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Abstract

Water quality degradation and eutrophication in surface water bodies caused by excessive
phosphorus loads from agriculture and urbanisation are widespread problems. Although
phosphorus (P) is often the limiting factor of aquatic ecosystems, only few studies have
characterised the primary factors that influence P export in subtropical monsoon catchments.
This study aims to assess the temporal and spatial variations in P fluxes, and to investigate the
factors controlling P export in a subtropical catchment. Runoff and P export in the Le An River
catchment, which flow to Poyang Lake (China) were evaluated using the HYPE model.
Sensitivity analysis and calibration of hydrological and P transport parameters were undertaken
using PEST. Results show that: (a) HYPE reproduced sufficiently well (NSE > 0.73, |PBIAS| <
14.5%) the stream flow dynamics for widely varying climatic conditions and across six
sub-catchments of contrasting physiographic characteristics; (b) HYPE captured intra-annual
patterns of total P (TP) loads, although with overestimation of annual TP loads by 8.5-47.0%
across two monitoring sites; (c) TP loads had the ranges between 0.24-0.88 kg/ha/yr and
4.31-4.69 kg/ha/yr from forest-dominant upstream areas and the downstream plains region,
respectively, with the latter being more urbanised and having higher percentage of agriculture;
(d) Soil erosion from surface runoff and adsorption/desorption of soil P are the main factors
controlled P export from the catchment; (e) most P export occurred during March-August when
rainfall-runoff is highest and agricultural practices are most active; (f) stream TP concentrations
were greatly affected by point source inputs, especially during low-flow conditions in
downstream plains region. This study indicates that measures to reduce TP export to receiving
water bodies in subtropical monsoon areas, like Poyang Lake, should focus on managing diffuse
sources from soil erosion and surface runoff etc., whereas improvements to sewage management
is more likely to reduce river TP concentrations during low-flow periods.

Keywords: Phosphorus export; Rainfall-runoff; Sensitivity analysis; HYPE; Catchment model;

Nutrient loads



1. Introduction

Excessive nutrient export from watersheds causes elevated nutrient concentrations in surface
waters, particularly receiving water bodies, leading to water quality deterioration, eutrophication,
and biodiversity loss (Duan et al., 2008; Gurung et al., 2013; Kaye et al., 2006; Moore et al.,
2008; Rodriguez-Blanco et al., 2013; Zhang et al., 2019). Elevated concentrations of the nutrients
phosphorus (P) and nitrogen (N) are the most common causes of eutrophication in freshwater
ecosystems, such as lakes, reservoirs, streams, and the upper reaches of estuarine systems
(Conley et al., 2009; Correll, 1999; Edwards and Chambers, 2002; Santos et al., 2015; Smith et
al., 1999). P export from soils to surface water bodies occurs not only in the form of particulate P
(PP) attached to eroded surface soil, but also as dissolved P (DP) (Gao et al., 2017; Garnache et
al., 2016; Hansen et al., 2002; Seitzinger et al., 2005; Tang et al., 2008). During the transport of P
from watersheds to receiving water bodies, DP and PP fractions may continuously change as a
result of in-stream processes. These processes include uptake of DP by aquatic biota,
transformations between PP and DP caused by changes in the equilibrium DP concentration,
deposition of suspended PP, and re-suspension of streambed or streambank PP (Bitschofsky and

Nausch, 2019; Edwards et al., 2000).

Diffuse and point sources of P export are usually differentiated in studies of the origins of stream
P (e.g., Correll, 1999; Duan et al., 2008; Garnache et al., 2016). Diffuse P export at the catchment
scale, such as through runoff and erosion following rainfall from agricultural fields and fertilized
lawns and gardens in urban areas, is influenced by many factors. These include the spatial and
temporal characteristics of nutrient sources, physiographic properties, climatic patterns,
hydrological conditions and agricultural management practices (Cao et al., 2014; Duan et al.,

2008; Hunsaker and Johnson, 2017; Jiang et al., 2015; Jin et al., 2018; Kim et al., 2006;
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Lazzarotto et al., 2005; Song et al., 2014; Sun et al., 2011). The application of fertilisers,
including manure, within agricultural settings is usually identified as the main diffuse sources of
P to surface waters (Brendel et al., 2019; Carpenter et al., 1998; EEA, 2010; Lam et al., 2012;
Rode et al., 2008). Diffuse P sources were estimated to contribute up to 93% of total P loads
within rivers in China, with contribution from agricultural diffuse sources accounting for 85%
(Ongley et al., 2010). Thus, identification of major factors that influence P export from
catchments dominated by diffuse P sources has become a critical component of watershed
management, in particular where P pollution issues have arisen, such as in subtropical regions of

China (Chen and Lu, 2014; Li et al., 2008; Wang et al., 2020).

Previous studies demonstrate that stream TP concentrations and mass fluxes are often correlated
to the percentage of land use dedicated to agriculture (Gurung et al., 2013; Lu et al., 2017; Wang
et al., 2014). Agricultural practices can lead to greater soil erosion, which enhances P transport
through particulate entrainment in the runoff that occurs under high rainfall intensities,
contributing to increased stream PP concentrations (Kim et al., 2018; Rodriguez-Blanco et al.,
2013; Sandstroem et al., 2020; Song et al., 2014; Sun et al., 2011; Yang et al., 2009). The urban
landscape may also serve as a strong diffuse source of P to the aquatic environment, due to
increased impervious cover creating more overland flow and sediment-bound P transport as well
as the release of chemicals (e.g., detergents) to waterways (Arnold and Gibbons, 1996; Duval,
2018; Gurung et al., 2013). Rainfall imposes complex effects on diffuse P concentrations because
it can dilute P concentrations in streams and downstream lakes, but high rainfall can also cause
runoff and soil erosion from agriculture, where inorganic P may be adsorbed onto eroding
sediment (Bender et al., 2018; Garnache et al., 2016). P export from point sources most

commonly includes the release of wastewaters from sewage treatment plants, municipal and



industrial sites, as well as rural point sources such as feedlots (Garnache et al., 2016; Lam et al.,

2012; Palmer-Felgate et al., 2010; Schoumans et al., 2014).

Numerous catchment modelling studies have been undertaken to simulate runoff and P export,
and to predict the influence of climate change and anthropogenic activities on catchment
hydrology and nutrient discharge. Popular catchment models used to simulate runoff and P export
include SWAT (Arnold et al., 1998), AGNPS/AnnAGNPS (Bingner et al., 2012), INCA-P (Wade
et al.,, 2002), SPARROW (Schwarz et al., 2006), HSPF (Donigian et al., 1995) and HYPE
(Lindstrém et al., 2010). Among these models, SWAT is the most widely used model (e.g., Lai et
al., 2006; Panagopoulos et al., 2011; Trindade et al., 2010; Wang et al., 2012; Wellen et al., 2015;
Xu and Peng, 2013). HYPE has also been used extensively, including for the simulation of runoff
and P export from temperate watersheds of various scales (Jiang et al., 2012; Lindstrém et al.,
2010; Stromqvist et al., 2012; Yin et al., 2016). The physically based HYPE model represents a
compromise between highly parameterised models like SWAT and HSPF and much simpler
statistical models like SPARROW. It simulates stream flow with the commonly available and
easily measurable meteorological data of time series precipitation and air temperature. HYPE
keeps good balance between model complexity, representation of internal hydrological and
biogeochemical processes, as well as input data availability. Thus, it is suitable for usage in
meso- to large scale catchments (e.g., Jiang et al., 2014; Lindstrom et al., 2010; Strémqvist et al.,

2012; Yin et al., 2016).

Catchment modelling studies of P transport rarely involve subtropical or tropical monsoon
regions, where runoff characteristics differ to those of temperate areas due to contrasting

meteorological patterns, hydrological regimes, and cropping systems (e.g., Li et al., 2015; Li et



al., 2017; Trindade et al., 2010; Xu and Peng, 2013). Examples of P transport modelling studies
in subtropical/tropical monsoonal regions include: SWAT simulation of stream flow and diffuse
P export from an upstream watershed of the Dongjiang River in southern China (Xu and Peng,
2013); SWAT modelling of diffuse P loads from a small catchment in southeastern Brazil
(Trindade et al., 2010); application of the INCA model to simulate stream flow and P
concentrations of the Mahanadi River affected by both point and diffuse sources in India (Jin et
al., 2018); simulation of stream flow and diffuse P export from Xitiaoxi watershed in China using
HSPF (Li et al., 2017); modelling of stream flow and diffuse nutrient export from Zhongtian
River watershed in China by AnnAGNPS (Li et al., 2015); and simulation of phosphorus
transport in a headwater catchment in the upper Taihu Lake Basin, China using SPARROW
(Zhang et al., 2019). Of these modelling studies, only Jin et al. (2018) attempt to investigate the
effect of changes in both point source (e.g., due to higher population growth and increased treated
sewage discharge) and non-point (e.g., land use change and enhanced atmospheric deposition)

sources of P on stream water quality and P loads.

In this study, P export from the subtropical Le An River catchment, southeast China, is
investigated. This catchment provides significant input to China’s largest freshwater lake, i.e.,
Poyang Lake. Poyang Lake is connected to the Yangtze River through one of the few remaining
natural channels of its type in China. The lake provides habitat for around half a million
migratory birds and the vulnerable Finless Porpoise, and also plays a significant role in regulating
floods in the Yangtze River (Dong, 2012; Wang et al., 2013; Zhang et al., 2014). It receives most
of its inflow from five rivers (i.e., the Ganjiang, Fuhe, Raohe, Xinjiang, and Xiushui Rivers),
which contribute significant nutrient loads to the lake. Water quality in the lake and rivers (within

Poyang Lake’s catchment) has deteriorated since the 1980s in the face of increasing population,



economic growth, rapid urbanization, and changing climatic-hydrological regimes (Wu et al.,
2018; Zhang et al., 2014). Jiang et al. (2017) identified farmland and urban areas as the main
source of heavy metal pollution in the Le An River based on Pearson’s correlation analysis
between land use types and the concentrations of trace metals. They concluded that forests and
grassland were sinks for dissolved trace metals (Jiang et al., 2017). However, stream nutrient
concentrations and nutrient fluxes in the Le An River catchment have not been investigated
previously. Other studies of P export into Poyang Lake include the investigation of Wang et al.
(2008), who used systematic monitoring to conclude that agricultural drainage water, urban
sewage and groundwater are the main drivers of N and P loads in tributaries and the lake. Deng et
al. (2011) analysed the trade-off between economic growth and the reduction of N and P loads
within the Poyang Lake Basin. They found that restricting N and P outputs from sectors with the
highest levels of discharge is more effective for balancing economic growth and the reduction of
N and P loads than restricting N and P loads from all sectors. None of the previous P export
studies in the Poyang Lake Basin have investigated variations in P loads in the context of the
contributing factors, which should be determined to support decision making to reduce nutrient

loads.

The objectives of this study are to assess the temporal and spatial variations in P fluxes in
subtropical monsoon catchment, and to investigate the major factors influencing P export at the
catchment scale. To accomplish these goals, HYPE, a semi-distributed physically based model
that runs on daily time steps, is applied at the Le An River catchment, along with the parameter
estimation code PEST to undertake sensitivity analysis and calibration of hydrology and P
transport parameters. The results of the current analysis will add to previous investigations of P

transport within subtropical monsoon areas by exploring the effects of land use, rainfall patterns



and both diffuse and point sources of P on stream P concentrations and P fluxes. This study is
expected to assist in decision making for catchment P management, taking into account river

ecosystem responses to P loading.

2. Materials and methods

2.1 Study area and data availability

The Le An River catchment (coordinates: 28°55'41”-29°1"21"N, 116°29'35"-117°48'24"E) is
located in Jiangxi Province, China (Figure 1a), and has a total area of 8324 km? (Jiang et al.,
2017). The catchment is dominated by mountainous regions in the northeast and plains region in
the southwest, which differ in terms of topography, land use, and soil type, as shown in Figure 1.
A summary of the main physiographic and land use characteristics of the Le An River catchment
is provided in Table 1.

Figure 1 near here

Table 1. Summary of physiographic and land use characteristics of the Le An River catchment.
Hilly/mountainous areas and plains region are those at elevations greater or less than

(respectively) 90 m.

Characteristics Categories (% area)
Topography (% Mountainous areas: 90 — 1596 m (70%), Plains region: 13 — 90 m
coverage) (30%)

Land use (% coverage) Forest (74.5%), arable land (19.0%), grassland (2.6%), urban area
(1.6%), water bodies (1.6%), others (0.7%)

Soil (texture, % Red soil (loam and clay, 64.0%), paddy soil (silty clay, 18.4%),

coverage) yellow-red soil (clay and loam, 10.5%), brown soil (loam, 2.4%),
yellow soil (loam and clay, 2.1%), grey alluvial soil (loam and
clay, 1.5%), yellow-brown soil (loam, 0.4%), volcanic ash soil
(clay, 0.5%), neutral purple soil (silty clay loam, 0.2%)

Arable land (% coverage) Paddy field (79.0%), dry land (17.5%), vegetable land (3.5%)




A Digital Elevation Model (DEM) of the Le An River catchment was downloaded from the
NASA Shuttle Radar Topographic Mission (SRTM, http://srtm.csi.cgiar.org/) with grid
resolution of 90 m (Figure 1b). Land surface elevations vary between 13 m and 1596 m (above
sea level). Land use was obtained from the Geographical Information Monitoring Cloud Platform
of China (http://www.dsac.cn/, Figure 1c) for the year 2000 with grid resolution of 250 m. The
percentages of coverage of six land use types are listed in Table 1. Forests dominate land use in
mountainous areas, whereas the plains region are mainly covered by arable lands and urban areas
(Figure 1b). Double-cropping rice is the dominant crop type, and is sown mainly in the plains
region. Early rice is sown in middle April and harvested in late July, while late rice is sown in
late July and harvested in October/November. The distribution of soil in the catchment was
obtained from a soil survey conducted by the Institute of Soil Sciences, Chinese Academy of
Sciences, with nine types of soil categorized according to the Genetic Soil Classification of China
(Figure 1d). Red soil and paddy soil are the dominant types of soil, making up 64% and 18.4%,

respectively of the total catchment area (Table 1).

Daily rainfall measurements were obtained from 44 meteorological stations within the Le An
River catchment, which experiences a subtropical monsoon climate characteristed by moderate
temperature differences between summer and winter. The average temperature during 1960-2008
was 17.6 °C, with June-August average of 27.3 °C and December-February average of 7.1 °C,
showing general increases from moutainous areas to the plains region due to altitude effects
(Zhang et al., 2014). Average annual precipitation for the period of 1960-2012 was 1626 mm, of
which more than 50% falls during March-June, with the largest monthly totals usually occuring

in June (Li and Hu, 2019). Seasonal variations in stream flow reflect rainfall patterns, whereby



the highest flows usually occur in March-June, whereas stream flow during December-February

is generally the lowest.

Stream flow and stream P concentrations are measured at the stream gauging stations shown in
Figure 1b. For water quality analysis, single grab samples were collected and analyzed as part of
the current study at weekly to three-monthly intervals during 2009-2011 and 2016 (Table 2). For
laboratory analysis of stream P concentrations, 5 L stream water samples were collected from 50
cm below the water surface, and these were kept in acid-cleaned, sealed containers and
transferred to the laboratory under cool and shaded conditions following the method of sample
collection defined by Wu et al. (2018). Water samples used to determine DP concentrations were
filtered using 0.45-micron membrane filters in the field. DP concentrations were determined from
a UV spectrophotometer using the molybdenum blue method, as adopted by Wu et al. (2018). TP
concentrations were analyzed using persulfate digestion and ion chromatography following the
methods described by De Borba et al. (2014). PP concentrations equal the difference between
concentrations of TP and DP. Available stream flow and stream P measurements are summarized

in Table 2.

Table 2. Available stream flow and stream P measurements in the Le An River catchment. See

Figure 1 for station locations.

Variables Stations Frequency Parameters Period
Stream flow  Wang Kou, San Daily Discharge (m®/s) 1977-1986
Du, Yin Shan
Xiang Tun, Hu Daily Discharge (m®/s) 1977-1986
Shan, and Shi 2009-2011
Zhen Jie
Stream P WQ1, WQ2, Three-monthly TP, DP (mg/L) 2009-2011
concentration WQ5
WQ3, WQ4, Monthly TP (mg/L) 2009-2011
WQ6
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WQ3, WQ6 Biweekly to TP, DP (mg/L) 2016
weekly

2.2 Hydrological and phosphorus-export model, HYPE

HYPE is a semi-distributed process-oriented catchment model that simulates hydrology and
nutrient export at daily time steps (Lindstrém et al., 2010). HYPE simulates evapotranspiration,
surface runoff, infiltration, macropore flow, percolation, interflow, regional groundwater flow,
and river flow (Lindstrém et al., 2010). In applying the HYPE model, a catchment is first
delineated into sub-basins based on topography and the stream network. Each sub-basin is further
classified into different Soil-Land use Classes (SLCs). Each SLC represents a so-called
Hydrological Response Unit (HRU). The soil is divided into a maximum of three layers, within
which hydrological and nutrient transformation processes are simulated. The SLCs are not
coupled to geographic locations but are defined as fractions of a sub-basin area. A detailed
description of the model processes and governing equations of HYPE is provided by Lindstrom

et al. (2010).

Within HYPE, sources of P input to the soil include diffuse sources from applied organic and
inorganic fertiliser, manure, plant residues, atmospheric deposition, and rural household diffuse
sources (Lindstrém et al., 2010). In HYPE, the mass of P stored in the soil is split into several
fractions (Lindstrom et al., 2010), namely: organic P with slow transformation (humusP), organic
P with rapid transformation (fastP), adsorbed inorganic P (partP), and dissolved P (DP). The
terrestrial processes influencing P export and concentration in HYPE include degradation,
mineralization, adsorption/desorption, plant uptake and soil erosion (Lindstrom et al., 2010;

Morgan, 2001). In-stream processes include sedimentation, re-suspension, primary production
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and mineralization (Lindstrom et al., 2010). Sources of point P input from urban and industrial

activities (e.g., sewage treatment works) are added to the river to which the effluent is discharged.

The equilibrium between soil DP and PP is governed by adsorption/desorption, which is

calculated using the Freundlich isotherm (Lindstrom et al., 2010):

PFREX

Fpaps = Ppaps (pFRCO (CSPEQ) CspayCeuLkp — X PARTP) (1)

where Fpaps is the amount of adsorbed/desorbed P (kg/km?/d), ppaos is the adsorption/desorption
rate that is dependent on soil type (1/d), perco is the coefficient in the Freundlich equation related
to adsorption/desorption that is dependent on soil type (1/kg), Cspeq is the SP equilibrium
concentration in the Freundlich equation related to desorption (mg/L), perex IS the exponent in
the Freundlich equation related to adsorption/desorption that is dependent on soil type (-), Csiay iS
the soil layer thickness (m), csuikp is soil bulk density, taken as 1300 kg/m®, and Xpagte is the
mass of partP (kg/km?). The above parameters related to P mass are given as area-specific values,

such that multiplication by the SLC area (km?) produces total P mass for an SLC.

2.3 Model setup and estimation of P loads

The Le An River catchment was delineated into 71 sub-basins, which range in area from 0.03 to
423 km? (average 117 km?). Subsequently, 47 SLCs were classified by overlaying maps of soil
and land use. The input data for the HYPE model, consisting of daily rainfall and temperature,
were interpolated using measurements from available meteorological stations located within or
nearby the respective sub-basins (Figure 1b). HYPE was run for a calibration period of five years
(1 Jan 1978 to 31 Dec 1982) using daily discharge observed from six discharge gauging stations

(i.e., Wang Kou, San Du, Xiang Tun, Yin Shan, Hu Shan and Shi Zhen Jie; Figure 1b). Stream
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flow validation consisted of two periods, namely a four-year period from 1 Jan 1983 to 31 Dec
1986 using daily stream flow measurements from the six gauging stations, and a three-year
period from 1st Jan 2009 to 31st Dec 2011 using daily stream flow observations from three

stations (Xiang Tun, Hu Shan and Shi Zhen Jie; Figure 1b).

Sources of P input to HYPE included agricultural inputs (mineral fertiliser and manure
application), atmospheric deposition, and point inputs (wastewaters from sewage treatment
plants). Initial soil P contents (i.e., humusP, fastP, and partP) also needed to be estimated. These
were derived from statistical data, field surveys and published literature (Hu, 2010; Jiang et al.,
2017; Jiao et al., 2010; Liu et al., 2013). In agricultural lands within the study area, fertiliser
application rates fall in the range 75-344 kg/ha/yr for N and 38-150 kg/ha/yr for P (Jiang et al.,
2017). Point sources discharging to rivers were defined based on recordings of daily average
discharge of wastewater to rivers and TP concentrations of the effluent (locations of wastewater
treatment plants are shown in Figure 1b), which are available from local Water Affairs Bureaus.
All the available stream TP and DP measurements for the period 1 Jan 2009 - 31 Dec 2011, and

PP estimates (TP minus DP) were used for calibration of P export-process parameters.

Plausible initial values and ranges of HYPE model parameters representing the conditions
encountered in the Le An River catchment are given in Table 3. These were defined based on
knowledge of hydrological and P transformation processes, literature review, and with referrence
to published HYPE applications in other catchments (Jiang and Rode, 2012; Jiang et al., 2014

and 2019; Jomaa et al., 2016; Lindstrom et al., 2010; Stromqvist et al., 2012; Yin et al., 2016).
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Table 3. Physical meaning, initial value and range, RCS (Relative Composite Sensitivity), and

optimized value of the HYPE parameters for simulating flow and P transport in the Le An River

catchment.
. Initial RCS Calibrated
Parameter Categories value Range x1000 value
Hydrological-process parameters
rrcsl — Recession coefficient for Red soil 0.28 0.01-1.0 3.17 0.748
runoff in the uppermost soil layer Paddy soil 0.10 0.01-1.0 0.46 0.366
(2/d)
srrcs — Recession coefficient for Arable land 0.12 0.1-1.0 0.38 0.10
saturation-excess surface runoff (1/d)  Forest 0.12 0.1-1.0 0.56 0.242
Grassland 0.30 0.1-1.0 0.07 0.262
Urban area 0.40 0.1-1.0 0.20 0.114
rivvel — Maximum velocity in the 2.47 0.01-10 2.65 1.58

stream channel (m/s)

rcgrw — Recession coefficient for

regional groundwater flow (1/d) 0.10 0.001-1.0 0.91 0.026
mperc — Maximum percolation Red soil 4.0 0.001-100 29 18.12
capacity (mm/d) Paddy soil 2.7 0.001-100 0.009 0.01

Phosphorus-process parameters

wprod — Production/decay of P in

water (kg/m®/d) 0.002  0.001-1.0 10.70 0.0027
minerfp — Degradation of fastP to SP  Arable land 050  0.00001-1.0 1.97 0.55
(1/d) Forest 0.0003 0.00001-1.0 43.19 0.0005
freundl - Coefficient in the Red soil 190 10-250 101.08 189.98
Freundlich equation (1/kg) Paddy soil 50 10-250 50 12.78
freund2 — Exponent in the Freundlich  Red soil 1.1 0.55-1.65  166.04 1.65
equation (-) Paddy soil 0.75 0.38-1.13 42.34 1.0
freund3 — Parameter that controls the Red soil 0.50 0.25-0.75 17.23 0.75
adsorption/desorption velocity (1/d) Paddy soil 0.009 0.005-0.014  0.17 0.005
sreroexp — Exponent in the equation

for the calculation of surface runoff 2.26 1.5-2.6 666 2.28
erosion (-)

P loads (m in units g/d) were estimated as the product of flow and P concentration, and
considering TP (m+p), DP (mpp) and PP (mep; inferred from the difference between mtp and mpp).
Instantaneous m values calculated from field measurements were compared to daily m values
calculated by the numerical model. P loads for longer time steps (e.g., monthly, annual) were

obtained from the product of the flow volume and the flow-weighted mean concentration (for a
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given time-step length), according to the suggestion of Williams et al. (2015). The equation for

annual P loads is given by:

n
2j=10QjCij

m; = KV Yoq (2)

where i = TP, DP or PP, K converts time units (86,400 s/d), V is the annual cumulative flow
volume (m®), Cij is the instantaneous concentration (mg/L) of TP, DP or PP (i = 1 to 3,
respectively) measured on the jth day, Qj is the jth daily flow rate (m®/s) from gauging station
data, and n is the number of concentration measurements with the yearly time step. Equation (2)

is easily modified to produce results at monthly time steps.
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2.4 Sensitivity analysis and calibration

It is common practice to explore the sensitivity of model outputs to changes in parameter values
(i.e., ‘parameter sensitivity’) as an initial evaluation of the performance of catchment models
(Beven and Binley, 1992; Doherty, 2016; Xie et al., 2017). This is useful in assessing the role of
the many nonlinear calculations in HYPE in parameter-output relationships, and the more general
issue of equifinality in watershed simulation, which is valuable for guiding monitoring to aid in
constraining model calibration and validation methods (Beven and Binley, 1992; Cuo et al., 2011;
Xie et al., 2017). Sensitivity analysis results are used to focus the considerable computational
resources needed for calibration on the most sensitive parameters, while insensitive parameters
can be assigned reasonable values based on expert knowledge and omitted from the calibration

process.

In the current study, PEST was used to undertake sensitivity analyses on the hydrology and P
transport parameters of HYPE. Results of sensitivity analyses are listed in Table 3. Parameter
sensitivity is expressed as Relative Composite Sensitivity (RCS), given by:
AO
RCS = |Pl5, (©)
where |P| is the magnitude of the parameter value (P), and AO/AP is the parameter’s composite

sensitivity (Doherty, 2016; Jiang et al., 2014).

Following the identification of sensitive and insensitive hydrology and P transport parameters,
the HYPE model was calibrated using PEST in a step-wise, multi-objective manner. This was
carried out using the following calibration sequence: (1) hydrology-related parameters were

calibrated to obtain optimal agreement between observed and simulated hydrographs; (2)
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P-transport parameters were calibrated to obtain optimal agreement between simulated and
observed stream TP and DP concentrations, and inferred PP concentrations. PEST optimizes
parameters by reducing the discrepancies between field observations and model-generated

counterparts, using a weighted least-squares measure (Doherty, 2016):

MOF =3 w; - (Xijsim — Xi,j,obs)z 4)
where MOF is the multi-objective function that is minimized through calibration; X; ; q;,, and
Xijobs represent simulated and measured stream parameters (i.e., discharge and TP, DP and PP
concentrations), respectively on the jth day from the ith gauging station; I is the total number of
gauging stations utilized in calibration; n is the total number of days with available stream flow/P
measurements at the ith gauging station; w; represents a weight, calculated as the reciprocal of
the standard deviation of stream flow or P measurements from the ith gauging station in order to

reduce the dominance of large values on the objective function (Doherty, 2016; Jiang et al.,

2014).

The commonly used statistical criteria, consisting of NSE (Nash-Sutcliffe efficiency), percent
bias (PBIAS), and the ratio between RMSE (root mean squared error) and the standard deviation
of measurements (RSR), were used to evaluate model performance in terms of stream flow.
Formulae and interpretation of NSE and RSR can be found in several previous articles (e.g.,
Dupas et al., 2017; Jiang et al., 2014; Moriasi et al., 2007; Serpa et al., 2017). In assessing
simulated P export against measurements, PBIAS and RSR were used, following suggestions by
Rode et al. (2009) and Jackson-Blake et al. (2015). PBIAS was determined using:

Z?=1(Xj,sim_Xj,obs)X 100

n
2]‘=1Xj,obs

PBIAS =

()
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Where X; g, and X ,ps are the jth simulated and observed values, respectively of the variable

being evaluated, and n is the total number of observations.

3. Results

3.1 Stream P observations

Stream TP and DP concentrations observed during 2009-2011 from monitoring stations
WQ1-WQ6, and during 2016 (stations WQ3 and WQG) are presented in Figure 2. Both stream
TP and DP concentrations display large temporal varaibility, with respective Coefficients of
Variation (CVs) of TP at stations WQ1 to WQG6 of 66.0%, 93.8%, 74.0%, 74.9%, 83.6% and
78.0%, respectively. Stream DP concentrations have CVs of 65.7%, 67.9%, 190%, 80.3%, 54.6%
and 181% (stations WQ1 to WQ6, respectively). At stations WQ1-WQ5, high stream TP
(0.172-0.386 mg/L) and DP (0.068-0.143 mg/L) concentrations occur during storm-flow
conditions in July/August. This is most likely due to high rainfall (average monthly rainfall 166.1
mm) and runoff (average monthly runoff 113.8 mm) during this period, leading to mobilization
of both PP and DP (e.g., Minaudo et al., 2019). Conversely, at station WQ6, the most
downstream station located within the plains region, elevated stream TP and DP concentations
were observed under low-flow conditions (October-January), when average monthly rainfall and

runoff are 78.1 mm and 29.1 mm, respectively.

The maximum TP and DP concentrations were observed on 13 Nov 2016 from station WQ6 with
respective values of 3.06 mg/L and 0.63 mg/L. A similar trend in spatiotemporal patterns of DP
(as that observed at WQ6) was reported by Duan et al. (2008), who observed DP concentrations
inversely correlated to river flow in subtropical downstream reaches of the Yangtze River (e.g.,

Datong station, latitude 30.778°, longitude 117.612°). They attributed this behaviour to the
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dominance of point sources of P (e.g., sewage from cities) during times of low flow. Minaudo et
al. (2019) also illustrated that point P sources largely control the background pollution, through
their investigation of seasonal P (TP, DP) concentrations and discharge in 219 French catchments,
where flow variations are seasonal resulting in limited dilution capacity during low flows.

Figure 2 near here

Table 4 presents a statistical summary of measured stream TP and DP concentrations from

stations WQ1-WQ6 and land use characteristics of the corresponding sub-basins. Stream TP and
DP concentrations show spatial variability, characterised by generally lower values in

moutainous areas (stations WQ1-WQ3) compared to the plains region (stations WQ4-WQ6). The
average proportions of DP in TP (for stations WQ1 to WQ6) ranged from 20.3 (at WQ6) to 58.6%
(at WQ4). This indicates that a larger proportion of P is transported in the form of PP with

intensive agricultural activities, most likely attributable to greater soil erosion. The higher stream

P concentrations in the plains region relative to the mountainous areas are attributed to more
intesive human activites on the plains, including: (i) more input from point sources in urban areas,

and (ii) larger percentages of arable lands leading to higher diffuse nutrient loads.

Table 4. Statistical summary of stream P (TP, DP, PP) concentrations for monitoring stations

WQ1-WQ6 and land use characteristics of the corresponding sub-basins.

Site  Sub-basin Land use TP DP PP
area percentage concentration  concentration  concentration
(km?®) (%) (mg/L) (mg/L) (mg/L)
Forest ~ Arableland Urban Range Mean Range Mean Range Mean
area
WQ1 18.96 92,5 4.4 0.9 0.015- 0.072 0.007- 0.041 0.003-0.1 0.031
0.172 0.087 18
WQ2 37.96 91.3 8.7 0 0.025- 0.073 0.004- 0.031 0.006-0.0 0.012
0.262 0.068 31
WQ3 51.09 745 18.5 2.3 0.005- 0.046 0.001- 0.012 0.0007-0. 0.040
0.386 0.143 243
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wQ4 112.67 60.9 33.8 13 0.025- 0.087 0.004- 0.051 0.012-0.1 0.041

0.228 0.135 51

WQ5 157.64 58.4 35.3 3.2 0.015- 0.087 0.008- 0.049 0.0004-0. 0.043
0.253 0.089 178

WQ6 184.43 29.7 49.9 5.2 0.020- 0.256 0.003- 0.052 0.02-2.42 0.223
3.061 0.634 7

Figure 3 presents log-log plots of observed TP and DP concentrations against instantaneous
measurements of Q for the stations WQ3 and WQ6, where both flow and water quality
monitoring data are available. Godsey et al. (2009) used a similar type of plot to interpret
contaminant behaviour at the catchment scale. Stream TP and DP concentrations exhibit less
variability than discharge for both stations. For example, the measured stream TP and DP
concentrations during low-flow conditions on 7 Nov 2016 were 2.0- and 3.9-times higher than
during high-flow conditions on 4 Jun 2016 at station WQ6. Conversely, the observed high flow
on 4 Jun 2016 was about 68-times greater than the low flow on 7 Nov 2016 at WQ6. The slopes
of concentration-discharge regression lines for WQ6 are negative (i.e., slopes are -0.248, -0.380
and -0.211 for TP, DP and PP, respectively) and statistically significant (i.e., relative to a
zero-slope regression) according to the traditional P value (P < 0.05). Thus, according to the
criteria proposed by Godsey et al. (2009), the downstream site exhibited nearly chemostatic
behaviour for TP and DP, such that dilution played the primary role in P concentration trends.
Despite statistical significance, the r* values for the regressions were low (<0.13). At station
WQ3, TP and DP also exhibited near chemostatic behaviour (especially for DP), although not in
a statistically significant manner.

Figure 3 near here

3.2 Calibrated parameters and sensitivities
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Table 3 presents the calibration and sensitivity analysis results. The calibrated hydrological
parameter values in the study have the same order as those obtained from stream flow modelling
of temperate regions with HYPE, such as the Selke catchment in central Germany (Jiang et al.,
2014). For example, the recession coefficient for runoff in the uppermost soil layer of paddy soil
(rrcsl) was 0.366 in the Le An River catchment, while a value of rrcsl = 0.104 was obtained for
Cambisols in the Selke catchment. Table 3 results show that stream flow in the model was most
sensitive to the runoff recession coefficient in the uppermost soil layer (rrcsl) for the dominant
soil type (red soil, RCS = 3.17). This highlights the significance of catchment-stream
connectivity, because higher values of rrcsl indicate greater discharge from soils for a given soil
water content. The model stream flow was also sensitive to the maximum percolation capacity
(mperc) of red soil and maximum velocity in the stream channel (rivvel), indicating the effects of
percolation and the characteristics of stream transmission on stream flow simulation. We note
that parameter sensitivity varied by two orders of magnitude (see RCS in Table 3), whereby three

of the ten hydrology parameters chosen for calibration exerted dominant roles on the model.

P transport modelling was found most sensitive to the exponent in the equation for calculating
erosion caused by surface runoff (sreroexp, RCS = 666), indicating the controlling role of soil
erosion on P mobilization. This is consistent with findings from field experiments by Chen
(2013), who demonstrated that sediment erosion and transport by surface flow was the main
mechanism leading to P export from sloping agricultural land in the subtropical monsoon area of
the Three Gorges Reservoir catchment. The exponent (freund2) and coefficient (freundl) in the
Freundlich equation (i.e., prrex and prrco in equation 2), describing adsorption/desorption
processes in red soil, have the second highest (RCS = 166) and third highest (RCS = 101)

sensitivities, respectively. The mineralization rate (minerfp) for forest and the exponent in the
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Freundlich equation (freund2) for paddy soil are also sensitive, with RCS values of 43 and 42,
respectively. This is consistent with the findings from Bender et al. (2018), who demonstrated the
important role of erosion processes on the transfer of PP, and the influence of
adsorption/desorption on DP during storm events in a subtropical rural catchment in southern
Brazil. Of the ten P-process parameters tested, three parameters (sreroexp, freund2 and freundl
for red soil) produced sensitivities that were orders of magnitude greater than other parameter
sensitivities. Thus, it appears that P export in the HYPE model is dependent on the values of a

relatively small number of parameters.

3.3 Discharge simulation

Figures 4 and 5 show the comparison between the simulated and observed daily discharge at the
six gauging stations during calibration and validation periods. Table 5 provides a summary of
corresponding calibration statistics in relation to discharge. Stream flow dynamics are well
represented for both calibration and validation modes across all gauging stations, with NSE
ranging between 0.73 and 0.92 (Table 5). During the second validation period (1 Jan 2009 - 31
Dec 2011), the model performance was lowest for the upstream station of Xiang Tun (i.e., NSE =
0.73), whereas the downstream stations (Hu Shan, Shi Zhen Jie) had NSE values of 0.91 and 0.92,

respectively.

The timing of peak flows generated by heavy rainfall events in summer was mostly well captured,
however, some underestimation of flood magnitudes was observed. Underestimation of peak
flows has been reported in a number of other catchment modelling studies that adopt daily time
steps (e.g., Jiang et al., 2014; Lam et al., 2012; Pathak et al., 2018; Rode et al., 2009). This

discrepancy has been mainly attributed to limitations introduced by adopting daily time steps,
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combined with measurement uncertainties associated with both rainfall and high stream flow
rates. That is, peak flow rates may arise from processes occurring at sub-daily time steps that are
not well captured by daily simulation. Also, the reliability of stream flow gauging is known to
diminish for high flow events (Hamilton and Moore, 2012). Additionally, spatial and temporal
variability of rainfall during peak events is often not well characterised when rainfall stations are
relatively sparse, as is the case for the current study. Despite these challenges, the bias of model
discharge rates is reasonably low for the period 1 Jan 1978 - 31 Dec 1986, with |PBIAS| ranging

from 0.2 to 14.5% (Table 5).

Figure 4 near here

Figure 5 near here
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Table 5. Statistic model performance (daily discharge) for the calibration period (1 Jan 1978 - 31
Dec 1982) and first validation period (1 Jan 1983 - 31 Dec 1986) at six discharge gauging
stations (Wang Kou, San Du, Yin Shan, Xiang Tun, Hu Shan and Shi Zhen Jie); and for the
second validation period (1 Jan 2009 - 31 Dec 2011) at three discharge gauging stations (Xiang

Tun, Hu Shan, and Shi Zhen Jie). PBIAS has the unit of %, while other variables are unitless.

. Upstream Calibration First validation period
Station 2

area (km°) NSE RSR  PBIAS NSE RSR PBIAS

Wang Kou 581 0.86 0.37 -10.1 0.80 0.44 -8.6

San Du 1407 0.89 0.33 5.6 0.82 0.42 14.5

Yin Shan 471 0.88 0.35 -10.2 0.84 0.40 -6.9

Xiang Tun 3878 0.92 0.29 4.2 0.88 0.35 2.5

Hu Shan 6348 0.90 0.32 -0.4 0.87 0.36 -0.2

Shi Zhen Jie 8324 0.84 0.40 -5.1 0.87 0.36 -2.6
Second validation period

Xiang Tun 3878 0.73 0.52 -2.7

Hu Shan 6348 0.91 0.33 -3.0

Shi Zhen Jie 8324 0.92 0.34 -5.4

The Le An River catchment experiences significant temporal variability in rainfall patterns, and
consequently, runoff totals. For example, average rainfall rates of 1515 mm/yr and 1783 mm/yr
led to mean runoff values of 921 mm/yr and 1103 mm/yr during the periods 1978-1986 and
2009-2011, respectively. Annual runoff totals varied by almost two-fold during 2009-2011, with
values of 860 mm, 1622 mm and 827 mm obtained for 2009, 2010 and 2011, respectively. At the
station Shi Zhen Jie, an extreme storm event (rainfall amount 217 mm on 16 Jun 2011) led to
peak discharge of 7290 m®/s with average recurrence interval of 44 years. Stream flow dynamics
were well captured at all three stations (Xiang Tun, Hu Shan, Shi Zhen Jie) over the three-year

period 2009-2011, with NSE > 0.73 and |PBIAS| < 5.4% (Figure 5, Table 5).
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PBIAS values in Table 5 show that spatial variations in bias are apparent in the HYPE results,
whereby the largest underestimations in stream flow were obtained at upstream sites (e.g., Wang
Kou, Yin Shan). Other HYPE modelling studies (of temperate catchments) also led to greater
bias in stations at higher elevations than those at lower elevations (e.g., Jiang et al., 2014;
Strémgquvist et al., 2012). This is most likely because rainfall over mountainous regions was
under-measured due to the influence of topography, which causes variations of rainfall over
distances smaller than the spacing between meteorological stations (Chaubey et al., 1999). Higher
elevations likely receive greater rainfall (than that estimated from interpolation between widely
spaced meteorological stations), thereby leading to underestimation in stream flow at upstream
stations. In general, the model performance in terms of discharge simulation is considered robust
across different tempo-spatial domains and classified as “good” to “very good” based on the
model evaluation guidelines specified by Moriasi et al. (2007). We consider that this indicates

reasonable representation of catchment-scale hydrological processes.

3.4 P export simulation

The simulated and observed stream TP concentrations from stations WQ1-WQ6 are shown as a
scattergram in Figure 6. Underestimation of high TP concentrations (red dots in Figure 6)
primarily occurred: (i) during low-flow conditions (August-December 2010) at the downstream
site WQ6, and (ii) during a storm event (August 2011) in upstream sites (WQ2, WQ4). The
underestimation of TP concentrations at the downstream site is likely a consequence of input
errors/uncertainty in point sources in terms of P concentrations and/or volume of sewage/industry
effluent, which pose more significant effects on stream P concentrations during low-flow
conditions due to limited dilution capacity. The underestimation of TP concentrations during the
storm event in upstream areas is likely related to the under-prediction of surface runoff during the
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storm event (Figure 5), leading to underestimation in soil erosion, for which P export is sensitive.
Moreover, uncertainty in the simulation of primary production (i.e., biological uptake) could also
be an important reason for the bias, as stream P concentration is sensitive to the primary
production parameter (wprod, RCS = 10.7). In-stream retention (e.g., biological uptake,
denitrification) of dissolved nutrients is affected by temperature, light conditions, flow residence
time, stream flow variability and catchment scale (Minaudo et al., 2019; Ye et al., 2012). The
underestimation of TP concentrations greater than 0.2 mg/L (red dots in Figure 6) may imply that
a process/source of P is not being modelled. The bias in model-estimated TP concentrations was
small, with overestimation less than 1% (PBIAS = 0.97%). Despite under-estimation of high TP
values, the RSR value of 0.68 falls in the “satisfactory” category (0.60<RSR <0.70), according to

guidelines for the evaluation of watershed model performance proposed by Moriasi et al. (2007).

Figure 6 near here

Figure 7 presents the comparison of simulated and observed average monthly TP loads at the
catchment outlet (station Shi Zhen Jie) during 1 Jan 2009 - 31 Dec 2011. HYPE captures
reasonable well the intra-annual variations in TP loads (i.e., NSE = 0.55, PBIAS = 8.34%). TP

loads during March-August are highest, coinciding with the highest rates of rainfall-runoff, and

the most active period of agricultural activity. Lower TP loads occur during low-flow conditions
(September-February) even though stream TP concentrations were highest during this period.

Thus, intra-annual variations in TP loads appear contingent primarily on hydrological variability.
The simulated and observed average annual TP loads are 1287 t/yr and 1187 t/yr, respectively,
indicating model overestimation by 8.5%. On average, TP loads during March-August accounted
for 74.3% of the annual TP load, with corresponding total runoff during this period equal to 82.7%

of annual runoff. Table 6 lists the simulated and observed TP, DP and PP yields from the
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upstream areas (above station WQ3), lowland plains region (areas between WQ3 and WQ6), and
whole catchment for 2016. Model performance in relation to TP yields for all three sites are
classified as “satisfactory” (PBIAS<+70%), while representation of PP yields at upstream areas,
and DP vyields at lowland plains region and whole catchment are classified as “unsatisfactory”
according to Moriasi et al. (2007), due to substaintial overestimation.

Figure 7 near here
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Table 6. Simulated (Sim) and observed (Obs) TP, DP and PP yields (kg/ha) for 2016 from the upstream areas (above station WQ3),

lowland plains region (areas between WQ3 and WQ6), and whole catchment showing different physiographic characteristics (area,

elevation, slope and land use).

Site Average  Average Land use (%) TP (kg/ha) DP (kg/ha) PP (kg/ha)
elevation slope Arable  Urban Sim Obs
(m) (%) land area

Upstream 220 20.4 9.7 0.9 0.48 0.26

areas

Lowland 132 12.9 27.2 2.2 2.55 2.54

plains

region

Whole 176 16.6 19.0 1.6 1.58 1.47

catchment
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A significant percentage of the annual TP export is released during short periods of high rainfall.
For example, 16.2% of the total TP load for 2009 was exported during an 11-day period (20-30
April 2009) with corresponding total rainfall 60.4 mm, or 4.3% of the 2009 rainfall. Similarly,
15.2% of the total TP load during 2010 occured during a 10-day period (9-18 July), when the
catchment received rainfall totalling 237.5 mm, equal to 9.7% of the 2010 rainfall. 46.7% of the
TP load of 2011 was exported during an 8-day period (15-22 June), when 380.1 mm rainfall
occured (25.2% of the 2011 total). The high contribution of storm flow events during April-July
to annual TP loads, as described here, are likely the consequence of: (i) fertilisation practices
carried out in the catchment (which occur mainly in spring and summer), and (ii) ability of heavy
rainfall to flush both particulate and dissolved P from soils and transport P to streams (Minaudo
et al., 2019). This supports the findings from previous P export studies. For example,
Rodriguez-Blanco et al. (2013) reported that high-rainfall events contributed to 68% of P
exported over a 5-year period in the Corberia catchment, NW Spain. Pionke et al. (1996) found
that P export (DP, PP) was dominated by storm periods from an agricultural hill-land watershed
in Pennsylvania. Sharpley et al. (2008) demonstrated that release of P from soil stores increases
with storm size in the Susquehanna River catchment. Udawatta et al. (2004) determined that the
five largest runoff events out of a total of 66 events over seven years accounted for 27% of the TP
loads from three adjacent agricultural watersheds in the claypan region of the northeastern
Missouri. Fang et al. (2015) illustrated the dominant role of storm events on sediment and
associate PP loss in a subtropical watershed in China, who attributed 95% of the sediment load to
30 runoff events within a 7 year period. TP yields during 2009-2011 and 2016 had the ranges of
0.24-0.88 kg/halyr and 4.31-4.69 kg/ha/yr for the upstream areas above station Xiang Tun and

downstream areas (i.e., plains region between stations Xiang Tun and Shi Zhen Jie), respectively.
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4. Discussion

Through evaluation of model performance on stream flow and TP loads (Figures 4-7, Tables 5-6),
HYPE was found capable to represent reasonably well temporal variability of runoff and P export
under different climatic conditions. The average proportions of DP in TP during 2009-2011 for
stations WQ1 to WQ6 and 2016 (stations WQ3, WQ6) ranged from 20.3 to 58.6%. The export
coefficient (i.e., annual export rate) of TP and PP obtained from the current study are mostly
higher than those of previous studies that consider similar climate, hydrology and land use
characteristics (e.g., Song et al., 2014; Udawatta et al., 2004). For example, the average annual
export rates of TP and DP range from 0.24 to 4.69 kg/ha/yr and from 0.18 to 2.15 kg/ha/yr,
respectively across different sites (notwithstanding the overestimation of DP yields at the lowland
plains region). Udawatta et al. (2004) obtained TP loads of 0.29 to 3.59 kg/ha/yr for the claypan
region of Missouri (USA) based on intensive sampling during runoff events at three small
watersheds (areas 1.65-4.44 ha). Xi (2014) estimated TP loads of 0.37 to 1.22 kg/ha/yr through P
transport modelling with AnnAGNPS at a subtropical monsoon catchment (area 47.85 km?) in
southeastern China. Song et al. (2014) obtained the TP loads of 0.02 kg/ha/month and 0.06
kg/ha/month based on monitoring of two subtropical agricultural catchments in the hilly red soil

covered region of China with respective proportions of SP in TP of 47.1% and 37.5%.

The significant contribution of storm flow events to annual TP loads, obtained from the current P
export simulation, is consistent with findings from other storm events-based P transport studies

(e.g., Fang et al., 2015; Pionke et al., 1996; Sharpley et al., 2008; Udawatta et al., 2004). Bender
et al. (2018) suggested that efforts towards adopting erosion-reducing practices can contribute to
reduction of sediment loss and P transfer to water cources, based on assessment of P dynamics in

a subtropical rural catchment during storm events in southern Brazil. Other effective measures to
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reduce diffuse agricultural P export include optimizing fertiliser addition in terms of application
timing and rate, minimizing soil disturbance at harvested sites by reducing tillage and filtration
via buffer/raparian zones (Santos et al., 2015; Sharpley et al., 2000). Our study showed that the
use of catchment water quality modelling can strongly constrain estimates of P losses from
anthropogenic impacted landscapes in China but that empirical research is still needed to provide
a better basis for calibrating models and deriving export coefficients (see also Ongley et al.

2010).

The characteristics of model mismatch (simulated versus observed P loads) provide some insight
into areas for improving model accuracy. Firstly, the reliability of nutrient sources needs to be
improved, including diffuse agricultural sources and point sources from sewage treatment works,
as the errors/uncertainty in nutrient inputs contribute greatly to the mismatch in simulation of
stream P concentrations (Figure 6). Secondly, it is necessary to increase the stream P sampling
frequency, especially during storm flow events. In the Le An River catchment, the monthly water
quality sampling campaign does not allow for adequate characterisation of flow conditions,
especially storm flow events. This may lead to uncertainty in parameter calibration and
subsequently bias in simulation of stream TP concentrations and TP loads, considering the major
contribution of storm flow events to annual total TP loads. For instance, Rodriguez-Blanco et al.
(2013) related around 67% of the P export to precipitation events from a mixed land use
catchment in Galicia (NW Spain). Thirdly, whereas studies of P export such as Kronvang et al.
(1997) and Wu et al. (2018) include observations of suspended sediment, the current study is
limited by a lack of suspended sediment measurements. Hence, incorporating suspended
sediment concentrations into simulation and calibration of HYPE parameters for sediment

detachment and transport would assist in model accuracy by constraining PP, because P export
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simulation is most sensitive to surface runoff erosion (sreroexp, RCS = 666). The observed
suspended sediment concentrations should correlate with PP concentrations (Sandstroem et al.,
2020). If they do not, then it would indicate a non-upland source of PP, such as in-stream
remobilizing of fine river-bed sediments (Minaudo et al., 2018). Finally, an investigation of the
impacts of various uncertainty sources (e.g., input data, model structure and calibration) on model
simulation of hydrology and P export could assist in diagnosis of model deficit (Hollaway et al.,
2018). Furthermore, it could guide model development and risk-based decision making on
catchment management measures to tackle the problem of P pollution (Jiang et al., 2019; Wellen
et al., 2015). This study implies that practices to control soil erosion, optimize agriculture
management (especially fertiliser application), and improve waste water collection and treatment
would be essential to reduce P export and improve water quality in subtropical regions, like Le

An Le An River catchment.

5. Conclusions

Hydrological and phosphorus (P) export modeling of a subtropical monsoon catchment (Le An
River catchment) was undertaken using HYPE, a semi-distributed process-based model. Model
calibration produced a reasonable match between simulated and measured stream flow, total P
(TP) and dissolved P (DP), although discrepancies in stream P fluxes occurred. The parameters
shown to be have the high sensitivity for TP and DP fluxes during high-flow and low-flow
conditions were freund2 and freund3 that describe adsorption/desorption process of soil P for red
soil and paddy soil. The high TP loads (2.91 kg/hal/yr) in the Le An River catchment are
attributed to higher rates of point sources input in the form of human and industrial effluent, as
compared to the Tuo Jia and Zhong Tian River catchments, where point-source inputs are lower

(e.g., Song et al., 2014; Xi, 2014).
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Stream total P (TP) and dissolved P (DP) concentrations showed negative relationships with river
flow rates in the lowland plains region, which is more urbanised and has a higher percentage of
arable land relative to the forested upstream areas. This indicates that stream P concentrations in
that area are dominated by dilution effects, whereby P transport capacity is low during low-flow
conditions. In forested upland areas, stream TP and DP concentrations showed near chemostatic

behaviour (i.e., the variations in TP and DP concentrations are low).

Sensitivity analysis indicated that P export is most sensitive to soil erosion from surface runoff
and adsorption/desorption of soil P. The importance of soil erosion was also reflected in
intra-annual patterns of TP loads at the catchment outlet, whereby most of the TP load occurring
in each year was attributable to high-rainfall periods (March-August) for both upland and
lowland areas, when intensive agricultural activity appears to mobilize P through erosion and
high PP fluxes. It implies that in anthropogenically impacted subtropical catchments like the Le
An River catchment, measures to decrease TP load, which are particularly important for receiving
water bodies (e.g., Poyang Lake), should focus on reducing soil erosion and P mobilization from
overland flow, whereas reduction of the time-averaged TP concentrations, which is more relevant

for riverine ecosystems, should emphasis on point sources input.
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Figure captions

Figure 1. The Le An River catchment, showing: (a) location; (b) topography, stream network,
meteorological stations, sewage treatment plants, discharge gauging stations (WK-Wang Kou,
SD-San Du, XT-Xiang Tun, YS-Yin Shan, HS-Hu Shan, and SZJ-Shi Zhen Jie), water quality
monitoring stations (WQ1-WQ6; note that WQ3 and WQ6 have the same locations as
corresponding stream flow gauging stations XT and SZJ), and boundaries of sub-catchments

delineated using water quality monitoring stations; (c) land use; (d) soils.
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Figure 2. Stream TP and DP concentrations observed from water quality monitoring stations

WQ1-WQ6. Note differences in vertical axis scales between sub-plots.

Figure 3. Concentration-discharge relationships for TP, DP and PP at the stations WQ3 and

WQ6. P concentrations and discharge have the units of mg/L and m®/s, respectively.

Figure 4. Simulated and observed daily discharge together with daily precipitation during the
calibration period (1 Jan 1978 - 31 Dec 1982) and the first validation period (1 Jan 1983 - 31 Dec

1986) at six gauging stations.

Figure 5. Simulated and observed daily discharge together with daily precipitation at discharge
gauging stations: (a) Xiang Tun, (b) Hu Shan and (c) Shi Zhen Jie during the second validation

period (1 Jan 2009 - 31 Dec 2011).
Figure 6. Comparison of simulated and observed stream TP concentrations in Le An River
catchment for the period 1 Jan 2009 - 31 Dec 2011, red dots highlight the underestimation of TP

concentrations.

Figure 7. Comparison of simulated and observed average monthly TP loads during 2009-2011 at

the catchment outlet (station Shi Zhen Jie).

49



a0

{ vt v, PERRAEY
T T I e T ST S e T e T ey

§-
2 o
2

: L

e

FET T ——

T LY TR I LD LD L LIRS L T
Do

)

Journal Pre-proo

50




Table 1. Summary of physiographic and land use characteristics of the Le An River catchment.

Hilly/mountainous areas and plains region are those at elevations greater or less than

(respectively) 90 m.

Characteristics

Categories (% area)

Topography (%
coverage)

Mountainous areas: 90 — 1596 m (70%), Plains region: 13 — 90 m

(30%)

Land use (% coverage)

(1.6%), water bodies (1.6%), others (0.7%)

Forest (74.5%), arable land (19.0%), grassland (2.6%), urban area

Soil (texture, %
coverage)

Red soil (loam and clay, 64.0%), paddy soil (silty clay, 18.4%),
yellow-red soil (clay and loam, 10.5%), brown soil (loam, 2.4%),
yellow soil (loam and clay, 2.1%), grey alluvial soil (loam and
clay, 1.5%), yellow-brown soil (loam, 0.4%), volcanic ash soil

(clay, 0.5%), neutral purple soil (silty clay loam, 0.2%)

Arable land (% coverage) Paddy field (79.0%), dry land (17.5%), vegetable land (3.5%)

Table 2. Available stream flow and stream P measurements in the Le An River catchment. See

Figure 1 for station locations.

Variables Stations Frequency Parameters Period
Stream flow  Wang Kou, San  Daily Discharge (m°/s) 1977-1986
Du, Yin Shan
Xiang Tun, Hu  Daily Discharge (m*/s) 1977-1986
Shan, and Shi 2009-2011
Zhen Jie
Stream P WQ1, WQ2, Three-monthly TP, DP (mg/L) 2009-2011
concentration WQ5
WQ3, WQ4, Monthly TP (mg/L) 2009-2011
WQ6
WQ3, WQ6 Biweekly to TP, DP (mg/L) 2016
weekly
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Table 3. Physical meaning, initial value and range, RCS (Relative Composite Sensitivity), and

optimized value of the HYPE parameters for simulating flow and P transport in the Le An River

catchment.
. Initial RCS  Calibrated
Parameter Categories value Range x1000 value
Hydrological-process parameters
rrcsl — Recession coefficient for Red soil 0.28 0.01-1.0 3.17 0.748
runoff in the uppermost soil layer Ppaddy soil 0.10 0.01-1.0 0.46 0.366
(2/d)
srrcs — Recession coefficient for Arable land 0.12 0.1-1.0 0.38 0.10
saturation-excess surface runoff (1/d)  Forest 0.12 0.1-1.0 0.56 0.242
Grassland 0.30 0.1-1.0 0.07 0.262
Urban area 0.40 0.1-1.0 0.20 0.114
rivvel — Maximum velocity in the 2.47 0.01-10 2.65 1.58
stream channel (m/s)
rcgrw — Recession coefficient for
regional groundwater flow (1/d) 0.10 0.001-1.0 0.91 0.026
mperc — Maximum percolation Red soil 4.0 0.001-100 29 18.12
capacity (mm/d) Paddy soil 2.7 0.001-100 0.009 0.01
Phosphorus-process parameters
wprod — Production/decay of P in
water (kg/m®/d) 0.002  0.001-1.0 10.70 0.0027
minerfp — Degradation of fastP to SP  Arable land 050  0.00001-1.0 1.97 0.55
(1/d) Forest 0.0003 0.00001-1.0 43.19 0.0005
freundl - Coefficient in the Red soil 190 10-250 101.08 189.98
Freundlich equation (1/kg) Paddy soil 50 10-250 50 12.78
freund2 — Exponent in the Freundlich  Red soil 1.1 0.55-1.65  166.04 1.65
equation (-) Paddy soil 0.75 0.38-1.13 42.34 1.0
freund3 — Parameter that controls the Red soil 0.50 0.25-0.75 17.23 0.75
adsorption/desorption velocity (1/d) Paddy soil 0.009 0.005-0.014  0.17 0.005
sreroexp — Exponent in the equation
for the calculation of surface runoff 2.26 1.5-2.6 666 2.28
erosion (-)

Table 4. Statistical summary of stream P (TP, DP, PP) concentrations for monitoring stations

WQ1-WQ6 and land use characteristics of the corresponding sub-basins.

Site Sub-basin Land use TP DP PP
area percentage concentration  concentration  concentration
(km?) (%) (mg/L) (mg/L) (mg/L)
Forest Arableland Urban Range Mean Range Mean Range Mean
area
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WQL 18.96
WQ2 37.96
WQ3 51.09
WQ4  112.67
WQ5  157.64

WQ6 184.43

925

91.3

74.5

60.9

58.4

29.7

44

8.7

18.5

33.8

35.3

49.9

0.9

2.3

13

3.2

5.2

0.015-
0.172
0.025-
0.262
0.005-
0.386
0.025-
0.228
0.015-
0.253
0.020-
3.061

0.072

0.073

0.046

0.087

0.087

0.256

0.007-
0.087
0.004-
0.068
0.001-
0.143
0.004-
0.135
0.008-
0.089
0.003-
0.634

0.041

0.031

0.012

0.051

0.049

0.052

0.003-0.1
18
0.006-0.0
31
0.0007-0.
243
0.012-0.1
51
0.0004-0.
178
0.02-2.42
7

0.031

0.012

0.040

0.041

0.043

0.223

Table 5. Statistic model performance (daily discharge) for the calibration period (1 Jan 1978 - 31

Dec 1982) and first validation period (1 Jan 1983 - 31 Dec 1986) at six discharge gauging

stations (Wang Kou, San Du, Yin Shan, Xiang Tun, Hu Shan and Shi Zhen Jie); and for the

second validation period (1 Jan 2009 - 31 Dec 2011) at three discharge gauging stations (Xiang

Tun, Hu Shan, and Shi Zhen Jie). PBIAS has the unit of %, while other variables are unitless.

. Upstream Calibration First validation period
Station 2

area (km’) NSE RSR  PBIAS NSE RSR PBIAS

Wang Kou 581 0.86 0.37 -10.1 0.80 0.44 -8.6

San Du 1407 0.89 0.33 5.6 0.82 0.42 14,5

Yin Shan 471 0.88 0.35 -10.2 0.84 0.40 -6.9

Xiang Tun 3878 0.92 0.29 4.2 0.88 0.35 2.5

Hu Shan 6348 0.90 0.32 -0.4 0.87 0.36 -0.2

Shi Zhen Jie 8324 0.84 0.40 -5.1 0.87 0.36 -2.6
Second validation period

Xiang Tun 3878 0.73 0.52 -2.7

Hu Shan 6348 0.91 0.33 -3.0

Shi Zhen Jie 8324 0.92 0.34 -54

Table 6. Simulated (Sim) and observed (Obs) TP, DP and PP yields (kg/ha) for 2016 from the

upstream areas (above station WQ3), lowland plains region (areas between WQ3 and WQ6), and
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whole catchment showing different physiographic characteristics (area, elevation, slope and land

use).
Site Area Averag Averag Land use (%) TP DP PP

(km? e e slope (kg/ha) (kg/ha) (kg/ha)

) elevatio (%) Fores Arabl Urba Si Ob Si Ob Si Ob

n (m) t eland n m s m S m S
area

Upstrea 3878 220 20.4 86.8 9.7 0.9 08 07 01 04 04 02
m areas 8 1 8 3 8 6
Lowland 4435 132 12.9 63.8 272 22 46 31 21 08 25 25
plains 9 9 5 7 5 4
region
Whole 8324 176 16.6 745 190 16 29 20 13 06 15 14
catchme 1 3 3 6 8 7
nt
Highlights:

e P export in mixed land use, subtropical catchment simulated using HYPE;

e P export is mainly driven by surface runoff erosion and adsorption/desorption;

e Point inputs led to elevated stream TP concentrations in low-flow conditions;

e Storm events during March-August account for most of the annual TP export.
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