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ABSTRACT: Eutrophication, driven by nutrient accumulation, alters species composition, food chains, and nutrient cycling in
aquatic ecosystems. In the Fushan Ecological Pond, nutrient inputs have led to flourishing aquatic plants, indicating a shift towards
eutrophic conditions. This study conducted in October 2020 analyzed water flow, quality, and nutrient concentrations to construct
water and nutrient budgets for exploring nutrient stocks and flows in the pond. The results show that the Fushan Ecological Pond
was approaching eutrophic condition. The water budget shows that the change of water capacity was 2.95 m* h'!, and the residence
time was as long as 45.7 days, indicating that the water body was poorly flushed. In the nutrient budget, 61% of nitrogen came from
the surface runoff, and 92% of the phosphorus input was contributed by the release from sediment. The submerged plant Hydrilla
verticillate absorbed most of the nitrogen, and Spirogyra sp. absorbed most of the phosphorus. The nitrogen and phosphorus budgets
show that 0.100 g N h'' and 0.437 g P h'! were accumulating in the pond. Collectively, this study suggests that future management
efforts should focus on reducing N input from the inlets by installing simple constructed wetlands at the inlets to purify the water
entering the pond. To mitigate nutrient accumulation, management should reduce nitrogen input via constructed wetlands and
prevent sediment disturbance to limit phosphorus release. These actions would help mitigate the ongoing accumulation of nutrients
in the pond and improve its ecological condition and function.

KEY WORDS: Eutrophication, nitrogen budget, phosphorous budget, residence time, water budget.

INTRODUCTION and reservoirs are experiencing eutrophication.
According to the International Lake Environment

Eutrophication is a slow natural process of aquatic =~ Committee (ILEC) statistics, 54% of lakes and reservoirs
succession, but human activities have accelerated this in Asia are already eutrophic. Lake Taihu in China has
process. Excessive use of high-nutrient agricultural been facing eutrophication issues, leading to a lack of
fertilizers, industrial wastewater discharge, and synthetic =~ adequate water for domestic and drinking purposes (Qin
cleaning agents have led to the rapid accumulation of et al., 2010). Lake Erhai in China was investigated and
nutrients in aquatic systems (Ansari and Khan, 2014; found to be in a eutrophic to hypertrophic state, which
Huang et al, 2017). Wang et al. (2023) compiled caused an algal bloom and led to a deterioration in water
physiochemical measurements of 217 lakes in China and  quality (Chen et al., 2022). Lake Sabalan in Iran is highly
demonstrated that the trophic status of freshwater lakes is ~ eutrophic due to intense agricultural activities in the
positively correlated with the degree of anthropogenic  surrounding area (Noori et al., 2021). In Taiwan, apart
impact. In addition, natural conditions (e.g., heavy rain)  from Lake Yuan-Yang in Hsinchu which is in an
may accelerate phytoplankton or cyanobacterial blooms  oligotrophic state (Tsai et al., 2016), Lake Tsuei-Feng in
due to high nutrient inputs (Li et al., 2015). The nitrogen ~ Yilan, Lake Tai in Kinmen, and Lake Bi in Taipei have
(N) and phosphorus (P) in the water are key nutrient all shown eutrophication, ranging from mesotrophic to
elements that accelerate the eutrophication of aquatic  eutrophic conditions (Li, 1996; Chiu et al., 2020; Chen
systems. The two elements will cause a significant algal ~ and Chen, 2022). Chang and Chuang (2001) investigated
increase, leading to the "algal bloom" phenomenon. twenty reservoirs in Taiwan from 1994 to 1998 and found
When algae die and decompose, a large amount of oxygen  that 37.5% of the reservoirs were eutrophic in 1994,
in the water is consumed, leading to low dissolved oxygen ~ which increased to 77.8% by 1998.

levels and anaerobic conditions in the water. This results Regarding the eutrophication problem in lakes, there
in the death of aquatic organisms, the production of toxins, ~are many successful cases worldwide where the issue has
and impacts on the system (Oberholster et al., 2009). been effectively addressed or alleviated. For instance, Lake

The United Nations Environment Programme (UNEP) Caron in the United States showed significant
states that approximately 30 to 40% of the world's lakes ~ improvement in water quality through the implementation
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Fig. 1. Four sampling sites (circle), two inflow sites (diamond), and one outflow site (star) at the Fushan Ecological Pond of Taiwan Forestry
Research Institute, Ministry of Agriculture of Taiwan in northern Taiwan.

of sediment and algae filtration treatments (Veetil ef al.,
2021). From 2005 to 2016, the water quality and ecological
stability of Lake Pickerel in the United States was
successfully improved by removing the carp from the
lake. This case also proposed that controlling nutrient
inputs alone may not be sufficient to alleviate
eutrophication in the water (Huser et al., 2021).

Previous studies typically used Carlson's Trophic
State Index (TSI) to assess the eutrophic condition of
water. However, this index only provides a eutrophication
indicator and cannot identify the underlying mechanism
or solutions. As a result, some studies have proposed the
use of static and dynamic models to predict nutrient
fluxes in lakes, providing more accurate results and
explanations (Bryhn and Hékanson, 2007). In Lake
Peipus in Russia, Fink et al. (2018) successfully gained
insights into nutrient retention within the lake by
developing a large-scale hydrological model. This model
enabled a thorough understanding of the hydrodynamic
processes and nutrient cycling in the lake, allowing for
predictions of future conditions and proposing potential
solutions to address the challenges.

The Fushan Ecological Pond

serves multiple

functions, such as conservation, education, and recreation.

It is not merely a pond but also a habitat with aquatic
plants seving multiple functions. Over the past few years,
the Fushan Ecological Pond has experienced excessive
growth of aquatic plants, leading to poor water flow and
accelerated sedimentation. This issue has been tried to
solve by intervention. Initially, the introduction of
herbivorous fish was considered for the removal of
overgrown aquatic plants; however, their feeding
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activities resulted in the disturbance of the sediment and
nutrient accumulation, causing more abundant floating
aquatic plants and algae. This, in turn, triggered
eutrophication and landscape deterioration. Consequently,
the use of fish for intervention was terminated.
Nevertheless, the overgrowth of aquatic plants has
continued to be a persistent problem for the management
of the pond. Therefore, finding appropriate management
strategies for the ecological pond is an urgent task. To
facilitate proper management, this study aims to establish
the water and nutrient budgets to understand the dynamic
conditions of the water and nutrient content of the Fushan
Ecological Pond. Based on the model results, appropriate
management suggestions are proposed.

MATERIALS AND METHODS

Study site

The Fushan Ecological Pond is located in the Fushan
Botanical Garden of Taiwan Forestry Research Institute,
Ministry of Agriculture of Taiwan in northern Taiwan, at
the border between New Taipei City and Yilan County
(Fig 1). It is situated at an elevation of approximately 650
m, with an average water depth of 0.99 m, and a water
surface area of 2913.68 m2. The pond has a wider front
and a narrower back. In this study, four sampling sites,
two inflow sites, and one outflow site were set up in the
Fushan Ecological Pond. Hydrological and water quality
measurements were conducted on October 9, 2020, from
10:00 AM to 12:00 PM, to establish the water and nutrient
budget models of the Fushan Ecological Pond.
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Fig. 2. The water budget model of the Fushan Ecological Pond.

Table 2. Coverage and biomass of three major aquatic plants in
the Fushan Ecological Pond.

o,
Tu et al.: Nutrient budgets and management in an eutrophic pond &

Hydrilla verticillate Lemna minor

Coverage Bioamss Coverage Bioamss Coverage Bioamss

Spirogyra sp.

St %) @m? (%) (@m?) (%) (gm?)
1 30 5239.33 - - 8 2.76

2 30 4016.33 7 189.6 10 4.26

3 30 1568.67 33 2.93 2 0.003
4 30 2191.33 24 2.93 - -

Note: We assumed the coverage of Hydrilla verticillate to be 30%
(Zeng et al., 2022).

Aquatic plant biomass

In the Fushan Ecological Pond, Hydrilla verticillata
is dominant as a submerged aquatic plant, while Lemna
minor is dominant as a floating aquatic plant. Plant
coverage and density were assessed by capturing images
using a digital camera within randomly selected four
quadrats (50 cm x 50 c¢m). Plant specimens within the
central area of the quadrats (10 cm x 10 cm each) were
collected and weighed in the laboratory, and the plant
biomass per unit area (g m2) was determined. Finally, the
plant biomass within the ecological pond was estimated
by extrapolating these measurements to the entire pond.

Water budget model

The water budget model (Fig. 2) provides a method to
assess the turnover of water within a closed aquatic
system. In this study, we assumed that the input of
groundwater was equal to the output of groundwater. The
formula for the water budget is listed below:

AV/At=P,+Si- (ET + So) Equation 1

where AV/At is the change of water volume over time
(m3 h"), P, is net precipitation, S; is surface inflow, ET is
evapotranspiration, and S, is surface outflow.

Surface inflow and outflow (S; and S,) were measured
using a flow meter (Sontek FlowTrack Handheld ADV,
SonTek, San Diego, CA, USA) at Inflow 1 and Outflow
site. Due to the difficulty in accessing Inflow 2, the flow
rate at Inflow 2 was assumed to be equal to the flow rate
at Inflow 1. Hourly precipitation (mm hr') and monthly
evapotranspiration (mm month') were derived from the
Meteorological Data Annual Report in 2020 and
multiplied by the total surface area of the pond to assess

o)
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the input of precipitation (m® h') and output of
evapotranspiration (m? h'!).

To understand the residence time of water within the
Fushan Ecological Pond, the following formula was used
to calculate the duration of water retention.

th ==

” Equation 2

where t represents the residence time (day™'), Qt is the
total inflow rate (m® day!), and V is the total volume of
the pond (m?)

Analysis of water nutrient concentration

Water samples were collected from two inflow and
outflow inlets, as well as four sampling sites in Fushan
Ecological Pond, using opaque plastic bottles with a
volume of 100 ml. After filtration through 0.45 um filter
paper, the water samples were refrigerated and transported
to the laboratory for nutrient concentration analysis. Water
samples that were not analyzed immediately were stored in
a freezer at -20°C for preservation.

The analysis of nutrient concentrations in the water
included dissolved inorganic phosphate (DIP) and
dissolved inorganic nitrogen (DIN). The concentration of
DIP was measured as orthophosphate (PO4*), following
the molybdenum blue method (Murphy and Riley, 1962).
The DIN concentration was determined by measuring
nitrite (NO2"), nitrate (NOs’), and ammonium (NH4").
Nitrite concentration was measured using a colorimetric
method (Bendschneider and Robinson, 1952), nitrate
concentration was determined by the brucine colorimetric
method (Jenkins and Medsker, 1964), and ammonium
concentration was measured using the indophenol blue
method (Pai ez al., 2001). All four nutrient concentrations
were analyzed using a spectrophotometer (U-5001,
HITACH]I, Tokyo, Japan).

Nutrient budget models

Nutrient budget model (Fig. 3) provides a scientific
basis for understanding the flux of nutrients to assess the
nutrient behavior within a closed aquatic system. In this
study, we constructed the nitrogen and phosphorus
budgets based on the difference between nutrient flow
into and out of the pond. The formula of the nutrient
budget is listed below:

AN, P/At = N, Pinflow + N, Psediment - N, Poutflow - N:

Puake  Equation 3

where AN, P/At is the change in nitrogen and
phosphorus over time, respectively (g N, P h'!), N, Piniow
is the N and P input via surface inflow, N, Pscgiment i the
N and P released from the sediment, N, Pousow 1S the N
and P output via surface outflow and N, Pyptake is the N
and P absorbed by aquatic plants in the pond.

The N and P input via surface inflow (N, Pinow) Was
estimated by multiplying the N and P concentration with
the surface inflow and outflow (S; and S,) derived from
the water budget.
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Table 1. Environmental factors of four sampling sites and inflow and outflow sites in the Fushan Ecological Pond.
Inflow 1 Site 1 Site 2 Inflow 2 Site 3 Site 4 Outflow Fushan
Ecological Pond
Water depth (m) - 110 110 - 0.85 0.94 - 0.99
Area (m?) - 800.55 1176.52 - 759.41 206.63 - 2943.11
Volume (m?) - 792.54 1164.76 - 751.81 204.56 - 2913.68
Watar velocity 0.030 - - 0.030% - - 0.025 -
(mh™)
NOy (mg L) 1224046 131+016 014+0027 097+034 145+0014 1.18+0076 1.32+0.091  1.02%0.07
NO, (ug L") 59+42  90+03  10+14  40%21  50+00 7.0+03  7.7%10 56+05
NHs (mgL?)  0.087 +0.061 0.075 +0.033 0.106 + 0.028 0.049 + 0.019 0.035 + 0.012 0.022 + 0.010 0.039 + 0.002  0.060 + 0.020
PO (mgL™")  0.058+0.017 0.060 + 0.014 0.063 + 0.006 0.022 + 0.014 0.029 + 0.002 0.022 + 0.000 0.021 +0.002  0.044 + 0.005
Dissoved 5921002 562:021 490126 971:038 949022 10.00£023 868+055  7.50%2.61
Oxygen (mg L™)
Electrical
conductivity 64.87+514 56.70+2.86 58.40+846 67.53+578 60.33+543 5547+046 5553+137 57.73+2.11
(us cm™)
pH 740+008 7.05+006 6.77+004 7.60+008 7.47+008 809+034 7.16+012  7.35+057
Turbidity (NTU) ~ 25+10  43%09  23+02 28+06  33%04 50+02 5306 37+12
Transparency (m) - 1.36+0.17 2.00%0.10 - 1.59+0.11 1.21+£0.02 - 1.53+0.34
EET?WM ; 7544324 23.00+10.00 ; 286+023 4.27+096 ; 9.42 + 361
Suspended ; 347094 15.25+10.49 ; 208+0.82 2.00+0.24 - 5.63 £ 3.12
solids (mg L")

Note: Data are presented as mean + SD (n=3). ND denotes the environmental factor was not assessed.
A Due to the lack of flow rate measurement at Inflow 2, we assumed that the flow rate was the same with that at Inflow 1.

N, P uptake

by aquatic plants

Surface N, P outflov
—>

Surface N, P inflow

’ Nutrient budget

AN, AP / At

t

N, P release by sediment

Fig. 3. Nutrient budget model of the Fushan Ecological Pond

Pn=1.472 ET=0.123
Si=2.752 Water budget So=1.149
AV [ At =2.952

Fig. 4. The water budget model of the Fushan Ecological Pond on
October 9, 2020. Units of each process are m® h.

Since N, Pgediment Was not measured in this study, we
used the rates (0.68 mg NHs" m?h'and 0.14 mgP m™ hr
Y derived from Yang et al. (2020). These rates were
multiplied with the surface area of the Fushan Ecological
Pond (m?).

The nutrient uptake rates of phytoplankton and
aquatic plants (N, Pypiake) in the pond were estimated using
the Michaelis-Menten model, as shown in Equation (4).

_V [s] :
Vo = Equation 4
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This study utilized the maximum uptake parameters
(Vmax) and Michaelis constant (Ky) derived from previous
studies on similar species (Priscu et al., 1985; Borchardt
et al., 1994; Cedergreen and Madsen, 2002; Zhang et al.,
2014; Xiong, 2019). Using the concentrations of nitrogen
(N) and phosphorus (P) in the water, the N and P uptake
by phytoplankton and aquatic plants was calculated by
the Michaelis-Menten model.

RESULTS

The low chlorophyll a concentration in the water
suggests that phytoplankton or cyanobacteria did not
bloom in Fushan Ecological Pond (Table 1). The flow rate
at Inflow 1 of Fushan Ecological Pond (0.030 m® h'!) was
slightly higher than the rate at Outflow (0.025 m* h'). The
inputs of N and P (2.326, 0.058 mg L!) were also higher
than the outputs of N and P (1.359, 0.021 mg L.
Compared to other sampling sites, the N concentration at
Site 2 is the lowest, but the chlorophyll a concentration
and suspended solids are the highest. The Carlson
Trophic State Index of the Fushan Ecological Pond is
calculated to be 49.99 using total P concentration,
chlorophyll-a concentration, and transparency, indicating
that the water of the Fushan Ecological Pond is
approaching eutrophic conditions.

The total water input from Inflow 1 and 2 was 2.752
m? h'!, while the water output via Outflow was 1.149 m3
h'l. During the study period, the rainfall was 0.50 mm h!,
and the evaporation rate was 0.04 mm h-'. Based on the
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Fig. 5. The N budget model of the Fushan Ecological Pond on
October 9, 2020. Units of each process are g N h'.
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Fig. 6. The P budget model of the Fushan Ecological Pond on
October 9, 2020. Units of each process are g P h™.

Pinfiow = 0.036 Poutfiow = 0.008
— —

Psediment = 0.410

surface area of the Fushan Ecological Pond, the rainfall
input was calculated to be 1.472 m® h'!, and the
evaporation output was 0.123 m® h'l. Using the water
budget model of the Fushan Ecological Pond (Fig. 4), the
total water input was 4.224 m? h'!, and the total water
output was 1.272 m® h'!, resulting in a net water increase
0f 2.952 m? h''. Furthermore, the water retention time of
the pond was estimated to be 45.7 days.

The N inputs from Inflow 1 and 2 were 1.810 g N h!
and 1.408 g N h'!, respectively, while the N output via
Outflow was 1.568 g N h'!. The N released from the
sediment to the water was estimated to be 1.998 g N h'\.
Among the aquatic plants in the pond, Hydrilla
verticillata and Lemna minor absorbed 3.491 g N h'! and
0.056 g N h'!, respectively. Phytoplankton absorbed
0.001 g N h'l. In the N budget model (Fig. 5), the total N
input to the Fushan Ecological Pond was 5.216 g N h'!,
and the N removal was 5.116 g N h'!, resulting in a net N
accumulation of 0.10 g N h!.

The P inputs from Inflow 1 and 2 were 0.026 g P h’!
and 0.010 g P h'!, respectively, while the P output via
Outflow was 0.008 g P h'!. The P released from the
sediment to the water was estimated to be 0.410 g P h'.
Among the aquatic plants in the pond, Hydrilla
verticillata and Spirogina sp. absorbed less than 0.001 g
P h'!, respectively. In the P budget model (Fig. 6), the total
P input to the Fushan Ecological Pond was 0.446 g P h™!,
and the P removal was 0.008 g P h™!, resulting in a net P
accumulation of 0.437 g P h'l.

Tu et al.: Nutrient budgets and management in an eutrophic pond

DISCUSSION

The water budget model of the Fushan Ecological
Pond shows an increase of 2.952 m® h!, which is higher
than that of Menghuan Lake (1.068 m* h!, Shih and Hsu,
2021), a lake situated at an elevation of approximately
850 meters in northern Taiwan, with a water depth of less
than 1 meter and a water surface area of approximately
3,000 m%. In both water budget models, precipitation
accounted for 29.1% to 34.9% of the total water input,
indicating that precipitation is a major source of water
input for mountain lakes. In terms of output, evaporation
accounted for 9.7% of the total water output for the
Fushan Ecological Pond and 23.9% for Menghuan Lake.
In this study, groundwater input and output were assumed
to be equivalent due to the difficulty in field measurement
(Kansoh et al., 2020). However, Hood et al. (2006)
emphasized the critical role of groundwater in the water
balance of lakes and wetlands. Therefore, it is needed to
incorporate groundwater dynamics into the water budget
model to achieve a more accurate understanding of the
hydrological processes of mountain lakes.

Lake retention time is the average time that water
remains in a lake before it is replaced by new water. The
water retention time of the Fushan Ecological Pond was
estimated to be 45.7 days, which is not only longer than
the water exchange time of a coastal eutrophic lagoon in
Taiwan (24 days, Su ef al., 2004), but also exceeds the
water retention time of two high-altitude lakes in Taiwan:
Lake Yuan-Yang (5.8 days, Lin et al. 2022), a lake
situated at an elevation of approximately 1650 m in
northern Taiwan, with a water depth of 4.3 m and a water
surface area of approximately 350 m?, and Lake Tsui-
Fong (10 days, Lin ef al. 2022), the other lake situated at
an elevation of approximately 1850 m in northern Taiwan,
with a water depth of 3 m and a water surface area of
approximately 800 ~ 2500 m?. The Fushan Ecological
Pond has a relatively longer retention time, indicating a
very lower water exchange rate. As a result, the
accumulation of total N and P in the water increases over
time. For future management of the Fushan Ecological
Pond, it is suggested to increase the water outflow to
enhance water exchange and reduce retention time. This
can be achieved by either adding additional outlets or
increasing the flow rate and volume of the existing outlet.
Therefore, increasing the water outflow would facilitate
the faster removal of nutrients from the pond, helping to
prevent their accumulation.

Both N and P in the Fushan Ecological Pond exhibit
an accumulative trend, with rates of 0.010 g N h! and
0.437 g P h'!, respectively. The main source of N input
was from the inflow (61%), while the main source of P
was sediment release (92%). According to Vollenweider
(1968), for lakes with a depth of less than 5 meters, the
critical nutrient loading thresholds for N and P are 2.0 g
N m? yr! and 0.13 g P m? yr!, respectively. When
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applied to the surface area of the Fushan Ecological Pond
(2913.68 m?), these thresholds were converted to 1.663 g
N h'and 0.043 g P h'!. Although nitrogen inputs have not
yet exceeded the critical loading threshold, they have
increased by 3.3 times compared to the measurements in
2012-2014 (Wang et al., 2016), potentially due to
wastewater from a public toilet near the pond. In contrast,
total P inputs far exceed the critical threshold by
approximately 10 times. The P budget model indicates
that sediment is a significant source of P input (Wang et
al.,2020; Xu et al., 2021).

According to the nutrient budget model constructed in
this study, the Fushan Ecological Pond continues to
accumulate N and P, leading to the excessive growth of
aquatic plants such as Hydrilla verticillata, which
negatively impacts local native aquatic species. In the
past, to address this issue, management authorities (the
Fushan Botanical Garden) introduced herbivorous fish
(Ctenopharyngodon idella) to remove the overgrown
aquatic plants. However, this led to the proliferation of
periphyton. When manual removal was employed, the
disturbance of the sediment during the process caused the
release of nutrients accumulated in the sediment, further
exacerbating nutrient accumulation in the water. This, in
turn, promoted the growth of aquatic plants and
periphyton, ultimately resulting in the deterioration of the
aesthetic quality of the pond.

It is urgent to reduce the N and P accumulation in the
Fushan Ecological Pond. Paerl (2009) emphasized the
importance of the control of nutrients for long-term
management of eutrophication along the freshwater-
marine continuum. Zamparas and Zacharias (2014)
proposed several remediation methods of internal nutrient
release to control eutrophication by wusing the P
inactivation agents. Collectively, this study suggests that
future management efforts should focus on reducing N
input from the inlets. This can be achieved by installing
constructed wetlands at the inlets to purify the water
before it enters the pond. Additionally, Hickey and Gibbs
(2009) suggested enhancing water flushing and dredging
to reduce P release from sediments. It is needed to avoid
disturbing the sediment or remove the sediment to reduce
P release. These actions would help mitigate the ongoing
accumulation of nutrients in the pond and improve its
ecological condition and function.

CONCLUSION

This study constructs water and nutrient budget
models to understand the hydrological dynamics and N
and P behaviors in the Fushan Ecological Pond. It was
found that the pond accumulated water at a rate of 2.951
m?® h'!, with a retention time of 45.7 days. Due to the low
water exchange rate, nutrients accumulated in the pond.
The nutrient budget models reveal that N and P
accumulated at rates of 0.010 g N h'! and 0.437 g P h'!,
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respectively, with the primary sources being the inlets for
N and the sediment releasing for P.

This study suggests that future management efforts
should focus on reducing N input from the inlets. This can
be achieved by installing constructed wetlands at the
inlets to purify the water before it enters the pond.
Additionally, it is needed to avoid disturbing or totally
remove the sediment, in order to reduce P release from
the sediment. These actions would help mitigate the
ongoing accumulation of nutrients in the pond and
improve its ecological condition and function.
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