* water

Article

Estimation of Pollution Export Coefficients of Tea Farms and Its
Application in Watershed Management

Chia-Chun Ho !, Yu-Qian Su !, Chi-Feng Chen 2*7, Yi-Xuan Lin ! and Hsiu-Feng Liu 3

check for
updates

Citation: Ho, C.-C.; Su, Y.-Q.; Chen,
C.-F; Lin, Y.-X,; Liu, H.-F. Estimation
of Pollution Export Coefficients of Tea
Farms and Its Application in
Watershed Management. Water 2024,
16,1603. https://doi.org/10.3390/
w16111603

Academic Editor: José Alberto

Herrera-Melidn

Received: 11 April 2024
Revised: 22 May 2024
Accepted: 1 June 2024
Published: 4 June 2024

Copyright: © 2024 by the authors.

Licensee MDPI, Basel, Switzerland.
This article is an open access article
distributed under the terms and
conditions of the Creative Commons
Attribution (CC BY) license (https://
creativecommons.org/licenses /by /
4.0/).

Department of Civil and Construction Engineering, National Taiwan University of Science and Technology,
Taipei 106335, Taiwan; cchocv@mail.ntust.edu.tw (C.-C.H.); 1995suyugian@gmail.com (Y.-Q.S.);
smile917006@gmail.com (Y.-X.L.)

Department of Civil Engineering, National Taipei University of Technology, Taipei 106344, Taiwan

Taipei Water Management Office, Water Resources Agency, New Taipei City 106242, Taiwan;
feng540903@gmail.com

*  Correspondence: cfchen@ntut.edu.tw

Abstract: Tea is an important economic crop worldwide, especially in Asian countries. However,
tea cultivation requires substantial fertilizer use and may become a nutrient pollution source and
affect water quality. This study presented two objectives: one was to estimate the pollution export
coefficients of tea farms, and the other was to assess the performance of bioretention cells in terms
of tea farm pollution control. This study employed a tea farm pollutant transport model (TPTM)
and a watershed pollutant transport model (WPTM) to link watershed management goals and
the tea farm control strategy. Field data collected for Jingualiao Creek in the Feitsui Reservoir
watershed in Taipei, Taiwan, were analyzed. The resulting export coefficients for total phosphorus
(TP), NH3-N, suspended solids (SS), and chemical oxygen demand (COD) were 2.55, 4.22, 768.39, and
145.71 kg /ha-y, respectively. Bioretention cells, which are low-impact development (LID) facilities
and structural best management practices (BMPs), were installed and tested for their ability to
reduce nonpoint source pollution. The field investigation and modeling results showed that 1 m?
of bioretention cells could reduce TP, NH3-N, SS, and COD by 18.6, 20.9, 5545.5, and 881.4 g/y,
respectively. According to the WPTM results, 540 m? of bioretention cells could achieve an 85%
water quality attainment goal, and 715 m? could reach 90% water quality attainment. Four tea farms
covering 1.43 ha require 30.0 m? of bioretention cells to achieve an 85% goal and 33.5 m? to 90% goal.
The export coefficients of tea nonpoint pollution sources presented in this study can serve as a
valuable tool for estimating potential exported nutrients, and the field test results of bioretention cells
are helpful information for policymakers in formulating effective watershed management measures.

Keywords: export coefficients; bioretention cells; tea farms; water quality; nonpoint pollution control;
watershed management; Storm Water Management Model (SWMM)

1. Introduction

Population growth and economic development in or near rural areas have led to agri-
cultural activities becoming significant contributors to water pollution, which can hinder re-
gional economic development and challenge sustainable environmental management [1—4].
Although advancements in water pollution control strategies and technologies have re-
sulted in the successful control and management of point source pollution, nonpoint source
pollution remains a significant problem affecting our water environments [5,6]. Agricul-
tural nonpoint source pollution is typically a widespread, decentralized, and stochastic
phenomenon [7,8], and is thus challenging to address. Excessive application of fertilizers
to increase agricultural yields has led to the accumulation of pollutants such as ammonia
nitrogen, total phosphorus, and suspended solid particles on farmlands. When intense
rainfall or other extreme weather events occur, many such pollutants can be washed from
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the land surface into rivers, lakes, and other water bodies, thereby posing a major threat to
domestic water safety if not properly managed [9-12].

Tea (Camellia sinensis L.) is a valuable agricultural crop in Asia [13,14]. Taiwan, located
in East Asia on the northwest side of the Pacific, has a subtropical climate characterized
by high temperatures and abundant rainfall throughout the year. Demand for tea has
increased recently owing to its widely recognized health benefits. The increase in demand
has drawn attention to the environmental impact of pollution from tea farms [15,16]. Tea
cultivation requires the use of a substantial amount of fertilizer [17,18] to meet yield and
quality requirements. For example, the nitrogen fertilizer applied in a typical Japanese
tea farm is 1000-2500 kg N per hectare per year [19] and the average N fertilizer applied
in a Chinese tea farm is typically 533 kg N /ha-y, but could be up to 1200 kg N /ha-y [20].
Excessive fertilizer use, along with low plant utilization rates, can result in increased
residual pollution in the soil and runoff [19,20].

A quantitative analysis of agricultural nonpoint source pollutant loads is an essential
foundation for formulating rural watershed environmental management measures [21].
Because of the high variability of nonpoint source pollution, simulation modeling is widely
employed [21,22]. Numerical models simulate the physical processes of pollutant genera-
tion, transport, transformation, and export under various given climate, environmental,
and management scenarios. Commonly used models include the Storm Water Management
Model (SWMM), Soil & Water Assessment Tool, and Hydrological Simulation Program—
FORTRAN (HSPF) [23-25]. However, the effective application of these models in specific
local settings requires extensive local data for parameter calibration and validation. By
contrast, empirical models effectively simplify the complex processes of pollutant transport
and transformation and are thus extensively used [26,27]. A classic example is the export
coefficient model (ECM) developed by Johnes [28]. In this model, export coefficients repre-
sent the load of pollutants transmitted from a unit quantity of a pollution source. In the
ECM, the exportation of nonpoint source pollutants is determined by using data on land
use, pollutant types, atmospheric deposition, and rainfalls [28-30].

With the advantage of ease of use of ECM, many researchers have studied improving
the original ECM to be more suitable for local applications. For example, Endreny and
Wood [31] enhanced the ECM by incorporating the effects of runoff and vegetation into the
model. Wu et al. [22] considered the impact of soil erosion. Furthermore, Lian et al. [32]
combined the ECM with nitrogen transport models. Wang, Chen, and Shen [27] used export
coefficients to establish the relationships between ECM and factors such as rainfall, slope,
soil, and land use, thus yielding a dynamic ECM. Guo et al. [33] also adjusted the ECM
by considering factors such as hydrology, water quality, rainfall, atmospheric deposition,
livestock breeding, land use, and terrain. However, there has been no ECM specifically
established for tea farms. Tea is an important economic crop and tea gardens are usually
located in hills and upstream areas of rivers and reservoirs. In Taiwan, tea is extensively
cultivated, and some tea plantations are located in water conservation areas. Therefore,
assessing the effect of nonpoint source pollution from tea farms on watershed environments
is crucial, and the tea ECM would be a useful tool for quantifying its potential pollution.

The Feitsui Reservoir supplies high-quality drinking water to more than six million
people in Taipei City and New Taipei City. Pinglin is a city district in the Feitsui Reservoir
watershed. It is surrounded by mountains and often enveloped in mist, creating an
optimal environment for tea tree growth; thus, it is recognized as a “tea village”. More
than 80% of domestic sewage in the reservoir’s watershed is collected and treated in
wastewater treatment plants. Agricultural nonpoint source pollution, particularly from
tea farms, largely remains uncontrolled and is a critical concern in this watershed [12].
In order to reduce nonpoint source pollution, bioretention cells have been applied at tea
farms in the Feitsui Reservoir watershed [34-37]. Bioretention cells can capture surface
runoff, and pollutants in the runoff are then reduced through various processes such as
filtration, biological transformation, adsorption, and plant uptake, thus achieving water
purification [38-40]. Although the control measure was applied and it was proved to
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effectively reduce pollution from the test farms, how they would work collectively for
the entire watershed remains unknown. It is therefore very important to find out, for
example, how many bioretention cells would be needed for water quality improvement at
the watershed scale.

Therefore, the objective of this study was to establish the ECM as a useful quantitative
tool to assess the nonpoint source pollution from tea farms and to develop a tea farm
pollutant transport model (TPTM) and a watershed pollutant transport model (WPTM) to
integrate the different scaled data for comparing management strategies. A tea farm with
bioretention cells was studied to collect field data needed for validating the tea farm model.
Meanwhile, a watershed model was validated with data collected at existing monitoring
stations. By calculating the pollution export coefficients and evaluating the effectiveness
of bioretention cells, the present study could determine the appropriate number and size
of bioretention cells required for the effective management of both the watershed and tea
farms. Therefore, the results of this study can be used by policymakers as a reference for
decision-making when formulating non-point source pollution control in tea gardens or
affected watersheds.

2. Materials and Methods
2.1. Study Flow Chart

This study flow involved two stages: model development and pollutant load cal-
culation, as well as the comparison of pollution reduction strategies. The first stage is
to establish models and calculate pollutant loads. Two models were constructed using
SWMM: the TPTM and WPTM. The TPTM is a site-scale model used to assess pollutant
export coefficients based on field investigation data. The TPTM was enhanced by inte-
grating a bioretention cell module to determine the pollution reduction ability contributed
by a unit bioretention cell. The WTPM is the watershed scale model. It helps to decide
the management goals, such as the required water quality standard or the water quality
attainment rate. The second stage involved the application of pollutant reduction strategies.
The quantitative results obtained from the WPTM and TPTM were used in a watershed
case study and a tea farm case. Figure 1 illustrates a flowchart of the research process.

2.2. Case Study: Jingualiao Watershed

The watershed case study was conducted in the Jingualiao watershed, a sub-watershed
within the Feitsui Reservoir catchment. The Feitsui Reservoir is located in northern Taiwan
and serves as a primary drinking water source for approximately six million residents of
Taipei City and New Taipei City. The area of the Feitsui reservoir watershed is 303 km?,
and the reservoir has a total capacity of more than 400 million m®. The region experiences
an average annual rainfall of 3500 mm, and the majority of this rainfall occurs from May to
October, which is largely due to typhoons during the summer months.

Because this reservoir provides drinking water, under existing regulations the wa-
tershed is free of large industrial or commercial buildings, and most of the point source
pollution has been adequately managed. However, nonpoint source pollution from agri-
culture, particularly from tea farms, has emerged as a major potential pollution source.
The reservoir receives inflow from three main rivers: the Jingualiao River, Daiyujue River,
and Beishi River. The water quality of Jingualiao River is not as good as the other two and
is considered the critical area to be controlled. The total area of the Jingualiao watershed
is 2423.35 ha, with forests constituting 96.4%, tea farms (agricultural land) constituting
1.4%, built-up land constituting 0.5%, water bodies constituting 0.9%, and other types
constituting 0.8% of the area (Figure 2).
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Figure 1. Flowchart of the research process. The first phase involved model development and
pollution load determination, in which the pollution export coefficients and bioretention reduction
coefficients were obtained. The second phase involved determining the required area of bioretention
cells for the watershed and tea farms to achieve water quality goals.

The water quality of the Jingualiao River is shown in Figure 3. The water quality
and discharge of the rivers are monitored by the reservoir management agency (Taipei
Feitsui Reservoir Administration). There is a flow gauge downstream of the Jinguliao
River and the water quality was sampled and analyzed monthly. The data was accessed
from the public monitoring data. This river is the water supply river and is classified as
a Class A river. Most water quality is better than the standard requirement except for TP
concentrations. The concentrations of TP occasionally exceeded water quality standards
(20 ng/L), so the water quality attainment rates for TP were consistently below 80%. The
concentrations of NH3-N are lower than the Class A water body standard (100 ug/L), and
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SS were below 5 mg/L, which is lower than the standard (25 mg/L). Therefore, this study
targeted TP as the primary pollutant, and the management target is to increase the TP water
quality attainment rates to 85% and 90%.
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Figure 2. (a) Location of Feitsui Reservoir, (b) sub-watershed of Feitsui Reservoir, and (c) land use of

Jingualiao watershed, which was the case watershed in this study.

2.3. Case Study: Tea Farm

A case study was conducted on a tea farm in the Jingualiao segment (Figure 4). The
farm area was 0.766 ha, and it was divided into five drainage areas. The basic information
for each drainage area is presented in Table 1. There are two outlets of this tea farm, but
only one outlet was set up for bioretention cell and monitoring. Therefore, data from half
of this tea farm is used to establish the model. For the tea farm model, the tea farm area
was 0.476 ha, which corresponded to the drainage areas 1, 2, and 3. The tea farm area was
considered a closed system with no external water flowing into the sampling site.
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Figure 3. Concentration of pollutants in Jingualiao River. (a) TP, (b) NH3-N, and (c) SS.

Table 1. Basic information for each drainage area in the tea farm.

Drainage Area Area (ha) Average Slope (%)
1 0.244 10
2 0.116 6.3
3 0.116 5
4 0.128 9
5 0.162 9
Total 0.766 -
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g
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Figure 4. The studied tea farm (a) the surface flow direction and (b) the bioretention cell. Arrows

indicate the direction of water flow, and numbers represent the sub-drainage areas of this tea farm.

One bioretention cell, namely BR-JS7-019, located downstream of the tea farm (Figure 4b),
was used as the sampling site. It occupies an area of 4 m? and was installed in 2020. The
inlet of the cell has a water level sensor (Audix Corporation, Taipei, Taiwan), and the outlet
has a flow meter (FlowMaster Technology Co., Ltd., New Taipei City, Taiwan), enabling
recording of the actual flow entering the bioretention cell. The flow can be recorded by the
onsite sensor meters, but the water needs to be sampled manually on rainy days. To assess
the reduction in pollutants from the tea farm, the inlet water was sampled to represent the
tea farm runoff, and the outlet of the facility, which was set at the bottom of the cell, was
sampled to determine the pollution reduction performance of bioretention cells. According
to the weather forecast report, the field crew prepared the sampling stuff and waited for
the rain. If the rains are too small, there is no runoff. If the storm is too large, it is hard to
sample in the mountain area because of safety concerns. In this case, the total rainfall larger
than 25 mm would generate runoff. The sampling interval is every 30 min. The sampling
number depends on the duration of the rainfall event and the runoff volume; therefore, the
number of samples in each event is different, and it is usually 3 samples. After sampling,
each water sample was analyzed, and in this study, the average water quality was used.
The field crew successfully collected 9 events on this site and used them to validate the
SWMM model parameters. The water quality analysis followed the methods specified by
the Taiwan Environmental Protection Agency (Table 2), and the associated methods were
listed in Table 2. The background of tea farms, such as tea species, soil, fertilizers, and
operations, are similar in the studied area. The built bioretention cells followed the same
design, including the dimensions and materials, and only the area is different at different
sites. Therefore, the performance of this site could represent the general tea farms and
bioretention facilities.

Table 2. Water quality sampling parameters.

Pollutant Storage Method Testing Method Testing Equipment
L . Phosphorus detection method pH Meter (CLEAN Instruments
Add sulfuric acid to adjust the ~ in water—spectrophotometer NP
Total Phosphorus . . R Co., Ltd., Taipei, Taiwan), Heater,
water sample pH < 2, keep it in (National Environmental
(TP) ; o Spectrophotometer (HACH Co.,
the dark, and store it at 4 °C. Research Academy,
. Ltd, Ames, IA, USA)
Taoyuan, Taiwan)
Ammonia Nitrogen véijrssalrfr?nlz ac;{d:oZ alil é ZStitthii HACH NH3-N reagent Spectrophotometer
(NH;-N) ple pti =2 keep (HACH Co., Ltd.) (HACH Co., Ltd.)

the dark, and store it at 4 °C.
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Table 2. Cont.

Pollutant Storage Method Testing Method Testing Equipment

Glass Fiber Filter Paper (Pall
Corporation Co., Ltd., New York,

Method for Detecting

Suspended Solids in
Suspended Solid (SS) In the dark, store at 4 °C Water—Drying at 103-105 °C NY, USA), Vacuum Fl%Sk’ o
. . Vacuum Pump (Rocker Scientific
(National Environmental T
Co., Ltd., Taipei, Taiwan), Oven,
Research Academy) -
Balance, Desiccator
S . COD Heater
Chemical Oxygen vé:tgrssualrfxllmlz aCIiId:(; agi:sjtiih; HACH COD LR reagents (Rocker Scientific Co., Ltd.),
Demand (COD) the dark pam dpstore 1’ ¢ at fo C (HACH Co., Ltd.) Spectrophotometer
! ' (HACH Co., Ltd.)

2.4. ECM and SWMM
2.4.1. ECM for Nonpoint Source Pollution

The earlier versions of the pollution export coefficient models (ECM) were aimed
at simplifying the relationship between land-use classifications and watershed pollutant
export loads in order to estimate the total pollutant load in a watershed. The earlier versions
of the ECM were pioneered by Beaulac and Reckhow [41] and Dillon and Kirchner [42].
The equation of the classic ECM is expressed as follows:

L= EfAi(L)]+p 1)

where L represents the total pollutant load (kg/y), n represents different land-use categories
or types of pollutants, E; represents the export coefficient for the ith type of pollutant
(kg/ha-y), A; represents the area of the ith type of land use (ha), I; represents the input
amount for the ith type of pollutant (kg/y), and p presents the pollutant input from rainfall
(kg/y).

This study developed an enhanced ECM for the Feitsui Reservoir watershed by
combining the original ECM with the SWMM and considering the following factors: rainfall-
runoff, land use, soil infiltration, types of pollutants, pollutant accumulation, and rainfall
washout on the tea farm, as well as the effect of LID facilities on pollutant reduction on the
team farm. This study neglected pollutant input from rainfall (p). For the establishment
of the model, the parameters E;, A; and I; were incorporated into the SWMM, which was
calibrated using real watershed monitoring data and on-site tea farm sampling data.

24.2. SWMM

The SWMM is a dynamic simulation model used for modeling runoff transport phe-
nomena within a watershed during single or long-term hydrological events [43]. In this
study, the SWMM was employed for simulation. This model was selected primarily because
of its ability to simulate both hydrological processes and water quality pollutants within a
catchment area. Additionally, the SWMM includes a built-in LID module, which enables
the simulation of various LID types [43,44]. In this study, the bioretention cell module
was used.

For hydrological computations, the SWMM uses atmospheric data input by the user,
such as rainfall, evaporation, and temperature data. The model employs a nonlinear
reservoir module to simulate inflow after accounting for evaporation and infiltration.
When a catchment’s storage capacity exceeds the maximum ponding depth, the excess
water becomes surface runoff [43]. In the SWMM, water quality is calculated through a
two-stage approach: the first stage involves calculating dry weather accumulation, and
the second stage involves calculating rainfall wash-off [43]. This approach is based on the
typical characteristics of nonpoint source pollution, where pollutants accumulate on the
ground during dry weather and are subsequently washed into water bodies by rainfall.
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Therefore, the SWMM uses two separate functions: a built-up function and a wash-off
function. The decay coefficient represents the change in pollutants in the water body.
Different functions are used to evaluate accumulation and wash-off mechanisms, and the
parameters of these functions must be determined through model verification. In this study,
a power function was used to evaluate pollutant accumulation and an exponential function
was used to evaluate rainfall wash-off.

In this study, the official monitoring data of flow and water quality in Jingualiao River
were used to validate the watershed-scale SWMM (TPTM), and the tea farm field site data
were as used to develop site-scale SWMM (WPTM).

2.4.3. Statistical Indicators of Model Performance

Model verification can be achieved through the use of statistical indicators to compare
modeled values against measured values [45]. In this study, the coefficient of determination
(R?) was used to verify the hydrological parameters. According to the suggestion of Moriasi
et al. [45] and Kourtis et al. [46], RZ must be greater than 0.6 to prove that the verification
results are satisfactory, and the mean absolute percentage error (MAPE) must be less than
50% to verify the water quality parameters.

3. Results and Discussion
3.1. ECM for Tea Farm and the Performance of Bioretention Cells (TPTM)

The performance of the TPTM in simulating runoff conditions on the tea farm was
verified by the data from 9 rainfall events between 2021 and 2022. Although discrepancies
existed between the simulated and measured values of daily runoff volume on different
dates, the R? value was calculated to be 0.9. This indicates that the model effectively
represented the actual runoff conditions on the farm. The flow simulation results are
presented in Table 3. The water quality performance was verified for four pollutants, TP,
NH3-N, SS, and COD, and the inlet samples representing the runoff water quality from tea
farms were used. The verification results revealed robust model performance in estimating
TP, NH3-N, SS, and COD, with the average MAPE values being 17.9%, 17.1%, 17.3%, and
15.6%, respectively. The simulation results are displayed in Figure 5.

Table 3. Verification results.

Measured Runoff Volume Simulated Runoff Volume
Date 3 3

(m°) (m?)
6 December 2021 1.22 1.73
7 December 2021 0.41 0.32
29 March 2022 6.52 6.04
15 May 2022 191 2.69
16 May 2022 0.50 0.72
17 May 2022 3.31 4.03
26 May 2022 14.83 17.96
27 May 2022 16.52 12.10
31 May 2022 0.25 0.34

Given the demonstrated reliability of the model, this study used it to calculate pollutant
export coefficients for the tea farm with annual rainfall data, and the results are presented
in Table 4. This study determined that the export coefficient for TP on the tea farm was
2.55 kg /ha-y. This coefficient is consistent with previously reported export coefficients for
TP on agricultural land, which generally ranged from 0.9 to 6.83 kg/ha-y [22,47-49]. How-
ever, this coefficient is higher than forest land, which ranges from 0.1 to 0.34 [21,22,47,49].
This difference can be attributed to the fertilization practices in tea farms, which artificially
increase the amount of TP entering the soil. The present study also determined that the
export coefficient for NH3-N on the tea farm was 4.22 kg /ha-y. This coefficient is lower than
that reported by Duan et al. [50], who observed an NH3-N export coefficient of 9.1 kg /ha-y



Water 2024, 16, 1603

10 of 18

0.7

0.6

05

04

03

Simulated Value (mg/L)

0.2

0.1

125

Simulated Value (mg/L)
N
&

0.1

for agricultural land with fertile black soil. This difference may be due to the growth of
tea’s need for nitrogen, and the utilization of nitrogen fertilizers in teas is intensive, causing
less export than other agricultural lands. This coefficient is higher than NH;3-N on forest
land, which ranges from 0.16 to 0.98 kg/ha-y [50,51].
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Figure 5. Verification results for pollutants on tea farms.

Table 4. Pollutant export coefficient for tea farm.

Pollutant TP

2.55

NH;-N SS
422 768.39

COD
145.71

Export Coefficients (kg/ha-y)

In addition to nutrients, this study determined that the export coefficient for SS on the
tea farm was 768.39 kg/ha-y. Reza et al. [48] found an SS export coefficient of 5611 kg /ha-y
for agricultural fields with steep slopes. It showed that the tea farm did not export many
SS compared to other agricultural lands, such as vegetables or crops. The export coefficient
for COD on the tea farm was 145.71 kg/ha-y. This coefficient is consistent with that
reported by Wen et al. [52], who determined a COD export coefficient of 150 kg/ha-y for
agricultural land. However, this coefficient is different from the study [50], which were
10.5 and 16.1 kg/ha-y for agricultural and forest lands, respectively. These differences
may be related to the soil type and the use of fertilizers. It is usually introducing various
organic substances into the soil to meet the specific requirements of crops and influence
COD export coefficients.

While inlet water represented the runoff water quality from tea farms, the outlet
samples were used to verify the effectiveness of LID facilities (i.e., the BR-JS7-019 cell).
The studied bioretention cell includes plants, a soil growth layer, a filtration layer, and
an underdrain pipe. When the runoff is directed into the facility, the pollutants can be
used by plants [53], filtered by soils and gravels, reduce runoff volume, and then reduce
pollution concentration and loads in outflow [54]. In the study, the reduction rate of SS,
COD, TP, and NH3-N provided by bioretention cells was 59.7%, 56.0%, 42.4%, and 37.8%,
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respectively. This performance was similar to the previous studies. For example, Jiang
et al. [55] concluded that the field bioretention cell reduced 51.79% of SS, 39.8% of COD,
56.99% of TP, and 59.73% of NH3-N. Lucke and Nichols [56] evaluated five 10-year-old
bioretention cells and received high SS and TP reduction to 80.97% and 74.09%, respectively,
and a relatively low NH3-N reduction of 29.43%.

The verification results of bioretention cell simulation are illustrated in Figure 6. The
verification results revealed robust model performance in estimating the effectiveness of the
BR-JS7-019 cell in reducing TP, NH3-N, SS, and COD in the water on the tea farm, with the
average MAPE values being 18.1%, 18.8%, 19.0%, and 18.1%, respectively. While simulating
annual performance by the validated model, the reduction ability of the bioretention cell
can be determined. The results are presented in Table 5. A unit (1 m?) bioretention cell
can reduce 18.6 g of TP, 20.9 g of NH3-N, 5545.5 g of SS, and 881.4 g of COD per year. The
reduction loads were used instead of concentration because the concentration is influenced
by runoff volume, and the unit load reduction coefficients are particularly important in
reservoir management to control the accumulative pollution loads.
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Figure 6. Verification results regarding tea farm pollutant reduction by bioretention cells.

Table 5. Amount of pollutant load that can be reduced by setting up bioretetion cells.

Pollutant TP NH;3-N SS COD
The pollution reduction resulted from
per area of bioretention cell. 18.6 20.9 5545.5 881.4
(g/m’-y)

3.2. Simulation of Watershed Model (WPTM) and the Design of Watershed Management Goals

The WPTM is a watershed scale model that assists in determining watershed man-
agement goals and strategies. The flow and water quality simulation of the WPTM were
verified by monitoring data from 2015 to 2021. The flow verification results are shown in
Figure 7, and the R? for the 7-year simulation was from 0.66 to 0.76 with an average value
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of 0.7. The water quality simulation results are displayed in Figure 8. The MAPE values for
TP, NH3-N, and SS were 28.4%, 36.2%, and 35.0%, respectively.

Flow (CMS)
180

Rainfall (mm)

rn'mw‘w"rmr ‘:00

160

140 Year | R-squared (R%) 400
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120 2016 0.68
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100 2018 0.67
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80 2020 0.66
2021 0.73 1200
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Figure 7. Flow verification results for Jingualiao River.

With the validated TPTM and WPTM, the watershed management goals and strategy
can be determined. In this study, TP was selected as the target pollutant. In Jingualiao River,
the water quality of TP concentration is sometimes exceeding the standard requirement
of 20 ug/L. Water quality attainment rates were used as the goal indicator, and the rate
was calculated by dividing the number of monitoring events in which the TP concentration
was below 20 ug/L (Class A water body standard) by the total number of monitoring
events; therefore, 100% water quality attainment rate means all sampled water is lower
than TP 20 pg/L. Table 6 shows the current water quality attainment rate in 2015-2021,
and the average was 77.39%. This means that around 25% of the TP concentration does not
match the required standard. Therefore, increasing the rate is the management goal, and
85% and 90% were suggested as short-term and long-term goals. Because of the validated
WTPM obtained, 34.85 kg /y and 43.75 kg /y TP should be reduced in order to achieve the
two goals.

In the Jingualiao River watershed, the results of the WPTM model showed that the
average TP load is 700.4 kg/y, and 130.0 kg/y is contributed from tea farms. If all the
reduced TP (34.85 kg/y and 43.75 kg /) is assigned to tea farms, the tea farms should cut
27% and 34% of TP export. Here, it assumed that a 50% sharing ratio was assigned to tea
farms. Therefore, the tea farms should cut 13% and 17% of TP export, which means that
each hectare tea farm should reduce 0.369 kg/y TP and 0.417 kg/y TP for 85% and 90%
goals, respectively. Under the management goals, a total of 540 m? and 715 m? bioretention
cells are required. Table 7 summarizes the results. The two validated models link the
watershed management goals to practical strategy. In the Jingualiao watershed, if the
water quality attainment rate is expected to increase to 85% (now 77%), setting 540 m?
of bioretention cells to tea farms is suggested in the short term and 715 m? for the long-
term goal. This could serve as a general policy under the assumption that the studied
tea farm could represent the general performance of tea farms in this watershed. Under
different watersheds or climates, the suggested bioretention cell area is unsuitable. The
value presented in Table 7 is only suggested for the case watershed. However, the other
cases could develop their own TPTM, and WPTM followed the process.



Water 2024, 16, 1603

13 of 18

Pollutant Concentration  (ug/L )

TP Pollutant

Rainfall (mm)
70 | 200
60 — Rainfall Station Data 400

Simulated Value
© o Sampled Value 600
MAPE:28.4% | | .
40
.
. . 1000
30 . . . .
.
LK) £ °| .
. . P . I A D d 1200
2 b i LR LA 1 Y . b L L b, Lis
o v AL AU Ueltles
. . o .
f e - 1400
10 o .
1600
0
N VO O USRI UL RN O U CR U R RN RN URNU I
B L C L ORC S g g R LB

Pollutant Concentration  (ug/L

NH;-N Pollutant

) Rainfall  (mm)
120 mlwﬂm mw 0
| 200
100
B Rainfall Station Data
400
Simulated Value
80 . . *  Sampled Vale
600
MAPE:36.2%
800
60 . do e o
1000
a0 | . .o .
1200
. . " o sle . 1y . . .
20 (e o el e . ol o lelilelal te b . 1400
9 .
. . o e lellele .o . oo o .
me n . 1600
0
\\\;\‘ ",\‘\R'b " W “’“\‘,r :\\\N‘ \‘\ \\\ = i 1\\\53‘ N\%\\\‘ "‘“\q‘“ 2\\\“%‘ A{\\.’Q\' ﬂ}\:\\w w\\i\‘\\ "}\i\k‘ :\\:\\
SS Pollutant
Pollutant Concentration (mg/L) Rainfall (mm)

LIS LA A L |1 i

I Rainfall Station Data
400
Simulated Value
o Sampled Value
600
6
MAPE:35.0% || soo
5
. / | . o 1000
.
3 e 1200
slll]e o «® . b
.
) . ! 4 . | I . i [ 4 LR
R | 1400
. . AHE il | b
1 . . . ALY el e
. 1600
0
n ol A A ol* I alt O ol Nid i @\ N o> A ol ol
o o ~ o\ o A AV ] o (xS \ S ol o > \! )
IROSIIRU 1“\13\ B I AN Y 1&—“\ 20> 1@3’\ B I LR A ol

Figure 8. Water quality verification results for Jingualiao River.

3.3. Application for Single Tea Farm Pollution Control

The total areas of bioretention cells were determined for the watershed, and it can also
determine the required bioretention area for each single tea farm. Four tea farms in this
watershed were demonstrated for the example. The GIS and satellite imagery were used to
analyze geographic data such as slope and area for each farm. The validated TPTM was
applied to simulate runoff, water quality, and pollutant loads. The photos of the four tea

farms are shown in Figure 9.
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Table 6. Water quality attainment rates in the Jingualiao watershed.

Year Water Quality Attainment Rate
2015 77.47%
2016 73.69%
2017 77.34%
2018 75.27%
2019 77.76%
2020 79.78%
2021 80.40%
Average 77.39%

Table 7. Achieving water quality goals for tea farms requires reducing pollutant load and implement-
ing LID facilities.

w - Annual TP Loads Required TP Reduci.ng Pollutant Required Bioretention
ater Quality Goals (kgly) Reduction (kg/y) Load in Tea Farm Cell Area
y y (kg/ha) (m?)
Current 700.4 - -
85% 665.6 34.85 0.369 540
90% 656.7 43.75 0.417 715

Figure 9. Contour map and real images of four tea farms.

It has already been determined that each hectare tea farm should reduce 0.369 kg/y TP
and 0.417 kg/y TP for 85% and 90% goals, respectively. Therefore, the case tea farms had
their required TP reduction loads. While applying the validated TPTM for each tea farm,
the required area of bioretention cells to achieve the management goals can be determined
through a process of trial and error, in which different areas were set and see which area
resulted in the goal. The results of the case of tea farms are summarized in Table 8. The
results revealed that for the four tea farms to achieve the short-term goal, a total of 30.0 m?
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of bioretention cells would be required. To achieve the long-term goal of a 90% attainment
rate, a total of 33.5 m? of bioretention cells would be necessary. When the required reduction
loads are allocated to each tea farm, they could build the bioretention cells, such as Table 8
shows, or they can reduce fertilizer quantity.

Table 8. Information on tea farms and required pollutant reduction amounts for water quality goals.

Required TP Reduction (kg/y) Required Bioretention Cell Area (m?)
Tea Farms Area (ha) z?veragoe Short-Tc?rm Goals Long-T(?rm Goals Short-Tc?rm Goals Long-Tc?rm Goals
Slope (%) (Attainment (Attainment (Attainment (Attainment
Rate 85%) Rate 90%) Rate 85%) Rate 90%)
1 0.11 35.74 0.041 0.046 25 2.5
2 0.33 39.08 0.122 0.138 7.0 8.0
3 0.26 16.61 0.096 0.108 55 6.0
4 0.73 9.04 0.269 0.304 15.0 17.0
Total 1.43 - 0.528 0.596 30.0 335

4. Conclusions

In Taiwan, tea is a popular economic crop and is usually planted in the upstream
areas of a watershed. Its high fertilizer uses could become a potential nonpoint source
of pollution, but the specific evaluation of tea farm pollution is few. In this study, the
exportation pollution from tea farms was evaluated. The export coefficient of tea farms
is 2.55 kg /ha-y of TP and 4.22 kg /ha-y of NH3-N. The results showed that the pollution
loads exported from tea farms are lower than in agricultural lands and higher than in forest
lands. Bioretention cells were used to reduce the pollution. The field results showed that
it effectively reduced the tea runoff, and the reduction rate of SS, COD, TP, and NH3-N
was 59.7%, 56.0%, 42.4%, and 37.8%, respectively. In order to link site performance and
watershed management, this study provides a quantitative integrated method between
watershed-scale and site-scale control policy. It downscales the watershed-scale goal to
each site-scale goal. It not only determined the management goals but also the required
bioretention cell areas to achieve the goals. A consistent management policy helps to ensure
the site measures are effective and match the watershed management goal.

The study quantified pollutant export coefficients from tea farms and used the de-
rived findings to establish recommendations for managing nonpoint source pollution in
watersheds. The export coefficients are suggested as the preliminary estimation tool and
can quickly obtain the possible pollution loads from tea farms. However, when applying
the coefficient, it should be noted that this is suitable for subtropical climate regions. For
different climate zones and different rainfall patterns, the value might be underestimated
or overestimated. The unit pollution reduction by bioretention cells is also revealed in this
study as the reference. In this study, the tea farm nonpoint source pollution is focused; how-
ever, the pollution from other sources should be controlled as well. The study addressed
the data from onsite fields and applied models. Although the data was derived from the
cases in Taiwan, the values, such as export coefficients and unit pollution reduction of unit
bioretention cells, should be helpful for similar cases in different areas.
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