of water quality models

o predict ecosystem dynamic trends induced by different nutri-
nt loading regimes. Even though the prospective results must be
onsidered as hypothetical, accounting for the model limitations,
hey can provide a tool to catchment managers for determining the
ptimal options to reduce phosphorus concentration in freshwater
odies.
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