
RESEARCH ARTICLE

N. Üçler & G. Onkal Engin & H. G. Köçken & M. S. Öncel

Received: 3 June 2014 /Accepted: 28 January 2015 /Published online: 18 February 2015
# Springer-Verlag Berlin Heidelberg 2015

Abstract In this study, game theory and fuzzy programming
approaches were used to balance economic and environmental
impacts in the Namazgah reservoir, Turkey. The main goals
identified were tomaximize economic benefits of land use and
to protect water quality of reservoir and land resources. Total
phosphorous load (kg ha−1 year−1) and economic income
(USD ha−1 year−1) from land use were determined as environ-
mental value and economic value, respectively. The surface
area of existing land use types, which are grouped under 10
headings according to the investigations on the watershed ar-
ea, and the constraint values for the watershed were calculated
using aerial photos, master plans, and basin slope map. The
results of fuzzy programming approach were found to be very
close to the results of the game theorymodel. It was concluded
that the amount of fertilizer used in the current situation pre-
sents a danger to the reservoir and, therefore, unnecessary
fertilizer use should be prevented. Additionally, nuts, fruit,

and vegetable cultivation, instead of wheat and corn cultiva-
tion, was found to be more suitable due to their high economic
income and low total phosphorus (TP) load. Apart from agri-
cultural activities, livestock farming should also be considered
in the area as a second source of income. It is believed that the
results obtained in this study will help decision makers to
identify possible problems of the watershed.

Keywords Reservoir watershedmanagement . Game theory .

Fuzzy programming . Bi-objective optimization

Introduction

Environmental problems caused by industrial activities, rapid
population growth, unplanned agricultural activities, inade-
quate infrastructure, and untreated wastewater can affect water
resources negatively. This situation creates the need for an
effective management of water resources. Watershed planning
and management generally deal with single objective prob-
lems, such as hydropower generation or flood control
(Turoğlu 2005; State Hydraulic Works 2007). However, wa-
tershed development and planning activities should be
approached as a multi-objective problem, so that all the stake-
holders would get optimum benefit.

Generally, it is difficult for the decision makers to choose
an appropriate action from the alternatives of watershed man-
agement because it is necessary to select a feasible and accept-
able action for all stakeholders who have different views and
interests. Possible conflicts occurring between the ones who
care for economic income and the ones who are concerned
with environmental issues should be solved at bureaucratic
level (Lund and Palmer 1997).

Watershed models are used to predict future impacts of
management plans for implementing sustainability in water-
shed management. The Stanford Watershed Model (SWM) is
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accepted as the first watershed hydrological model and was
created in the mid-1960s (Crawford and Linsley 1966). Wa-
tershed models have evolved from purely engineering/
economic models to more integrated models that include data
processing and management tools such as geographic infor-
mation systems (GIS) and database management systems
(Singh and Woolhiser 2002). Watershed models may be clas-
sified according to their scope and purpose into four catego-
ries (Mirchi et al. 2009): engineering-based watershed process
models (Chen et al. 1982; Abaci and Papanicolaou 2007;
Wang et al. 2009; Habarth and Barkdoll 2009), hydro-
economic models (Lund and Ferreira 1996; Draper et al.
2003; Jenkins et al. 2004; Maneta et al. 2009), multi-criteria
(multi-objective) decision-making models (Duckstein and
Opricovic 1980; Gershon and Duckstein 1983; Wen and Lee
1998; Lamy et al. 2002), and conflict resolution models
(Rogers 1969; Lee and Chang 2005; Lee 2012).

Eutrophication is a problem caused by an increase in con-
centration of nutrients in aquatic ecosystems. Because of high
nutrient concentrations, eutrophication is a major problem in
many Turkish river basins (Karpuzcu et al. 2006). Watershed
protection application plan studies have been started to im-
prove the water quality levels in the 26 river basins by the
Ministry of Forestry and Water Works and there are other
studies conducted on water quality in Turkey (Esen and Uslu
2008; Erturk et al. 2010; Hadjikakou et al. 2011). However,
game theory and fuzzy programming approaches have not
been used previously in watershed management in Turkey.
In this paper, game theory and fuzzy programming approaches
were used to balance economic development and environmen-
tal impact in the Namazgah reservoir watershed located in the
northwestern part of Turkey.

Material and methods

Multi-objective model for reservoir watershed management

The multi-objective model can be stated as follows:

max or minE xð Þ ¼ E1 xð Þ;E2 xð Þ;…;Ev xð Þ;½ � ð1Þ

Subject to:

g j≤0; j ¼ 1; 2;…;m;
xk ≥0; k ¼ 1; 2;…; n;

where E(x)=[E1(x),E2(x),…,Ev(x),] is a set of all v objective
functions, gj(x) is the jth constraint function, and xk is the kth
decision variable.

Since the solution of the multi-objective model is Pareto-
optimal, the goal is to find the Pareto-optimal solutions of
Eq. (1).

Watershed management has many stakeholders and, there-
fore, multiple objectives due to its nature. These objectives
can be social, economic, and environmental, such as reduction
of nutrients and minimization of water pollution, maximiza-
tion of the water and soil conservation, and maximization of
the economic gain resulting from land use. In addition, in the
case of reservoir watershed management modeling, it is very
common to handle the multi-objective model Eq. (1) as a bi-
objective model, i.e., having two main objectives. These ob-
jectives are the maximization of economic development and
the minimization of environmental impact. In this paper, both
game theory and fuzzy programming approaches were used to
solve this bi-objective model.

Game theory approach for reservoir watershed management

Game theory is a mathematical method to solve the allocation
problems related to conflicting situations, which was devel-
oped by Von Neumann and Morgenstern (1944). This interac-
tive decision-making process attempts to identify optimal
strategies at equilibrium between several players who make
choices that affect the interests of other players (Davila et al.
2005; Parrachino et al. 2006). To apply the game theorymodel
to the RWM problem, two stakeholders were selected as
players, as given below:

Player 1: ecologist player
Player 2: economist player
The purpose of the player 1 was the minimization of envi-

ronmental impact (the solution of land use types minimization
of environmental impact) and can be given as,

MinTP ¼ E1 xð Þ ð2Þ

The purpose of the player 2 was the maximization of eco-
nomic development (the solution of land use types maximiza-
tion of economic development) and can be expressed as,

MaxIC ¼ E2 xð Þ ð3Þ

Thus, the last form of the bi-objective model can be stated
as follows:

MinTP ¼ E1 xð Þ ð4Þ

MaxIC ¼ E2 xð Þ

Subject to:

g j≤0; j ¼ 1; 2;…;m;
xk ≥0; k ¼ 1; 2;…; n;

To determine the negotiation interval of the game, individ-
ual maximum and minimum values were calculated for each
player by solving a traditional linear programming problem.
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Therefore, the range of the maximum and minimum values
(total phosphorus (TP), economic income (IC)) for each play-
er was determined as follows:

TPmin≤TP ¼ E1 xð Þ≤TPmax ð5Þ

ICmin≤ IC ¼ E2 xð Þ≤ ICmax ð6Þ

Once the range was known, the initial round of bargaining
began and each player had a strategy:

For the player 1, the strategy was as follows:

MinTP ¼ E1 xð Þ ð7Þ

such that,

g j≤0; j ¼ 1; 2;…;m;
E2 xð Þ≥ ICgoal

xk ≥0; k ¼ 1; 2;…; n;

And for the player 2:

MaxIC ¼ E2 xð Þ ð8Þ

such that,

g j≤0; j ¼ 1; 2;…;m;
E1 xð Þ≤TPgoal
xk ≥0; k ¼ 1; 2;…; n;

Two players started the first round of bargaining. At the
first bargaining round, the players chose strategy which
was very close to their goal (TPmin and ICmax). But players
were not satisfied with the results, and the second round of
bargaining started. Then, player 1 lowered the environ-
mental expectation, while player 2 lowered the economic
income expectation.

To determine the concession value of each player, max and
min values of TP and IC were divided into small equal pieces.
The concessions were increased at each round.

Determination of concession:

Concession 1 ¼ TPmax−TPmin

n
ð9Þ

Concession 2 ¼ ICmax−ICmin

n
ð10Þ

such that,

n n is a coefficient that provides the most reasonable
concession value which will not drop much the
satisfaction value of both players

During the bargaining process, the difference between
strategies and the results became less different. The bargaining

rounds continued until final solutions are reached (TPfinal,
ICfinal).

TPfinal≤TPgoal ð11Þ

ICfinal≥ ICgoal ð12Þ

These TPfinal and ICfinal values are known as the equilibri-
um values (Osborne and Rubinstein 1994; Gibbons 1997).

Fuzzy programming approach for reservoir watershed
management

The fuzzy programming approach is a widely used technique
to solve a bi-objective decision-making problem. In this tech-
nique, the aim is to find a compromise solution that maximizes
the satisfaction degree of all membership functions, after con-
structing the membership functions of the objectives.

The individual maximum and minimum values of objec-
tives (TPmin, TPmax, ICmin, ICmax) can be used to define the
membership functions of the problem (4). In this study, for the
sake of simplicity, linear membership functions were used.
Then, the membership function of environmental impact
was constructed as follows:

μ1 E1 xð Þð Þ ¼
1 ; if E1 xð Þ < TPmin

TPmax−E1 xð Þ
TPmax−TPmin

; if TPmin≤E1 xð Þ≤TPmax

0 ; if E1 xð Þ > TPmax

8
><

>:

ð13Þ

where TPmax≠TPmin. If TPmax=TPmin, then μ1(E1(x))=1. The
membership function μ1 is strictly monotonous decreasing in
the interval of [TPmin,TPmax].

And similarly, the membership function of economic de-
velopment was constructed as follows:

μ2 E2 xð Þð Þ ¼
0 ; if E2 xð Þ < ICmin

E2 xð Þ−ICmin

ICmax −ICmin
; if ICmin≤E2 xð Þ≤ ICmax

1 ; if E2 xð Þ > ICmax

8
><

>:
ð14Þ

where ICmax ≠ICmin. If ICmax =ICmin, then μ2(E2(x))=1. The
membership function μ2 is strictly monotonous increasing in
the interval [ICmin,ICmax ].

Using Zimmermann’s minimum operator (Zimmermann
1991), the bi-objective model was written as:

maxmin μ1;μ2f g ð15Þ

subject to:

g j xð Þ≤0 ; j ¼ 1; 2;…;m
xk ≥0 ; k ¼ 1; 2;…; n
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By introducing an auxiliary variable λ, Eq. (15) can be
transformed into the following equivalent conventional LP
problem:

max⇆λ ð16Þ

subject to:

μ1≥λ;
μ2≥λ
g j xð Þ≤0 ; j ¼ 1; 2;…;m
xk ≥0 ; k ¼ 1; 2;…; n
0≤λ≤1

Thus, Eq. (16) generates compromise Pareto-optimal solu-
tions for the bi-objective model.

Case study

Kocaeli is an economically important province of Turkey be-
cause of intensive industrialization, tourism, and agricultural
activities. Thus, the best evaluation of water and land re-
sources both economically and environmentally is very im-
portant for decision makers.

The Namazgah Dam is under construction in order to pro-
vide potable water for a number of districts around Namazgah
area. The main agricultural products are wheat and nuts in the
Namazgah area. A small amount of corn, vegetables, and
fruits are also cultivated. Livestock is another income source.
The Food Specialized Organized Industrial Zone (FSOIZ) is
also planned to be built within the boundaries of the basin. It is
necessary to prepare a watershed management plan in order to
protect the water quality in the dam, as it will be used as a
source of drinking water. This study was conducted to deter-
mine the effects of the planned FSOIZ in the basin, to decide
efficient uses of agricultural land, and to help resolve conflicts.

Namazgah reservoir watershed

The Namazgah reservoir watershed which is located in
Kabaagac Village, Kandira in Kocaeli Province has a surface

area of 100.89 km2. The reservoir was designed to store ap-
proximately 25 hm3 water with a surface area of 2.84 km2.
The annual runoff is 48.89 hm3 year−1, and the max water
depth is 60 m. The dam is still under construction and will
start to keep water at the end of 2014. Most of the watershed’s
area is covered with forest and agricultural lands. Major
sources of income are agriculture and livestock.

Present situation in Namazgah watershed

After carrying out site surveys in the region, studying land use
maps and aerial photographs, and interviewing local residents,
it was decided that the land use in the watershed can be
grouped under 10 main headings, as rural settlement, forests
and woodlands, wheat, corn, nuts, vegetables and fruits, cul-
tivated agricultural fields and uncultivated agricultural areas,
dam area, and the planned industrial zone. In order to find out
the surface areas of each type of land use, the aerial photo-
graphs taken in 2012 were used (Fig. 1).

The present situation of the land use in the watershed, the
locations of the dam, streams, and the planned organized in-
dustrial zone can be seen in Fig. 2, and the percentage distri-
butions can be found in Fig. 3.

Another important issue was to determine the total area of
steep areas which are not suitable for settlements or agricul-
tural activities. For this purpose, the slope map of Kocaeli
region (Fig. 4) was used to determine the areas having a slope
over 55 %. It was found out that there is no area with 55 %
slope, and therefore, this was not defined as a constraint.

Determination of TP values

The water pollution sources can be grouped in two categories
as point and non-point sources (Table 1). Since Namazgah
Dam is constructed for potable water supply, it is assumed
that point sources will not be permitted to reach themainwater
supply by the related water authority. Therefore, in this study,
only non-point sources, which are difficult to monitor and
control, were considered.

Some of the non-point sources listed in Table 1, such as
urban runoff, atmospheric deposition, and solid waste

Fig. 1 Areas of existing land use
patterns in the basin
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leachates, were not considered in this study, as they do not
constitute a problem for the selected watershed.

As known very well, there are a number of parameters
affecting the water quality classification. The intercontinental
surface water resource quality criteria classifications can be
found in Table 2 (Ministry of Forestry and Water Affairs
2012). Since eutrophication is the most common reservoir
water quality problem and phosphorus is the limiting nutrient

for eutrophication, TP was selected as the pollutant of interest
for this study.

The main sources of pollutants in residential areas are the
pollution due to livestock activities carried out within the res-
idential area and the existing rural septic tanks. However,
since the manure obtained from livestock activities is used
as fertilizer in agricultural areas, the TP originated from live-
stock activities was not considered in TP calculations for rural
areas. Likewise, as mentioned before, the current septic tanks
will be connected to the newly constructed sewer system, and
therefore, the TP load resulting from the septic tanks was not
considered in TP calculations for rural areas. Although the
forests and woodlands were evaluated under different catego-
ries, the same TP value was assigned to both forests and
woodlands, as no economic return was expected. Uncultivated
agricultural areas would be expected to become green over
time due to rain and therefore were considered within the
meadow grassland class. For rural residential areas, forest
areas, woodlands, and uncultivated areas, the TP values used
in some of the significant studies carried out in Turkey were
found suitable (Dahl and Kurtar 1993; OEJV 1993; Saatci
et al. 1999).

For agricultural lands, two types of TP load values were
determined according to the current fertilizer use and the fer-
tilizer that will be needed for each crop. The TP values of the
current fertilizer use were determined by the consumption rate
of commercial and animal fertilizers. The animals bred in the

Fig. 2 Current land use situation
of Namazgah reservoir watershed

Fig. 3 Current land use situation
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basin were classified within three main groups such as cattle,
sheep, and poultry. In order to calculate the amount of fertil-
izer derived from animal activity, the total number of livestock
in the basin was obtained from the Village Service Department
of the Kocaeli Metropolitan Municipality. Although it is
known that the phosphorus loads may vary depending on a
number of different parameters such as animal category, type,
weight, and feeds used, the estimated values of TP load (kg/
ton animal weight) of each group of animals given in the
literature were used in the calculations (Table 3) (Agricultural

2001; Andreadakis et al. 2007; Ozturk et al. 2007b). The TP
values per animal were calculated according to the assump-
tions that cattle, sheep, and poultry weights 500, 45, and 2 kg
each, respectively.

As for the fertilizers, the amounts used in the district
were obtained from the Kandira Provincial Directorate of
Food, Agriculture and Livestock. It should be noted that
only fertilizers having phosphorus content were consid-
ered in this study. The TP values were calculated using
the P2O5 ratios (w/w) of the fertilizers used. The TP
value from commercial fertilizers was calculated from
the ratio of fertilized area of the Kandira district to fer-
tilized area of the whole watershed. The TP constants
were determined from the total amount received from
the manure and commercial fertilizers per agricultural
areas and per phosphorus needs for each agricultural
product, accordingly. It was assumed that 5 % of TP
originated from both manure and commercial fertilizers
is received by the water media (Ozturk et al. 2007a).
During the calculation of the TP constants, the
phosphorus-containing fertilizer needed by each product
was considered for the case of needed amount of fertil-
izer used for each product type. The TP values according
to the fertilizer need of each crop were determined using
the quantity of P2O5 used for each crop per year per
hectare (Kacar and Katkat 1997).

Fig. 4 Slope map of Namazgah
reservoir watershed

Table 1 Main pollution sources

Pollutant sources

Point sources Non-point sources

▪ Domestic wastewater
discharges

▪ Industrial wastewater
discharges

▪ Urban drainage systems
discharge

▪ Loads resulting from agricultural areas
▪ Loads from livestock
▪ Loads resulting from forest areas
▪ Loads resulting from meadow,
pasture and grazing land

▪ Urban runoff
▪ Rural runoff
▪ Atmospheric deposition
▪ Solid waste storage areas leachates
▪ Septic tank effluent

Environ Sci Pollut Res (2015) 22:6546–6558 6551



It was reported that a wastewater treatment plant will be
built in FSOIZ, and necessary measures will be taken to avoid
both point and non-point loads in the Environmental Impact
Assessment Report of FSOIZ (Ministry of Environment and
Urbanization 2009). Therefore, the TP load that will originate
from the FSOIZ was also neglected.

In order to determine the extent of the assimilation capacity
of the reservoir to the phosphorus loads coming from the
catchment, the Vollenweider method (Vollenweider 1976)
was used. The equations used can be found in Eqs. 17 and 18.

Lc ¼ Pλ;c � qs � 1þ Twð Þ ð17Þ

Y ¼ Lc � A ð18Þ

Where,

Lc Critical load (μg phosphorus /m2 year)
Pλ,c Critical concentration of phosphorus (μg/m3)
qs Hydraulic load (m/year)
z Average depth (m)
Tw Hydraulic retention time (year)
A Lake area (km2)
Y Assimilative capacity of the reservoir (kg/year)

The necessary parameters for the abovementioned
Vollenweider method were obtained from the characteristics

determined for the dam project. The values used and the cal-
culation results can be seen in Table 4.

Determination of IC values

The income values for agriculture lands were calculated
annually using the data which were obtained from the
Provincial Directorate for Food, Agriculture and Live-
stock. The cost statements of the cultivated products,
sales prices, and product yields were provided by the
abovementioned authority. In addition, the IC values
were derived separately for each product, considering
the product, diesel, and seed subsidies given by the state.
The annual income per hectare of forest area was obtain-
ed from the Forest District Directorate. The income
values of woodlands and non-planted areas were
neglected. The income value of FSOIZ was calculated
using the data which was taken from the report prepared
by the East Marmara Development Agency (2011). Since
the industrial area is still in the planning stage, it is
difficult to mention a net worth of economic benefits.
However, the important role of the industrial area in

Table 2 Intra-continental surface
water resource quality criteria
classification Ministry of Forestry
and Water Affairs (2012)

a Except between the values given
bAbsorbance values measured at
620 nm
cHigh-quality water
d Slightly polluted water
e Polluted water
f Highly polluted water

Water quality parameters Water quality classes

Ic IId IIIe IVf

Temperature (°C) ≤25 ≤25 ≤30 >30

pHa 6.5–8.5 6.5–8.5 6.0–9.0 6.0–9.0

Conductivity (μS/cm) <400 400–1,000 1,001–3,000 >3,000

Colorb 0.8 1.7 2.5 2.8

Dissolved oxygen (mg O2/L) >8 6–8 3–6 <3

Chemical oxygen demand (COD) (mg/L) <25 25–50 50–70 >70

Biological oxygen demand (BOD5) (mg/L) <4 4–8 8–20 >20

Ammonium nitrogen (mg NH4
+-N/L) <0.2 0.2–1 1–2 >2

Nitrite-nitrogen (mg NO2‾-N/L) <0.002 0.002–0.01 0.01–0.05 >0.05

Nitrate-nitrogen (mg NO3‾-N/L) <5 5–10 10–20 >20

Total Kjeldahl nitrogen (mg/L) 0.5 1.5 5 >5

Total phosphorus (mg P/L) <0.03 0.03–0.16 0.16–0.65 >0.65

Total coliform (MPN/100 mL) ≤100 100–20,000 20,000–100,000 >100,000

Table 3 TP load assumptions for each group of animal types

Animal species TP tons/animal weight/day TP kg/animal/year

Cattle 0.1 18

Sheep−goat 0.06 1

Poultry 0.22 0.2

Table 4 The necessary
parameters for the
Vollenweider method
used and the assimilative
capacity of the reservoir

Parameters Units Values

z m 53.00

Pλ,c μg/L 30.00

Tw year 0.57

qs m/year 92.45

Lc μg/m2 year 4,873.27

A km2 2.84

Y kg/year 13,855.00
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the economic growth is stressed in the Food Specialized
Organized Industrial Zone Report, and therefore, an approx-
imate IC value was determined accordingly. The income
value of water body was calculated using the data which
were taken from the Namazgah Reservoir Environmental
Impact Assessment Report (Ministry of Environment and
Urbanization 2011).

The income value of rural residential areas was calculated
using livestock data. In this region, stock farming, sheep and
goat breading, and chicken farms are major livestock forms.
Cattle numbers were obtained from the Breeding Union. To
determine the amount of milk obtained from one cow, a num-
ber of interviews were carried out with farm owners, veteri-
narians, and the university’s veterinary department. The cost
of one liter of milk was determined by taking the average
results of the past studies carried out in different regions (Mu-
rat 2011). The cost was then updated accordingly. Income
derived frommilk was calculated using the cost and sale price
of 1 l of milk in the region. The income resulting from cattle
was calculated using cattle slaughter rates. For the calculation
of the income from sheep and goat breading, a survey was
conducted with the farm owners, and the average profit was
calculated. To determine the capacity of chicken farms and the
profit per animal, interviews with farm owners were the main
calculation point. The pollutant (TP) load and economic in-
come (IC) according to major land use types are listed in
Table 5.

Constraints

The constraints of the watershed were defined using the land
availability of the watershed, current situation of residential
areas, agricultural lands, forest areas, and the limit values
specified in the regional development plan and phosphorus
assimilative capacity of reservoir. The constraints defined are
as follows:

& Theminimum andmaximum rural residential areas (based
on current situation and regional development plan)

& The forest areas (kept as the current situation, so that the
area of forests does not fall under the current situation and
that a non-applicable solution, such as conversion of agri-
cultural lands to forest area, would not be obtained).

& The minimum woodland areas (based on the current
situation)

& The minimum and maximum agricultural areas (based on
current agricultural areas and their usage)

& The minimum water body (determined according to the
total area of Sarnıçlar and Kocakaymaz ponds and the
reservoir)

& The maximum FSOIZ area (determined from the area al-
located for the FSOIZ in the urban and regional plans)

& The phosphorus assimilative capacity (calculated using
the Vollenwider method)

& The watershed area (sum of land use area must be equal to
watershed area)

& The value of any land use cannot be negative

The bi-objective model for the Namazgah reservoir can be
formulated as follows:

Objectives:

1. TP load

For current fertilizer use,

MinE1 xð Þ ¼ 0:9x1 þ 0:05x2 þ 0:05x3 þ 3:14x4

þ 2:35x5 þ 3:53x6 þ 2:89x7 þ 0:1x8

þ 0x9 þ 0x10 ð19Þ

For fertilizer need of each crop,

MinE1 xð Þ ¼ 0:9x1 þ 0:05x2 þ 0:05x3 þ 1:75x4

þ 1:31x5 þ 1:97x6 þ 1:62x7 þ 0:1x8

þ 0x9 þ 0x10 ð20Þ

Table 5 Unit values for land use types for the Namazgah reservoir

Rural
residential
area (X1)

Forest
(X2)

Wood
land
(X3)

Wheat–barley
cultivation (X4)

Nut
cultivation
(X5)

Corn
cultivation
(X6)

Fruit and
vegetables
cultivation (X7)

Non-
planted
land (X8)

Water
body
(X9)

FSOIZ
(X10)

TPa (kg ha−1 year–1) 0.9 0.05 0.05 3.14 2.35 3.53 2.89 0.1 0 0

TPb (kg ha−1 year–1) 0.9 0.05 0.05 1.75 1.31 1.97 1.62 0.1 0 0

ICc (USD ha−1 year−1) 15,709 82 0 118 381 77.25 5,109.27 0 2,105,209 1,232,476

a Current fertilizer use
b Fertilizer need for each crop type
c The economic income was calculated in USD, and it was accepted that 1 USD equals to 1.94 Turkish Lira (TL). Inflation was ignored

Environ Sci Pollut Res (2015) 22:6546–6558 6553



2. Total income

MaxE2 xð Þ ¼ 15; 709x1 þ 82x2 þ 0x3 þ 118x4 þ 381x5

þ 77x6 þ 5; 109:2x7 þ 0x8 þ 215; 209x9

þ 12; 322; 476x10 ð21Þ

Constraints

1. Land availability : x1 þ x2 þ x3 þ x4 þ x5 þ x6

þ x7 þ x8 þ x9 þ x10 ¼ 10; 089

ð22Þ

2. Min: residential area : x1≥215:3 ð23Þ
3. Max: residential area : x1≤656:6 ð24Þ
4. Forest area : x2 ¼ 2; 150 ð25Þ
5. Woodland : x3≥1; 138 ð26Þ

6. Max agricultural area : x4 þ x5 þ x6 þ x7

þ x8≤6; 052 ð27Þ
7. Min agricultural area : x4 þ x5 þ x6 þ x7≥4; 801 ð28Þ

8. Water body : x9 ¼ 321:28 ð29Þ
9. FSOIZ areax10≤203:4 ð30Þ

10. TP assimilative capacity : 0:9x1 þ 0:05x2 þ 0:05x3

þ 3:14x4 þ 2:35x5 þ 3:53x6 þ 2:89x7

þ 0:1x8 þ 0x9 þ 0x10≤13855

ð31Þ

0:9x1 þ 0:05x2 þ 0:05x3 þ 1:75x4 þ 1:31x5 þ 1:97x6

þ 1:62x7 þ 0:1x8 þ 0x9 þ 0x10≤13; 855 ð32Þ

11. Non−negativityx1; x2; x3; x4; x5; x6; x7; x8; x9; x10≥0
ð33Þ

Results

The results of the optimization of each individual single ob-
jective are given in Tables 6, 7, and 8. Table 6 shows that the
min value of TP load (E1min=11,703.42 kg TP year

−1) accord-
ing to the current fertilizer use is very close to the assimilation
capacity of dam reservoir, indicating that agriculture with this
amount of fertilizer is a threat to the reservoir. Obviously, this
situation is not acceptable. There are two ways to prevent the
unavoidable consequences. The first would be to exclude the
agricultural activities from the system or secondly unneces-
sary use of fertilizers can be prevented. Since the establish-
ment of FSOIZ was planned in this area, agricultural activities
cannot be excluded from the system. Therefore, both the game
theory and the fuzzy programming applications were rerun
considering that only the amount of fertilizer needed by each
crop would be provided.

According to Table 7, the minimum TP load was achieved
when nuts were cultivated on all the current cultivated agri-
cultural lands, and the maximum TP load was achieved when
corn was cultivated to all the agricultural lands.

According to Table 8, the minimum IC value was obtained
when corn was cultivated to the whole agricultural land, and
FSOIZ was not a part of the system. To obtain the maximum

Table 6 The maximum and minimum TP values according to the current fertilizer use

E1 min E2 val X1 (ha) X2 (ha) X3 (ha) X4 (ha) X5 (ha) X6 (ha) X7 (ha) X8 (ha) X9 (ha) X10 (ha)
kg TP year−1 Million USD year−1

11,703.42 323.71 215.73 2,150.00 2,388.39 0 4,801.00 0 0 0 321.48 203.40

E1 max E2 val X1 (ha) X2 (ha) X3 (ha) X4 (ha) X5 (ha) X6 (ha) X7 (ha) X8 (ha) X9 (ha) X10 (ha)
kg TP year−1 Million USD year−1

13,854.70 324.22 215.73 2,150.00 1,453.00 0 5,736.00 0 0 0 321.48 203.40

Table 7 The max and min TP values according to the need of fertilizer in each crop

E1 min E2 val X1 (ha) X2 (ha) X3 (ha) X4 (ha) X5 (ha) X6 (ha) X7 (ha) X8 (ha) X9 (ha) X10 (ha)
kg TP year−1 Million USD year−1

6,710.38 323.71 215.73 2,150.00 2,388.39 0 4,801.00 0 0 0 321.48 203.40

E1 max E2 val X1 (ha) X2 (ha) X3 (ha) X4 (ha) X5 (ha) X6 (ha) X7 (ha) X8 (ha) X9 (ha) X10 (ha)
kg TP year−1 Million USD year−1

12,463.50 74.74 418.52 2,150.00 1,138.00 0 0 6,052.00 0 0 321.48 0
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IC value, the residential area was increased from 215.73 to
656.62 ha, vegetables–fruits were cultivated in the whole ag-
ricultural land, and FSOIZ was accepted as a part of the
system.

Results of game theory model

For the model established for this basin, the algorithm was
rerun several times, and the n coefficient was determined as
149 that provides the most reasonable concession value, and
the first game was started by giving concessions. The initial
goal for player 1 was to obtain a TP load of 6,748.99 kg TP
year−1 and an income of 324.22 million USD year−1. Similar-
ly, the initial goal for player 2 was to obtain an income of
355.67 million USD year−1 and a TP load of 9,254.34 kg TP
year−1, as shown in Table 9. It can be deduced from these
values that the initial goals of players could not be achieved.
Therefore, both players were not satisfied from the results and
continued bargaining rounds. During these rounds, the players
increased their compromises and lowered their goals. Player 1
reduced their environmental expectation and increased the TP
load from 6,748.99 to 6,903,44 kg TP year−1, and player 2
lowered their income expectation from 355.67 million to
347.93million USD year−1, as seen in Table 9. The bargaining
rounds continued until the 13th round. After this round, for
player 1, the final values were TPfinal=7,212.33 kg TP year−1

and ICfinal=332.47 million USD year−1, whereas for player 2,
TPfinal=7,208.21 kg TP year−1 and ICfinal=332.47 million
USD year−1. These results satisfied both players, and the Nash

equilibrium was reached (Eqs. 11 and 12). The results of four
bargaining rounds are shown in Fig. 5.

Table 9 also shows that wheat–barley cultivation land (X4),
corn cultivation land (X6), and non-planted land (X8) were
removed from the system due to the high TP load and low
income values. The player’s initial goals, rural residential area
(X1), woodlands (x3), nut cultivation (X5), and vegetables–
fruit cultivation (X7) values were quite different from each
other; however, the difference decreased after each bargaining
round. The value for FSOIZ (X10) land was unchanged dur-
ing the bargaining rounds, due to high income and low TP
loading values.

The results of fuzzy programming approach

To apply fuzzy programming approach, we first determined
min and max values of TP and IC. By using these values
shown in Tables 7 and 8, membership functions were con-
structed as follows:

μ TPð Þ ¼ 12; 463:50−E1

12; 463:50−6; 710:38

μ ICð Þ ¼ E2−71:64� 106

357:73−71:64ð Þ � 106

By using these membership functions, the model of the
fuzzy programming approach for our case study (Eq. 16) is

Table 8 The maximum and minimum IC values

E1 val E2 min X1 (ha) X2 (ha) X3 (ha) X4 (ha) X5 (ha) X6 (ha) X7 (ha) X8 (ha) X9 (ha) X10 (ha)
kg TP year−1 Million USD year−1

9,951.76 71.64 215.73 2,150.00 1,340.79 0 0 4,801.00 0 1,251.00 321.48 0

E1 val E2 max X1 (ha) X2 (ha) X3 (ha) X4 (ha) X5 (ha) X6 (ha) X7 (ha) X8 (ha) X9 (ha) X10 (ha)
kg TP year−1 Million USD year−1

9,844.36 357.73 656.62 2,150.00 1,138.00 0 0 0 5,610.50 0 321.48 203.40

Table 9 Players’ strategies and bargaining process

Rounds E1 E2 X1 (ha) X2 (ha) X3 (ha) X4 (ha) X5 (ha) X6 (ha) X7 (ha) X8 (ha) X9 (ha) X10 (ha)
kg TP year−1 Million USD year−1

1st round 6,748.99 324.22 261.15 2,150.00 2,342.96 0 4,801.00 0 0 0 321.48 203.40

9,254.34 355.67 656.62 2,150.00 1,513.81 0 0 0 5,234.68 0 321.48 203.40

5th round 6,903.44 327.31 442.85 2,150.00 2,161.26 0 4,801.00 0 0 0 321.48 203.40

8,215.21 347.93 656.62 2,150.00 1,947.50 0 1,155.61 0 3,645.38 0 321.48 203.40

10th round 7,096.50 330.92 656.62 2,150.00 1,947.50 0 4,764.35 0 36.64 0 321.48 203.40

7,585.84 338.14 656.62 2,150.00 1,947.50 0 3,185.84 0 1,615.15 0 321.48 203.40

13th round 7,212.33 332.47 656.62 2,150.00 1,947.50 0 4,390.69 0 410.30 0 321.48 203.40

7,208.21 332.47 656.62 2,150.00 1,947.50 0 4,403.98 0 397.01 0 321.48 203.40
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constructed. The results of fuzzy programming approach are
shown in Table 10. The TP load and income values were
determined as 7,210 kg TP year−1 and 332.47 million USD
year−1. The decision variables X3, X4, and X6 were removed
from the system. Rural residential area (X1) value was
656.62 ha, nut cultivation land (X5) value was 4,395.95 ha,
and vegetable–fruit cultivation land (X7) value was 405.04 ha.
Satisfaction coefficient was obtained to be 0.91.

Conclusions

This study dealt with balancing economic and environmental
impacts in the Namazgah reservoir using game theory and
fuzzy programming approaches. The main goals were to max-
imize economic benefits of land use and to protect water quality
of reservoir and land resources. The overall results showed that
the results of fuzzy programming approach were very close to
the results of the game theory model, as can be seen from
Tables 9 and 10. The results obtained indicated that the amount
of fertilizer used in the current situation presents a danger to the
reservoir and the unnecessary fertilizer use should be
prevented. Thus, farmers should be informed about the use of
fertilizers, and the necessary control measures should be taken.

There are several problems in our country from the point
of agricultural activities. For example, most of the agricul-
tural lands are usually fragmented into small portions and,
therefore, small-scale land operation is mostly carried out.
In addition to these, low production levels for the market in

rural areas and low education levels among the farmers are
in question. Due to inadequacy of investigation of alterna-
tive agricultural products for the market, agricultural poli-
cies, and instability in product prices (TUBITAK 2003),
the producers, with the influence of habit, tend to cultivate
cereal products mainly, as market is generally guaranteed
by the government. By this way, although the producers
would not get a profit as they wish, the risks are eliminated
partially. The main reason of producing cereal in the basin
studied can be linked to these problems. However, as the
results indicated, to produce nuts instead of wheat and corn
would be more beneficial for both the producers (player 2)
and the environment (player 1), as the yield factors are low
for these cereal products, and additionally, nut production
is both economical and leads to low TP values for the
receiving water media.

Wheat and corn were the first decision variables re-
moved from the model due to generating high TP loads
and low income values. To change this situation, the
awareness of the farmers should be increased concerning
proper planting, fertilizing, spraying, and irrigation. Like-
wise, the farmers should be trained to use modern tech-
niques which may then increase the economic returns. In
addition, the producers could be encouraged and supported
to shift to lower fertilizer and manure application rates, by
which fertilizer and manure usage would be minimized,
and the producers might have the chance to sell their prod-
ucts at higher price.

The results did not show a remarkable change in the current
situation of fruit and vegetable production, of which the
farmers meet only their own needs and do not expect a serious
economic income. The main reason for this situation could be
relatively high cost of the initial investment for vegetables and
fruits compared to grain products, more labor force, lack of
market warranty, and unsuitable soil structure. The decision
makers could change this situation by developing agricultural
policies. There are, in fact, a number of different ways to
protect precious water resources and to increase economic
returns, such as opening ways for small businesses to grow
by combining parcels of land, supporting lower fertilizer and
manure application rates, promoting greenhouse applications,
which climate change impact can be reduced, training farmers
on suitable alternative product selection according to soil
structure and climatic conditions, and lastly providing neces-
sary support in this regard.

Another result obtained was to increase the area of livestock
activities within the rural residential areas. To achieve this, the
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Fig. 5 Results of game theory approach

Table 10 Results of fuzzy programming

E1 kg TP year−1 E2 million USD year−1 X1 (ha) X2 (ha) X3 (ha) X4 (ha) X5 (ha) X6 (ha) X7 (ha) X8 (ha) X9 (ha) X10 (ha)

0.91 7,210.70 332.47 656.62 2,150.00 1,947.50 0 4,395.95 0 405.04 0 321.48 203.40
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owners of these small enterprises, where animal farming is a
small-scale traditional business to meet the family’s cost and
expenditures, should be guided and promoted to shift to larger
scale animal farming. Additionally, the decision makers should
set and implement appropriate policies on some issues related
to animal farming such as merging small-scale businesses, sup-
plying credit facilities to meet the initial investment costs, and
providing necessary technical and educational support on safe
storage and usage of manure as a fertilizer without adversely
affecting water resources. In addition to these activities, neces-
sary initiatives should be instituted between the farmers and the
industries which will take place in the FSOIZ. Thus, while
farmers would found a market for their products, raw material
needs for the factories would be met.

One of the other results of the model runs was to increase
woodlands slightly compared to the current situation. Affor-
estation should be carried out on the riverside of the creeks
and streams in the basin and in the expropriated areas within
the strict preservation zone of the dam as well as on the lands
which are not cultivated for various reasons. These afforested
areas should be open for public use including camping areas,
walking courses, hiking trails, and recreational areas, so that at
least partial economic returns can be achieved.

Decisions such as to build a dam on a stream or to convert a
region to an industrial zone are usually taken by the decision
makers without consulting the people living in the region,
most of the time. Therefore, the authors believe that it is quite
important to determine the point where these two main eco-
nomic variables would bring the economy of the region to and
to see the approach of the environmental variables. In case the
wastewater treatment plant is operated continuously, and nec-
essary measures are taken for point and non-point loads, the
FSOIZ can be accepted by the system due to high income
expectations.

The authors believe that the results obtained in this study
will help decision makers to identify possible problems of the
watershed and will give an idea about the solutions of these
problems. Both programming approaches were applied suc-
cessfully for the first time in watershed management in Tur-
key, and it can be said that more applications can be executed
in the other watersheds.
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