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ABSTRACT

A nutrients/food chain model was developed considering the linkage between water balance and energy balance models for Lake Zapotlan. |
Zapotlan is located in the southern part of Jalisco State, Mexico, and is classified as a warm, tropical water body, endorheic, very shallow, and hi
eutrophic. Kinetic parameters were calibrated using previously reported values in the literature for other lakes. The model simulates ##oroncentr
of eight state variables for the lake: algae, herbivore and carnivore zooplankton, nitrates, amrB&®RDOC andPOC. A set of eight simultaneous
ordinary differential equation®ODE) were generated, assuming an initial set of conditions considering the existing hydrologic and water quality
information of the streams flowing into the lake. TB®E system was solved and calibrated by using observed water quality data of the lake. In this
way, we have estimated the internal fluxes of nutrients and dissolved oxygen in the lake and their interaction with the food chain.

Keywords Eutrophication; food chain; flux of nutrients; nutrients load; tropical lakes.

1 Introduction nutrients models: CE-QUAL-W2, a water quality and hydro-

dynamic model in 2D for water bodies basin systems [12];
The Lake Zapotlan Basin is located in the southern part of JaliscoPCLAKE, a model that calculates the growth of algae, fish and
State, Mexico, between 134’ and 1953’ north latitude and  plants in shallow lakes, within the framework of closed nutrient
10324’ and 10338’ west longitude. This basin is the second cycles[28, 26]; acoupled watershed and lake model (AnnAGNPS
most populousin Jalisco State, with a population close to one hunand BATHTUB) that simulates the lake water quality conditions
dred thousand inhabitants [25]. This shallow and endorheic lakeof a reservoir considering changes in different watershed land use
shows signs of severe eutrophication, manifested by the presencand management scenarios [27].

of large stands of aquatic macrophytes (common caffgplia Inthe last two years several water quality models for lakes and
latifolia], aquatic hyacinthEichhornia crassipd$, and periodic reservoirs have also been developed. Some of these are described
blooms of blue-green algaé&hanocapsa elachist&€hroococ- below:

cus limneticus Dactylococcopsis acicularjsand Microcystis () A time dependent mathematical model that accounts for the
aeruginosabetween others). The main nutrient sources are from  yartical fluxes of nutrients into a lake [23];

continuous discharges of poorly treated sewage, urban runof{p) a shallow lake model that takes into account the inherent
from the cities of Ciudad Guzméan and San Sebastian del Sur, variability in precipitation and uncertainties in the empir-
and agricultural and farming runoff around the lake basin [36]. ical relationships determining nutrient export from stream
Nutrient/food chain models attempt to characterize the par-  catchments [38];
titioning of matter within the lake on a seasonal basis. These(c) LAKELOAD, an integrated model that estimates the load-
models typically have a number of common characteristics,  ings of nutrients and organic matter from point and non-point
including transport and kinetic characterization. The variables  sources in a watershed and accounts for the loadings from
describing the biological processes include several forms of  industrial and municipal wastewaters, atmospheric deposi-
nutrients and a food chain that relates the different interaction  tion and runoff from the watershed [40];
between living microorganisms [46, 50]. These models were pri-(d) macroscopic food web model that identifies the key and
marily developed from the 1970's onwards to address the impact  redundant uncertainties associated with the constituent pro-
of nutrients on natural waters [4, 9] and include the following cesses of the reservoir ecosystem of Lake Lanier [37];
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126 Mario A. Ortiz-Jiménez et al.

(e) a model that applies future scenarios for a lake basin,of the hydrologic balance simulation were inflow (runoff, pre-
which are then translated into quantitative changes in thecipitation, groundwater infiltration, and sewage) and outflow of
input variables for a GIS system based nutrient transportlake (water extraction and evapotranspiration) [36].
model [34];

(f) steady state lake phosphorus mass balance model that is used
to predict the equilibrium phosphorus concentration of the 2.2 Temperature of the lake
lake from natural and anthropogenic, external and internal
phosphorus inputs [35];

(g) MODIFFUS, a nutrient-flow simulation model that estimates
nutrient inputs from diffuse sources into surface waters [39];

(h) a eutrophication model that simulates plankton dynamics in
Lake Washington [2];

(i) a phosphorus management model that aids local officials in
decision-making processes pertaining to the management o
City Park Lake, a shallow, subtropical, urban hypereutrophic
lake [44].

The daily solar radiation and the theoretical hours of monthly
insolation in a cloudless sky over lake were calculated. Effective
hours of monthly insolation, air vapour pressure, wind velocity,
and air temperature over lake were estimated [11]. We obtained
a differential equation for temperature that was numerically inte-
grated by the fourth order Runge-Kutta method with a time

pcrement of one day [8].

2.3 State variables and modeling the dynamic of the process

However, due to the shallow and morphometric features of theThe state variables of the model are divided into three main
warm tropical and subtropical Mexican natural lakes, most of the groups: food chain (algae, herbivorous zooplankton, and carniv-
water quality models developed in the literature for temperate andorous zooplankton), non-living organic carb@QCandDOC),
deep lakes and reservoirs fail. In this work, we therefore presentand nutrients\Hs — N, NO; — N, andSRB (See Figure 1).
the first effort to model a Mexican tropical shallow lake located The model simulates the competition between phytoplankton
in a closed basin. and herbivorous and carnivorous zooplankton. The following
assumptions were considered in the simulation model:

(a) algae and detritus are consumed and settle to the bottom of
the lake;

(b) algal growth depends on nutrient concentration, solar radia-
tion, and Lake temperature;

A hydrological balance of Lake Zapotlan was developed consid-(c) total zooplankton biomass increases through the consump-

ering topo-bathymetric information [5], watershed meteorolog- tion of algae and decreases through excretion, respiration

ical data [11], and the initial water level of the lake measured and predation by fishes;

in June of 1982 [5]. A simulation program was also developed (d) inefficiencies of zooplankton grazing (assumed efficiency of

to predict the main hydrometric components of the lake for the 0.7) provide inputs to the storage of detritus [7];

period between June 1982 and December 2003. This progranfe) the mass balances of the food chain and nutrients consid-

was developed using a discrete simulation language GPSS (Gen- ered the Lotka-Volterra and Michaelis-Menten equations,

eral Purpose Simulation System) [33]. The main output variables  respectively [7],

2 Methodology

2.1 Water quantity of Lake Zapotlan
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Figure 1 Nutrient/food-chain model.
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() because of its shallowness and wind action over the surface]f the mass load velocities remain constad@; — N andSRP
the lake was considered as completely mixed horizontally concentrations in the sewage discharges can be written as follows,
and vertically. Therefore, the main assumption is that a zero-respectively:

dimensional model could be a good start to describe the 288 % 101

chemical and biological processes occurring in the lake. "i1= 51,000 (5)
We have adopted a mechanist, deterministic approach for the 3.87 x 101! 6
model, based on the conservation of mass, and on measured st = 01 x 1,000 ©)

input parameters monitored on a single day during each of the dry
and rainy seasons, respectively. Therefore, in this first modeling .
effort, we did not consider the possible variability in these mea- 3.2 DOC point sources

surements, and how might this variability affect the conclusions Table 2 shows the estimatBeCin the sewage discharges during
drawn. The equation of the simulation model, in explicit form the dry season starting from the obserB€Ds [20]:

for every state variable, can be written as follow: BODs + 5.72
DOC= —— (7
dv _ Qicr | Qac2 n Qscz | Qacs Osc 2.06
dt \% \% \%4 Vv Vv
A g (1) 3.3 Diff f nutrient
V<1000 > . iffuse sources of nutrients

The ratios of chlorophylk/carbon and nitrogen/carbon were Table 3 shows the diffuse loads 8RPandNO; — N from the
calculated using the Laws-Chalup model [29] and the solarPasin, using the export coefficients proposed by Ryding and Rast
extinction coefficient was calculated using the Riley equation [45]. The export coefficients f@RPare usually 40 to 50% of that
[43]. Ranges of kinetic parameter values reported in the lit- for TP[6]. For the purpose of this calculation, we propose that
erature [1,3,7, 15,19, 24, 46, 47, 49] were used to simulate the20% of theTPload corresponds t8RP. Table 4 shows the diffuse
interaction of nutrients/food chain in Lake Zapotlan. The pro- Sources oNO;—N using the export coefficient for tropical water-
cess velocitieg(7) were adjusted by temperature with the theta sheds [31]. Generalized export coefficients are used in this paper

model [7], shown below, due to lack of monitoring information related to loadings from
2 individual land uses in the area of study [32] and consequently we
k(T) = kaob" ~ (2)  did not consider the likely variability in these coefficients, and

how might this variability affect the diffuse loads of nutrients
o ) from the basin.
3 Estimation of the state variables Most of the diffuse loads oSRP and NO; — N reach
the lake through surface runoff [42], and their corresponding

3.1 Inorganic nutrients point sources concentrations are expressed respectively as:

Table 1 shows th&P andNO; — N concentrations observed in W, 4394 x 102 ugP ngP

the sewage discharges to the lake during the dry season (May 8, Ps2 = —= B = =2,32367— (8)
' 0> 1891 x 1(°L L

2003). In this kind of lake, when measur&® concentrations W 10328 x 102 .LaN N

are higher than 2 mg/L, 80% or more™P s in the form ofSRP Nipg= =12+ = X MO _ 5, 46177% 9)

[13,17]. From the hydraulic balance of the water body [36], it Q> 1891 x 10°L
was estimated that direct sewage amounted to about 10,360 m
discharged into the lakeQ’), and consequently the mass loads 3.4 Monitoring of water quality

of NO; — N andSRPwere, respectively:
s P Y Table 5 shows th&P mean concentration of nine monitoring

Wr/l,- _ Q/1”§,1 — 288 x 1011“9 A3) stations in the lake during thle dry and rainy season in 2003.
‘ Because we measured ofll, it was assumed that 60% of the
P .
W, = Qip., =387x 101t#Y (4) observedlP is in the form of SRR as shown by de Andat al

[14] in Lake Chapala, which has similar water quality features
and is located very close to Lake Zapotlan.

Table 1 Nutrient concentrations from direct sewage discharge during

the dry season, in mg/L. Table 2 BODs andDOC concentrations from the sewage (mg/L).

Observed Observed  Estimated gewage discharges ObsenB@Ds Estimated>OC
Sewage discharges NG; — N (n],) TP SRR p; ;)
Ciudad Guzman 1,181 575
Ciudad Guzman 29.61 47.91 38.33 .
San Sebastian del Sur ~ 24.11 46.16 3693  oanSebastiandel Sur 1,363 663

Weighted mean 28.00 47.00 37.60 Weighted concentration 1,272 620
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Table 3 Diffuse sources @RPin the Lake Zapotlan Basin. 2'00;
TP TP SRP o L7%]
Diffuse source Hectares (Kg/ha-yr) (Kglyr) (Kglyr) B L 50}
x 1
Irrigated agriculture 1576 4.60 7,249.60 3,624.80 i ]
Temporary 17,425  2.00 3,485.00 17,425.00 % 1.254
agriculture 5 ]
Seeded pasture 2,834 0.10 283.40 14170 & 1.001
Coniferous forest 11,960 0.11 1,315.60 65780 2 ]
Deciduous tropical 3,278  0.11 360.58  180.29 0.753
forest 0 502
Secondary vegetation 3,020  0.10 302.00 151.00 ’ 2838888888882888888888
Urban area 845  1.20 1,014.00  507.00 L A T T Y S et S S S S Sy
Lake and Wetlands 1,562 0.00 0.00 0.00 TP concentration (ug/L)
Atmospheric - 1.00 42,500.00 21,250.00 .
dech))sitioln over Figure 2 TPversusNO; — N : NH4 — N rate [41].
the entire basin
Total 42,500 87,875.18 43,937.59 ratio = 0.73 was provided by Figure 2. As ti¢O; — N con-

centration of ugN/L was assumed for the dry season, therefore
theNH4 — N concentration is @gN/L. On the other hand, from
Table 4 Diffuse sources ™O; — N in the Lake Zapotlan Basin. Table 5, the measuretP concentration during the rainy sea-
son in the lake was 1,122.0@P/L. For thisTP concentration, a

Diff Hect E tati t NO; — . . .
S(')ulrjss ectares (K);?s;_?r';) nrate (%g /yrz)v NOs;—N :NH4— N ratio = 0.70 was provided by Figure 2. As the
NOs; — N concentration of 4ngN/L was assumed for the rainy
Basin 42,500 2.43 103,275.00 season, therefore tidH, — N concentration is 64.30gN/L.
Table 5 TP andSRPin Lake Zapotlan, intgP/L. 3.5 TOC inthe lake
Dry season Rainy season Guzménet al. [22] reported a mealOC concentration in the
(8 May 2003) (16 September 2003) lake of 11.50mgC/L. In the model, we used the assumption

Observed TP EstimatésRP  Observed'P EstimatedSRP \?VOC/:DOS :C 6 during Ithe hSirguclatiOgPpoegOd according to
916.00 549.60 1.122.00 673.20 etzel [52]. Consequently, t an mean concen-

tration values can be calculated as 9.90 mgC/L and 1.60 mgCIL,
respectivelyDOC concentrations in freshwaters are generally in
the range 2—-10 mgC/L [48].

The concentrations oNO; — N analyzed according to
official standard methods (CIATEJ [10]) were low (less than o o
50.00..gN/L) during both the dry and rainy seasons. Lewis [30] 3:6 Un-ionized ammonia in the lake
indicated that the denitrification process can restrict the SUpplyUn-ionized ammonia nitrogen Concentrati@p in the lake (|n
of nitrogen to autotrophic organisms, and can eliminate all the ,gN/L) can be calculated as
nitrate in the water column in just a few days under anoxic condi-
tions. These conditions could be occurring during the dry season ng = ( Fu ) n, (10)
in Lake Zapotlan, and therefore we assum@&ts — N concen- 1-F,
tration of Oug/L during this season. NG; — N concentration  where F, = fraction of n, in total ammonia nitrogen, which
of 45ug/L was assumed for the rainy season because of the loadiepends on temperaturék) andpH [18],
of nitrates to lake via surface. This value does not contradict
the reported values by CIATEJ [10], and in this way the aver- g _ 1 (11)
age annuaNOz; — N concentration of the lake would be around 1+ 1009018+ 2722 —pH
23.00ugN/L, a concentration dfiO; — N similar to that reported
for the neighboring Lake Chapala [21], which has similar water
quality of Lake Zapotlan.

The NH4 — N concentration was estimated from Figure 2 We have considered that 50% of tBODs in the lake isPOM
and Table 5. This figure is based on analysis of 450 lakes[7]. Itis also possible to describe the flux@®OMto the sediment
distributed around the world [41]. From Table 5, the mea- (J.,) by using equivalents of oxygen (gO?md) [7],
suredTP concentration during the dry season in the lake was
916.00ugP/L. For thisTP concentration, &lO; — N :NHs — N Jor = vpLpw (12)

3.7 POM flux in the lake
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3.8 Nutrient flux in the lake 3.11 Model calibration

We have assumed that the nutrient concentratiug/L) in the The solution of th@DE-system shown in Table 6 requires eight
lake depends linearly on the surface runoff, according to theinitial conditions. Through iterative simulations for the period of

equation: 2002-2003, we observed a cyclic annual pattern in the values
ny—ng of the state variables. Once we introduced a series of different
n=ng+ (W) Q2 13) initial conditions for the first year period, the starting conditions

during the second year changed slightly and then remained almost
constant. Hence, we established these conditions as the initial
(14) ones and the calculation process was performed in an iterative
AXh way until theODE-system was stabilized. Finally, the stabilized
We suspect that animportant part of the flux of nutrients in the lakeinitial conditions were considered as the initial conditions for the
is eliminated from the water column and consumed by two main model. Table 7 shows the initial conditions and assumed nutrient
components of the ecosystem: aquatic weeds such as commdeads to Lake Zapotlan starting on January 1st, 2002.

cattail (Typha latifolig and aquatic hyacintiEjchhornia cras- Nevertheless, it is possible that many different sets of initial
sipeg and the harvest of fishes in the lake, mainly carp and tilapia. conditions may allow the model to fit the observed data equally
Unfortunately, one of the limitations of the proposed model is that well yet yield different results in prediction. A numerical factorial

it does not take into account a macrophyte and fishery compartexperiment 2 was carried out within the model to estimate the
ment. Future work will further develop the model to take these susceptibility of the model to such behavior in terms offfMSE
components into consideration. error. With this purpose, the sets of initial conditions of the five
state variables of Table 7 (ammonium nitrogen, nitrate nitrogen,
SRR particulate organic carbon, and dissolved organic carbon)
were changed. We selected two levels for each initial condition of
Total sediment oxygen demand§0D (carbonaceous and these mentioned variables. One level was fixed above the value
nitrogenous, in g@m? - d) in the bottom sediments of the lake showed in Table 7 and the other was fixed below this value, and
was calculated by applying the model developed by Di Edi=l. consequently 2 = 32 different sets of initial conditions were
[16] that was solved by the secant modified method [8]. generated. After that, the model was run for each combination.
During the calculation procedure, &MSEerror for each state
variable was estimated from 32 combinations. The results and
the fixed levels for each initial condition of the selected variables
The ordinary differential simultaneous equatio@E) system are shown in Table 8.

describing the mass balance of different chemical and biological Once this step was accomplished, the goal of the calibration
species describing the lake ecosystem (Table 6) were solved byrocess was focused on the adjustment of the kinetics parameters
using the fourth order Runge-Kutta method with a time increment until the model outputs reproduced the observed data in the mon-
of 0.1 days [8]. itoring stations, and also the reported water quality data observed

Flux F, of nutrientn (in ug/m? - d) at timer can be written as:

F, = (n —n)(V x 1000

3.9 Total oxygen demand in the sediment

3.10 The ordinary differential equations system

Table 6 Equations describing the model.

State variable Symbol Mass balance equation

Herbivorous zooplankton 2 %” = Ql‘i”‘l + Qz‘i“ - Q‘S/Z" +5.,
Carnivorous zooplankton Ze UZ‘ = Ql‘f"l + Qzé”'z - Q‘S/Z” + 85

Particulate organic carboRQC) ¢, %p = Ql‘i”‘l Qz‘i”'z . Q:’/C” +5.,

Dissolved organic carboOC) ca % = Ql‘f”‘l + Qz‘id’z + QS;‘“ - Q;C" +S.,
Ammonium nitrogen ng d;{“ = Ql;“‘l + QZS“’Z - Qén” Vi”“l’goo_,_ Sy
Nitrate nitrogen ni izi = Ql‘;”"l + Q""f"’z - Qf/”" - 1:”"1’2)004_ S,
Soluble reactive phosphorus Ps ddp; = Qlé’”"l T Qzé"'z - Q:/p" + o I;P“l’goo+ S,

(SRP
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Table 7 Initial conditions and nutrient load to Lake Zapotlan.

Sewage Surface Initial
State variable Symbol Units discharges runoff condition
Herbivorous zooplankton Zn mgC/L 0 0 0
Ammonium nitrogen N, ugN/L 0 0 1.27
Nitrate nitrogen n; ugN/L Eq. (5) 5,461.77 0.90
(Ea. (9)
Soluble reactive phosphorus  p; ugP/L Eq. (6) 2,323.67 551.53
(Eq. (8))
Algae a ngChla/L 1 5 4.39
Carnivorous zooplankton Ze mgC/L 0 0 0.25
Particulate organic carbon Cp mgC/L 350 8.8¢, = 0.61
0.1¢, [52])
Dissolved organic carbon Cq mgC/L 620 88 5.23
(Table 2)
Table 8 Levels an®RMSEof the state variables.
State variables n Ng n; P, a Z, cp Cq
Level (lower, upper) - 1,2 ©0,1) (500, 600) - - (0.5,1) (5, 10)
RMSEerror 0.00 0.03 0.00 0.01 0.04 0.00 0.00 0.06
X SRP observed —o— SRP

by Guzmaret al. [22] for Lake Zapotlan, and by Wetzel [52] for
other lakes.

—— Nitrate Nitrogen
—— Ammonium Nitrogen

—— Total Inorganic Nitrogen
—— Ammonia Nitrogen

800 480
. . 700 = 420
4 Resultsand discussion 600 pofa AN 360
. . . . _ 500 300
The concentrations of the inorganic nutrients in the lake were < 200 /ﬂ\ 240 §'
positively correlated with the lake temperature, lake inflptd, g 200 « I\ 180 =4
DO, TSOD herbivorous and carnivorous zooplankton concentra- 200 ~ \ JIA\ 12
tion, nutrients flux an@OCin the lake, and negatively correlated 0 AN adn\ 5
with the lake outflow andPOM flux in the lake(P < 0.0001). o A m L o
There was no correlation between herbivorous zooplankton con- Y v 8y 8 98 9 9 939
centrations in the lake with other variables, but there was a high § 5 % 3 2 z s = > = 2 2
. . . =z s 2 0 z o = s 7 0 z
positive correlation between carnivorous zooplankton and lake Month-Y ear

temperature, photoperiod, lake inflopH, DO, TSOD ammo-
nium flux, nutrient concentration, algal concentrations a0«

(P < 0.000). Algal concentrations were positively correlated
with the lake temperature, photoperiod, lake inflgy, DO,
TSODQ ammonium flux, nutrient concentration, carnivorous zoo-  In terms of nutrient fluxes (Figure 4) we observe a mini-
plankton andrOCconcentration; and negatively correlated with mum in the fluxes of nitrates, ammonium, a8&Pin March

lake outflow and?OM flux (P < 0.0001). TSODwas positively to May (spring) with a subsequent peak in fluxes in the sum-
correlated with the lake temperature, lake inflgpd and DO, mer, corresponding to the peak in nutrient concentrations. The
nutrient concentration, ammonium flux, and herbivorous and car-March—April-May minimum in the downward flux of nutrients
nivorous zooplankton concentrations an@C in the lake; and  is due to the intensity of the upward flux of nutrients (mainly
was negatively correlated with the lake outflow aPOM flux caused by resuspension) because of decreased water level in
in the lake(P < 0.000)). Lake residence tim@® was positively spring and correlated with the monthly average wind speed. Dur-
correlated with the depth; and negatively correlated with the lakeing this quarter the strongest winds blow across Lake Zapotlan
outflow and solar radiatioiP < 0.0001). From Figure 3 we  (see Figure 5). The increase in nutrient concentrations in the lake
assumed that nitrogen was the limiting nutrient in the water body, corresponds to an increase in algal biomass, with a subsequent
sinceSRPsimulated values were always in excess of tdtafal- increase in biomass of herbivorous and carnivorous zooplankton
ues during the simulation period. This figure shows that simulated(see Figure 6).

N and P values peaked in July to September, with minimainthe  During the rainy season, we observed an increase in the
winter (December to April). nutrient concentrations in the lake, and consequepitly DO,

Figure 3 Simulation of the inorganic nutrients in Lake Zapotlan.
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Figure 4 Simulation of the nutrient fluxes in Lake Zapotlan.
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Figure 5 Basic atmospheric parameters for Lake Zapotlan.

TSOD flux of nutrients, andDOC increased as well. On the
other hand, the flux dPOM to the bottom sediments decreased.
Using Eq. (11), we calculated that in the rainy season more than
62% of the total ammonia was in the form of gaseous ammonia,
whose maximum concentration exceeded 2g0I/L, a concen-
tration level that is normally toxic for most fish species. Using
the observed monitoring data, thi€; — N concentration in the

Nutrients/food chain model for Lake Zapotlan (Mexico)31

concentration during the second quarter of the year, and then
decreased gradually until December. The maximum herbivo-
rous zooplankton concentration level occurred in May and the
minimum occurred in February.

Figure 7 shows the difference in the productivity between the
rainy season and the dry season. High organic carbon generation
during the rainy season has several implications. Its decomposi-
tion can have an impact on the oxygen content of bottom waters
and the aquatic biota. Besides, the transport and fate of sub-
stances such as heavy metals can be strongly associated with
organic matter [7]. At the same time that organic carbon gen-
eration increases, the flux ¢OM to the bottom sediments
decreases, whilpH, DO, TSOD the flux of ammonium from
the water column, nutrients, herbivorous and carnivorous zoo-
plankton concentrations in the lake increase. As a result of the
simulation, we obtained@OC/POCrate of 6 [52] and the same
TOCmean concentration reported by Guzreéal.[22]. Figure 8
shows theTSODand the flux ofPOM to the bottom sediments
of the lake. Maximum off SODoccurred during the rainy sea-
son, when minimum fluxes dPOM to the bottom sediments
occurred.

—o— Algae —— Carnivorous Zooplankton-=— Herbivorous Zooplankton

120 3.0
AllO /?\\x
o 800 [ 7= 3
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Figure 6 Food chain simulation in Lake Zapotlan.

—+— Nonlivihg POC —<=— DOC —+— Food Chain—=-TOC

model was always less than s@/L during the simulated period ;i
and the observeBRPconcentration was adjusted to the model 29 N
(see Figure 3). During the rainy season there was an increased 20 //7‘;\\\
flux of nutrients from the water column to the bottom sediments 12 1] R
(Figure 4). Therefore the simulation shows an increase in the< ;, I X AN\
values ofpH, DO, TSOD nutrient concentrations in the water % 12 #7 b\\ﬁ'\\\& _/7 \3\\
column andDOC. During the dry season, the flux of ammo- 1g 74 X 7l %
nium andSRPfrom the water column to the bottom sediments 65.:2\,._,/ R\ /Y R
decreased, and nitrates entered the water column from bottom 4 e, A SN \*
sediments. 2 wﬁ%
Figure 6 shows the results of the food chain simulation in the Og' ' g ' S ' S TaT g T 2 ' g ' g N 8
lake. Zooplankton concentrations were expressed in chlorophyll- S = > 5, o : c I >3 2 2
a concentration units in order to compare them to the behavior Qo= = »noz ° = = 7 9 z
of algal concentrations [7]. Results show strong interaction Month-Year

between predators and prey. Algae showed a rapid increase in

Figure 7 Organic carbon simulation in Lake Zapotlan.
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Figure 8 Sediment oxygen demand and flux of POM in Lake Zapotlan.

5 Conclusions

surrounding the lake could involve the creation of a vegetated,

non-cultivated riparian zone around the lake, acting as a buffer

to capture the excess of nutrients. Presently there is no system
protecting the shoreline of the lake from the agrochemicals used
in local agriculture.

The proposed model integrates the hydrologic balance, the
energy equations, and the food chain processes in the lake. There-
fore, it is possible to simulate different scenarios to improve the
water quality of the system by reducing the loads of nutrients.
This tool permits decision makers to focus administrative and
economic resources on those measures that give better results in
terms of water quantity and quality in the lake.

The next step in the development of this model will be to
include a fisheries and aquatic macrophytes component, as noted
earlier. Another of the areas of concern in this lake is the exis-
tence of blue-green algae blooms producing cyanotoxins. This
model will be improved to determine the processes that permit
the development of such algae.

Lake Zapotlan is a dynamic ecosystem, dominated by the inter-
actions amongst solar radiation, surface runoff and discharge of\;4tation

wastewater. In early spring, when the wind restricts the flux of

SRPand ammonia to the bottom and mixes nitrate throughout the
water column, we have observed an increase in primary produc-

tivity in the lake. The calculated increase in primary productivity
is attributable to the diffuse loading of nutrients mainly during

a = Concentration of algae in the LakedChla/L)
A = Area of the sediment-water interfaseLake area
(m?)
a; = Concentration of algae in the flop(.gChla/L)

the rainy season, and to the slow increase of the air temperatureODs = 5-day biochemical oxygen demand

nitrification, hydrolysis oDOC, carnivorous zooplankton respi-

ration, etc. Primary productivity decreases at the beginning of

the summer because of the following factors:

() Increase in the ammonium flux to the bottom sediments;

(b) diminution of the nitrate flux from the bottom sediments to
the water column;

(c) increase of the POM flux to the bottom sediments; and the

(d) limited amount offOC present in the water column.

The lowest levels of nutrients and primary production occur in
winter and atthe beginning of spring, principally due to low levels
of DOCin the lake, which results in a low generation of nutrients
via hydrolysis.

The simplified nutrients/food chain dynamic model developed

in this work permits a better understanding of the processes occur-

ring in the lake. It describes the impact of the point and non-point

sources of nutrients on the water quality of the lake and the growth

and composition of the food chain. The main point source of
nutrients affecting the water quality in the system is the direct
discharge of poorly treated municipal sewage into the lake. It

¢ = Concentration of state variablgn the lake
(ng/m® or mg/n?)

¢;j = Concentration of state variablen the flow:
(ng/m® or mg/n?)

c¢q = Concentration oDOC in the Lake (mgC/L)

cq,; = Concentration oDOC in the flow j (mgC/L)
c¢p = Concentration oPOCin the Lake (mgC/L)
cp,j = Concentration oPOCin the flow j (mgC/L)
DOC = Dissolved organic carbon
f = Photoperiod

F, = Flux of nutrientn at timer (ug/n? - d)

F, = Flux of the state variable in the interface (when
nutrient) @g/m? - d) (A positive sign denotes a
flux directed towards the water column, a negative
sign denotes a opposite flux).

h = Time increment (days)
Ip = Solar radiation at the lake surface
Jj = Flow = 1(sewage), 2(runoff), 3(surface
infiltration), 4(precipitation), 5(water extraction)
Jex = flux of POMto the sediment (gO/fn d)

is necessary to improve sewage treatment by removing nutri- k(7) = process velocity at temperatufe

ents prior to its discharge into the lake. Alternatively one could

koo = process velocity at 2@

consider diversion of treated sewage to cultivated fields (reuse L ,, = POMconcentration in the lake in the time

of water). This measure would also minimize the extraction of
groundwater from wells. The control of the diffuse source of

(mgOl/L)
n, = Concentration oNH4 — N in the Lake ftgN/L)

nutrients is a complicated issue that requires the development n, ; = Concentration oNH4 — N in the flow j (ugN/L)

of a management plan for the entire lake basin. A rapid action
plan that minimizes the load of nutrients from agricultural areas

ng = Concentration during the dry seasqg(L)
n; = Concentration oNH4 — N in the Lake ftgN/L)



n, = Concentration of un-ionizedHsz — N in the Lake
(LgN/L)
n;; = Concentration oNO; — N at the sewage on May
8, 2003 (xgN/L)
n; ; = Concentration oNH, — N in the flow j(ugN/L)
nr = Concentration in the month of maximum surface
runoff («g/L)
n = Concentration of nutrient calculated by the
model without considering any fluxg/L)
DO = Concentration of oxygen dissolved in the Lake
(nglL)
POC = Particulate organic carbon
POM = Particulate organic matter
ps = Concentration 06RPin the Lake f«gP/L)
ps,j = Concentration o6RPin the flow j(1gP/L)
p,1 = Concentration o6RPat the sewage on May 8,
2003 gP/L)
Q; = Volumetric flow rate of the flowj(m3/d)
Q2 = Surface runoff in the montk(m3/month)
0> r = Maximum surface runoff during the rainy season
(m3/month)
0, = Annual average of surface runoff (L)
Q7 = Sewage discharges to the lake on May 8, 2003
(m3/d)
S, = Sources and sinks of the state variable
v (ug/L - d), calculated by the Chapra
model [7].
RMSE= Root mean square error
SRP= Soluble reactive phosphorus
t = Time (d)
T = Lake temperature’C)
TOC = Total organic carbon
TP = Total phosphorus
TSOD= Total oxygen demand in the bottom sediments of
the lake (gO/r- d)
v = State variable= a, zj, z., ¢p, ¢4, Ha, ps OF 1
V = Lake volume ()
v, = POM settlement velocity= 0.2 m/d [7]
W,’ll_.l = Mass loads oNO; — N from point sources on
May 8, 2003 [.0)
W, . = Mass load oSRPfrom point sources on May 8,
2003 Qg)
W/,,,. = Annual diffuse loads oNO3; — N from the

basin (+g)
W’,, = Annual diffuse loads 08RPfrom the

basin (+g)
z. = Concentration of carnivorous zooplankton in the
Lake (mgCJ/L)
z..; = Concentration of carnivorous zooplankton in the
flow j (mgCJ/L)
zp = Concentration of herbivorous zooplankton in the
Lake (mgC/L)
z;,,j = Concentration of herbivorous zooplankton in the
flow j (mgC/L)
0 = Temperature factor
® = Lake residence time (months)

Nutrients/food chain model for Lake Zapotlan (Mexico)33

References

10.

11.

12.

13.

14.

15.

AMBROSE, R.B., WooL, T.A. and MARTIN, J.L. (1993). The
Water Quality Analysis Simulation Program, WASPS5. Part
A: Model documentation. USEPA ERL, Athens, GA 30613.

. ArRHONDITSIS, G.B. and Rert, M.T. (2005). “Eutroph-

ication Model for Lake Washington (USA)Ecological
Modelling 187(2-3), 179-200.

Bowig, G.L., MiLLs, W.B., PORCELLA, D.B., CAMPBELL,
C.L., PaGenkorr, J.R., Ripp, G.L., DHNSON, K.M.,
CHAN, P.W., GIERINI, S.A. and GIAMBERLAIN, C.E. (1985).
Rates, Constants, and Kinetic Formulation in Surface
Quality Modeling. U.S.E.P.A., ORD, Athens, GA, ERL,
EPA/600/3-85/040.

CANALE, R.P., HNEMANN, D.F. and McHIPPAN, S. (1974).

A Biological Production Model for Grand Transverse Bay.
University of Michigan Sea Grant Program, Technical
Report No. 37, Ann Arbor MI.

CEASJ (2003). Plan Maestro de la Laguna de Zapotlan,
Consejo Estatal de Agua y Saneamiento del Gobierno del
Estado de Jalisco, Ciudad Guzman, México. 111 pp.
CHAMBERS, P.A. and DiLE, A.R. (1996). Contribution

of Industrial, Municipal, Agricultural and Groundwater
Sources to Water Quality in the Athabasca and Wapiti-
Smoky Rivers. Northern River Basins Study Technical
Report No. 110, Alberta, Canada.

CHAPRA, S.C. (1997). Surface Water-Quality Modeling,
WCB/McGraw-Hill, New York, 844 pp.

CHAPRA, S.C. and @NALE, R.P. (1988). Numerical Meth-
ods for Engineers, 2nd Edn., McGraw-Hill, New York, 812
pp.

CHEN, C.W. and @Q1L0B, G.T. (1975). Ecological simulation
for aquatic environments, in B.C.APTON (ed.), Systems
Analysis and Simulation in Ecology, Vol. 1ll, Academic,
New York, 475 pp.

CIATEJ. (2003). Resultados analiticos de calidad de agua
del Lago de Zapotlan, Laboratorio de Quimica Analitica y
Metrologia, Guadalajara, Jalisco.

CNA (2004). Meteorological monthly reports. National
Water Commission. Department of Hydrometric. Meteo-
rological station of Ciudad Guzman. Mexico.

QoLE, T.M. and BucHak, E.M. (1995). CE-QUAL-W2: A
Two-Dimensional, Laterally Average, Hydrodynamic and
Water Quality Model, Version 2. U.S. Army Corps of
Engineers, Waterways Experiment Station, Tech. Report
EL-95-x.

De ANDA, J. (2000). Contaminacion por Fésforo en el Lago
de Chapala, Ph.D. Thesis, Unidad de Ciclos Profesionales y
de Posgrado, Colegio de Ciencias y Humanidades, UNAM,
122 pp. México, D.F.

DeE ANDA, J., SIEAR, H., MaNiak, U. and RepeL, G.
(2001). “Phosphates in Lake Chapala, Méxicbdkes &
Reservoirs: Research and Managemén13—-321.

Dx Toro, D.M. and MatysTik, W.F. (1979). “Phosphorus
Recycle and Chlorophyllin the Great Lake3, Great Lakes
Researchb, 233-245.



134 Mario A. Ortiz-Jiménez et al.

16.

17.

18.

19.

20.

21.

22,

23.

24,

25,

26.

27.

28.

29.

30.

31.

DiToro, D.M., PAQUIN, P.R., BBURAMU, K. and RUBER,
D.A. (1990). “Sediment Oxygen Demand Model: Methane
and Ammonia Oxidation,"J. Environ. Engr. Div. ASCE
116(5), 945-986.

Dobpps, W.K. (2003). “Misuse of Inorganic N and Sol-
uble Reactive P Concentrations to Indicate Nutrient Sta-
tus of Surface Waters,J. N. Am. Benthol. Soc22(2),
171-181.

BvERSON, K., Russo, R.C., LunDp, R.E. and HURSTON,
R.V. (1975). “Aqueous Ammonia Equilibrium Calculations:
Effect of pH and Temperature Journal of the Fisheries
Research Board of Canaga2, 2379-2383.

ErPLEY, R.W. (1972). “Temperature and Phytoplankton
Growth in the Sea,Fishery Bulletin 70(4), 1063-1085.
Faping, P.S., drbiM, W.F. andGUIMARAES, J.R. (2004).
“Evaluation of Organic Load Measurement Techniques in
a Sewage and Waste Stabilization Pon#l,Braz. Chem.
Soc.Vol.15 No.1 S&o Paulo Jan./Feb. (2004).

FAO (Food and Agricultura Organization) (2000). Reporte 36.

de la Iniciativa de la Ganaderia, el Medio Ambiente y el
Desarrollo (LEAD) — Integracion por Zonas de la Ganaderia

y de la Agricultura Especializada (AWI) — Opciones para 37.

el Manejo de Efluentes de Granjas Porcicolas de la Zona
Centro de México, INIFAP, UNAM y Swiss College of
Agricultural.

GuzMAN, M., MICHEL, J.G., BREDO, A., GARCiA, M.

and C\MARENA, S. (2000). Limnologia de la Laguna 38.

de Zapotlan, CUCBA, Reporte interno Universidad de
Guadalajara. Ciudad Guzman, México.

HaMmBLIN, P.F., Bootsma, H.A. and Hicky, R.E. (2003).
“Modeling Nutrient Upwelling in Lake Malawi/Nyasa,”
Journal of Great Lakes Researc®d, 34—-47.

HydroQual. (2001). Analysis of the Addition of a Third
Algal Group to the Bays Eutrophication Model (BEM)

kinetics. Boston: MassachusettsWater ResourcesAuthority40.

Report 2001-15. 110 pp.

INEGI. (2000). Xll Censo General de Poblacién y Vivienda,
México, D.F.

JANSE, J.H. (1997). “A Model of Nutrient Dynamics in
Shallow Lakes in Relation to Multiple Stable States,”
Hydrobiologia 342-343(8), 1-8.

JNSE, J.H., VAN DONK, E. and ADENBERG, T. (1998). “A
Model Study on the Stability of the Macrophyte-Dominated
State as Affected by Biological Factor&flater Research
32(9), 2696-2706.

JNSE, J.H., VANDONK, E. and GLATI, R.D. (1995). “Mod-
eling Nutrient Cycles in Relation to Food Web Structure in a
Biomanipulated Shallow LakeNeth. J. Aquat. Ecql29(1),
67-79.

Laws, E.A. and GiaLup, M.S. (1990). “A Microalgal
Growth Model,"Limnol. Oceanogr, 35(3), 597-608.

Lewis, W.M. (2002). “Causes for the High Frequency of
Nitrogen Limitation in Tropical Lakes,"Verh. Internat.
Verein. Limnol, 28, 210-213.

Lewis, W.M., MELACK, J.H., McDOWELL, W.H., MCCLAIN,

M. and RcHey, J.E. (1999). “Nitrogen Yields from

32.

33.

34.

35.

39.

41.

42.

43.

44.

45.

Undisturbed Watersheds in the Americd&iggeochemistry

46, 149-162.

MCFARLAND, A. and HAUCK, L. (1998). Lake Waco/Bosque
River Watershed Initiative Report: Determining Nutrient
Contribution by Land Use for the Upper North Bosque River
Watershed. TIAER PR 98-01.

Minuteman Software. 200GPSS World Tutorial Manual
Holly Springs, NC, U.S.A.

MouraD, D.S.J., VAN DER PERK, M., GoocH, G.D.,
Loicu, E., RIRIMAE, K. and SALNACKE, P. (2005).
“GlS-Based Quantification of Future Nutrient Loads into
Lake Peipsi/Chudskoe Using Qualitative Regional Develop-
ment ScenariosWater Science and Technolodyl(3-4),
355-363.

NURNBERG, G.K. and LAZERTE, B.D. (2004). “Modeling
the Effect of Development on Internal Phosphorus Load
in Nutrient-Poor LakesWater Resources Reseayred(1),
1051-1059.

ORTIZ-JIMENEZ, M.A., DE ANDA, J. and SEAR, H. (2005).
“Hydrologic Balance of Lake Zapotlan, Méxicajournal

of Environmental Hydrologyl3(5).

OGs1ipELE, O.0. and Bck, M.B. (2004). “Food Web Mod-
elling for Investigating Ecosystem Behaviour in Large
Reservoirs of the South-Eastern United States: Lessons from
Lake Lanier, Georgia,Ecological Modelling 173(2-3),
129-158.

POrRTIELIE, R. and Rispuk, R.E. (2003). “Stochastic Mod-
elling of Nutrient Loading and Lake Ecosystem Response
in Relation to Submerged Macrophytes and Benthivorous
Fish,” Freshwater biology48(4), 741—-755.

RRASUHN, V. and SEBER, U. (2005). “Changes in diffuse
phosphorus and nitrogen inputs into surface waters in the
Rhine watershed in Switzerland¥quatic Science$7(3),
363-371.

RUUENBROEK, P.J., ANSE, J.H. and Koop, J.M. (2004).
“Integrated Modelling for Nutrient Loading and Ecology of
Lakes in The NetherlandsEcological Modelling 174(1—

2), 127-141.

QUIRGS, R. (2003). “The relationship between Nitrate and
Ammonium Concentration in the Pelagic Zone of Lakes,”
Limneticg 22(1-2), 37-50.

RanpALL, G.W. and MiLLA, D.J. (2001). “Nitrate Nitro-
gen in Surface Waters as Influenced by Climatic Condi-
tions and Agricultural PracticesJ. Environ. Qual, 30,
337-344.

RLEY, G.A. (1956). “Oceanography of Long Island Sound
1952-1954, II. Physical Oceanographyull. Bingham
Oceanog. Collectionl5, 15-16.

RuLEY, J.E. and RscH, K.A. (2005). “Development of

a Simplified Phosphorus Management Model for a Shal-
low, Subtropical, Urban Hypereutrophic Lak&tological
Engineering 22(2), 77-98.

RypING, S.O. and Rst, W. (eds.) (1989). The Control of
Eutrophication of Lakes and Reservoirs. UNESCO, Man
And The Biosphere Series. Vol. 1. The Parthenon Publishing
Group. 314 pp.



46.

47.

48.

49.

50.

SHNOOR, J. (1996). Environmental Modeling. Wiley-
Interscience. New York, 682 pp.

SDARSHAN, N.T. (1995). Planktonic Metabolism in Lake 51.

Marion, SC: Functional Response to Light, Temperature,
and Nutrient Concentrations. Masters Thesis, Department
of Environmental Health Sciences, University of South

Carolina.

TALLING, J.F. and [EMOALLE, J. (1998). Ecological Dynam-

ics of Tropical Inland Waters. Cambridge University Press, 52.

Cambridge, MA. 441 pp.

THOMANN, R.V. and MJELLER, J.A. (1987). Principles of
Surface Water Quality Modeling, Harper Collins Publishers,
Inc., 644 pp.

USEPA. (2000). Nutrient Criteria Technical Guidance
Manual. Lakes and Reservoirs. First Edition. United

53.

Nutrients/food chain model for Lake Zapotlan (Mexico) 35

States Office of Water EPA-822-B00-001, Washington, DC
20460.

WANG, S.H., HiGGINs, D.G., REES, L., VoLKMAN, C.G.,
Limv, N.C., BAKER, D.S., SaTH, V., andDENOYELLES, F.
(2005). “An Integrated Modeling Approach to Total Water-
shed Management: Water Quality and Watershed Assess-
ment of Cheney Reservoir, Kansas, USW/ater Air and
Soil Pollution 164(1-4), 1-19.

WETZEL, R.G. (2001). Limnology. Lake and River Ecosys-
tems. 3rd edn., Academic Press, San Diego, 1006 pp.
ZHANG, J. and ORGENSEN, S.E. (2005). “Modelling of
Point and Non-Point Nutrient Loadings from a Water-
shed,” Environmental Modelling and Software20(5),
561-574.






