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Abstract

This research presents an approach to modeling nutrient/ffood-chain interactions, which gives a
general picture of the eutrophication level for Lake Shkodra and shows general trends of the trophic
state of this aquatic ecosystem. Man — made eutrophication, in absence of control measures, provides
much faster than the natural phenomenon and is the major reason for pollution of Lake Shkodra. The
model presented provides information on temporal resolution of eutrophication effects that is
extremely useful to water quality managers. This study also provides a means to identify nutrient and
light limitation, which is a critical step in controlling eutrophication. The specific nature of the lake has
been taken account and embodied in the model. The results taken are encouraging.

Key wards: nutrient/food-chain, eutrophication, algae, phytoplankton, zooplankton, non -living organic
carbon.

Introduction

Lake Shkoder is the largest lake on the Balkan Peninsula in terms of water surface (Figure 1).
The drainage area of the lake is about 5,500 km? (4,470 km?in Montenegro and 1,030 km? in Albania).
This lake is the largest freshwater lake in the Balkans with a surface varying between 370 and 530
km2 depending on water level fluctuations (regularly up to 4 m and more). Two thirds of the lake is
situated in Montenegro, the rest in
Albania. The karst lake is of tectonic
origin with an average depth of 8 m.
About thirty underwater spring holes
("oka") are significantly deeper (up to 60
m). The lake is abundantly fed by waters
from numerous rivers and subterranean
springs. The distance between the
mouth of the Crnojevica River
(northwestern lake edge) and the lake’s
outlet (Buna-Bojana River) is 44 km
(maximum length). Its greatest width is
13 km.

Lake Shkoder is generally
characterized by a high biodiversity and
especially a high variety of fish fauna,
making this an important lake for the
Balkan. The high biodiversity that
characterizes the lake is the result of the
existence of a good communication with
the sea, and of an extensive network of
rivers and streams, communicating with
the lake. Lake Shkoder’s biodiversity has developed in a unique physical environment where geology,
geomorphology, hydrology and climate provide a wide variety of habitats. Total biodiversity is high
(species-area relationship = 0.875) and the region is considered to be a biogenetic reserve of
European importance.

The beautiful west side of the lake in Albania, with steep slopes and rocky shores, was
completely closed for people until 1991. Following the political changes, Albania has gradually
inroduced market economy. As a result, people began to build clubs and restaurants in this area. More
than 100,000 people live presently around the Albanian side of the lake, most of them in Shkodra.
Tourism is now limited to mainly local people, but the area has the potential to become an
international destination. Its location close to the Adriatic Sea beaches, the cultural heritage and
natural beauty are the main attractions. The lake is a place of diverse economic activities related to

Figure 1. Shkodra Lakes region
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recreation, fishing and watersports. The lakeshore activities and constructions pollute the lake with
untreated wastewaters and solid waste.

This research focuses on a seasonal nutrient/food- chain interactions model for a stratified
lake. A limiting nutrient is integrated into algal — zooplankton scheme to complete the picture of
nutrient/food chain interactions. Following a simple kinetic scheme the resulting equations are written.
The equations form a completely closed system where nutrients are turned into biomass by net
production and recycled by respiration/excretion and death.

We are focused in this research on a specific group of microorganisms, algae. We refined the
plant growth framework by developing a more complete model of an important group of algae, the
free-floating microorganism called phytoplankton. Chlorophyll a is considered to be directly
proportional to the concentration of phytoplanktonic algal biomass. Below are given the factors that
contribute to algal growth.

The growth rate of algae is not a simple constant, but varies in response to environmental
factors, such as temperature, nutrients and light. At low levels and in some instances at high levels,
these factors can limit growth. A variety of formulations have been developed to represent the effect of
temperature on plant growth (Thorton and Lessen, 1978). A more commonly used form is theta model.
There are several ways in which the nutrient limitation term can be refined. The most important relates
to how nutrients are handled. For such cases, separate limitation terms would be developed for each
nutrient. At the other extreme is the case where the nutrient in shortest supply controls growth. This
type of approach, which is similar in spirit to Liebig’s law of the minimum (Chapra, 2005), is the most
commonly accepted formulation. The effect of light on phytoplankton growth is complicated by the fact
that several factors have to be integrated to come up with the total effect. These factors are diurnal
surface light variation, light attenuation with depth and dependence of the growth rate on light.

In the previous paragraphs are outlined some external physical and chemical factors, such as
temperature, light and nutrients, that limit phytoplankton growth in natural waters. There are a number
of processes contribute to the loss of phytoplankton. Some of these are transport related such as
settling and diffusion/dispersion. Others are kinetic such as respiration, excretion and death by
predation. In water quality modeling, two losses are emphasized: non-predatory and predatory losses.

The non-predatory losses consist primarily of respiration and excretion. Respiration reefers to
the opposite process to photosynthesis where the plant utilizes oxygen and release carbon dioxide.
Excretion is a process focused on the release of nutrients. However, algae can also release organic
carbon as extracellular byproducts. It should be noted that although they are often treated as a single
process, the division between respiration and excretion should not be considered a trivial distinction.
This is particularly true as nutrient/food-chain models evolve toward more accurate representation of
the organic carbon cycle. In such cases, processes that tend to generate carbon dioxide and liberate
available nutrients (respiration) should be separated from processes that liberate organic forms of
carbon and nutrients (excretion).

Predatory losses include the factors that limit algal populations by causing their death due to
grazing by zooplankton that employ the algae as a food source. To provide background for this
phytoplankton - zooplankton interactions, general mathematical models have been developed to
simulate predator-prey interactions. Summaries of the data for all aforementioned parameters can be
found in Chapra (2005) and Bowie et al. (1985).

This research has been designed to illustrate how predator-prey kinetics works, and to show
how they can be integrated into a more comprehensive nutrient/food-chain computation. It relates to
the ecological state of Lake Shkodra.

Materials and methods

The present framework handles physical segmentation (two vertical layers), loadings and
transport in the same way as the two-component model described in (Chapra, 2005). Mass balance
for a substance in the epilimnion and the hypolimnion (Fig. 2), can be written as:

dc

V4 d—t1=W(t)—QC1+VtAt(C2—C1)+S1 (1)
dc2

V2 F= Vi At (C1 - C2) + 82 (2)

where V = volume, ¢ = concentration, t = time, W (t) = loading, Q = outflow, v; = thermocline transfer
coefficient, A; = thermocline area, and S = sources and sinks.
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As depicted in figure 3, the model consists of eight state variables. These can be divided into
three major groups (Table 1). Mass balance equations are written for each of the state variables for
each of the layers. The source and sink terms for each state variables are described below.

a. Food chain

The food chain consists of a single plant group along with two zooplankton groups.

Algae. The algae growth is a function of temperature, nutrients and solar radiation. For the
hypolimnion, algae are also gained by settling from the surface layer. Sinks include
respiration/excretion, grazing and settling losses.

Inflow e Outflow
Epilimnion
g () —
Tl
Hypolimnion
(2)

Figura 2. Physical segmentation scheme and transport representation

Table 1. Model state variables

State Variable | Symbol | Units
Food-chain
1. Algae a mgCha m*
2. Herbivorous zooplankton Zh gC m>
3. Carnivorous zooplankton Z; gC m*
Non-living organic carbon
1. Particulate Co gCm?
2. Dissolved Cq gCm?
Nutrients
1. Ammonium nitrogen Na mgN m*
2. Nitrate nitrogen n; mgN m*
3. Soluble reactive phosphorus Ps mgP m™

The differential equation that governs the growth and production of algae (chlorophyll a) is
formulated as following:

da
V d—= kg (T, Nt, Ps, |) Va -k, (T) Va - Cgh (T, a, Zh) Va+v,Aa,—vaAira (3)
t

where kg (T, n, ps, 1) = the algal growth rate [d7], Kea (T) = losses due to respiration and excretion [d7],
Cgyn (T, a, zn) = grazing losses [d7'], va = phytoplankton settling velocity [m d™'], and the subscript “u”
designates an upper layer. The growth and the grazing rates are dependent on environmental factors
as in (Di Toro and Fitzpatrick, 1993):

2.718 y —-a -a n
ke (T, N, P, 1) = K, 201.066 T'ZO—(e 1_¢0 ) min t P 1w
keH ksn +N¢ Kgp +P
a
and Cqh (T, a,2zn) = Cgn 0" z, (5)
sq ta

where n; = total inorganic nitrogen = n, + n;, and other parameters are defined in Chapra (2005).
In addition, the respiration rate is corrected for temperature with the theta model:
Kra (T) = Kra, 20 0 ° (6)
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All other temperature-dependencies are corrected in this fashion.
Herbivorous zooplankton. Part of the consumed algae is converted into herbivorous
zooplankton. The herbivores are depleted by carnivore grazing and respiration/excretion losses:

dz
V== 2 e Can (T, . 20) Va = Coo (T 29 Van—ka(MV2r ()

Where a;, = the stoichiometric coefficient for the conversion of algal chlorophyll a to zooplankton
carbon [mgChla/gC].

carnivorous
zooplankton

Zc nitrate N <{ ammonium N

A n; N,

herbivorous
zooplankton
Zc h 4

dissolved particulate
> A | organicC <« organic C
Cq Cp

algae soluble reactive P

Pg

Figure 3. Kinetic segmentation

Carnivorous zooplankton. Part of the consumed herbivorous zooplankton is converted into
carnivorous zooplankton. The carnivores are depleted by respiration/excretion losses and the first-
order death due to grazing by organisms higher on the food chain (primarily fish):

dz
Vv d—tC = &c Cge (T, Zo) Vzin— ki (T) VZe— kae (T) Vze (8)
b. Non-living Organic Carbon

The non-living organic carbon is divided into particulate and organic fractions in order to
distinguish between settleable and non-settleable forms.

Particulate. Inefficient grazing (egestion) along with carnivore death results in gains to the
particulate non-living organic carbon (POC) pool. For the hypolimnion, POC is also gained by settling
from the surface layer. Sinks include a first-order dissolution reaction and settling losses:

dc
Vd_tp= Fea (1-€n) Can (T, @, zn) Va + (1 - &) Cqc (T, zc) VZn + kg (T) V z¢ —

Ko (T) Ve, + vp At Cpy - Vp At Cp (9)
Dissolved. DOC is gained via the first-order dissolution reaction and lost by hydrolysis:
dc d
VT= kp (T) VCp— kh (T) VCd (1 0)
cC. Nutrients

The nutrients are divided into inorganic nitrogen and phosphorus. The former is split into
ammonium and nitrate nitrogen.

Ammonium nitrogen. Ammonium ion is gained due to hydrolysis of dissolved organic carbon
and from food-chain respiration. It is lost via uptake and nitrification:

dn
Vd_ta= Fnc Kn (T) VCg + Mg kra (T) Va + roc ken (T) Vzp + 1o ki (T) Vzg -

Fa na kg (T1 Ny, Ps, I) Va - kn (T) Vna (1 1)
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where F, = the fraction of the inorganic nitrogen that is taken from the ammonium pool by plant uptake:

n
F,= _a (12)
kg +Ng
where k = a half-saturation constant for ammonium preference.
Nitrate nitrogen. Nitrate is gained due to nitrification and it is lost via plant uptake:

dn.
V—d L= Ko (T) VN, - (1 Fa) Foa kg (T, Ny, Pss 1) Va (13)
t

Soluble reactive phosphorus (SRP). SRP is gained due to hydrolysis of dissolved organic
carbon and from food-chain respiration. It is lost via plant uptake:

dp
Vd_tS = Ipe Kn (T) V&g + rpa Kra (T) Va + rpc ki (T) V 24 + rpe Keo (T) Vz -

rpa Kg (T, Nt, Ps, 1) Va (14)

By employing the kinetic interaction from Eqgs. 3 through 14, Egs. 1 and 2 can be written for
each of the eight state variables. The resulting sixteen ordinary differential equations can be integrated
simultaneously using a numerical method such as the fourth-order Runge-Kutta method (Chapra and
Canale, 2002).

Results and Discussions

Physical parameters for Lake Shkodra during the 2007 are summarized in Table 2. Loads and
initial conditions are summarized in Table 3, and model parameters are listed in table 4.

The model equations were solved numerically for year 2007. The results are summarized in
figure 4. Figure 4a shows results for the food chain in the lake. Note that zooplankton is expressed in
chlorophyll units to allow comparison among the variables. The results indicate that predator — prey
interactions are taking place with peak of the algae, herbivores and carnivores occurring at
approximately days 165, 183, and 244, respectively.

Table 2. Hydrogeometric parameters for Lake Shkodra

Parameter Symbol Value Units
Surface area A, 400 10° m”’
Thermocline area A 400 10° m?
Epilimnion volume Ve 2.810° m’
Hypolimmnion volume Vy 0 m°
Thermocline thickness H; 8 m
Epilimnion thickness He 8 m
Hypolimnion thickness Hy 0 m
Outflow Q 9.94 x10° rn’yr’
Thermocline difussion: V¢

Summer stratified 13 cm’s”

Winter mixed 13 cm?’s™
Start of summer stratification 90 d
Time to establish stratification 30 d
Onset of end of stratification 310 d
End of stratification 10 d

Table 3. Boundary (loading) and initial conditions for Lake Shkodra

Variable Units Loading’ Initial Conditions
Algae ugchla L™ 1 1
Herbivorous zooplankton mgC L 0 0.005
Carnivorous zooplankton mgC L 0 0.005
Particulate organic carbon mgC L 0.8 0.12
Dissolved organic carbon mgC L™ 0.8 0.12
Ammonium ugN L™ 15 15
Nitrate ugN L™ 220 250
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Solube reactive phosphorus ugP L~ 14.3 12
" Multiply by outflow to convert to mass loading rate

Table 4. Model parameter values used for Lake Shkodra

Parameter Symbol Value Units
Algae

Growth rate Kg,20 2 d’
Temperature factor 0, 1.066

Respiration rate Kra 0.025 d’
Temperature factor Ora 1.08

Settling velocity Vo 0.2 md’
Optimal light ls 350 ly d’
P half- saturation Ksp 2 ugP d’
N half- saturation Ksn 15 ugN d”'
Background light extinction Ke 0.2 m’”
Herbivorous zooplankton

Grazing rate Cyn 5 LmgC"d"
Temperature factor Ogn 1.08

Grazing efficiency eh 0.7

Respiration rate Krn 0.1 d’
Temperature factor Orm 1.08

Algae half - saturation Ksa 10 ugcha L™
Carnivorous zooplankton

Grazing rate Cyn 5 LmgC"d"
Temperature factor Ogn 1.08

Grazing efficiency €c 0.7

Respiration rate Krc 0.04 d’
Temperature factor 0,c 1.08

Death rate Kae 0.04 d’
Temperature factor B4c 1.08

Herbivore - half - saturation Ksh 04 mgC L
Non - living carbon

Particulate settling Vp 0.2 md’
Dissolution rate ko 0.1 d’
Temperature factor 0p 1.08

Hydrolysis rate Kk 0.075 d’
Temperature factor 0n 1.08

Nutrients

Nitrification rate Kn 0.1 d’
Temperature factor 0, 1.08

Ammonia preference half - saturation Ksam 50 ugN L

Results for inorganic nitrogen and phosphorus are illustrated in Fig. 4b. According to the
calculation, the lake is overwhelmingly phosphorus limited during the summer stratified period. The
fact that there is excess nitrogen and phosphorus in the water indicates that lake’s production is light
limited during the remained of the year.

The organic carbon cycle is shown in Fig. 4c. This plot indicates a clear difference between
the productive summer months and the rest of the year. High organic carbon generation during the
stratified period has several implications. First, it eventual decomposition can have an impact on
oxygen content of bottom waters. This would be particularly important for water bodies with smaller
hypolimnion (and, hence smaller oxygen reserves) than for lake Shkodra. Second, the transport and
fate of toxic substances can be strongly associated with organic matter.

Conclusions

The model provides predictions of features like peak chlorophyll levels and, hence, produces
information that is extremely useful to water-quality managers. This is because the public is often most
concerned with extreme events in water body, rather than in seasonal or long-term average
conditions. Because of its daily time step, the nutrient/food chain model is capable of generating both
types of information.
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Figure 4. Results for the Lake Shkodraa as computed with a nutrient/food-chain interactions model. (a) Food chain with all
components expressed as chlorophyll, (b) inorganic nutrients, and (c) organic carbon
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Identifying the limiting nutrient or whether the system has significant light limitation is a critical
step in controlling eutrophication. By mechanistically including several nutrients and light, the
nutrient/food-chain model provides a means to make such identifications.

By providing predictions of organic carbon levels, nutrient/food-chain framework provides a
means to assess both oxygen and toxic substances in lakes.
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