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Abstract: When considering the factors affecting the spatial and temporal variation of nitrogen and
phosphorus in karst watersheds, the unique karst hydrogeology as an internal influencing factor
cannot be ignored, as well as natural factors such as meteorological hydrology and external factors
such as human activities. A watershed-scale field investigation was completed to statistically analyze
spatial and temporal dynamics of nitrogen and phosphorus through the regular monitoring and
collection of surface water and shallow groundwater in the agricultural-dominated Mudong River
watershed in the Huixian Karst Wetland over one year (May 2020 to April 2021). Our research found
that non-point source pollution of nitrogen (84.5% of 239 samples TN > 1.0 mg/L) was more serious
than phosphorus (7.5% of 239 samples TP > 0.2 mg/L) in the study area, and shallow groundwater
nitrogen pollution (98.3% of 118 samples TN > 1.0 mg/L) was more serious than surface water (68.6%
of 121 samples TN > 1.0 mg/L). In the three regions with different hydrodynamic features, the TN
concentration was higher and dominated by NO3;~-N in the river in the northern recharge area,
while the concentrations of TN and TP were the highest in shallow groundwater wells in the central
wetland core area and increased along the surface water flow direction in the western discharge
area. This research will help improve the knowledge about the influence of karst hydrodynamic
features on the spatial patterns of nitrogen and phosphorus in water, paying attention to the quality
protection and security of water in karst areas with a fragile water ecological environment.
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1. Introduction

Nitrogen and phosphorus from non-point source pollution caused by agricultural ac-
tivities have led to the degradation of water quality and the destruction of water ecosystem
in watersheds, a worldwide environmental concern [1-3]. Especially in karst areas, where
the ecological environment is uniquely complex and fragile, nitrogen and phosphorus
pollution in surface water and groundwater has become an increasingly important issue
in the past decades because of its impact on human health, aquatic ecosystems, socio-
economic development, and agricultural activities [4-7]. It is estimated that about a quarter
of the Earth’s population lives in 10-15% terrestrial areas covered by carbonate karst [8].
However, water is at high risk of nitrogen and phosphorus pollution, whether in bare
carbonate areas with a thin or scarce protective soil layer or in covered carbonate areas
with high intensity of human agriculture and living activities.
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The existence of karst features, such as swallow holes, sinkholes, karst fissures, and
conduits, provide rapid access flow pathways for nitrogen and phosphorus into the car-
bonate aquifer directly. The scattered and discontinuous protective soil overlaying the
exposed carbonate rock is so thin and rare that nitrogen and phosphorus contaminants
can enter the karst fissures or pipe network through few or no natural filtration, with
little or no abatement or chemical decomposition in the process [9]. The barren soil and
limited land resources in the covered carbonate area lead to intensive human agricultural
activities, as well as overuse of nitrogen and phosphorus fertilizers. Unfortunately, all
this results in the rapid spread of nitrogen and phosphorus pollution in aquifers. In karst
areas, where the hydraulic connection between surface water and shallow groundwater
is complicated and variable, nitrogen and phosphorus pollution concerns both surface
and groundwater. Non-point source pollution of nitrogen and phosphorus in karst areas
have been reported across the world, for example, in China [4,10,11], Mexico [12], United
States [13,14], Ireland [6], Czech Republic [15], and Turkey [16]. These studies help draw
attention to the nitrogen and phosphorus pollution of surface water and groundwater in
karst areas and provide some scientific guidance for controlling it.

Wetlands are the kidneys of the earth, but the water quality of wetlands has dete-
riorated due to the enrichment of large amounts of nitrogen and phosphorus caused by
anthropogenic non-point source pollution [17]. Frequent interactions between surface wa-
ter and groundwater, as well as the biogeochemical behavior of nitrogen and phosphorus in
wetlands, negatively affect groundwater quality. Considering global climate change, such
as extreme meteorological events, increased precipitation, and the general deterioration of
the water environment caused by human activities, wetlands are becoming highly vulnera-
ble, especially in the uniquely complex and fragile karst areas. Therefore, there has been an
increasing focus on the impact of surface water and groundwater nitrogen and phosphorus
pollution on the wetland system, especially the karst wetland system. The Huixian Karst
Wetland, located in the watershed area between Lijiang River and Liujiang River in Guilin,
is the largest natural karst wetland at a low altitude in southwest China [18,19]. It has
crucial environmental regulation functions and ecological benefits and is one of the karst
wetlands with significant research value and urgent conservation needs. Deep research
on the spatial and temporal variations of nitrogen and phosphorus in surface water and
shallow groundwater affected by special hydrodynamic conditions in an agricultural wa-
tershed of Huixian karst wetlands is essential to protect the water ecology and security.
However, previous research on nitrogen and phosphorus in water in this region rarely
took a catchment-scale watershed as the study area. Few studies focused on both surface
water and groundwater combined with hydrogeological characteristics, and few studies
attempted to monitor throughout a whole hydrological year [18-21]. The agricultural-
dominated Mudong River watershed is particularly vulnerable to high-intensity human
activities and is considered a typical and representative catchment to understand the
surface-underground water system in the Huixian Karst Wetland. Therefore, a watershed-
scale, comprehensive, field-based monitoring of the spatial and temporal dynamics of
nitrogen and phosphorus in surface water and shallow groundwater combined with karst
hydrogeology over one year (May 2020 to April 2021) in the Mudong River watershed is
an essential supplement to local related research.

In light of the background above, the main objectives of the present research were to
(i) describe the variations of nitrogen and phosphorus nutrient concentrations and hydrol-
ogy in surface water and shallow groundwater in the watershed over time and space during
12 months, (ii) interpret the interrelationship between seasonal variation in nitrogen and
phosphorus pollution of rivers and shallow groundwater and meteorological hydrology
as well as human activities in karst areas, and (iii) identify the role of the hydrodynamic
characteristics associated with karst hydrogeology in controlling the spatial variations of
nitrogen and phosphorus in water to provide a scientific basis for the protection of water
and ecological in karst wetlands.
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2. Materials and Methods
2.1. Study Area

The Mudong River watershed (E 110°09'34"-110°14'19”, N 25°03'43”-25°08'55", ele-
vation 125-485 m, 30.2 km?) is located in the Huixian Karst Wetland, southwest of Guilin
City, Guangxi Province, China (Figure 1). The watershed has a typical subtropical humid
monsoon climate, with a mean annual precipitation of 1569.7 mm (about 70-80% of the
annual rainfall occurs from April to August) and a mean annual temperature of 20 °C [22].
The landform is characterized by a karst peak forest in the high north with a flat plain
(wetland) in the low center and drainage areas in the west. There are four soil categories,
i.e., limestone soil, red soil, bog soil, and paddy soil [23]. Limestone soil overlays the
exposed carbonate rock area and is thin and discontinuous. Red soil is mainly placed
around the wetland and on gentle hillslopes. Bog soil of the wetland is a clay layer formed
by the residual weathering of limestone, about 1-2 m thick.
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Figure 1. Location of the Mudong River watershed showing the sampling sites.

The West Main Canal of the Qingshitan Reservoir, about 40 km far from the north
of Mudong River watershed, flows into the watershed from the north and recharges the
study area during the irrigation season from April to September each year, while there is
no flow during the rest of the year. The Mudong River flows from a spring in the north
karst rocky mountains, flows southward through the core area of Huixian Karst Wetland
in the center, and finally discharges westward into the lower reaches of the Xiangsi River.
The core area of the Huixian Karst Wetland is mainly composed of the ancient Gui-Liu
Canal, Mudong Lake, and Fenshui Tang, distributed with lakes, ponds, meadows, and
marshes. The ancient Gui-Liu Canal connects to the East with the Fenshui Tang and the
South with the Huixian River. Still, due to its age and disrepair, the canal is seriously silted
up. Most sections are covered with Eichhornia crassipes, with almost no significant flow
except heavy rain events.

There are 18 administrative villages, about 5000 agricultural residents, several fish
farms, and livestock farms with hundreds to thousands of animals (mainly pigs, chickens,
and ducks) in the study area. About 24.2% of the total area is exposed carbonate rock, and
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the remaining 75.8% is covered carbonate rock area dominated by human activities. Culti-
vated land and water bodies are the primary land-use types, accounting for approximately
66.3% and 22.4% of the covered carbonate rock area. Rice is generally cultivated twice a
year, in mid-April and mid-July.

2.2. Sampling and Analytical Methods

Two karst springs, nine shallow groundwater wells, and eleven river sections along
the Mudong River from the source to the outlet of the watershed were selected as sampling
sites to monitor the N and P levels of water in the study area. Detailed information for
sampling points is presented in Table 1.

Field sampling work started in May 2020 due to the COVID-19 outbreak. Monthly
sampling and observation were carried out from May 2020 to April 2021 in a hydrological
year for rivers, springs, and shallow groundwater wells in the watershed. A total of
121 surface water samples and 118 shallow groundwater samples were collected during
the monitoring period. Water samples were collected directly from rivers, springs, and
wells using collectors and stored in acid-washed 1000 mL polyethylene bottles. Parameters
recorded at each site include water temperature, pH, and DO (dissolved oxygen). The water
table was measured by a Hand-held Electric Wave Flow Meter (Stalker II SVR, Applied
Concept Inc., Brannon, TX, USA) and measuring tape. Once collected, the water samples
were transported to the laboratory on the same day, preserved in a fridge at 4 °C, and then
processed and analyzed within 48 h of collection.

All water samples were analyzed for total nitrogen (TN), nitrate-nitrogen (NO3~-N),
ammonium-nitrogen (NH4"-N), total phosphorus (TP), and total soluble phosphate (TDP)
following the National Standard Methods [24]. TN concentrations were measured by alka-
line potassium persulfate digestion ultraviolet spectrophotometric method (HJ636-2012) [25],
NO3™-N concentrations were measured by ultraviolet spectrophotometric method (HJ/T
346-2007) [26], and NH4"-N concentrations were measured by Nessler’s reagent spec-
trophotometric method (HJ535-2009) [27]. Total phosphorus (TP) and total dissolved
phosphate (TDP) were determined by potassium persulfate digestion ammonium molyb-
date spectrophotometric method (GB11893-89) [28].

2.3. Data Analysis

Descriptive statistics were performed to examine the statistical significance of the
element concentrations. One-way analysis of variance (ANOVA) at 95% confidence level
(p < 0.05) was used to evaluate significant differences in element concentrations between
the wet season and dry season. Pearson coefficients were calculated to quantitatively inves-
tigate the correlations among element concentrations, where the significance level was set
at p < 0.05 (two-tailed). Statistical analyses were performed by Excel 2015 (Microsoft Cor-
poration, Redmond, WA, USA) and IBM SPSS Statistics 25 (IBM Inc., Armonk, NY, USA).
Mapping was performed by Origin 9.1 and ArcGIS 12.0 (ESRI—Environmental Systems
Research Institute, Redlands, CA, USA).
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Table 1. Statistical description of hydrological indicators and TN and TP concentration at all the sampling sites during the wet and dry seasons.
Section Width (m) Flow Velocity (m/s) Water Table (m) TN (mg/L) TP (mg/L)
Type No. Latitude Longitude
Wet Season Dry Season Wet Season ® Dry Season Wet Season ® Dry Season ® Wet Season @ Dry Season ® p-Value Wet Season ® Dry Season ® p-Value
O qnlnmr 6 nal Ao _ _ 0.001-0.100 157.54—157.93 157.40—157.47
R1 110°12°25" E 25°08"27" N 25-3.0 2.0-25 (0.053) <0.001 (157.77) (157.47) 2.58 1.09 0.024 0.036 0.042 0.813
0.020—0.100 152.62—152.95 152.58—152.7
010l 16 o0 agr _ _
R2 11091216 25°07"46 3.5-4.0 3.0-35 (0.048) <0.02 (152.73) (152.65) 191 4.55 0.001 0.014 0.092 0.000
01l ol _ _ 0.020—0.150 150.18-150.65 150.02—150.47
R3 110°12°26° 25°07"15 5.0-55 4.0-45 (0.082) <0.02 (150.40) (150.16) 2.00 3.19 0.446 0.074 0.065 0.812
01l mqr gl nan _ 0.010-0.250 149.30—150.11 148.15-149.44
R4 110°12'58' 25°06"23 3.0-75 <3.0 (0.085) <0.01 (149.53) (149.03) 1.08 2.05 0.160 0.076 0.098 0.383
©13/98” 005/ 337" . 0.008—0.013 148.58—151.21 148.44—148.67
R5 110°13"28’ 25°05"33 8.0-9.0 8.0 (0.010) <0.010 (150.01) (14850) 0.52 2.19 0.018 0.107 0.126 0.061
@ 0417 mqre D 0.010—0.100 148.80—149.86 148.90—149.20
SW R6 110°11"54 25°05"42' 19-20.0 18-19 (0.035) 0.02—-0.01 (149.25) (149.05) 151 1.99 0.362 0.134 0.117 0.608
0.008—0.012 149.54—150.50 149.34-149.66
©11/797 005/ 547 _ -
R7 110911729 25°05'54 12.0-14.0 10-12 (0.01) <0.010 (149.96) (149.48) 1.30 140 0.740 0.173 0.138 0.190
0.010-0.030 150.30—150.90 150.25-150.30
°10’55” 005/ 99” _ _
R8 110°10°55' 25°05"29° 45-9.0 1.6-5.0 (0.016) <0.010 (150.44) (150.29) 171 1.68 0.929 0.183 0.188 0.780
°11/03” 006! 26" _ 0.014-0.750 148.55-149.20 148.50—148.70
R9 11011703’ 2570626 10.0-27.0 <6.0 (0.398) <0.150 (148.85) (148557) 0.60 0.86 0.245 0.079 0.098 0.519
01l anr onel1om _ 0.100—0.430 148.24-149.32 148.00—148.30
R10 110°10"34 25°06"19 7.0-11.3 <5.0 0.271) <0.150 (148.55) (148.13) 0.75 143 0.135 0.105 0.125 0.431
6nalnr onelmgrm - 0.200—0.900 0.09-0.45 146.20—147.15 145.75—-145.95
R11 110°09"21 25°05"56 3.5-6.0 35 (0.450) (0.150) (146.63) (145.81) 137 4.53 0.032 0.155 0.294 0.008
Flow (L/s) TN (mg/L) TP (mg/L)
Type No. Latitude Longitude Elevation (m)
Wet Season Dry Season Wet Season Dry Season p-Value Wet Season Dry Season p-Value
S1 110°12/16” 25°08/55" 189.32 0.010-0.05 <0.010 29 23 0.737 0.021 0.028 0.364
S2 110°12/18” 25°08 44" 160.13 0.010-0.05 0.001-0.010 333 3.30 0.978 0.023 0.038 0.013
Water Table (m)
No. Latitude Longitude Depth (m) Wet Season Dry Season p-Value Wet Season Dry Season p-Value
Wet Season ® Dry Season ®
@ G1 110°11/36” 25°08/14” 39 152.80—154.00 (153.44) 153.10—153.88 (153.39) 3.92 3.49 0.799 0.024 0.011 0.010
GW G2 110°12/11” 25°08/05” 42 153.10—155.01 (154.03) 152.84—153.90 (153.32) 3.47 293 0.406 0.042 0.019 0.071
G3 110°12/27” 25°07' 42" 29 152.33—154.02 (153.19) 152.01-152.75 (152.30) 237 5.03 0.022 0.027 0.027 0.980
G4 110°13/32” 25°07/03" 29 149.90—-151.80 (151.17) 150.05-151.30 (150.99) 15.26 15.68 0.767 0.077 0.045 0.044
G5 110°12/25” 25°0640” 49 149.50—152.01 (150.20) 149.39—-150.66 (149.70) 18.98 20.33 0.448 0.035 0.027 0.286
G6 110°13/27” 25°05/39” 5.6 148.70—150.10 (148.91) 148.52-149.22 (148.82) 7.94 14.70 0.002 0.027 0.045 0.024
G7 110°11/53” 25°05/22" 4.2 149.08-151.13 (150.61) 148.98—150.92 (150.24) 15.55 12.92 0.110 0.206 0.136 0.003
G8 110°11/17” 25°06/02” 33 149.85—151.00 (150.62) 149.73-150.78 (150.20) 2.69 2.00 0.350 0.038 0.024 0.128
G9 110°10'59” 25°05/29” 6.5 149.60—152.00 (150.87) 149.54-151.19 (150.39) 2.96 112 0.068 0.038 0.030 0.612
@ ®

Note: © SW: surface water.

GW: groundwater.

min—max (mean): the minimum and maximum (mean) value of the sample set during the monitoring period. © mean value.
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3. Results
3.1. Spatio-Temporal Distribution of Hydrodynamic

The precipitation from May 2020 to April 2021 was 2158 mm, about 1.14 times the
mean annual precipitation. May-September 2020 and April 2021 were defined as the wet
season, with monthly precipitation ranging from 148 mm to 665 mm, accounting for 6.86%
to 30.82% of the annual precipitation, respectively. October 2020 to March 2021 was defined
as the dry season, with monthly precipitation ranging from 6.5 mm to 115 mm, accounting
for 0.23% to 5.33% of the annual precipitation, respectively. DO (dissolved oxygen) in
surface water and shallow groundwater decreased with a high temperature in the wet
season, and increased with a low temperature in the dry season during the monitoring
periods (Figure 2). The seasonal variation of water temperature is more visible in surface
water than in shallow groundwater. The pH of surface water samples was neutral to
alkaline, varying between values of 6.9 and 8.5, while shallow groundwater samples varied
from 6.4 to 8.7, without significant seasonal characteristics (Table 2).
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Figure 2. The time series of temperature and DO at all the sampling sites. The light-yellow area represents the dry season.

Overall, there were distinct seasonal characteristics in the hydrological conditions
of surface water and shallow groundwater caused by the uneven seasonal distribution
of annual precipitation (Table 1). A significant seasonal difference was presented in the
flow of spring sampling points S1 and S2 in the northern recharge area with a maximum
of 0.05 L/s in the wet season and a minimum of 0.001 L/s (52) in the dry season, and the
spring water even stopped flowing (S1) from October 2020 to February 2021. In the dry
season, the river flow conditions represented the slower mean flow velocity at the lower
water table, with minimum flow velocity and water table in December 2020 and January
2021, even presenting discontinuous flow in some reaches. Similarly, the mean water tables
monitored in groundwater wells in the dry season, ranging from 147.82 m to 153.39 m, are
lower than those in the wet season, ranging from 148.50 m to 154.03 m.

A contour map of the water table based on monitored data at sampling sites shows
the significant spatial variation of surface water and shallow groundwater tables (Figure 3).
The main drainage directions of the hydrological systems flow from the north and south
to the central lowland, and then southward to the outlet of the watershed. Influenced by
topography, precipitation, karst development, and the thickness of the quaternary, similar
variation characteristics to surface water appeared in the shallow groundwater table, with
high water tables in the northern recharge area to low water levels in the western discharge
area, and sparse water table contours in the central wetland core area dominated by the
dispersed discharge.
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Table 2. Environmental standards and seasonal variation of N and P indicators of surface water and shallow groundwater in the study area.

Wet Season Dry Season
Type Indicator Unit Clas.s I.H Standard Concentration Over-Limit Ratio (%) Concentration Over-Limit Ratio (%)
Limits [29,30] (mg/L) Variance cv® (mg/L) Variance cv®
Min—Max (Mean) Min—Max (Mean)
pH / 6—9 6.9—8.5 (7.6) / / / 6.4—8.7 (7.6) / / /
TN 1.0 0.31—4.10 (1.39) 0.71 0.60 63.6% 0.33—9.50 (2.27) 3.77 0.85 74.5%
SW NO3;™-N me/L 10 0.01—3.73 (0.68) 0.53 1.08 0% 0.12—4.70 (1.04) 1.28 1.09 0%
NH;*-N 8 1.0 0.005—1.56 (0.40) 0.11 0.82 3.0% 0.005—5.69 (0.72) 0.84 1.27 20.0%
TP 0.2 0.01—-0.23 (0.10) 0.004 0.61 9.1% 0.01-0.41 (0.13) 0.006 0.63 14.5%
pH / 6.5—-8.5 6.8—8.0 (7.3) / / / 7.0—8.0 (7.5) / / /
TN 1.09 0.61—25.02 (7.25) 41.77 0.89 98.5% 0.86—23.00 (7.89) 45.82 0.86 98.2%
GW NO; -N mg/L 20 0.52—18.35 (6.09) 30.02 0.90 0% 0.60—20.11 (5.55) 31.16 1.01 1.8%
NH;*-N 0.5 0.01—0.20 (0.05) 0.001 0.72 0% 0.01—0.17 (0.05) 0.001 0.68 0%
TP 029 0.01-0.26 (0.05) 0.003 1.08 6.1% 0.002—-0.16 (0.04) 0.001 0.89 0%

@ CV: coefficient of variation. @ There is no limit of TN and TP in the “Chinese Environmental Quality Standards for Groundwater” (GB/T14848-2017) [30], the value refers to the same limit value as surface

water in the “Chinese Environmental Quality Standards for Surface Water” (GB3838-2002) [29].
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Figure 3. Water table contours map of the Mudong River watershed.

In the context of the regional hydrogeological environment, the monitoring sites of
surface water and groundwater were divided into three areas with different hydrodynamic
conditions: the northern recharge area, the central wetland core area, and the western
discharge area, based on the variation of the water table, the characteristics of the flow
field, and the interaction between groundwater and surface water (Figure 3).

The temperature of samples from spring (S1 and S2), groundwater (G1, G2, and G3),
and surface water (R1 and R2) in the northern recharge area were lower than in other areas,
ranging from 18.8 °C to 21.6 °C. The mean water table varied widely from 152.69 m to
189.32 m, indicating the weak interaction among the sampling sites.

The temperature of samples from surface water (R3 to R6) and groundwater (G4 to G7)
in the central wetland core area ranged from 20.7 °C to 23.2 °C. The mean surface water
table varied between 148.69 m and 150.29 m, close to that of groundwater, ranging from
148.13 °C to 151.10 °C, suggesting a close relationship among the sampling sites in this
area. Since the aquifer structure is a closed karst water-storing basin formed by a large-
scale fold-fractured composite basin, shallow groundwater flows slowly and discharges
dispersedly. (Table 1).

The sample temperatures of surface water (at sites R7 to R11) and groundwater (at
sites G8 and G9) in the western discharge area were highest, ranging from 21.4 °C to 24.4 °C.
The mean groundwater table of G8 and G9 were 150.45 m and 150.52 m, respectively. Due
to the small difference in the water table of R7 and R8 (mean 149.74 m and 150.37 m,
respectively) and the hydraulic gradient, the flow velocity of R7 and R8 in the ancient
Gui-Liu Canal was so slow that water flowed significantly only during rainfall events in
the wet season, with mean values of 0.006 and 0.015 m/s. In the main channel, the water
table of R9, R10, and R11 (mean values of 150.37, 148.36, 146.35 m, respectively) and the
hydraulic gradient were more variable, with a high westward flow velocity (mean values
ranged from 0.231 to 0.450 m/s).

3.2. Seasonal Variation of TN and TP

According to the requirements of the Water Environmental Functional Zone Division in
Guilin, the “Chinese Environmental Quality Standards for Surface Water” (GB3838-2002) [29]
and “Chinese Environmental Quality Standards for Groundwater” (GB/T14848-2017) [30], TN
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As shown in Table 2 and Figure 4, of the 239 surface water and groundwater samples,
84.5% were categorized as having TN pollution and only 7.5% as having TP pollution,
indicating serious non-point source nitrogen pollution in the water. Moreover, 98.3% of
shallow groundwater samples were classified as having TN pollution, indicating that human
activities have caused the degradation of the shallow groundwater quality.
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Figure 4. The time series of TN and TP concentrations at all the sampling sites.

The TN and TP concentrations of surface water samples showed seasonal variations
during the wet and dry seasons (Table 2 and Figure 4). The TN and TP concentration ranges
of 55 samples in the dry season (0.33-9.50 mg/L and 0.01-0.41 mg/L, respectively) were
higher than those of 66 samples in the wet season (0.31-4.10 mg/L and 0.01-0.23 mg/L,
respectively), as well as the mean value, variance, CV (Coefficient Variation), and over-
limit ratio. As shown in Table 1, for each monitoring section, the mean TN and TP
concentrations in the dry season were higher than those in the wet season, except for
the northern upstream section R1 (the average TN concentration of 1.09 mg/L in the dry
season was lower than that of 2.58 mg/L in the wet season), and the sections R3, R6, and
R7 (the average TP concentrations in the dry season were lower than those in the wet
season). One-way analysis of variance (ANOVA) on the TN and TP concentrations in the
dry and wet seasons showed significant seasonal variation at the 5% level for points R2
and R11, suggesting significant differences in the sources or input pathways of nitrogen
and phosphorus between the two seasons. Seasonal variations in TP concentrations at
sampling sites R3, R6, and R7 were not significant (Table 1).

Unlike surface water, the concentration ranges of TN and TP of shallow groundwater
samples in the wet season (0.61-25.02 mg/L and 0.01-0.26 mg/L, respectively) were higher
than those in the dry season (0.86-23.00 mg/L and 0.002-0.16 mg/L, respectively) (Table 2).
For each monitoring site, the average TN and TP concentrations in the wet season were
higher than those in the dry season, except for TN concentration in wells G3-G6 and TP
concentration in well G6, indicating the more serious nitrogen and phosphorus pollution
of shallow groundwater in the wet season. One-way analysis of variance (ANOVA) on the
concentration in two seasons showed significant seasonal variation at 5% level of the TN
for wells G3 and G6, and significant seasonal variation of the TP at sites 52, G1, G4, G6,
and G7 (Table 1).
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3.3. Spatial Distribution of TN and TP

Large coefficients of variation indicated a significant spatial variability of nitrogen and
phosphorus in the water of the Mudong River watershed (Table 2). At sites R1 and R2 in
the northern recharge area, the mean TN concentration (1.90 and 3.11 mg/L, respectively)
and the average contribution of NO3™-N to TN (59.46% and 83.99%, respectively) were
higher than the mean TN concentration at sites R3 to R6 in the central wetland core area
(ranging from 1.28 to 2.54 mg/L) and the mean contribution of NO3;™-N to TN (varied
from 25.31% to 49.44%). An increasing trend was shown at sites R7 to R11 in the western
discharge area in the mean TN concentration (rose to 2.81 mg/L at point R11) and the
average contribution of NO3; ™-N to TN (varied from 24.90% to 58.83%) (Figure 5a,c).
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Figure 5. Spatial distribution of TN (a) and TP (b) concentration (a: PN = TN — (NO3~-N + NH*-N), b: PP = TP — TDP),
boxplots of TN (c,e) and TP (d,f) concentration in surface water and shallow groundwater.

The TP concentration, ranging from 0.01 to 0.14 mg/L with a mean of 0.039 mg/L
at point R1 in the northern recharge area, increased gradually along the main channel to
0.09-0.41 mg/L, with an average of 0.218 mg/L at point R11 in the western discharge area.
The mean contributions of TDP to TP at points R7 to R11 (varied from 56.20% to 69.87%) in
the western discharge area were higher than those of the other two areas (41.90-57.43%)
(Figure 5b,d).
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It was confirmed that there was a significant correlation between TN and TP concen-
trations at site R9, with a Pearson correlation coefficient of 0.842, as well as 0.770 at site R2,
suggesting the similar sources and input pathways of nitrogen and phosphorus in the water
at sites R9 and R2. At the same time, the correlations at the rest of the surface water sampling
sites were not significant, except for sites R3 and R5 (0.692 and 0.669, respectively) (Table 2).

For shallow groundwater, the mean TN concentrations (ranging from 10.63-19.52 mg/L)
and TP concentrations (ranging from 0.31-0.179 mg/L) at points G4-G7 in the central
wetland core area were higher than 2.81-3.61 mg/L (TN) and 0.018-0.033 mg/L (TP) at
points S1, 52, and G1-G3 in the northern recharge area and 2.22-2.37 mg/L (TN) and
0.032-0.035 mg/L (TP) at points G8 and G9 in the western discharge area. Unlike surface
water, NO3; ™ -N has always been predominant in groundwater TN, with its contribution
varying from 48.55% to 98.10% (mean 83.04%). There were no significant correlations
between TN and TP concentrations in shallow groundwater samples (Figure 5a,b,e,f).

4. Discussion
4.1. Analyses of the Seasonal Variation of TN and TP

Some studies have shown that monthly sampling is sufficient when seasonal fluctua-
tions of nitrogen and phosphorus in water are much more significant than the response
to storm events [31,32]. In this study, monthly sampling seemed to be a good approach
that was both economically feasible and sufficiently reflected seasonal representations of
the concentration range/mean/extreme and over-limit ratio in the watershed outside of
storm-flow periods. Previous studies have also shown that seasonal variations in nitrogen
and phosphorus concentrations in surface water may occur [33] as precipitation decreases
significantly in dry seasons compared to rainy seasons [19,34]. Of course, long monitoring
periods and high monitoring frequency of sample data are necessary for further study of
nutrients in the watershed. In future research, automatic monitoring equipment is set to be
installed at typical and conditional sampling sites [35]. Monitoring data will be collected
for the hydrological model to simulate nutrient dynamics in the karst water system [36,37].

In addition to the influence of meteorological and hydrological natural factors, external
factors such as human agricultural water and fertilizer management as well as sewage
discharge also contribute to the seasonal variation of nitrogen and phosphorus in watershed
water. The mean TN concentration in the fertilized wet season was 2.4 times higher than
that in the dry season at the sampling site R1, located in the northern karst mountain, which
was developed as a citrus orchard for more than ten years. The nitrogen source of point R1
may have a significant difference between the wet season and dry season estimated from
the one-way analysis of variance (ANOVA) (Table 1). Excessive nitrogen from fertilization
in the wet season migrated to river water with the flow on the surface and underground
(Figure 6a). Because the orchard is located in the upper reaches and the aquifer infiltration
recharge area, the nitrogen and phosphorus into the water cycle system with rainfall in
the wet season will continuously affect the water quality downstream and throughout the
watershed. Thus, changes to land-use in the northern karst mountain should be considered
to reduce aquifer pollution and stop the downstream drainage system from receiving
excess nitrate. Significant seasonal variations in TN and TP concentrations at sites G3
and R2 and R5 and G6 were also due to seasonal differences in pollution sources and
input paths caused by changes in interaction patterns between well water and the adjacent
rive (Figure 6b,c).
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Figure 6. Variations of nitrogen and phosphorus at: (a) R1, S1, and S2 sites in the northern recharge
area, (b) R2, G1, G2, and G3 sites in the northern recharge area, (c) R5 and G6 sites in the central
wetland core area during the wet and dry season, and (d) in karst fissures and conduits.

4.2. Analyses of the Spatial Distribution of TN and TP Affected by Karst Hydrodynamic

Karst hydrogeological conditions and associated topography have a strong influence on the
hydrodynamic features, making the interaction between surface water and shallow groundwater
spatially variable at the watershed scale and indirectly affecting the spatial distribution pattern
of nitrogen and phosphorus concentrations in water. The hydrogeology and topography of the
study area are characterized by a karst peak forest in the high north as the recharge area for
carbonate karst water, with a flat plain in the low center wetland core area distributed with
quaternary pore water. Hydrodynamic fields formed by karst aquifer medium composed of
bedrock, fissures, and karst conduits are characterized by laminar and turbulent coexistence
and alternate circulation of surface water and groundwater [38] (Figure 6d).

The hydrodynamic type of groundwater in the northern recharge area is characterized
by fissure flow and conduit flow, so groundwater generally flows turbulently in fissures
and conduits, mainly with vertical infiltration. The discontinuous, thin, and scattered
surface protective soils developed fissures, and karst conduits make surface nitrogen and
phosphorus pollutants into karst aquifers with precipitation quickly, almost without natural
filtration. Therefore, the TN concentration of surface water in the wet season in the north
was close to that of shallow groundwater, with similar characteristics that were dominated
by NO;™-N (Figure 5).

The flat central wetland core area is a covered karst area with an overlying soil
thickness of about 0.2-6.0 m. The groundwater hydrodynamic type is characterized by
pulse and network flow, mainly for laminar flow movement and maintaining a strong
hydraulic connection, with a unified underground water surface. The surface water table is
more stable than the surrounding area, with less variability and a small hydraulic gradient,
and the shallow groundwater table is buried close to the surface and has a strong hydraulic
connection with surface water. However, the karst groundwater infiltrates slowly along
with the small solution gaps and pores in the aquifer matrix, resulting in a decrease in
drainage capacity, an increase in water storage capacity [39], and a decrease in water
mobility. Nitrogen and phosphorus pollutants in sewage from residential areas with high
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intensity of human activities are not easily diluted and are diffused to the surrounding area
once they enter shallow groundwater with water movement, resulting in generally high
nitrogen concentrations in the water of G4-G7 monitoring wells (Table 1 and Figure 5).

The main stream in the western discharge area is the concentrated drainage zone
of surface water and shallow groundwater, with large hydraulic gradient and fast flow
velocity (Table 1). With the increase in the catchment area, the load of nitrogen and
phosphorus into the river increases, as does the concentration (Figure 5). Although G8
and G9 are also affected by the sewage discharge from residential areas, they are easy to
diffuse to the surrounding areas, so the concentration of TN and TP is lower than that of
the monitoring wells in the central wetland core area (Figure 5).

4.3. Nitrogen and Phosphorus Pollution of Water in Karst Areas

Nitrogen was the primary nutrient of non-point source pollution in the agriculture-
dominated Mudong River watershed, and NO3; ™ -N concentrations are highest in shallow
groundwater wells in the central wetland core area with a high intensity of human activities.
These results are consistent with the similar conclusions of local studies by Peng [18] and
Chen [19]. NO3™-N pollution is one of the most common and prominent problems of
karst groundwater worldwide. Previous studies on NO3;™-N in water in France (karstic
Cretaceous chalk aquifer in Paris) [40], the United States (Edwards karst aquifer, central
Texas) [41,42], South Korea [43], Bangladesh [44], China (Houzhai watershed and Guiyang
watershed, Guizhou Province) [4,45,46], and other regions also found high nitrate (NO3 -
N) concentrations in karst areas, especially in agricultural areas. Nitrogen is often found to
be transported to groundwater in the form of dissolved nitrate (NO3~-N) due to its high
solubility and mobility characteristics, while phosphorus is easily retained in soil due to its
affinity to particulate matter. Compared to phosphorus, nitrogen is more likely to migrate
into groundwater and enrich in the form of nitrate (NO3; ~-N) in karst areas, due to the thin
and discontinuous soil layer, the complexity of karst aquifers, the existence of karst fissures
and pipes, and the frequent exchange of surface water and groundwater.

Although the TN concentration of water samples was high and dominated by NO3~-N
in the Mudong River watershed during the monitoring period, NO3;~-N concentration
in surface water was below the “Chinese Environmental Quality Standards for Sur-
face Water” (GB3838-2002) [29] and the “Chinese Standards for Drinking Water Qual-
ity” (GB5749-2006) [47] threshold of 10 mg/L, and only a few numbers of groundwa-
ter samples exceeded the “Chinese Environmental Quality Standards for Groundwa-
ter” (GB/T14848-2017) [30] threshold of 20 mg/L for NO3;™-N concentration (Table 2),
e.g., the NO3™-N concentration in G5 well water in November 2020 was 20.11 mg/L (with
precipitation of 6.5 mm in November). According to the sampling in this region recorded
by Peng [18] and Chen [19], the NO3;~-N concentration in G7 well water was higher than
70 mg/L in October 2017 (with annual precipitation of 2197 mm in 2017 and 17.5 mm in
October). In G5 well water, it was as high as 111 mg/L in July 2018 (with annual precip-
itation of 1591.5 mm in 2018 and 206.5 mm in July) and reached 89.9 mg/L in February
2019. NO3;™-N concentration was 71.5 mg/L in site G7 well water monitored by us in
December 2019 (with annual precipitation of 2336 mm in 2019, 155 mm in February, and
32 mm in December), indicating that there is real NO3; ~-N contamination in the shallow
groundwater in the central wetland core area. Particular attention should be paid to the
high concentration of NO3~-N in shallow groundwater given the human health damage
caused by excessive nitrogen in the water, and it should be noted that some residents di-
rectly use groundwater as drinking water (without treatment). In addition, excess nitrogen
and high NO3™-N concentrations pose a serious threat to the fragile karst water ecosystem
due to the limited dilution and self-purification capacity of groundwater in karst areas [48].

In this research, we focused on nitrogen and phosphorus pollution in rivers and
shallow groundwater. The soil water and deep groundwater circulating in the hydrology
of watersheds should be taken into account in future studies, although the monitoring and
analysis work is extremely challenging. Fundamental research describes the basic spatial
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and temporal variation to understand better, conceptualize, and simulate the mechanisms
of nitrogen and phosphorus migration in surface water and groundwater in karst areas.
However, given the increased complexity of karst areas compared to non-karst areas, it is
not easy to quantitatively describe the close association between elements by conventional
compositional statistical analysis. At present, many techniques such as stable isotopes have
been used to estimate the pollution of nitrogen and phosphorus in karst water [49]. Related
studies have been carried out in the region and similar geological areas [18,19,44]. Based
on field monitoring sampling, combined with various techniques such as isotope tracing
and model simulation, quantitative analysis is the future research direction of nitrogen and
phosphorus migration in karst wetland water ecosystems.

5. Conclusions

Spatial and temporal variations of nitrogen and phosphorus in rivers, springs, and
wells in the Mudong River watershed of the Huixian Karst Wetland were revealed by
identifying the influence of hydrodynamic features in the karst area on water nutrients.
The following conclusions can be drawn based on the results of this research.

Due to natural factors of meteorological and hydrological conditions and external
factors of human activities, the TN and TP concentrations of water samples showed
seasonal variations during the wet and dry seasons. The ranges of TN and TP concentration
from 55 surface water samples in the dry season were higher than those from 66 samples in
the wet season, as well as the mean value, variance, CV, and over-limit ratio. The average
TN and TP concentrations in the dry season were higher than those in the wet season,
except for the TN concentration at point R1 and TP concentrations at points R3, R6, and R7.
The ranges of TN and TP concentration from 66 shallow groundwater samples in the wet
season were higher than those from 52 samples in the dry season. The mean TN and TP
concentrations of sample sites in the wet season were higher than those in the dry season,
except for TN concentrations at points G3-G6 and the TP concentration at point G6.

According to the spatial differences in hydrodynamic conditions, the Mudong River
watershed was divided into three areas: the northern recharge area, the central wetland
core area, and the western discharge area. Influenced by karst hydrodynamic features and
human activities, the mean TN concentration of surface water samples in the northern
recharge area was high and dominated by NO3 ~-N, then decreased along the flow direction
to a stable level in the central wetland core area and increased in the western discharge
area. The mean TP concentration of surface water samples increased gradually from the
northern recharge area to the western discharge area. The mean TN and TP concentrations
of shallow groundwater samples in the central wetland core area were higher than that of
the other two areas.

The data indicate severe N pollution in the waters of the Mudong River watershed
during the monitoring period—with 84.5% of the 239 surface water samples and 98.3%
of 118 shallow groundwater samples categorized as TN > 1.0 mg/L—and high NO3~-N
concentration of shallow groundwater in the central wetland core area. Due to intensive
fertilization of fruit trees during the wet season, the TN concentration of surface water in
the northern recharge area is high and dominated by NO3;~-N, having a negative impact
on the water quality downstream, indicating the importance of scientific and reasonable
land use to protect surface water and groundwater from eutrophication in karst-influenced
watersheds dominated by agriculture with a fragile water ecological environment.
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