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Abstract

Phosphorus loads from non-point source (NPS)
pollution significantly degrade the water quality of a
reservoir. Adequate control of NPS pollution is
therefore necessary to improve the water quality and
avoid the progression of eutrophication. In our
previous analysis of NPS pollution management
strategies for Posan Reservoir, the control strategy
entailing sub-watershed (SW) as a management unit
was observed to be the most effective among three
aternatives analyzed. However, the area of human
agricultural activity occupies only a small portion of a
SW zone, and the remainder is primarily natural forest
or grassland that is relatively easy to manage. The
control strategy administered based on the land
management unit (LMU), which views adjacent crop
areas as a LMU, is therefore explored herein. This
study compares the NPS management performance of
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SW and LMU control strategies. The AGNPS model
is employed to simulate NPS pollutant loading.
Multiobjective models are established for both
strategies to evaluate their effectiveness in terms of
water quality, cost and equity.  Modeling results
indicate that the LMU strategy performs as efficiently
as the SW strategy. Adopting LMU in place of SW
as a NPS control strategy is a viable decision for the
study area.

K eywor ds: non-point source pollution, zone
management strategy, environmental systems
analysis.

Reservoirs are vital water sources in Taiwan and
significantly influence the livelihood of the society and
national economy. However, reservoir water quality
is suffering adverse impacts from the non-point source
(NPS) pollutants discharged from  upstream
development and other human activities, accelerating
eutrophication and silting of the reservoir, affecting
normal water use and increasing the cost of water
treatment [1]. Agricultural activities, the major
origin of NPS pollution, result in a wide and complex
range of pollutants, including nutrients, soil erosion
and pesticides. As for total phosphorus loading,
agricultural activities account for over 70% of all
phosphorus pollution of waterbodies.  Adopting
proper cropping and management strategies for
agricultural activitiesin awatershed to reduce the NPS
pollutant loading on a reservoir is thus important in
controlling pollution.

For reservoirs in Taiwan with significant
eutrophication, phosphorus is often the major limiting
factor for algae growth [2].  Monitoring data revealed
a clear deterioration in water quality of the Posan
Reservoir due to agricultural and development
activities in its upstream watersheds. Proper
strategies to control NPS pollution should be explored
to remedy the eutrophic condition. Our previous
study [3] found the sub-watershed (SW) strategy the
most effective among the three phosphorus zone



control strategies that were investigated. However,
the cultivated area occupies only a small portion of a
SW, with the remainder dominated by relatively easily
managed natural forest or grassland. This study thus
explores a possible alternative based |and management
unit (LMU) [4][5] to replace the SW strategy. Each
LMU views a group of adjacent areas with similar
cropping practice as an independent management unit.
This study compares the management effectiveness
and performance of the SW and LMU strategies.

The management effectiveness and performance
of both strategies is primarily evaluated in terms of
cost, water, and equity [3]. However, these three
objectives are often contradictory. For example,
significantly improving water quality requires
increasing the cost for reducing NPS loads. Focusing
on reducing pollution loads from major sources is
generaly regarded as a cost-effective strategy, but it
may be difficult to implement if not all pollution
sources are fairly treated. These conflicts make it
difficult for analysts to reach a consensus decision.
Therefore, it is necessary to examine the trade-off
relationship among different objectives to facilitate
decision making.

This study compares the LMU and SW strategies
from the perspectives of cost, water quality and equity
to assess the viability of replacing SW with LMU.
The agricultura non-point source (AGNPS) [6][7]
model was employed to simulate the pollutant loading
from al SWs and LMUs and to derive their water
quality impact coefficients [3]. Multiobjective
programming models entailing three objectives of cot,
total phosphorus and equity were established for the
SW and LMU strategies, respectively. The results for
the trade-off relationship among objectives of the two
models were compared, and the suitability of replacing
SW with LMU strategy was also discussed.

Posan Reservair, situated in Hsinchu County, is
an off-stream reservoir with water mostly transported
from Shang-ping Creek. It is one of two major
public drinking water resources in Hsinchu area.
Phosphorus levels in the reservoir water are around
22-42ppb.  According to Carlson [8] standard, the
reservoir is in the eutrophy status stage and an
appropriate management strategy is required. Our
previous studies [3][9] of total phosphorus control
strategy and internal loading estimation analyses used
data for 1986-1988. Since land use in the watershed
has gradually changed after the earlier study, regional
data for 1991-1995 were thus re-collected for use in
the present work. Chutong Channel transports water
into the reservoir from Shangping Creek and supplies
irrigation water required in the Chutong watershed.
According to the modeling result reported by Kao et
a. [9], the areas for agricultural operations, although
occupying a relatively small portion at 12.5 % of the
entire watershed, contribute up to 70% of the total
phosphorus into the reservoir, with the remaining

phosphorus coming primarily from internal loading.
Proper management of agricultural activities is
therefore necessary to control NPS pollution. The
single storm event version of the AGNPS model [6][7]
was employed to simulate NPS loading distribution.
The study area was divided into a set of 120mx120m
grids. Various model parameters collected from
aerial photographs, regional data, model related
documents and manuals, and field investigation were
prepared for each grid. The modeling output
included runoff and water quality related parameters
for the watershed outlet and each grid, including
runoff volume, peak runoff rate, total nitrogen, total
phosphorus, and sediment. The model estimated the
phosphorus loading generated by each SW and LMU
and itsimpact on water quality.

The  descriptions below  first  define
sub-watershed and land management unit, then the
phosphorus fertilizer control model developed by Kao
and Tsai [3] for the SW strategy is presented. Lastly,
the multiobjective model established based on three
objectives of cost, water quality and equity for the
LMU strategy is described with relevant constraints.
Wand LMU

In the SW strategy proposed by Kao and Tsai
[3], al grids in the same sub-watershed drain into the
same outlet.  In the study area, Chutong Channel
watershed is divided into 12 SWs and Posan Reservoir
watershed is divided into 9 SWs, totaling 21 SWSs.
Land grids close to the Chutong Channel are grouped
as a speciad SW, SW 9 of the Chutong Channel
watershed.

The LMU used herein is similar to that defined
by Bouzaher et al. [4][5]. A LMU is defined as a
group of land grids with similar cropping practices in
the same sub-watershed.  Grids for forest, waterbody,
and other natual lands are not included because these
areas are not major sources of pollution and relatively
easy tomanage.  In the study area, Chutong Channel
watershed is divided into 26 LMUs and Posan
Reservoir watershed is divided into 15 LMUSs, totaling
41 LMUs.

Annua phosphorus fertilizer applications were
estimated for each crop (LMU) in each SW.
Associated phosphorus |oading on the outlet from each
LMU in each SW was simulated by AGNPS.

Water Quality Impact Coefficients

The pollution impact of soluble phosphorus in
runoff is assumed linearly proportional to the
magnitude of fertilizer phosphorus applied. For each
SW and LMU, the extent of the impact from fertilizer
phosphorus reduction with respect to decreasing the
pollution loads for the water body can be expressed
with a coefficient. The coefficient multiplied by the
amount of the fertilizer phosphorus reduction of a SW
or LMU is the phosphorus load reduction on the water
body. The coefficient is determined by executing




AGNPS twice (or more) with varied amounts of
fertilizer phosphorus for each SW or LMU. Then,
the impact coefficient of a SW or LMU is determined
by dividing the soluble phosphorus change on the
outlet by the difference of two varied amounts of
fertilizer phosphorus. The impact coefficients are
used to establish multiobjective models for evaluating
both SW and LMU strategies.
Objectives: Water quality, cost and equity

Three objectives of water quality, cost, and
equity are simultaneously evaluated in this study.
The water quality objective is achieved by reducing
phosphorus fertilizer application. The reduction of
phosphorus loading required to attain certain water
quality level was obtained from Kao et a. [10]. Cost
is determined by total production loss for the amount
of phosphorus fertilizer reduction. Equity is another
issue to evaluate and is defined as the sum of the
deviation [11] of the fertilizer reduction rate of each
zone to the average reduction rate. The farther the
difference between the reduction rate and the average
rate, the worse the equity, and vice versa.
Multiobjective Model: SW

The SW multiobjective model applied herein is
identical to that established by Kao and Tsai [3]. The
SW model isformulated as follows.
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all variables are non-negatvie.

where / denotes the SW index number, / is the tota
number of SWs (12 for Chutong Channel watershed
and 9 for Posan Reservoir watershed); j is the crop
number, Jis the total number of crops (4 in Chutong
Channel watershed and 3 for Posan Reservoir
watershed); W/ is production loss incurred to crop j
from reducing unit phosphorus fertilizer application;
P, is the annua norma phosphorus fertilizer
application of crop jin SW /; x; the rate of phosphorus
fertilizer reduction required for SW J, the variable to
be solved in this model; /P; is the water quality impact
coefficient for unit reduction of phosphorus fertilizer
application for crop j in SW /, determined using the
AGNPS model by Kao and Tsai [3]; XaeiSthe average
reduction rate of phosphorus fertilizer application; u;
and v, are respectively the negative and positive
deviations of x; to X, and N is the number of SWs, N
isequal to 21.

Multiobjective Model: LMU

The multiobjective model for the LMU strategy
is similar to the model discussed above for the SW
strategy, except that the management unit is changed
from SW to LMU. The LMU model isformulated as
follows.

L J

Ming & (W)(R)(x) (Cos)
=1 j=1
L

Maxd (/R)(P)(x)  (Load Reduction)
/=1
L

Mind (u, +v) (Equity)
/=1

Subject to
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L
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a (x) = Lx,

=1

XU+ V=Xee "

all variables are non-negatvie.
where / denotes the LMU index number, L is the total
number of LMUs (26 for the Chutong Channel
watershed and 15 for the Posan Reservoir watershed);
and all other variables are defined same as those for
the SW model.

The SW and LMU multiobjective models are
solved by CPLEX [12] with the Constraint Method
described by Cohon [13]. The results reveal that the
higher the requirement for water quality (lower
phosphorus concentration), the higher the cost.
Comparing the results for the both SW and LMU
models, the LMU strategy achieved the same water
quality level as the SW model at a lower cost. For
results with the equity (E) objective, both solutions are
the same because they are required to remove the same
percentage of pollution load in each SW or LMU.

When the cot is limited below $5,000,000, the
equity level of both drategies is about equal.
However, The LMU strategy with optimal phosphorus
level asthe objective (LMUJ[P]) achieves worse equity
than the SW strategy (SW[P]) when the cost limit
exceeds $5,000,000. Notably though, the water
quality target achieved with the same cost limit differs
between the SW and LMU strategies. The LMU
strategy achieves a better water quality level for the
same cost limit.

With the same cost limit, higher equity (a smaller
equity level) is achieved at the expense of a lower
water quality target. According to the results, under
the same cost limit, the LMU strategy can achieve
better water quality target, and a similar result is also
obtained when the limitation is on the same equity
level instead.

Controlling NPS pollution generated from the
upstream watershed is essential to reducing the water



quality impact on the receiving reservoir waterbodies.
Pollution control is particularly important if the
reservoir is designated for public drinking water
supply. Given the complexity of NPS pollution
management, the environmental protection authority
must assess conflicting objectives and come up with a
suitable and viable management strategy. In one of
our previous studies, using sub-watershed as a

management unit was found to be a desirable approach.

However, human agricultural activities occupy only a
small portion of the sub-watershed area and the
remaining natural areais easy to manage. This study
therefore explores the applicability of replacing the
SW strategy with the LMU strategy. Multiobjective
models based on three major objectives of cost, water
quality, and equity were established to assess the
effectiveness of both strategies. The LMU strategy
generates more management units than the SW
strategy, but the actual management area is smaller.
Multiobjective analysis for Posan Reservoir reveas
that LMU achieves better water quality targets than
SW for the same cost or equity constraints. Using
LMU in place of SW as a management unit is
desirable, at least for the study area. Future studies
will focus on improving the multiobjective model by
considering both phosphorus and sediment loads.
Different Best Management Practices applicable for
the study areawill be also evaluated.
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