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ABSTRACT: This paper describes a concerted effort by the Taiwan
Water Resources Bureau, the City of Taipei, and the Bureau of Fei-
tsui Reservoir Management to protect the water quality in the Fei-
tsui Reservoir.The reservoir is the major source of water supply for
over two million people in the metropolitan area of Taipei. Over the
years the reservoir has suffered from siltation and more recently
eutrophication. The sources of the pollution are traced to the hun-
dreds of tea gardens, rice fields and other agricultural areas in the
watershed and to urban sources such as construction sites. Large
amounts of nutrients enter the reservoir by way of storm water
runoff during storm or typhoon events. Since 1999, various agen-
cies have worked to initiate an effort to reduce nonpoint pollution
in the Fei-Tsui Reservoir watershed. Practices being considered
include nonstructural measures such as nutrient management, and
structural measures such as swales, detention basins, and wet-
lands, in addition to erosion and sediment control methods. A num-
ber of field tests have been completed on the performance of
selected best management practices (BMPs). A strategy for imple-
menting the BMPs at the watershed scale has been developed
based on a total maximum daily load (TMDL) analysis that is
reported in this paper.

(KEY TERMS: watershed management; agriculture runoff; best
management practices.)
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INTRODUCTION

Taiwan is an island nation with a land area of
36,002 km?2 and a 2000 population of almost 23 mil-
lion. The topography is characterized by mountainous
regions, with many peaks over 3,000 m covering two-
thirds of the island. The annual precipitation aver-
ages more than 2,500 mm (about 98 inches) but has a

very uneven monthly distribution pattern. Because of
the steep terrain and short river length, on average
almost 80 percent of the runoff is lost to the sea.
Therefore, reservoirs are necessarily the major
sources of water supply. There are currently more
than 60 major and minor reservoirs in Taiwan. Fei-
tsui Reservoir is a very important one among them.

Fei-tsui Reservoir is located in northern Taiwan on
Pei-Shi Creek, which is a tributary to the largest river
in northern Taiwan, the Tamsui River (see Figure 1).
Fei-tsui (emerald in Chinese) Reservoir has a water-
shed area of 303 km?2 and a total storage volume of
406 million m3 at its normal maximum water level.
Land uses in the watershed are mainly forest (84 per-
cent), agricultural (8.2 percent), and other (villages
and towns, campsites, highways, etec.) (7.7 percent).
Fei-tsui supplies drinking water to more than 2 mil-
lion people in the metropolitan area of the capital city
Taipei. Historically, water quality of the reservoir has
been good; however, in recent years, urban growth
and agricultural activities such as tea and rice farm-
ing have affected the reservoir. The Carlson's Trophic
State Index (TSI) has been hovering between 40 and
50, which indicates a near eutrophic state, for the
past ten years, with one reading of 54 (eutrophic
state) in late 1987. Excessive nutrients have been
cited as the reason for increasing occurrences of algae
blooms at a few locations within the reservoir. Other
water quality problems or concerns include sediment
loading from construction sites and landslides caused
by earthquakes and typhoons and occasional fish kills
from chemical spills, etc.

In 1999, the Bureau of Fei-tsui Reservoir Manage-
ment (BFRM) commissioned the National Taipei
University of Technology to implement a total

1Paper No. 01152 of the Journal of the American Water Resources Association. Discussions are open until October 1, 2003.
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Figure 1. Fei-tsui Reservoir Watershed and Study Area.

maximum daily load (TMDL) study for the Fei-tsui
Reservoir watershed. The objectives of the study were
to: (1) quantify the various sources of pollution to the
reservoir, specifically phosphorus in this case; (2) to
determine the scenarios for allocating point and non-
point source (NPS) loads; and (3) to recommend a
strategy for controlling nonpoint pollution, especially
those from agricultural sources. The results of the
study (Lin et al., 2000) are reported in the present

paper.

SOURCES OF FEI-TSUI
WATERSHED POLLUTION

Although the Fei-tsui watershed is mostly forested
(84 percent), there are many tea gardens and some
rice fields, many of which are on the waterfront of the
reservoir. Figure 2 shows an example of such a tea
garden. There are also many tea gardens located on
the banks of tributaries that feed into the reservoir or
on upland areas with slopes that can exceed 50 per-
cent. Runoff from these gardens can enter into the
reservoir in a very short period of time. Because of the
subtropical climate, tea farmers in Taiwan make mul-
tiple harvests in a year, and fertilizers and pesticides
are applied on average five to six times in a year. The
amount of fertilizers and pesticides carried by storm
water runoff into the Fei-tsui Reservoir could be quite
significant.
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Highway and other types of construction are anoth-
er major source of pollution, especially in terms of
sediment. Erosion control measures at most construc-
tion sites are not very well implemented because of
the lack of clearly defined storm water management
regulations as well as weak enforcement efforts of
existing erosion control laws. Previous studies
(Hwang et al., 2001; Yu et al., 1996) have indicated
that the major sources of pollution entering the Fei-
tsui Reservoir are: (1) nonpoint sources (NPS), includ-
ing agricultural, construction sites, highways, etc.;
and (2) point sources, including wastewater from
small towns and camp sites.

The NPSs listed above were identified through syn-
thesizing results from a number of previous small
scale field monitoring efforts conducted by the BFRM
and by several researchers. These documents are
summarized in Lin et al. (2000)

INTEGRATED WATERSHED
POLLUTION CONTROL

The Taiwan Environmental Protection Administra-
tion (TEPA) has been promoting an integrated point
and nonpoint source pollution control strategy that is
similar to the TMDL approach in the United States.
A subbasin of the Fei-tsui Reservoir watershed, the
Di-yu watershed (see Figure 1), was chosen as the
first one in Taiwan to demonstrate the strategy.
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Figure 2. Tea Gardens at Reservoir Edge.

The TMDL Process (USEPA, 1991)

The TMDL of a water body is defined as the total
allowable loading of a pollutant from all sources,
point and nonpoint, entering the water body so that
the water quality standards are not violated. For a
water body, the TMDL can be expressed as:

TMDL = L.C = WLA + LA + MOS

In the above equation, TMDL = total maximum
daily load; LC = loading capacity of the water body;
WLA = portion of the TMDL allocated to point
sources; LA = portion of the TMDL allocated to NPSs;
and MOS = margin of safety or uncertainty factor.

The necessary components of a TMDL process
should include the following:

¢ Selection of the pollutant or pollutants to consid-
er.

¢ Estimation of the waterbody assimilative capaci-
ty.

e Estimation of the pollution from all sources,
including background.

¢ Simulation of the fate and transfer of pollutants
in the waterbody and the determination of total
allowable load under critical or design condi-
tions.

¢ Allocation of the allowable load among all
sources in a manner that water quality stan-
dards are achieved

JOURNAL OF THE AMERICAN WATER RESOURCES ASSOCIATION

¢ Consideration of seasonal variations and uncer-
tainties

¢ Inclusion of public and stakeholder participa-
tion.

In a report to the U.S. Environmental Protection
Agency (USEPA), the National Advisory Council for
Environmental Policy and Technology (NACEPT)
stressed that the implementation of TMDLs is the key
to the success of protecting the nation's water bodies
(NACEPT, 1998). The NACEPT report also pointed
out that in a TMDL analysis, communication with the
public is crucial and that the involvement of all
“stakeholders” in the TMDL development is required
for the program to succeed.

Case Study: The Di-yu Watershed

Watershed Description. Di-yu Creek is a tribu-
tary to Pai-Shi Creek, which is the main tributary to
the Fei-tsui Reservoir (Figure 1). The Di-yu water-
shed has a drainage area of 78 km2, about one-fourth
of the total area that drains into the Fei-tsui Reser-
voir. The land use pattern is 84 percent forest, 10 per-
cent tea gardens, 3 percent rice fields, less than
2 percent pasture land, 1 percent structures (such as
farm houses), and the rest is water surfaces, roads,
etc. Figure 3 is a GIS based land use map of the Di-yu
watershed. The locations of the rain gage, flow gag-
ing, and the seven water quality stations are also
shown in Figure 3.

JAWRA
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Figure 3. Land use in the Di-yu Watershed and Watershed Monitoring Stations.

Hydrology and Water Quality Monitoring.
Daily hydrologic data are collected by a rain gage and
a stream flow gaging station in the Di-yu watershed.
Annual average rainfall for this area is about 3,300
mm and runoff about 1,000 mm. There are seven
water quality monitoring stations on Di-yu Creek as
shown in Figure 3. The BFRM has collected monthly
grab sample water quality data manually since 1995,
usually on the same day of the month. Water quality
parameters measured include specific conductance,
dissolved oxygen, nitrogen and phosphorus, pH, tem-
perature, and turbidity. The data are presented each
year in the BFRM’s annual report (BFRM, 1995-
1999).

Current Water Quality Conditions. Water qual-
ity monitoring for Di-yu Creek began in January
1995. A review of the water quality data showed that
significant natural or manmade events such as
typhoons and major road construction contributed to
spikes in the water quality parameters. Figures 4 and
5 illustrate the variation in reactive phosphorus and
turbidity, respectively, during the period 1995 to 1999.
It can be seen from these figures that certain sharp
rises of water quality parameters occurred at times
following typhoons or construction activities. Howev-
er, there are also other times at which elevated levels
of phosphorus and turbidity were observed, indicating
potential contribution from point sources such as the
town of Pinling. Similar trends were found with the
other water quality parameters.

JAWRA

In Figures 4 and 5, it can also been seen that the
peak values of an observed water quality parameter
do not necessarily coincide exactly with the occur-
rences of typhoons. One possible reason for this is the
timing of sampling. The BFRM takes samples once
every month manually and sampling is usually not
done during typhoons due to safety concerns. There-
fore the peak readings may have passed the sampling
locations by the time samples are taken. The other
reason might be the attenuation effect due to the
transport of pollutants in the watershed. One thing,
however, is certain — the BFRM has for years
observed huge rises in turbidity levels (tenfold to a
hundred-fold) in the reservoir following typhoon
events.

Modeling Analysis for the TMDL Study

The first step of a TMDL analysis is to select the
key pollutant that contributes to the impairment of
the waterbody in question. In this case the pollutant
is phosphorus, since it is the limiting nutrient for the
eutrophication problem of the Fei-tsui Reservoir, as
reported by Lin et al. (2000). The next step is to select
an appropriate analytical tool for pollutant load gen-
eration and comparison of allocation scenarios. The
model used in the present study is BASINS, or “Bet-
ter Assessment Science Integrating Point and Non-
point Sources” (USEPA, 1996). The BASINS model is

JOURNAL OF THE AMERICAN WATER RESOURCES ASSOCIATION
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Figure 5. Turbidity Variations at Di-yu Creek Outlet.

an integrated GIS, data analysis, and modeling sys-
tem designed to support watershed based analysis
and TMDL development.

In the Di-yu Creek TMDL analysis, the nonpoint
source model (NPSM) within BASINS was used for

JOURNAL OF THE AMERICAN WATER RESOURCES ASSOCIATION

watershed nonpoint phosphorus loading computa-
tions. NPSM estimates NPS loads at the watershed
scale based on various land uses. Continuous simula-
tions are used by the model to create a time series of
water quality variations.

JAWRA
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Hydrologic Calibration. Stream flow data for Di-
yu Creek are available at the gaging station near the
confluence with Pei-Shi Creek (Figure 1). The March
1999 flow data were selected at random for calibrat-
ing BASINS hydrologic parameters. It was felt that
the 30 plus points would provide a statistically signifi-
cant data set for the calibration. Ranges of parameter
values as recommended in BASINS Technical Notes
(USEPA, 1999) were checked before final selection
was made of the parameters for Di-yu Creek. Figure 6
shows the flow calibration. The hydrologic parameters
were later successfully verified by using the flow data
for April 1999. The RMS (root-mean-square) error for
the fit was found to be quite small (about 0.2). The
correlation, measured by the R-square value, was cal-
culated as 0.85, indicating a fairly good fit. The cali-
brated hydrologic model was then used to generate
continuous flow data for the remaining months of
1999. The results are shown in Figure 7.

Water Quality Calibration. The water quality
model calibration and verification were done by using
the PQUAL and GQUAL subroutines in BASINS.

Data on total phosphorus collected near the mouth of
Di-yu Creek for January through June 1999 were
used in the calibration. The results show a reasonable
fit between the observed and simulated values, with
an RMS error of 13.3. The verification was performed
by using the data for July through December 1999
and the results were poor, with an RMS of 26.5. The
water quality model calibration and verification was
hindered by the fact that too few observations were
available. Although the model is capable of generat-
ing daily values, actual field data were only available
on a monthly basis. A more rigorous statistical analy-
sis of the goodness of fit could not be done at this time
due to the scarcity of field observations. The lack of
storm water runoff quality data in Taiwan in general,
and in the Fei-tsui watershed in particular, prevented
a more detailed phosphorus generation and transport
analysis using the more comprehensive Hydrologic
Simulation Program-Fortran (HSPF) model. Figure 8
depicts results of the verification run for total phos-
phorus using water quality data collected during July
through December of 1999.
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Figure 6. Di-yu Creek Flow Model Calibration (March 1999 data).
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Figure 7. Di-yu Creek Flow Model Verification (1999 data).

TMDL Analysis for Di-yu Creek Watershed.
Using the calibrated BASINS model, the total phos-
phorus loading generated from the Di-yu Creek
watershed for an average year was estimated as 4,034
kg, of which only 12 percent are from point sources
such as camp sites, etc. Compared to a preliminary
estimate made by the Taiwan Environmental Protec-
tion Administration (TEPA, 1999), the 4,034 kg/yr
loading represents roughly 25 percent of the total
phosphorus loading entering the Fei-tsui Reservoir
from its entire watershed.

To devise a pollutant load reduction strategy, it was
decided as an initial approach to employ a “uniform
reduction” scheme (i.e., all subwatersheds of the Fei-
tsui Reservoir would be given the same percentage
reduction requirement). This is similar to the 40 per-
cent nonpoint phosphorus load reduction requirement
set forth for the Chesapeake Bay Watershed in the
United States. The maximum phosphorus load per-
mitted to enter the Fei-tsui Reservoir, obtained from a
study by Kuo and Yang (2000), is described below.

Using a completely mixed water body modeling
analysis (CE-QUAL-W2), Kuo and Yang (1999)
estimated the tributary phosphorus load reduction
required to lower the phosphorus concentration in the

JOURNAL OF THE AMERICAN WATER RESOURCES ASSOCIATION

Fei-tsui Reservoir (Figure 9). The study concluded
that to keep the TSI below 50, the total phosphorus
concentration should be kept below 10 parts per bil-
lion (ppb), which corresponds to the load reduction
requirement of 50 percent.

Load Allocation Scenarios. Based on the 50 per-
cent load reduction requirement, a TMDL of 2,017 kg
P/yr was assigned for the Di-yu Creek watershed.
Assuming an MOS) term of 100 kg/yr (about 5 percent
of the TMDL), the permitted total phosphorus load
was determined as 1,917 kg/yr from the Di-yu Creek
watershed. The following allocation recommendations
were used to create seven different scenarios: (1)
point source reduction is either 50 or 100 percent; and
(2) nonpoint source reduction from three subwater-
sheds of Di-yu Creek watershed ranged from 0 to 70
percent.

The BASINS model was used to compute total
phosphorus loads under each of the seven allocation
scenarios. The results are presented in Table 1, where
it can be seen that except for Scenarios A and B, all
other allocation scenarios meet the 1,917 kg/yr maxi-
mum load requirement.

JAWRA
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collect additional wet weather data, test selected
BMPs in the field, and prepare guidebooks for BMP
implementation. Other than TEPA, the Water
Resources Bureau, under the Ministry of Economic
Affairs, has also sponsored a number of studies on

Under the TEPA project, the following BMPs have

Silt Fence (Wen et al., 1997). Reported sediment

300
250
~ 200
)
=]
E 150 |— “ - L
100 n
B ARA /\Af ﬂmhl\
VNN YT
0 . ‘ ‘
1 8/1 9/1 10/1 11/1 12/1
Date
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Figure 9. Relationship Between Tributary Load Reduction
and Fei-tsui Reservoir TP Level (Source: Kuo et al., 1999).

Best Management Practice (BMP) Tested in Taiwan

A report by Yu et al. (1993) to the National Science
Council promoted the implementation of best man-
agement practices (BMPs) for controlling NPS pollu-
tion. Beginning in 1994, the TEPA initiated a
five-year comprehensive study on NPS pollution and
its control. The main objectives of the project were to

JAWRA
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removal efficiency ranging from 50 to 90 percent
through field tests in Southern Taiwan.

Vegetative Buffer Strips (VBS) (Fan, 1998).
Reported results from testing vegetative buffer strips
at an agriculture experiment farm near Taipei. VBS's
with length ranging from 4 m to 16 m and slope from
5 to 20 percent were tested. Preliminary results
showed maximum removal rates of 81 percent for
total suspended solids (TSS), 72 percent for chemical
oxygen demand (COD), 66 percent for total phospho-
rus (TP), 58 percent for ammonia nitrogen, and 34
percent for nitrate nitrogen.

Swales (Kuo et al., 1997). Reported testing results
of a swale 30 m long with a 1 percent slope. A check
dam was installed at the midpoint of the swale for

JOURNAL OF THE AMERICAN WATER RESOURCES ASSOCIATION
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TABLEL. Scenario Assessment for Point and Nonpoint Source Reduction of TP.

Loading
Rate of PS Rate of NPS Simulation Assimilative
Reduction Reduction (percent)* Loading Capacity MOS** TMDL***
Scenario (percent) I II 111 (kglyr) (kglyr) (kylyr) (kglyr)

A 50 0 50 50 2,230 1,917 100 2,017
B 50 50 50 50 2,099 1,917 100 2,017
C 50 60 60 60 1,652 1,917 100 2,017
D 50 50 50 60 1,866 1,917 100 2,017
E 50 70 50 55 1,884 1,917 100 2,017
F 50 70 55 50 1,917 1,917 100 2,017
G 100 70 55 50 1,902 1,917 100 2,017

*Rate of NPS reduction (percent) in Subwatershed I, II, and III, respectively.

**Margin of Safety.
***Total Maximum Daily Load.

part of the experiments. Water mixed with prescribed
pollutant concentrations was fed to the swale from
two storage tanks. Results show a 70 to 86 percent
removal for TSS, 46 to 63 percent for COD, 14 to 24
percent for total nitrogen (TN), and 34 to 77 percent
for TP.

Porous Pavement (Hwang, 1997). Has been con-
ducting a field test of porous pavement at a parking
lot in Kaoshiung County, Taiwan. The design followed
those reported in the Japanese and U.S. literature.
Structural testing has shown that the pavement could
sustain loads from large buses. Water quality tests
are currently being conducted.

Detention Pond (Kuo et al., 1997). Performed
field tests of a small, wet detention pond (about 15 m
by 5 m by 1.5 m in size) in the Fei-tsui Reservoir
watershed near Taipei. Results obtained for four
storm events showed average removal rates of 60 per-
cent for TSS, 45 percent for COD, 28 percent for TP,
and negligible removal for TN.

Integrated BMP System (Wen and Yu, 1997).
Described results of monitoring an innovative BMP
system for a recreational farm in southern Taiwan.
The system consists of a number of BMPs placed in a
series. The BMPs include a grassed strip, a swale,
wetland vegetation, two check dams, a shallow lotus
pond, and two wet detention basins (see Figure 10).
Results show that the system is capable of reducing
flood peaks by 50 to 75 percent. As for pollutant
removal, the system achieved the following removal
rates: TSS, -14 to 99 percent; COD, -90 to 88 percent;
biochemical oxygen demand, 72 to 85 percent; Total
Kjeldahl Nitrogen, 23 to 72 percent, and TP, 20 to 80
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percent. Although the system was originally not
designed for water quality purposes, the results show
that BMPs placed in a series could provide good pollu-
tant removal efficiency.

Guidebooks for Construction and Recreation-
al Activities (Wen and Yu, 1999). In 1999, Wen and
Yu developed the first draft of the BMP Guidebooks
for construction and recreational activities. During
the spring of 2000, TEPA was considering the promul-
gation of the first phase of nonpoint pollution regula-
tions which would target selected industrial and
construction activities. Wen and Yu offered several
workshops for representatives from the targeted
activities to explain the requirements under the pro-
posed regulations.

BMP Implementation Strategy for Fei-tsui Reservoir
Watershed

Currently, there is no regulation under the Tai-
wanese Clean Water Act specifically addressing the
NPS pollution problem. There are, however, various
regulations dealing with NPS pollution. For example,
under the Environmental Impact Statement Regula-
tion, NPS pollution can be covered if it can be deter-
mined to cause significant impact to the environment
from major construction or development projects.
There are also erosion and sediment control regula-
tions under the Soil and Water Conservation Act, and
many regulations addressing development within
“sensitive” areas (e.g., water source protection zones).
Many experts believe, however, that the NPS control
program will be more effective if the Clean Water Act
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Figure 10. BMP in Series on a Taiwan Farm.

can be amended to include NPS pollution. This is a
complicated process because controlling NPS pollu-
tion will affect all sectors of society and will need
blessing from the general public. The legislature is
unlikely to amend the Clean Water Act without
strong public support. The notion that protecting the
environment will “hurt” the economy still remains a
myth that needs to be clarified.

To ensure an effective control of NPS in the Fei-tsui
Reservoir watershed, a three-prong approach is pro-
posed and described as follows.

1. Continue and expand collection of basic data,
especially in terms of NPS pollution characteristics
and loading. Data on BMP efficiencies are also need-
ed. Data based on monitoring of BMPs used in other
countries may not be applicable in Taiwan, due to the
humid, sub-tropical climate and very steep terrain.

2. Initiate immediately BMP demonstration pro-
jects, which should target the most important sources
such as tea gardens and highway construction sites.

3. Establish the necessary regulatory framework
and institutional/organizational structures needed for
the full scale watershed implementation of BMPs. An
aggressive public education campaign is also needed
so that the general public, especially the farmers in
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the watershed, understands the importance of imple-
menting the various control measures.

To exemplify potential BMP demonstration pro-
jects, the following two cases have been recommended
to the BFRM (Lin et al., 2000).

1. For tea gardens that are on the “water front,” as
illustrated in Figure 2, it is proposed to install an
“interception trench,” which will carry runoff from the
tea garden to a swale or detention basin for treat-
ment. Since a minimum amount of land is involved,
there should be a better chance of the BFRM reaching
agreement with the farmers for the installation. The
swale or detention pond can be built at nearby, flatter
locations on public land.

2. For tea gardens situated on the hills, vegetative
filter strips could be constructed at downstream,
milder slope locations, as shown in Figure 11. Other
BMPs, such as detention ponds or constructed wet-
lands, could also be considered when the situation is
favorable for them.
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River

Filter Strip

Figure 11. Filter Strip Installation at Tea Gardens
(Source: Fan, 1998).

CONCLUSIONS

The Fei-tsui Reservoir is one of the most important
drinking water sources in Taiwan. The present study
investigated the pollution sources of the reservoir and
determined that the water quality in the reservoir is
impacted significantly by NPS pollution such as
runoff from tea gardens and highway construction
sites. A TMDL analysis using the BASINS model was
performed for a subwatershed to provide an example
of the allocation strategy between point and NPS pol-
lution loads. A number of phosphorus control alloca-
tion strategies were developed that would achieve
water quality goals. Using the Carlson’s TSI as a ref-
erence, the paper generated phosphorus load reduc-
tion plans so that, when implemented, the TSI in the
Fei-tsui Reservoir will be kept below the threshold
value of 50. These plans call for the reduction of phos-
phorus loads of 50 to 100 percent for point sources,
and 50 to 70 percent for NPSs. The final selection of a
plan for implementation should be made based on
cost, engineering, and political/social considerations.

It is imperative that the authorities initiate a com-
prehensive control strategy that includes BMP imple-
mentation, public education, etc., for protecting the
reservoir and ensuring sustainable use of the valu-
able water resource for the millions of people living in
the Taipei Metropolitan Area on Taiwan.
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