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Abstract: The eutrophication issue in the Yangtze Basin was considered, and the phosphorus loads
from its tributary, the Modaoxi River, were estimated. The phosphorus flux and source apportionment
of the Modaoxi River watershed were modeled and quantified, and their changes with respect to
future projected climate scenarios were simulated with multiple model applications. The Regional
Nutrient Management (ReNuMa) model based on Generalized Watershed Loading Functions (GWLF)
was employed as a tool to model the hydrochemical processes of the watershed and thereby estimate
the monthly streamflow and the phosphorus flux as well as its source apportionment. The Long
Ashton Research Station Weather Generator (LARS-WG) was used to predict future daily weather
data through the statistical downscaling of the general circulation model (GCM) outputs based
on projected climate scenarios. The synthetic time series of daily precipitation and temperatures
generated by LARS-WG were further used as input data for ReNuMa to estimate the responses of
the watershed hydrochemical processes to future changed climate conditions. The results showed
that both models could be successfully applied and that the future wetter and warmer climate
trends would have generally positive impacts on the watershed phosphorus yields, with greater
contributions coming from runoff. These results could provide valuable support for local water
environmental management.

Keywords: climate change; Yangtze phosphorus pollution; ReNuMa; GWLF; LARS-WG

1. Introduction

The excess phosphorus contribution and accumulation in the Yangtze Basin of China over the past
several decades have resulted in great eutrophication risk [1,2]. Much work has been done to estimate
the changes in phosphorus fluxes regarding both positive and negative aspects, such as the upward
trends following fertilizer dispersion and population increases [3,4] and the recent declines potentially
due to the construction of sewage treatment plants and dams for infrastructure [5,6]. Understanding
the source apportionment of phosphorus at the watershed scale is critical for regional management [7,8].
Previous studies have identified that non-point sources provide the main contribution of phosphorus
to the Yangtze and its tributary [3,9,10]. To characterize indirect, multiple and dynamic non-point
sources, it is common to use suitable modeling tools for the estimation of phosphorus flux and
source apportionment [11–13]. Studies of the responses of watershed non-point source pollution to
changes in both natural and man-made factors have been widely implemented based on various
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models [14,15], and the impacts of future climate changes are of special concern [16,17]. Hence,
it is of great significance to estimate the phosphorus source apportionment in the typical
watershed/sub-watershed of the Yangtze Basin and predict its responses to future changed climate
scenarios with proper multi-model applications.

As a case study, the total dissolved phosphorus (Dis-P) in the watershed of the Modaoxi River
was estimated. The Modaoxi River is located in the middle reaches of the Yangtze River and serves as
its right bank tributary, with a Dis-P concentration of 0.086 ± 0.039 mg/L (2011–2015, monthly monitor
records base). The watershed of the Modaoxi lies along the border of Chongqing and Hubei provinces
as a farmland- and forest-dominated area with active planting practices and many rural residents,
indicating a considerable non-point source contribution that would potentially be sensitive to regional
climate status. It is significant for local water management to estimate the current watershed Dis-P
status of source apportionment and its future trends in terms of both yield and composition under
various projected climate change scenarios with appropriate modeling tools. However, a detailed
mechanistic model is difficult to achieve in the Modaoxi watershed due to insufficient data availability.
Thus, models with modest data requirements but reliable outcomes are in great demand.

In this project, the Regional Nutrient Management (ReNuMa) model was employed as a tool to
estimate the hydrochemical processes of the Modaoxi River watershed with homologous algorithms
of Generalized Watershed Loading Functions (GWLF) [18,19]. The achievement of the ReNuMa model
application in the study area could provide a new approach to estimate watershed Dis-P source
apportionment, which is of great significance to the local society. With the advantages of modest data
requirements, flexible operation, and reliable modeling capability, the ReNuMa and GWLF have been
broadly applied over the past decade [20,21], and many recent applications have focused on nutrient
estimations and scenario analyses based on subjective man-made and/or projected modeled data with
various integrated model approaches [22–24]. For the Modaoxi watershed, it is valuable to understand
the responses of Dis-P yields and source apportionment to various scenarios of changed regional
conditions, among which climate change is one of the most important factors. The global climate
status in the future had been estimated by many general circulation models (GCMs) based on various
projected emission scenarios proposed by the Intergovernmental Panel on Climate Change (IPCC)
and have been widely used to support response estimations in watershed models. Thus, a series of
scenario analyses using the ReNuMa model to estimate future Dis-P yields and source apportionment
in the Modaoxi watershed based on credible GCM outputs would be valuable for local management to
support decision-making.

However, the climate change scenarios from GCM outputs cannot be directly used in the ReNuMa
model because of their limited resolution at both spatial and temporal scales. It is a common issue
in coupling the GCMs and the watershed model, and downscaled analysis has been recognized as
an excellent approach to bridge the gap [25,26]. In this project, the Long Ashton Research Station
Weather Generator (LARS-WG) was used for modeling future weather data. As a weather generator
with a series of semi-empirical distribution algorithms, the LARS-WG can generate synthetic daily
weather data that represent various future climate scenarios according to the GCM outputs [27,28].
There are many applications of LARS-WG for response estimation by linkage to popular watershed
hydrological and/or hydrochemical models [29–33], but few applications have been performed with
ReNuMa/GWLF. The estimations of Dis-P yields and source apportionment responses to future
climate changes in the Modaoxi watershed by linking to the ReNuMa and LARS-WG applications
were also relevant for other similar areas to provide a method or as reference for response estimation
with modest data requirements. The results showed that the main non-point source contributions of
Dis-P in the Modaoxi watershed currently come from planting and rural living, and the flux of Dis-P
would generally increase under the future wetter and warmer trends of climate change with a greater
contribution through runoff. This information would be helpful for regional management to design
current and future Dis-P pollution control projects in more reliable ways.
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2. Materials and Methods

2.1. Study Area

This study was implemented in the Modaoxi River watershed, which is located in the middle
reaches of the Yangtze River in southwestern China. The Modaoxi River extends from the north side
of Wulingshan Mountain and drains into the Yangtze River at Wanxian in Chongqing, as the Yangtze
tributary on the right bank. The portion of the Modaoxi River watershed located above the Changtan
hydrologic gauge and water quality monitor station (108.62◦ E, 30.75◦ N), with an area of 1984 km2,
was used as the study area. It is an area dominated by natural and cultivated lands with approximately
57% forest, 19% grass and 24% active agricultural landuse cover. The watershed lies on the border
of Chongqing and Hubei provinces, with approximately 27.8 thousand people living in towns and
villages. The main geographical and environmental attributes of the study watershed are shown in
Figure 1.

Figure 1. Geographical location and spatial attributes of the study area.
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2.2. Data Source

The sources of original data used in this study are summarized in Table 1. ArcGIS 10.2 software
(Environmental Systems Research Institute (ESRI), Redlands, CA, USA) was employed for the spatial
analysis of the river line and subwatershed division with Arc Hydro Tools 1.4 based on 90-m
Digital Elevation Model (DEM) maps. The 1 km grid maps of land-use cover ratios and population
distributions were also analyzed by ArcGIS to calculate the land-use areas and population data of
the watershed; people living near the river within 50 m were accounted for as populations served by
short-circuit systems used in ReNuMa for septic system estimations. The area of each land use type
and number of population served by short-circuit systems in the study area were digitized from spatial
maps as the model input data. The observed records of monthly streamflow from Changtan hydrologic
gauge station (108.62◦ E, 30.75◦ N) were used for model calibration and validation of ReNuMa. The
data records of daily temperature and precipitation from the weather station nearest to the studied
watershed, located in Wanxian (No. 57432; altitude of 186.7 m; 108.40◦ E, 30.77◦ N), were used as input
data for ReNuMa and calibration data for LARS-WG.

Table 1. Summary of original input data sources used in this study.

Name Source Resolution Remark

Digital Elevation Model

Geospatial Data Cloud site,
Computer Network Information

Center, Chinese Academy of
Sciences. (http://www.gscloud.cn)

90 m × 90 m raster SRTM 3

Land Use Cover Maps

Data Center for Resources and
Environmental Sciences, Chinese

Academy of Sciences (RESDC)
(http://www.resdc.cn)

1 km raster with
percentages for each land

use type
2010

Weather Data

Climatic Data Center, National
Meteorological Information Center,

China Meteorological
Administration

(http://data.cma.cn)

Daily temperature and
precipitation 1955–2015

Hydrological Records Annual Hydrological Report P. R.
China (National Library of China) Monthly streamflow 2009–2015

Dissolved Phosphorus
Records

China National Environmental
Monitoring Centre Monthly concentration 2011–2015

2.3. Model Methods

2.3.1. Watershed Hydrochemical Modeling

The ReNuMa model was employed to estimate the hydrochemical processes of the studied
watershed. It was developed using the Microsoft Excel platform with Visual Basic for Applications
(VBA) code based on the algorithms of Generalized Watershed Loading Functions (GWLF) with
continuous updates and broad applications in recent years [20,34,35]. The newest version of ReNuMa
(2.2.2) was used in this project, which has the same algorithms for watershed hydrological estimation
as GWLF. The daily precipitation and air temperature are utilized to drive the model; the precipitation
is the water source of streamflow; and the air temperature impacts the form and allocation of the
precipitation transfer in the watershed. Two new algorithms, the segment function approach for
the saturated zone and the leakage transport approach for the unsaturated zone, based on previous
studies [36,37], were added to refine the model capacity during low-flow periods.

http://www.gscloud.cn
http://www.resdc.cn
http://data.cma.cn
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The algorithms for Dis-P in ReNuMa are the same as those in GWLF [19]. Both surface runoff
and groundwater sources are considered, as well as Dis-P loads from on-site wastewater disposal
(septic) systems. Surface Dis-P loads are transported in runoff water from numerous land use areas,
each of which is considered uniform with respect to soil and cover. Runoff yields are computed by
using the Soil Conservation Service Curve Number Equation and Dis-P loads are obtained through
multiplying modeled runoff yields by Dis-P concentrations in each land use area defined by user as
model parameters. Groundwater yields are modeled with lumped parameter watershed water balance
as a linear groundwater reservoir and Dis-P loads are obtained by multiplying groundwater by one
average watershed groundwater Dis-P concentration as a model parameter. Dis-P loads from septic
systems are calculated by estimating the per capita daily load and the number of people living close
enough to surface waters without municipal drain network in the watershed. The losses due to plant
uptake in growing season months are also considered. All the three pathways of Dis-P contributions
finally compose the model output of Dis-P flux.

Benefitting from the Solver macro add-in procedure embedded in Microsoft Excel based on a
nonlinear least square method, the ReNuMa model has a powerful ability to calibrate parameters,
which could lead to great accessibility in data-limited situations such as this study area. The parameters
sensitivity analysis procedure was firstly operated to determine the sensitive parameters, which were
then calibrated with the default parameter set from model manual as initial values. The goal of
calibration process is to find a group of optimal parameters values to make the error sum squares
between observed and modeled values least. The hydrological parameters of ReNuMa were first
determined based on the model’s calibration process. The observed monthly streamflow values
at the Changtan hydrologic gauge station from 2009 to 2012 were used to calibrate the model’s
hydrological parameters, and the records from 2013 to 2015 were reserved for verification. With
the verified hydrological parameters, the nutrient parameters concerning watershed phosphorus
estimation were then determined. Due to the limited data, the observed monthly Dis-P values at
the Changtan water quality monitoring station in 2011 and 2012 were used for nutrient parameter
calibration, and the monthly records in the same period as for the hydrological process from 2013 to
2015 were reserved for verification. The Nash–Sutcliff coefficient of model efficiency (R2

NS) and the
coefficient of determination (r2) were used as the test statistic in model calibration and verification to
characterize the goodness-of-fit of monthly model predictions versus observed data. High values of
both R2

NS and r2 represent a great modeling capability. The r2 indicates the degree of agreement of a
linear relationship between predictions and observations with a value between 0 and +1 calculated
by embedded function in Microsoft Excel. The R2

NS takes values between −∞ and +1, with zero
indicating that the model prediction is no better than the mean of the observations and +1 indicating
perfect agreement, which was formulated as,

R2
NS = 1 − ∑n

i=1(Oi − Pi)
2

∑n
i=1

(
Oi − O

)2 (1)

where Oi indicates the observed value in month i, Pi indicates the predicted value in month i, O
indicates the mean value of observed value in all month, and n indicates the number of months being
estimated. With the verified model parameter set determined based on real observed data in the
Modaoxi River watershed, the current and projected watershed hydrochemical processes could be
modeled by the ReNuMa model.
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2.3.2. Future Weather Modeling

Three main projected future emissions scenarios proposed by the Intergovernmental Panel on
Climate Change (IPCC) in the Fourth Assessment Report (AR4) were considered in this project for
future climate change estimations. Although new scenarios had been released in IPCC AR5, the classic
scenarios of A1B, A2 and B1 in the AR4 were still widely applied in recent studies [38,39] and are
used in this project for their well-tested linkage with various general circulation models and weather
generators. The outputs of the HADCM3 global circulation model were used to represent future
climate status. The HADCM3 was developed at the Hadley Centre in the United Kingdom as one of
the major models in the AR4. It can provide global/regional predictions of monthly/seasonal changes
in precipitation and temperature for different future periods under various emissions scenarios, which
have been widely used to support estimations of site-scale responses to future climate changes [40,41].
The outputs of HADCM3 here had to be further downscaled to the site and daily scales for ReNuMa
applications, and the Long Ashton Research Station Weather Generator (LARS-WG) was used to
achieve this work.

LARS-WG is a weather generator that uses a series of semi-empirical distributions to downscale
the large-scale space and time outputs of general circulation models and to generate synthetic daily
weather data to represent the future climate status. LARS-WG can generate daily time series that
represent various future climate scenarios, and many applications have been conducted for the
estimation of responses by linking to popular watershed hydrological and/or hydrochemical models.
In this project, sixty years of observed daily weather data from 1955 to 2014 were used to calibrate
the parameters of the LARS-WG model, based on which sixty years of synthetic daily weather data
were generated for model validation. To assess the reliability of the LARS-WG model following
its routine application, three general statistical tests were used to compare the consistency of the
observed and synthetic series, including the Kolmogorov–Smirnov (K–S), the t-test, and the F-test.
The seasonal wet/dry series distributions (WDSeries), daily precipitation distributions (PrecD), daily
minimum temperature distributions (TminD), and daily maximum temperature distributions (TmaxD)
were estimated via K–S test. The monthly mean of precipitation (PMM), monthly mean of daily
maximum temperature (TmaxM), and monthly mean of daily minimum temperature (TminM) were
estimated via t-test. The monthly variances of precipitation (PMV) were estimated via the F-test. The
ratios of significantly different results to the total number of tests at the 5% significance level were
used to represent the model performance, which is a common criterion in LARS-WG application.
The larger the number is, the poorer the model performance. Otherwise, with a small number of
significantly different results, the model performance would be classified as valid with reliable outputs.
Then, the verified LARS-WG parameters were further updated based on the outputs of HADCM3 to
generate future site-scale daily weather data, which would be suitable for ReNuMa to use for Dis-P
response estimations.

2.3.3. Linkage of Model Applications

In this project, the ReNuMa model was first used in the Modaoxi River watershed to calibrate the
set of model parameters and to model the watershed hydrochemical process of Dis-P and estimate
the current Dis-P source contribution. Then, the LARS-WG was used to model the climate character
of the watershed area and generated a series of synthetic future daily weather data. Sixty years
of synthetic daily precipitation and temperature data were generated for each projected emission
scenario in one future period; i.e., three emission scenarios (A1B, A2 and B1) and two future periods
(2050s and 2080s) were considered, and six series of synthetic daily weather data were generated
by LARS-WG and further applied as input data in the validated GWLF for simulations of future
watershed hydrochemical processes. Future watershed Dis-P fluxes and source contributions under
various climate change scenarios were estimated and compared with the current status.
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3. Results

3.1. Model Outputs

3.1.1. LARS-WG Model

The parameter set of the LARS-WG model suitable for the current climate status of this studied
area was carried out based on sixty years of observed daily weather records, which were further
updated using the HADCM3 outputs to represent the future climate status of various scenarios and
periods. The climate change scenarios A1B, A2 and B1 in the periods 2046–2065 (Period A, PA)
and 2080–2099 (Period B, PB) were estimated with the random seed number of 1223 to generate the
synthetic daily weather series. Six groups of sixty years of daily precipitation and daily maximum
and minimum temperatures were generated based on various groups of updated model parameters,
the results of which are plotted in Figure 2. The length of the box represents the distance between
the 1st quartile (25th percentiles) and 3rd quartile (75th percentiles), and the line and cross in the
box interior represented the median and mean values in the group, respectively. The ends of the
“whiskers” are the minimum and maximum values of the group. The results showed that the statistical
characteristics of the synthetic series from LARS-WG were in accordance with the GCM results for
wetter and warmer trends of climate change in the future. In another view, the ratios of significantly
different results between the observed and synthetic weather data are listed in Table 2. We could
determine that most weather items had no significant differences between the observed and modeled
datasets, indicating a high modeling precision. There were significantly different results for TminM in
March and September, indicating a relatively poor modeling ability in these months. For March, the
observed series had a mean value of 9.70 ◦C and a standard deviation of 1.038 ◦C, while the modeled
series had a mean value of 10.06 ◦C and a standard deviation of 0.578 ◦C. We could determine that
the estimation of mean value was generally acceptable with slight overestimation and an error of
3.7%, but the error in the standard deviation was significant. Similarly, in September, the error in the
mean values between the observed and modeled series was only 1.2%, but the difference in standard
deviations was large. The standard deviation of the modeled series was 0.455 ◦C, much lower than
the value for the observed series of 0.833 ◦C. The model precision here was acceptable overall within
the same level as other model applications [42–44], thus indicating the dependability of LARS-WG in
downscaling analysis to this study area. These series of synthetic daily weather data were then used
as input data for the verified ReNuMa to estimate further changes in the watershed hydrochemical
processes, as described in detail in Section 3.3. All model parameters and outputs of LARS-WG are
provided in the Supplementary Materials.

Table 2. Results of the statistical tests comparing the observed and synthetic data generated by the
Long Ashton Research Station Weather Generator (LARS-WG), with the number of tests revealing
significantly different results at the 5% significance level.

Items Total
Tests

Number of
Significant
Differences

Percentage of
Significant

Differences (%)

Whether a Month Had Significantly Different Results

Jan. Feb. Mar. Apr. May June July Aug. Sep. Oct. Nov. Dec.

WDSeries 1 8 0 0.0 Y Y Y Y Y Y Y Y Y Y Y Y
PrecD 2 12 0 0.0 Y Y Y Y Y Y Y Y Y Y Y Y
PMM 3 12 0 0.0 Y Y Y Y Y Y Y Y Y Y Y Y
PMV 4 12 0 0.0 Y Y Y Y Y Y Y Y Y Y Y Y

TminD 5 12 0 0.0 Y Y Y Y Y Y Y Y Y Y Y Y
TminM 6 12 2 16.67 Y Y N Y Y Y Y Y N Y Y Y
TmaxD 7 12 0 0.0 Y Y Y Y Y Y Y Y Y Y Y Y
TmaxM 8 12 0 0.0 Y Y Y Y Y Y Y Y Y Y Y Y

Notes: 1 Indicates seasonal wet/dry series distributions; 2 indicates daily precipitation distributions; 3 indicates
monthly means of precipitation; 4 indicates monthly variances of precipitation; 5 indicates daily minimum
temperature distributions; 6 indicates monthly mean of daily minimum temperatures; 7 indicates daily maximum
temperature distributions; 8 indicates monthly means of daily maximum temperature.
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Figure 2. Future precipitation and temperature estimates from the LARS-WG model.

3.1.2. ReNuMa Model

The transport parameters of the ReNuMa model used to describe the watershed hydrological
processes were first calibrated based on the observed monthly streamflow, with which the monthly
streamflow could be modeled. The modeled monthly streamflows based on the calibrated transport
parameters of the ReNuMa model were used to compare with the observed records to estimate
the model performance. The results showed that between the modeled and observed monthly
streamflows during the calibration period (2009–2012), the R2

NS was 0.83, and the r2 was 0.86. For the
verification years (2013–2015), the R2

NS was 0.75, and the r2 was 0.79. We found that there were several
overestimations in winter and spring in the verification period. However, both the R2

NS and r2 were
higher than 0.80 in the calibration period and that both statistics declined slightly in the verification
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period but neither was below 0.75. Such statistics were in accordance with the standard level of
watershed model applications for the estimation of the monthly hydrological process [45,46], and
all the calibrated transport parameter values could make sense within reasonable physical range,
which indicated that the calibrated ReNuMa model could provide reliable modeling of the watershed
hydrological processes, based on which the nutrient parameters of ReNuMa could be estimated for
Dis-P modeling.

With the determined transport parameter set, the nutrient parameters of the ReNuMa model were
calibrated in sequence based on observed monthly watershed dissolved (Dis-P) fluxes, which could be
used to estimate the watershed dissolved phosphorus process and model the watershed monthly Dis-P
fluxes. All the calibrated nutrient parameters had physically reasonable values and the modeled and
observed data were compared to estimate the model accuracy for Dis-P fluxes estimation. We found
that, for the calibration period (2011 and 2012), the R2

NS was 0.81 and the r2 was 0.83, and that, for
the period of verification (2013–2015), the R2

NS was 0.75 and the r2 was 0.77. Several overestimations
existed in winter and spring and underestimations happened in summer. The results showed that the
accuracy of the Dis-P flux estimations was acceptable but lower than that of streamflow estimations.
The model performance for Dis-P estimations had a slight decline in the verification period compared
with the calibration period, similar to the model performance for streamflow estimations.

The parameter uncertainty analysis feature of ReNuMa was operated based on 5% perturbation of
normal distribution for all calibrated parameters with 250 iterations [18,34], which could permits
relatively quantitative analysis of the effect of parameter uncertainty on simulation uncertainty.
The time series of observed and modeled monthly streamflow and Dis-P fluxes, as well as
their uncertainties, during the research period are given in Figure 3. The calibrated parameter
set of the ReNuMa, including both transport and nutrient parameters, is summarized in the
Supplementary Materials.

Figure 3. Comparison of observed and modeled monthly streamflows and Dis-P fluxes during the
research period. The error bars were the uncertainties in model outputs.

3.2. Current Watershed Phosphorus Source Apportionment

Based on the validated parameter set of ReNuMa, the current fluxes and source apportionment
of Dis-P and its responses to future climate changes in the study area were estimated by linking to
the LARS-WG outputs. The current Dis-P load in the Mo-Dao-Xi watershed was estimated by the
ReNuMa model, the results of which are summarized in Figure 4. There were two main routes as
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sinks for Dis-P loading in the watershed, which included runoff and groundwater. The model results
showed that, according to the average annual flux over the research period, the contributions of Dis-P
from runoff and groundwater accounted for 43.3% and 57.6%, respectively, of the whole flux. For
the Dis-P flux in groundwater, 31.4% came from the septic systems of human dwellings. Using the
independent module in the framework of ReNuMa, the septic systems were separately considered
to obtain a clear insight into the origin of the pollution source. However, as ReNuMa used lumped
algorithms for groundwater flow estimation, other pollution sources in the groundwater that were
mixed accounted for 68.6% of the Dis-P flux in groundwater. These pollution sources could not be
separately estimated and mainly included the Dis-P loads in infiltration water from various land use
areas and the solution during its transport in the soil. For the Dis-P flux in runoff, approximately 78%
of the runoff Dis-P flux load came from agricultural land, whereas natural lands, including forest and
grass, contributed more than 21%. For the agricultural Dis-P load, the cultivated land accounted for
87.8% as the dominant input source, and the paddy fields accounted for the remaining 12.2%. The
grassland accounted for 77.3% of the Dis-P loads contributions from natural lands, and the forestland
accounted for 21.9%; less than 1% of the load from natural land was contributed by the surface water
via deposition.

Figure 4. Fluxes and source apportionments of dissolved phosphorus in the study area.

Additionally, the fluxes and source apportionments of Dis-P were variable in different months.
The average monthly Dis-P fluxes were different in different months, and the high fluxes were mainly
distributed from May to September. In addition, runoff was the primary route for Dis-P contribution
during high-flux months with high streamflow yields. For the other months, the groundwater
was generally the primary pollution route, among which the contribution from septic systems was
the primary source in the low-flow period of December–February and the contribution from other
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groundwater flow was dominant in the normal-flow periods. In summary, the outputs of the ReNuMa
model showed that the current Dis-P fluxes of the study watershed came mainly from non-point sources
of planting and rural living that were sensitive to the regional weather and hydrological conditions.
It was thus possible to obtain a series of reliable estimates for fluxes and source apportionment
responses to various future weather statuses, which are further estimated and compared below.

3.3. Responses of Watershed Phosphorus to Future Climate Changes

The changes in the watershed Dis-P flux and source apportionments were estimated based on
the linkage applications of LARS-WG and ReNuMa. For each emission scenario and future period,
sixty years of synthetic daily weather data were generated by the LARS-WG model. As the LARS-WG
had several weaknesses to reproduce the current weather status for some items in some months
(Section 3.1.1 and Table 2), the differences between current observed weather data and future modeled
weather data were not only caused by projected parameter scenarios but also unexpected model
uncertainties. In addition, there would be considerable uncertainties if we used both observed and
modeled weather data for Dis-P response estimations. To avoid such issue, sixty years of synthetic
daily weather data that represented the current climate status were generated and used instead of the
observed weather data for current watershed hydrochemical process estimations. Seven groups of
sixty years of synthetic daily weather data representing current and various future climate statuses
from the LARS-WG model outputs were used as the GWLF model inputs to estimate the responses of
Dis-P fluxes and source apportionments in scenario analyses, the results of which are illustrated in
Figure 5.

Figure 5. The responses of watershed dissolved phosphorus flux and source apportionment to future
climate changes.

The results showed that there would be a generally increasing trend for watershed Dis-P flux due
to changed weather conditions in the future. The A1B and A2 scenarios showed continual positive
impacts. The mean annual Dis-P flux would increase by 5.34% in the 2050s and by 14.0% in the 2080s
under scenario A1B, and more intensive increases would occur under scenario A2 with increases
of 9.6% in the 2050s and of 21.1% in the 2080s. Conversely, the changes in the mean annual Dis-P
flux under scenario B1 showed a V-type trend and would decrease by 3.9% initially in the 2050s but
increase thereafter, with a small increase of 4.1% by the 2080s. Furthermore, the changes in climate
status would convert the initial source apportionments of watershed Dis-P contributions. We could
determine that the contributions of runoff from both farmland and natural land would increase in the
2050s and 2080s under scenarios A1B and A2, whereas a V-type trend would occur under scenario
B1 that was similar to that of the annual flux response. The percent of Dis-P flux through runoff in
the 2050s would increase by 2.4% for scenario A1B and 3.0% for scenario A2. A greater percentage



Water 2018, 10, 468 12 of 17

contribution through runoff would occur in the 2080s with increases of 5.0% for scenario A1B and 5.6%
for scenario A2. The percentage contribution through runoff under scenario B1 would decrease by
0.8% in the 2050s and then increase by 2.5% in the 2080s. Conversely, the changes in the contributions
in the 2050s and 2080s from septic systems and other sources in ground water showed a decreasing
trend under scenarios A1B and A2 and an inverted V-type trend under scenario B1. The percentage
contributions from other sources in groundwater under both scenarios A1B and A2 would decrease
by 1.3% in the 2050s. In the 2080s, these percentages would decrease by 2.4% for scenario A1B and
2.2% for scenario A2. For scenario B1, the percentage of other sources in the groundwater contribution
would increase by 0.5% initially in the 2050s and then decrease by 1.6% in the 2080s. Similarly, the
changes in the percentage contribution from septic systems in groundwater would be negative, except
in scenario B1 in the 2050s. There were 1.1% and 1.7% decreases from septic systems in the 2050s for
scenarios A1B and A2, respectively, and a 0.4% increase from septic systems for scenario B1 in the
2050s. The percentages from septic systems would all decrease in the 2080s by 2.6% for A1B, 3.4% for
A2, and 0.8% for B1. In summary, under the projected future climate statuses, there would be more
Dis-P fluxes in the study watershed that were contributed more through the route of runoff.

In addition, The Dis-P fluxes, together with streamflow yields, in extreme years under projected
future climate scenarios were examined. The mean values of the top 10% highest and bottom 10%
lowest annual streamflow and Dis-P fluxes for each scenario and the baseline level were compared with
the all-years mean values, the results of which are illustrated in Figure 6. We could determine that the
streamflow and Dis-P fluxes had similar trends; the changing trends under the two extreme conditions
were similar to that of the mean value but that there would be more increases in streamflow and Dis-P
fluxes in the original low-flux years but fewer increases in the original high-flux years. These results
implied more Dis-P flux risks during low-flow year periods in the future, which should be of great
concern for local water environmental management decision-makers facing concentration control.

Figure 6. The changes in the Dis-P fluxes in extreme years under projected future climate scenarios.
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4. Discussion

4.1. Estimations of Model Reliability

The model reliability of LARS-WG was generally reliable for this study area. There were no
significant differences between the observed and modeled values for most weather items except
TminM, which had 16.67% significantly different results in March and September. The errors in
estimation of standard deviation were big and, with such an underestimated standard deviation for the
modeled series, there would be potential risk in ignoring the appearance of extreme events in synthetic
weather data. However, this issue was common in LARS-WG applications. Up to 33.33% significantly
different results in PMV estimation were produced for eleven weather stations in Sudan and South
Sudan where most weather items had significantly different results except for TminD [27]. Similarly,
significantly different results for most weather items except for TminD and TmaxD at three arid sites in
India were reported [44]. The LARS-WG model was valid in these former studies in generating future
weather data and the model accuracy here should also be reliable within the same or even better level
to them. In addition, the estimation of TminD was perfect (Table 2), which would be more important
in this project as the ReNuMa model used daily weather data, not monthly weather data. Such groups
of synthetic daily weather data should be qualified for supporting further scenario analysis.

For ReNuMa, the model capability represented minor flaws in the accuracy during the low-flow
periods. There were several overestimations of streamflow in winter and spring in the verification
period. These overestimations probably resulted from the overestimations of groundwater in these
periods, which were mainly caused by excessive water storage in saturated zone in autumn. In addition,
there were also continual overestimated results for Dis-P estimations during the low-flow periods in
September 2013 to March 2014 and November 2014 to March 2015 in the verification periods. We could
discuss this issue in two aspects. For the last several months in 2013 and 2014, the model values of
monthly streamflow were also overestimated. The overestimation of streamflow yield would lead
to the overestimation of Dis-P as the observed values of Dis-P were based on the observed values of
streamflow that were lower than the estimated values. On the other hand, for the first several months
in 2014 and 2015, the Dis-P values from septic systems in groundwater were higher than the values
during other months, indicating potential overestimations of septic systems fluxes that resulted in
the overprediction of Dis-P in these months. As no similar continual overestimations occurred in the
calibration period, this issue was probably affected by the limitations of the modest complexity of the
model algorithms and the available data size for the parameter calibrations. However, it is a common
compromise way for balancing the cost and output to achieve acceptable model applications in a
watershed with insufficient data availability but heavy demands for pollution source apportionment.
In addition, the modeling results of ReNuMa in Dis-P estimations for the study watershed should still
be reliable as none of the statistics of r2 and R2

NS were lower than 0.75 for model verification, which
was within the general precision for watershed model applications [47,48]. In addition, the current
and future watershed Dis-P fluxes and source apportionments were all modeled based on the same
parameter set and model framework, and the changes would be estimated relatively by comparing
the different groups of model outputs to avoid disturbance from the model limitations. Generally,
the ReNuMa model revealed a reliable ability to model the watershed hydrochemical processes of
the study area, based on which the property of watershed Dis-P and its responses to future climate
changes would be qualified for estimation by the linkage of LARS-WG results in decision-making
support for regional management, as discussed in the following text.

4.2. Property of Phosphorus Apportionment and Potential Contribution to Management

Based on the outputs of the model applications, the non-point sources from farmland discharge
through runoff and septic systems discharge through groundwater were detected as the current
main contributing sources of Dis-P in studied watershed. The fluxes and source apportionments
of Dis-P were variable in different months, in accordance with previous studies [34,46,47,49].



Water 2018, 10, 468 14 of 17

Furthermore, the changes in climate status would generally increase the Dis-P fluxes and convert the
initial source apportionments of watershed Dis-P contributions that were critical for local pollution
source management.

In addition, the modeling results showed that runoff would contribute more to the Dis-P flux
under the projected future climate statuses, indicating that more practices concerning runoff pollution
control should be implemented in future local watershed management. As the Dis-P loading through
runoff mainly occurred during the high-flow period from May to September, various management
measures concerning runoff control would be significant. Nutrient management was one of the
most effective aspects in agricultural regions [50]. The improvement would be remarkable as the
fertilizing behaviors were originally concentrated in the summer months in the study area. The
optimizations of the amount of fertilizer and the use of manure for fertilization could decrease the
pollution concentration in the runoff and potentially reduce the contribution from groundwater with
lower concentrations in the infiltration water; such methods have been implemented in many areas for
best management practice [51]. In addition, planting vegetated buffers was another potential effective
measure. Buffers around farmland and along the riverside could hold back part of the pollution
from runoff [52]. On the other hand, it would of course be beneficial to regional Dis-P pollution
control to convert the treatment strategy of rural human living outputs. The initial septic systems
could be replaced by piped collection systems for centralized sewage treatment as was successfully
demonstrated in the downstream region of the Yangtze River [3,53].

5. Conclusions

This work estimated the responses of watershed hydrochemical processes to projected future
climate scenarios. The following three main conclusions can be drawn from the results of the
present study:

(1) The current Dis-P fluxes of the study watershed came mainly from non-point sources involved
in planting and rural living. The fluxes and source apportionments of Dis-P were variable in
different months. High fluxes were mainly distributed from May to September with runoff as the
primary contribution source. Although not remarkable on the annual scale, the contribution from
septic systems was the primary source in December, January and February. The fluxes and source
apportionments of Dis-P were sensitive to the regional weather and hydrological conditions,
which were significant for response estimations.

(2) The hotter and wetter climate trends in the future would have generally positive impacts on the
watershed Dis-P yields. A continuously increasing trend would occur for scenarios A1B and
A2, and a V-type trend would occur for scenario B1 with more intensive increases in the annual
Dis-P fluxes in extreme low-flux years. In addition, future climate changes would increase the
proportion of the Dis-P contribution from runoff, leading to heavier demands for runoff pollution
control in future local watershed management.

(3) The coupled modeling application of LARS-WG and GWLF could achieve quantitative
estimations of future watershed hydrological processes under changed climate statuses, and
the linkage of model applications in this paper could be used as a reference for watershed
management in similar areas.

Supplementary Materials: The model parameters of ReNuMa and LARS-WG applied in this paper are available
in the Supplementary Materials (online at http://www.mdpi.com/2073-4441/10/4/468/s1) and could be used to
replicate this work.
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