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Many semi-distributedmodels that simulate pollutants' losses fromwatersheds do not handlewell detailed spa-
tially distributed and temporal data with which to identify accurate and cost-effective strategies for controlling
pollutants issuing from non-point sources. Such models commonly overlook the flow pathways of pollutants
across the landscape. This work aims at closing such knowledge gap by developing a Spatially and Temporally
Distributed Empirical model for Phosphorus Management (STEM-P) that simulates the daily phosphorus loss
from source areas to receiving waters on a spatially-distributed grid-cell basis. STEM-P bypasses the use of com-
plex mechanistic algorithms by representing the phosphorus mobilization and delivery processes with zero-
order mobilization and first-order delivery, respectively. STEM-P was applied to a 217 km2 watershed with
mixed forest and agricultural land uses situated in southwestern China. The STEM-P simulation of phosphorus
concentration at the watershed outlet approximated the observed data closely: the percent bias (Pbias) was
−7.1%, with a Nash-Sutcliffe coefficient (ENS) of 0.80 on a monthly scale for the calibration period. The Pbias
was 18.1%, with a monthly ENS equal to 0.72 for validation. The simulation results showed that 76% of the phos-
phorus loadwas transportedwith surface runoff, 25.2% ofwhich came from3.4% of thewatershed area (classified
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as standard A critical source areas), and 55.3% of which originated from 17.1% of the watershed area (classified as
standard B critical source areas). The standard A critical source areas were composed of 51% residences, 27% or-
chards, 18% dry fields, and 4% paddy fields. The standard B critical source areas were mainly paddy fields (81%).
The calculated spatial and temporal patterns of phosphorus loss and recorded flow pathways identifiedwith the
STEM-P simulations revealed the field-scale critical source areas and guides the design and placement of effective
practices for non-point source pollution control and water quality conservation.

© 2017 Elsevier B.V. All rights reserved.
1. Introduction

Water-quality deterioration caused by excessive nutrient discharge
has been widely documented (Davis and Koop, 2006; Ma et al., 2011;
Novotny, 1999; Smith, 2003). Non-point source (NPS) pollution is iden-
tified as a leading environmental threat. The control of water pollution
by non-point sources of nutrients remains a challenge for scientists
and managers since the processes of pollution storage, mobilization,
and delivery are complex. Accurate and cost-effective pollution control
and sustainable watershed management require detailed information
on (1) reliable estimation of pollution load, (2) reliable identification
of critical source areas (CSAs) (Chen et al., 2013; Shen et al., 2011),
and (3) tracking pollutant pathways and flow paths of polluted runoff.
Accurate estimation of pollution load is imperative to assess the gap be-
tween target water quality standard and the field concentrations of pol-
lutants. The reliable identification of CSAs facilitates effectivewatershed
management by implementing proper practices in the most critical
areas. The flow paths and travel time of polluted runoff impact the sed-
iment and nutrient loads that reach receiving water bodies given that
forests, grasslands, and wetlands retain pollutants by sedimentation,
adsorption, and biotransformation (Chescheir et al., 1991;
Uusi-Kamppa et al., 2000). The effective placement and design of pollut-
ant control facilities such as buffer strips and artificialwetlands relies on
detailed information about the pathways of pollutants from their points
of origin to the discharge areas (Loáiciga et al., 2015; Sadeghi et al.,
2017). However, the available tools including NPS pollution indices
and models present significant challenges to provide all the three
types of information cited above, especially the flow pathways and
their impact on pollutant transfer.

NPS pollution indices, such as the Phosphorus Index (PI), are widely
used to identify CSAs. Originally, the PI (Lemunyon and Gilbert, 1993)
was designed for field-scale pollution risk ranking based on both
“source” and “transport” characteristics. Subsequently, the PI wasmod-
ified forwatershed-scale assessment by improving theweightingmeth-
od of hydrologic connectivity to a streamnetwork (Gburek et al., 2000).
More recently, a phosphorus index based on runoff travel time was de-
veloped to further improve the PI's capability to represent the effect of a
drainage network on phosphorus loss potential (Buchanan et al., 2013).
Improved PI methods combine empirical observations about source
characteristics and knowledge about transport potential and are used
for watershed-scale identification of phosphorus CSAs. The PI, however,
is limited in its ability to simulate phosphorous dynamics given that it is
primarily a tool for relative pollution risk assessment rather than for the
quantitative estimation of pollution export.

Another approach to NPS pollution management is through the use
of models. Empirical or “black-box” models, such as the Export Coeffi-
cient Model (ECM), have been successfully applied to the estimation
of pollution loads from the smallwatershed scale to the regional and na-
tional scales (Johnes, 1996; Malve et al., 2012; Winter and Duthie,
2000). The classical ECM is a lumped model and only the spatial varia-
tion of land covers is accounted, which is not detailed enough for CSAs
identification. By contrast, physically-based process models, such as
Soil and Water Assessment Tool, or SWAT (Arnold et al., 1998), Hydro-
logical Predictions for the Environment or HYPE (Lindström et al.,
2010), and Annualized Agricultural Non-Point Source Pollution Model
or AnnAGNPS (Bingner and Theurer, 2001), account for the spatial
variations of soils, land use, topography and management practices.
They simulate pollutant loads after calibration and can identify CSAs.
However, these models are seldom used in practice by conservation
specialists for delineating CSAs and for implementing measures to con-
trol pollutants emanating from non-point sources. The relatively infre-
quent application of the latter models might be explained by their
generation of simulation results that aremeaningful for naturally occur-
ring hydrologic catchments within the landscape (usually sub-
watershed), whilemanagement of non-point pollutants in rural settings
ismeaningful at the farm-scale (Ghebremichael et al., 2013),which rep-
resents a human-induced partition of the landscape. Also, the farm-
scale flow paths and travel times of runoff are not delineated by these
models, and their impact on nutrient dynamics during transport is not
accounted for. Another reason for the limited applications for the cited
physically-based process models may be found in their complexity,
whichmeans that the data requirements, parameterization, and calibra-
tion make their application computationally and logistically burden-
some, especially in large watersheds of regional scales (Alexander
et al., 2002; Heathwaite, 2003).

This paper develops a Spatially and Temporally distributed Empirical
Model for Phosphorus management (STEM-P) to address the limita-
tions of the available tools in supporting accurate and cost-effective
management. The STEM-P model satisfies three objectives: (1) reason-
ably accurate estimation of phosphorus export, (2) field or sub-field
identification of CSAs, and (3) delineates the flow paths and considers
travel time of phosphorus runoff. The STEM-P considers the impacts of
flow pathways on phosphorus dynamics during transport. In addition,
it is a process-based empirical model, that is, it relies on simple empiri-
cal equations and limited parameters to represent the most critical
landscape processes (mobilization and delivery) that impact phospho-
rus loss for practical applications of pollutant control measures.
2. Method

2.1. Model development

Operational models for non-point source phosphorus management,
such as Phosphorus Indicators Tools (Heathwaite et al., 2003) divide the
processes by which phosphorus moves from the landscape to water
bodies into three categories: storage,mobilization, and delivery. Storage
is the balanced process of background phosphorus content that results
from phosphorus input and output (e.g. harvest) in the landscape
when precipitation does not occur. Mobilization is the process by
which phosphorus moves from the landscape to the water pathways
in soluble and particulate forms. The delivery process consists of the
changes of phosphorous quantity and forms in surface runoff as it
moves downstream overland or through the drainage network. It in-
cludes sedimentation, adsorption, plant uptake, microbial transforma-
tion, and other processes, resulting in the reduction of phosphorus
content in pollutant runoff. STEM-P focuses on (i) themobilization pro-
cess bywhichphosphorus is released froma landscape to surface runoff,
and on (ii) the delivery process of phosphorus as it moves with surface
runoff. The mobilization process of phosphorous from non-point
sources is assumed to be a zero-order mobilization mechanism. Its de-
livery is represented as first-order retention. The proposed STEM-P
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model steps are portrayed in Fig. 1. The spatial resolution of STEM-P is a
user-defined grid cell and the temporal step is daily.

2.1.1. Phosphorus storage
Phosphorus storage is a balanced process of the background content

altered by phosphorus input and output. The balanced stored phospho-
rus during a specific period (Pstored) is calculated as follows:

Pstored ¼ Pbackground þ Psurplus
Psurplus ¼ Pinput−Poutput

ð1Þ

where Pbackground is the background phosphorus content; Psurplus is the
surplus phosphorus, which is the difference between input phosphorus
(Pinput) and output phosphorus (Poutput). Input phosphorus includes
chemical and organic fertilizers, human and livestock wastes, and out-
put phosphorus usually refers to phosphorus content in harvested
crops from agricultural lands and may also be phosphorus removal by
waste treatment facilities on residential and industrial lands.

2.1.2. Phosphorus mobilization
Non-point source phosphorus pollution is mainly mobilized by sur-

face runoff. Field observation of surface runoff at the temporal scale of
minutes or hours indicates that the phosphorus concentration varies
with time. However, on an event basis or a daily time step, pollutant
concentration in runoff is assumed to be constant, such as the Event
Mean Concentration (EMC) used in water quality models (Lin, 2004;
Fig. 1. The STEM-P
Liu et al., 2015). STEM-P assumes that the rate of phosphorus mobiliza-
tion within a specific land cover is constant through days, since it is ba-
sically determined by the long-term storage process on soil surface. The
mobilized phosphorus with surface runoff from landscape grid cell i
(Pmobilized,I, in mg) is calculated as follow:

Pmobilized;i ¼ mi �madj � Qi � A0 ð2Þ

where mi is the zero-order mobilization rate of grid cell i, in mg·L−1;
madj is the adjustment coefficient for the mobilization rate m; Qi is the
surface runoff depth in a simulation day on grid cell i, in mm; A0 is the
area of the grid cell of the model, in m2.

The zero-order mobilization rate represents the risk of phosphorus
mobilized by surface runoff from the landscape under a long-term stor-
age balance. Since phosphorus input and output vary with land covers,
themobilization rate also varieswith land covers. The bestway to deter-
mine the mobilization rate is by long-term measurement of runoff
phosphorus for different land cover types within the study area. The
runoff should be collected from a land parcel having a similar size to
that of the grid cell of simulation to reduce the scale effect. However,
this on-site observation is time-consuming andhas a high-level require-
ment of labor and facility resources, whichwould limit themodel appli-
cation. Amethod linking themobilization rate (m) to stored phosphorus
(Pstored) is herein proposed to reduce the number of land cover types
that require on-site observation or to avoid on-site observation by ap-
plying literature values from climatologically similar regions.
model steps.



Table 1
The STEM-P recommended values of the delivery rates for different land types.

Land cover type Delivery rate δ(d−1) Reference

Forest/grassland 0.50 Chescheir et al. (1991)
Wetlanda 0.40
Orchard 0.35
Lake/reservoir/pond 0.30 Smith et al. (1997)
Agricultural fieldb 0.25
Stream 0.20 Smith et al. (1997)
Residential land 0.10

a Wetland refers to landwith less than or normal density of vegetative cover, otherwise
the delivery rate of forested wetland is recommended to be the same as that of forest/
grassland.

b Agricultural field refers to dry field and paddy field during the period when the sur-
face is not flooded.
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Commonwatershedmodels (such as SWAT, AnnAGNPS) usually use
ormodify the soil phosphorus (P) routines in Erosion Production Impact
Calculator (EPIC)model, classify soil P into fresh organic P, humic organ-
ic P (including active and stable organic P), labile or solution inorganic P,
active inorganic P, and stable inorganic P (Radcliffe and Cabrera, 2006).
The P transferred by surface runoff is mainly labile P and active P. Fertil-
izers, human, and livestock waste are mainly in labile and active forms.
Therefore, surplus phosphorus (Psurplus) is more likely to be mobilized
by surface runoff than background phosphorus (Pbackground). STEM-P
links the mobilization rate in land type k (mk) to Psurplus and Pbackground
with linear relations as follows:

mk ¼ k1 � Psurplus;k þ k2 � Pbackground ð3Þ

where k1 and k2 are the linear coefficients for Psurplus and Pbackground re-
spectively. The mobilization rate on land types with no surplus phos-
phorus (such as forest and grassland without grazing) is m0 =
k2·Pbackground. The background phosphorus within a study watershed
is considered to be homogeneous, so that eq. (3) can be written as eq.
(4):

mk ¼ m0 þ k1 � Psurplus;k ð4Þ

Eq. (4) implies that the number of land cover types that require on-
site observation can be reduced to only two: one type without surplus
phosphorus, such as forest, to obtain m0 value, and the other type
with some surplus phosphorus to obtain mk. Then, parameter k1 is
solved to calculate the mk in other land types. If on-site observation in
the study area is difficult to implement, then the two values (m0 and
mk) can be obtained from the literature applicable to areas that are cli-
matologically similar to the study region. In this case, the input and out-
put phosphorus of the land type where the reference mk value is
obtained should be collected to estimate Psurplus,k in eq. (4). The best ref-
erence values are from literatures conducting experimental research of
field-scale runoff phosphorus concentrations. They can also be EMC
values from the literature, since EMCs have similar meanings for the
mobilization rates herein employed. Lin (2004) summarized published
EMCs for different regions in the United States. The m0 and mk values
from on-site observationmay be not representative of the general char-
acteristics of the study area, or there may be some scaling effects; and
the values obtained from the reference regions may be not the same
as those of the study area. Considering this uncertainty, an adjustment
coefficient for mobilization rate (madj) is incorporated in Eq. (2) to ad-
just the absolute values of mk while maintaining the relativity of mk

values among land cover types.

2.1.3. Phosphorus delivery
Physical, chemical, and biological retention of phosphorus over veg-

etated buffers, in wetlands, reservoirs, and streams has been document-
ed (Hesse et al., 2013; Roberts et al., 2012; Uusi-Kamppa et al., 2000). In
spite of the complexity of the delivery process, less complex approaches
maybe reasonably adequate to model water quality. This is so because
only minor improvements in the accuracy of simulations might be
achieved with models of high complexity, as documented by Hesse
et al. (2013). The phosphorous delivery process is represented as a
first-order retention mechanism in STEM-P:

Pexport;i ¼ Pmobilized;i � exp
X
j

−δ j � δadj � T j
� �

2
4

3
5 ð5Þ

where Pexport,i is the part of phosphorus mass mobilized from grid cell i
that enters a target water body as a result of the delivery process, inmg;
δj is the first-order delivery rate of grid cell j along the flow path of sur-
face runoff generated from grid cell i, d−1; Tj is the travel time of phos-
phorus runoff across grid cell j, in d; δadj is the adjustment coefficient for
delivery rate δj. The delivery process as a first-order retention
mechanism has been observed in field studies and is used in practical
modeling. Chescheir et al. (1991) found phosphorus removal in a forest-
edwetland to bewell described by the first order decaymodel in a two-
year field study. The SPARROWmodel used first-order dynamic to sim-
ulate phosphorus transformation in streams and in reservoirs for large-
scale modeling (Smith et al., 1997).

The first-order delivery rate (δj) varies with land cover types. Previ-
ous phosphorus removal research suggests that wetlands are more ef-
fective in retaining total phosphorous (TP) than ponds, possibly due to
shallower depth, and dense vegetation (Uusi-Kamppa et al., 2000).
The impacts of vegetation types (trees or grass) are not significant in
vegetated buffers (Duchemin and Hogue, 2009; Syversen, 2005).
SPARROW applied in the USA demonstrated a larger decay rate of
total phosphorous (TP) in reservoirs than in streams because of differ-
ences in settling rates of sediment-bound phosphorus (Smith et al.,
1997). To summarize, the retention rate generally increases with in-
creasing vegetation density, and decreaseswith increasingflow velocity
and flow depth. Thus, the δj value is largest for forest and grassland,
followed in decreasing order by wetland, lakes, reservoirs, and streams.
Agricultural land and residential areas are generally regarded as sources
of phosphorus; yet, there is some level of physical retention due to sed-
imentation. Field research on these lands is limited. Thus, the δj values of
these lands is herein determined by comparing with other better-
known land covers. Table 1 lists the STEM-P recommended values for
the delivery coefficients of different land cover types. The recommend-
ed values would be adjusted according to the land characteristics of the
study area, such as vegetation cover density, surface roughness, the
water depth of lakes or ponds, etc. An adjustment coefficient for deliv-
ery rate (δadj) in a manner akin to the adjustment coefficient for mobi-
lization rate is herein introduced to account for the differences
between our reference values shown in Table 1 and the conditions of
the study areas.

2.1.4. Phosphorus transfer in baseflow
STEM-P applies the mobilization and delivery equations described

above to simulate the mobilized phosphorus and exported phosphorus
from each landscape grid cell to the target water bodywith surface run-
off on a daily scale. Phosphorus transferred with baseflow is also simu-
lated in STEM-P with the following equations:

Pgw ¼ PCONCgw � Ob � 24 � 3600=1000
Prf ¼ PCONCrf � Orf � 24 � 3600=1000 ð6Þ

where Pgw and Prf are themass of phosphorus transferred with ground-
water flow and lateral return flow respectively, in kg·d−1; Ob and Orf

are the groundwater flow and lateral subsurface flow that reach the tar-
getwater body each day, inm3·s−1;PCONCgw and PCONCrf are the aver-
age P concentration in groundwater flow and lateral subsurface flow,
respectively, in mg·L−1. These two parameters can be determined
from long-term monitoring data or from data generated by the knowl-
edge of local experts. If these are not available, they are determined by
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calibration. The calibrated value of PCONCgw should be less than that of
PCONCrf given that phosphorus concentration usually decreases with
increasing soil depth.

2.1.5. Special characteristics of phosphorus transfer in paddy fields
Paddy fields have special characteristics concerning phosphorus

transfer during the flooding period. The phosphorus mobilization pro-
cess does not result from interaction between runoff and soil surface
in flooded paddy fields as it does in other land types. Rather it is con-
trolled by the direct release of the flooded water. Therefore, a separate
parameter, the average P concentration of flooded water (PCONCpddy,
in mg·L−1) is used to simulate mobilized phosphorus for flooded
paddy field, instead of the mobilization rate m. Previous research has
established that the P concentration of flooded water greatly increases
on the day of fertilizer application. This is followed by an exponentially
decline afterward and levels off about 12 days later to a concentration
value similar to that prevailing before fertilizer application (Shi et al.,
2013). Farmers usually avoid applying fertilizers in paddy fields during
rainy days. For this reason STEM-P assumes the PCONCpddy is constant
during simulations for the flooded period. PCONCpddy can be obtained
by long-term field observation, or by model calibration.

The delivery process from flooded paddy fields is negligible because
the average P concentration of flooded water is used instead of themo-
bilization rate. Hence, the delivery rate of flooded paddy fields is set to
be zero in STEM-P.

The soil of flooded paddy field is saturated, which promotes phos-
phorus desorption and leaching. Previous research has demonstrated
that in wheat-rice rotation fields the phosphorus leaching during the
rice season is dramatically greater than that during the wheat season
(Li et al., 2009). Therefore, phosphorus transfer with groundwater
flow simulated by STEM-P differentiates between its sources, either
from flooded paddy fields or from other lands. In a watershed with
areas covered with paddy fields there are two phosphorous concentra-
tions used by STEM-P, namely, the average P concentration of ground-
water in land devoid of paddy fields (PCONCgw), and the average P
concentration in groundwater flow from flooded paddy field
(PCONCgw_pddy). STEM-P applies these two concentrations to simulate
P transfer with groundwater flow.

The parameters PCONCpddy and PCONCgw_pddy are determined from
monitoring data if long-term observation of the phosphorus concentra-
tion infloodedwater and leachingwater frompaddyfields are available.
If not, they are determined by calibration, and the default value of
PCONCgw_pddy is half of the average P concentration of flooded water
(PCONCpddy).

2.1.6. Hydrologic basis of STEM-P
STEM-P is a spatially and temporally distributed non-point source

pollutionmodel. Itsmodel inputs include: distributed daily surface runoff
depth and travel time of surface runoff on a grid-cell basis, time series of
daily surfaceflow, groundwaterflowand lateral returnflowat the receiv-
ing water body. Daily groundwater flow should be recorded separately
for flooded paddy field and for other lands whenever paddy fields exist
in a watershed. The above spatial and temporal hydrologic information
can be provided by distributed hydrologic models. Theoretically, any dis-
tributed hydrologic model that provides this information can be input to
STEM-P. However, commonly used distributed hydrologic models sel-
dom report the travel time of surface runoff across the landscape on a
grid-cell basis, probably because in-stream hydrographs are their goals.
Hence, this study applies the Distributed Hydrologic Model for Water-
shed Management developed previously (DHM-WM, Li et al., 2017a; Li
et al., 2017b). DHM-WM delineates the flow path of surface runoff and
calculates the travel time on a grid-cell basis (Li et al., 2017a), which al-
lows the consideration of the travel time in the simulation of the delivery
process by STEM-P. In addition, a recent version of DHM-WM simulates
reasonable surface runoff (as a depth) in generation areas based on dis-
tributed representation of soil moisture variation accounting for both
local and global water balance, making it more suitable for watersheds
featuring infiltration-excess and saturation-excess runoff generation
mechanisms (Li et al., 2017b).

2.2. Model application in a Forest/agricultural watershed

2.2.1. Watershed description
The STEM-Pmodel was applied to the FengyuWatershed located on

the headwater area of Erhai Lake, an alpine fault lake in Yunnan Prov-
ince, China (see Fig. 2). The Fengyu Watershed covers an area of
217 km2, and its altitude ranges from 2079 m to 3621 m. It features a
subtropical highland monsoonal climate. The temperature variation
within a year is minor, and snow seldom falls in Winter. There are
well differentiated dry and wet seasons within a year, and most rainfall
falls between June and October. The dominant activity of the area is ag-
riculture. Phosphorous originates primarily from non-point sources:
fertilizers, human and livestock waste, which facilitates the comparison
of simulated phosphorus from STEM-P to observed data. Study water-
sheds featuring urbanized areas, phosphorus discharge from point
sources (factories and wastewater treatment facilities) would add
more complexity to the testing of the STEM-P results. The monitoring
station is located at the watershed outlet, in the northeastern portion
of the watershed. Precipitation, streamflow discharge, and phosphorus
concentration were measured at the station daily.

2.2.2. Distributed data
The input data to STEM-P include digital elevation model (DEM)

(Fig. 2), distributed maps of land cover, surface runoff depth and travel
time of surface runoff. Fig. 3 is exemplary of the latter three data, which
also depicts the map of soil type distribution. The size of grid cells of
these distributed data is 25 m, which is the resolution of DEM data.
The DEM resolution determines the accuracy of flow pathway analysis
and the scale of landscape processes impacted by flow pathways. It
can be inferred from Fig. 3(a) that 51.6% of the watershed is covered
by forest, followed with 18.2% by grassland, 15.2% by paddy fields,
9.3% by dry fields, 3.4% by orchards, and 2.3% being residential, and it
features three small lakes/reservoirs. Fig. 3(b) shows that there are 11
types of soils in the watershed. Among them, Brown laterite, Red lime-
stone and Funi have a very high content of clay and very low water
transmissivity. By contrast, Mahuitang, Maheitang, Maheihui, and
submergenic paddy soil have a very high content of sand and high
water transmissivity. Fig. 3(c) and (d) are examples of distributed sur-
face runoff depth and travel time calculated for July 23, 2013, by
DHM-WM. The hydrologic results were previously calibrated with ob-
served streamflow data at the watershed outlet in 2012 and validated
in 2013, with an annual percent bias less than 15%, daily coefficient of
determination greater than 0.70, and reasonable baseflow percentage
between simulated and observed values for both years. The highland re-
gion of the watershed generally did not generate surface runoff (see
Fig. 3(c)) because of the runoff generation mechanism governing this
region and the water use for paddy fields. The highland region is cov-
ered mainly by forests and grasslands, and is underlain by sandy, well
drained soils where infiltration-excess runoff is seldom generated.
Also, this region is not easily saturated because irrigation for paddy
fields lowers the subsurface water table in the rainy seasons. Hence,
saturation-excess runoff only occurred during very wet days along ri-
parian areas and gullies where subsurface soil water concentrated. The
distributed data ensure that mobilized phosphorus and exported phos-
phorus are simulated on a grid-cell basis in STEM-P.

2.2.3. Determination of the mobilization rate
The input phosphorus, output phosphorus, surplus phosphorus data

were collected for each land cover type, and themobilization rate is cal-
culated with Eq. (4) with two reference values from a climatologically
similar region (See Table 2). The input phosphorus for agricultural
lands (paddy fields, dry fields, and orchards)was calculated by statistics



Fig. 2. The location and geographic features of Fengyu Watershed.
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of fertilizer and manure application in the study area. Paddy fields are
typically cultivated with rice-broad bean rotation within a year, and
dry fields are typically cultivated with corn-broad bean rotation within
a year. Their phosphorus input is the sum of fertilizer and manure ap-
plied for both cultivation seasons in a year. The non-hydrologic output
of phosphorus from the agricultural lands is the mass of phosphorus
contained in the harvested crops. In residential areas, the input phos-
phorus equals the sum of human waste and livestock waste. The non-
hydrologic output of phosphorus is the amount of livestock waste that
was collected to be used as manure elsewhere. Phosphorus removal in
residential areas was assumed to be negligible given that there is rarely
public sewage and waste treatment facilities in the study region. The
reference mobilization rates are from on-site observations conducted
in 1991 in the nearby Dianchi watershed (Gu et al., 1991). There has
been a substantial increase in fertilizer and manure inputs, and in crop
harvest since then (statistics in Table 2), which was accounted by Eq.
(4) in calculating the mobilization rates of other land covers in the
case study.

2.2.4. STEM-P calibration and evaluation of model performance
Phosphorus concentration at the watershed outlet was observed

from 2012 to 2013. The water samples were collected from the stream
daily. Their total phosphorus concentrations were measured with the
ammonium molybdate spectrophotometric method after digestion in
the laboratory. The model was calibrated with data from 2012 by com-
paring daily observed phosphorus concentrations with simulated
values by STEM-P. The calibrated set of parameters was determined
by optimizing the closeness of match of the visual graphs and several
statistical indicators: the annual percent bias (Pbias), the daily and
monthly coefficient of determination (R2), and the Nash-Sutcliffe
coefficient (ENS). Model validation was conducted with data in 2013
using the same indicators of calibration. Other indicators, such as the
root mean square error (RMSE) and Persistent Index (PI), can be used
for model evaluation (Wu et al., 2010). This study chose Pbias, R2 and
ENS because they are themost commonly used in evaluatingwater qual-
ity models, and general criteria for model performance have been sum-
marized by reviewing a number of publications (Moriasi et al., 2015) as
follows: If Pbias is less than ±30%, monthly R2 is greater than 0.40, and
monthly ENS is greater than 0.35, the model performance is herein
deemed satisfactory; if Pbias is less than ±20%, monthly R2 is greater
than 0.65, andmonthly ENS is greater than 0.50, themodel performance
is herein considered as good.

2.2.5. Analysis of critical source areas
The critical source areaswithin the FengyuWaterhsedwere selected

based on the distributed annual exported phosphoruswith surface run-
off during 2012–2013 simulated by STEM-P. The areaswith average an-
nual exported phosphorus exceeding the watershed mean value by
more than two times the standard deviationwere classified as extreme-
ly critical source areas (CSAs A). The areas with annual exported phos-
phorus exceeding the watershed mean by more than one standard
deviation but less than two times the standard deviationwere classified
as critical source areas (CSAs B).

3. Results

3.1. Calibrated parameters

The STEM-P has at most 6 calibration parameters, which is the case
in Fengyu Watershed, where a large area of paddy fields exists, and



Fig. 3. Examples of distributed data for the Fengyu Watershed; (c) and (d) are simulated values from a hydrologic model (DHM-WM) for July 23, 2013.
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Table 2
Mobilization rate determined for the Fengyu Watershed with statistics about surplus phosphorus.

Land cover m (mg·L−1) Input phosphorus (kg·ha−1·yr−1) Output phosphorus (kg·ha−1·yr−1) Surplus phosphorus (kg·ha−1·yr−1)

Paddy fieldsa 1.466 187 98 89
Dry fields 1.553 197 97 100
Forest 0.765 Negligible Negligible 0
Grassland 0.765 Negligible Negligible 0
Orchard 1.631 148 38 110
Residential land 1.642 313 202 203
Reference forestb 0.765 Negligible Negligible 0
Reference fieldb 0.980 38 11 27

a The mobilization rate for paddy fields is used for unflooded period only. During flooded period use the average phosphorus coefficient of flooded water (PCONCpddy) instead.
b The mobilization rates of reference forest and agricultural fields are from on-site observations in Dianchi watershed, a climatologically similar area near the study area.
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long-term observations of flooded water and leaching water on paddy
field are unavailable. The calibrated parameters are listed in Table 3.
The calibrated adjustment coefficient for mobilization rate (madj) was
0.60, smaller than 1.0, which meant the calibrated mobilization rates
were less than the values listed in Table 2. One probable reason for
this finding is that the background phosphorus content in Fengyu Wa-
tershed is lower than that of the reference Dianchi watershed. The
Dianchi watershed is reported as a region with relatively high back-
ground phosphorus content (He, 2015). Another reason may be that
the statistical value of output phosphorus was underestimated in the
Fengyu watershed, because part of the agricultural residue was re-
moved from the field for the purpose of feeding livestock, such as cattle.
Livestock is raised by individual farmers and the actual amount of crop
residue used as feed is difficult to estimate. For this reason, this compo-
nent of phosphorus was not included in the output phosphorus in
Table 2. The calibrated adjustment coefficient for delivery rate (δadj)
was 1.20, larger than 1.0, which meant the calibrated delivery rates
were greater than the recommended values in Table 1. The probable
reasons for thisfinding include: the vegetation density in Fengyuwater-
shed is greater than that in the reference areas obtained from the liter-
ature; the temperature and humid condition in the subtropical Fengyu
watershed improves the activity of microorganism and biotransforma-
tion rate. The calibrated value of PCONCgw was 0.065 mg·L−1, which
is reasonable given its similarity to the average value (0.072 mg·L−1)
of observed phosphorus concentration in streamflow on no-rain days
during the broad bean season. The calibrated value of PCONCrf was
0.078 mg·L−1, slightly larger than the calibrated PCONCgw as expected,
since phosphorus concentration is usually larger in the soil profile than
that water in groundwater. The PCONCpddy, a paddy-field specific pa-
rameter, was calibrated to be 0.750 mg·L−1, which about the same as
the observed phosphorus concentration offloodedwater in paddyfields
12 days after fertilizer application, reported in a field experiment re-
search conducted in the same region (Shi et al., 2013). The calibrated
PCONCpddy value was smaller than the adjusted mobilization rate of
dry fields (0.932 mg·L−1), which is the multiple of the mobilization
rate for dry fields (1.553 mg·L−1) and the calibrated madj parameter
(0.60). This is also reasonable estimate since surface runoff on dry fields
Table 3
Calibrated parameters of STEM-P in the Fengyu Watershed.

Parameters Description Calibrated
value

madj The adjustment coefficient for mobilization rate 0.60
δadj The adjustment coefficient for delivery rate 1.20
PCONCgw The average P concentration of groundwater flow

from lands other than flooded paddy fields (mg·L−1)
0.065

PCONCrf The average P concentration of lateral return flow
(mg·L−1)

0.078

PCONCpddy The average P concentration of flooded water in
flooded paddy fields (mg·L−1)

0.750

PCONCgw_pddy The average P concentration of groundwater flow
from flooded paddy fields (mg·L−1)

0.375
generally has larger turbulence and mobilizes more particulate phos-
phorus than in paddy fields. The calibrated PCONCgw_pddy value was
0.375 mg·L−1, which equaled the default value, i.e., half of the calibrat-
ed PCONCpddy value.
3.2. Model performance

The daily total phosphorus (TP) concentration at thewatershed out-
let was calculated by dividing the STEM-P simulated daily exported
phosphorus mass by the DHM-WM simulated daily streamflow. The
time series of simulated daily TP concentrations during 2012–2013
were compared with the daily observed TP concentrations (Fig. 4). Ap-
parent underestimationwas detected from August 6 through August 18
of 2012. This ismainly due to the rise of phosphorus concentration from
0.15mg·L−1 on August 5 to 3.92mg·L−1 onAugust 6 causedby a debris
flow event, which occurred only once during the last three decades ac-
cording to local residents. The associated degradation of in-channel
water quality had a long-lasting effect and the phosphorus concentra-
tion did not fall below 1.1 mg·L−1 until August 19. The precipitation
on August 6was 33mm(Fig. 4), a normal value during the study period,
which indicated the debris flow was not caused by extreme precipita-
tion event, but by other yet-to-be determined reasons. This kind of un-
usual events are not incorporated in standard simulation models. For
this reason, and to facilitate model evaluation, the period from August
6 to August 18 was excluded from further model evaluation.

Fig. 4 shows that the trends of simulated TP concentration generally
matched with the observed data except for a few discrepancies. The
simulated TP concentration generally varied synchronously with pre-
cipitation events, rising on rainy days and declining thereafter. Howev-
er, the observed TP concentration also rose on several no-rain days, such
asMay of 2012, the early January of 2013, October 16 and November 19
in 2013. This was probably caused by artificial discharge of residential
wastewater, because there are not industrial dischargers within the
study watershed and other non-point sources of phosphorus are driven
by rainfall events. Besides this kind of discrepancy, an underestimation
of phosphorus concentrationwas also detected in August and early part
of September in 2013. August of 2013 was a period when rainfall quan-
tity was relatively low in the wet season and evapotranspiration was
relatively high, which increased phosphorus concentration of flooded
water on paddy fields. However, the PCONCpddy parameter was con-
stant over time in the current STEM-P, which may explain the
underestimation.

The statistics of model performance during 2012–2013 are shown in
Table 4. According to the evaluation criteria (Moriasi et al., 2015), STEM-
P's performance is good for the calibration and validation periods. The
underestimation in August and early September of 2013 detected in
Fig. 4 caused the higher Pbias and lower monthly R2 and ENS in 2013
than that in 2012. Compared to monthly R2 and ENS, the daily R2 and
ENS are relatively low. The rise of phosphorus concentration without
rainfall flush is one reason, and the constant PCONCpddy parameter
used in STEM-P is likely the other reason.



Fig. 4. Comparison of daily observed total phosphorus (TP) concentration and simulated TP concentration at the watershed outlet.
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3.3. Spatial and temporal distribution of mobilized and exported
phosphorus

Themobilized and exported phosphorus simulated by STEM-P in the
Fengyu Watershed have uneven spatial and temporal distributions.
Fig. 5 depicts the spatial distributions of mobilized and exported phos-
phorus on three typical rainy days. Fig. 5(a) and (b) are the simulated
results on June 10, 2013, when there was rainfall of 60.5 mm. This day
was on the early part of wet season and the watershed was relatively
dry, with an average relative soil moisture content of 0.38 simulated
by DHM-WM. As can be seen in Fig. 5(a), the spatial distribution of mo-
bilized phosphorus was related to the spatial distribution of soils and
land covers (shown in Fig. 3). There was no mobilized phosphorus on
paddy fields since no surface runoff was simulated by DHM-WM. The
large values of mobilized phosphorus occurred mainly on residential
areas, orchards and dry fields. In addition, on the same land cover
type, mobilized phosphorus varied with soil types. Mobilized phospho-
rus was extremely high on brown laterite and red limestone soils, since
these two soils are likely to generate surface runoff. Besides soils and
land covers, the exported phosphorus (Fig. 5(b)) was also impacted
by topographic locations. The grid cellswith similarmobilized phospho-
rus had different exported phosphorus after the delivery process due to
their different flow routes. For instance, the exported phosphorus from
land parcels A, B and C (marked in Fig. 5) were 0.90 mg·m−2,
2.8 mg·m−2, and 3.4 mg·m−2 respectively while their mobilized phos-
phorus were all about 5.2 mg·m−2. Runoff generated on land parcel A
moved through some areas (forest on well-drained soil) that did not
generate runoff, thus the flow velocity was reduced and phosphorus
was greatly retained. By contrast, the flow paths of land parcels B and
C all generated surface runoff. But the overland flow path of land parcel
Bwas longer and included a higher percentage of forest than that of land
parcel C, so that the exported phosphorus from land parcel B was less
than that of land parcel C.

Fig. 5(c) and (d) show the simulated results for July 23, 2013. This
day had a rainfall of 58.5 mm and was in the middle of the wet season.
Thewatershedmoisture conditionwas normal, with an average relative
soil moisture of 0.58 simulated by DHM-WM. The sum of simulated
exported phosphorus through the watershed was 1421 kg, greater
than the 644 kg on June 10. This wasmainly because more surface run-
off generated on July 23 due to a wetter condition, which mobilized
more phosphorus. The exported phosphorus simulated on July 23 was
1310 kg, also greater than the 566 kg on June 10. This indicates that
Table 4
Statistics of STEM-P performance in simulating phosphorus concentration.

Pbias (%) Daily Monthly

R2 ENS R2 ENS

Calibration (2012) −7.1 0.45 0.33 0.90 0.80
Validation (2013) 18.1 0.59 0.55 0.77 0.72
the export ratio (the ratio of exported phosphorus to mobilized phos-
phorus) on July 23 (0.92) was also greater than that on June 10 (0.88).
For one thing, the delivery rate of flooded paddy field was set equal to
zero in STEM-P, which resulted in a high export ratio from paddy fields
and increased the general export ratio on July 23. For another, the larger
surface runoff generated on July 23 led to a higher flow velocity and
shorter travel time, which also increased the export ratio. For instance,
the forests on the flow path of land parcel A generated runoff on July
23, and the export ratio was 0.70, significantly greater than the 0.13
on June 10.

Fig. 5(e) and (f) depict the simulated results on September 20, 2013,
with a rainfall of 39.0mm. Thewatershedwas already verywet, with an
average relative soil moisture content of 0.77 simulated by DHM-WM.
This day was about a week before rice harvest, so that the flooded
water on paddy fields had already drained out. Therefore, unlike July
23, the surface runoff and relatedmobilized phosphorus on paddy fields
distributed unevenly on September 20 due to soil transmissivity as well
as topographic location. It is seen in Fig. 5(e) and (f) that the exported
phosphorus was apparently reduced after delivery process compared
to the mobilized phosphorus on most areas. In general, the mobilized
phosphorus through the watershed was 586 kg and the exported phos-
phorus was 447 kg. So, the general export ratio was 0.76, whichwas the
smallest among the three typical days.

According to Eq. (5) the phosphorus export ratio is theoretically re-
lated to the travel time of the surface runoff and the land types along
flowpaths. It is seen in Fig. 5 (e) and (f) that the export ratio is impacted
by the length of the flow paths, the land types, and the runoff depth
along flow paths. The land parcel D (marked in Fig. 5 (e), (f)) was an or-
chard, with a high mobilized phosphorus of 31.9 mg·m−2. But its
exported phosphorus was reduced to 22.5 mg·m−2 due to a long over-
land flow path (1765 m) containing a small part of forest. By contrast,
orchard land parcel E (marked in Fig. 5 (e), (f)), had a similar mobilized
phosphorus but a much higher exported phosphorus (30.1 mg·m−2),
because its overland flow path was only 332 m and was all through or-
chard. The runoff depth on flow paths is also a key factor influencing the
export ratio. Although land parcel D had a longer overland flow path
than land parcel B (1293 m) and C (1104 m), its export ratio (0.71)
was larger than land parcel B (0.45) and C (0.59). This was mainly be-
cause the flow path of land parcel D was through Brown laterite and
generated more runoff, while the flow paths of land parcels B and C
was through Yellow laterite and generated less runoff. Therefore, the
phosphorus export ratio decreases with longer flow paths, larger per-
centage of natural lands with high delivery rates along the flow paths,
and less runoff generated along the flow paths.

3.4. Identification and analysis of critical source areas

The simulated annual phosphorus export from Fengyu Watershed
was 21,100 kg, 76% ofwhichwas transported by surface runoff. The spa-
tial distribution of this part of the exported phosphorus was further an-
alyzed, and critical source areaswere identified (Fig. 6). Phosphorus loss



Fig. 5. Spatial distributions of mobilized and exported phosphorus simulated by STEM-P on typical rainy days in the Fengyu Watershed.
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with surface runoff greatly varied across thewatershed. Phosphorus ex-
port did not occur on 48.8% of the watershed, which is covered mainly
by forests and grasslands and underlain by sandy, well-drained soils
Maheihui, Maheitang and Mahuitang, where surface runoff is seldom
generated as shown in Fig. 3(c). In fact, in this region there was only a
small amount of phosphorus exported along riparian reaches and
through gullies, where soil water concentrates and saturation-excess
runoff is generated on some very wet days. In contrast, the middle and
northeast areas of the FengyuWatershed are at higher risk of phospho-
rus loss. The CSAs A covered only 3.4% of the watershed area, yet, it con-
tributed 25.2% of the phosphorus export. The CSAs B covered 17.1% of
the watershed area and accounted for 55.3% of the phosphorus export.
These CSAs should be priorities of non-point source phosphorus control.

It is worthy of notice that a pronounced variation of TP export was
detected within the same land cover. The square marked dry field
shown in Fig. 6 is an instance. The differences between soils and geo-
graphic locations explain why the same land cover field can be a CSA
A, a CSA B, or not critical source area of phosphorus loss. The STEM-P
Fig. 6. Spatial distribution of annual exported phosphorus with su
results are reported at a grid-cell resolution (25 m in the case study)
and managers can resolve these sub-field variations of phosphorus
loss risk advantageously for the purpose of watershed management
under limited resources.

The hydrologic input data and the STEM-P simulations produced cal-
culations of the annual surface runoff, average export ratio, annual
exported phosphorus per unit area, and annual exported phosphorus
(Table 5). These calculations allow further analysis of the reasons for
the CSAs' high phosphorus loss risk. The CSAs A are extremely risky
with a large amount of annual exported phosphorus per unit area
(514.7 kg·km−2). This is mainly related to the large amount of surface
runoff (586.4 mm), which provides large mobilization capacity. The
CSAs A are composed of 51% residential areas, 27% orchards, 18% dry
fields, and 4% paddy fields. Besides residential areas, they are all located
on brown laterite soil that is likely to generate surface runoff. Residen-
tial areas also tend to generate surface runoff because part of their sur-
face is impervious, and they generally lack vegetative cover. This
explains why residential areas have the highest annual surface runoff
rface runoff in the Fengyu Watershed simulated by STEM-P.
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and exported phosphorus per unit area among the four land covers. By
contrast, the export ratio from residential areas is the lowest among the
four land covers. This is probably caused by their locations. These resi-
dential areas are generally further away from stream networks and/or
have more forests/grassland on their flow paths than their counterpart
orchards and dry fields. Therefore, it is recommended that pollution
control for the residential areas in CSAs A focus on increasing on-site
phosphorus removal by facilities such as biogas tanks, and reducing sur-
face runoff by converting impervious surface into semi-impervious, and
placing stormwater control measures such as rain barrels. Unlike resi-
dential areas, the agricultural lands (orchards, dry fields and paddy
fields) in CSAs A exhibit large surface runoff as well as large export
ratio. Thus, pollution control for these lands must account for the pro-
cesses of storage, mobilization, and delivery.

The average annual exported phosphorus per unit area of CSAs B is
243.1 kg·km−2, much less than that of CSAs A, but still risky. Their an-
nual surface runoff (331.2 mm) is less than that of CSAs A; while their
average export ratio (0.91) is larger than that of CSAs A. The large export
ratio of CSAs B ismainly because of predominance (81%) of paddy fields,
which have a large export ratio of 0.95. The paddy fields contribute
42.9% of the watershed phosphorus loss due to their large area, while
their export rates per unit area are less than the average values for the
CSAs B. This indicates that targeting paddy fields would be less efficient
than focusing on other land types in the CSAs B, butmay not be avoided
if water quality conservation was a high priority. In the latter case, pol-
lution control for paddy fields must focus on reducing fertilizer andma-
nure input, as well as in retaining phosphorus during the delivery
process. Best management practices such as grassed waterway, deten-
tion pond, and reuse of drainage water for irrigation are recommended.
The residential areas in CSAs B have larger export ratio than those in
CSAs A, which indicates that control of the delivery process is also nec-
essary in these areas.

4. Discussion

4.1. STEM-P capacity and perspective for NPS pollution control

A spatially and temporally distributed NPS pollution model,
STEM-P was developed to simulate phosphorus export from each
pixel in a landscape contributing phosphorous-contaminated runoff
to a water body. It proved to satisfy the three objectives for accurate
and cost-effective management as proposed in the introduction part.
First, the model performance in simulating phosphorus was demon-
strated to be good with visual graphs of time series and statistics.
Second, simulated results were reported on a grid-cell basis (Fig. 5
and Fig. 6), so that field or sub-field CSAs were identified to facilitate
pollution control decisions (Fig. 6). Third, the flow paths and the
travel time of surface runoff were accounted for in simulating the
phosphorus delivery process (Eq. (5)), and the flow paths can be
Table 5
Land cover composition of the critical source areas (CSAs) and their phosphorus loss risk.

Annual surface
runoff (mm)

Average
export ratio

Annual exported phosphorus
per unit area (kg/km2)

CSAs A 586.4 0.85 514.7
Residential 748.3 0.79 648.1
Orchard 408.2 0.88 370.0
Dry field 415.0 0.94 372.8
Paddy field 503.3 0.98 435.9

CSAs B 331.2 0.91 243.1
Paddy field 320.5 0.95 233.4
Orchard 386.0 0.68 290.8
Dry field 357.5 0.79 281.5
Residential 304.1 0.88 273.2
Forest 604.9 0.97 272.6
Grassland 597.2 0.99 271.6
delineated (Fig. 5) to assist in the design and placement of
delivery-specific remediation practices, such as vegetation buffer
strips, grassed waterways, detention ponds, and artificial wetlands.
The STEM-P is therefore suitable for the selection and placement of
watershed-scale and field-scale conservation practices.

The CSAs in the case study were defined based on the mean and
standard deviation values of the annual exported phosphorus load
across the watershed, which did not account for the water quality stan-
dards. The current criteria for CSAs may be too low to meet the water
quality standard or too high, thus beingmore costly than it is necessary.
A better method of defining CSAs would first quantify the gap between
current conditions and the water quality standards, and set the goal of
load reduction accordingly. Then, CSAs would be defined based on the
load reduction goal and the estimated potential of phosphorus loss re-
duction on these CSAs. This methodmay require techniques such as op-
timization and artificial intelligence that have recently been applied in
sustainability and water resource management (Muttil and Chau,
2007; Wu et al., 2010). More importantly, accurate estimation of phos-
phorus loss reduction requires assessment of specific management
practices, an important capacity that the current STEM-P does not
provide.

Some mature NPS models such as L-THIA and STEPL incorporate a
module to assess best management practices (BMPs) after years of de-
velopment (Liu et al., 2015; Park et al., 2014). The STEM-P does not pro-
vide a module for BMP assessment yet, but it has the potential to assess
BMPs by changing input data and parameters. Arabi et al. (2008) sum-
marized the representation of various agricultural BMPs (contour farm-
ing, parallel terraces, cover crops, residue management, filter strips,
grassed waterways, grade stabilization structures, etc.) in the SWAT
model by changing parameters. This scheme can be applied in STEM-P
and its hydrologic basis (DHM-WM). For instance, grassed waterways
increase vegetation coverage and roughness in drainage ditches so
that their delivery rate must be modified to represent the effect of the
BMP. However, more controlled field experiments and model tests are
necessary to quantify more accurately the effect of various BMPs on
the STEM-P parameters, especially those new in STEM-P and not used
in other models.

4.2. Advantage and limitations of the STEM-P model

Heathwaite (2003) suggested that empirical but process-based
models are prospective solutions to balance the requirement of data
and parameters and the capacity of providing detailed spatial and tem-
poral information. Based on this idea, STEM-P focuses on the landscape
processes of phosphorus transfer that were commonly ignored in cur-
rent NPS models: the mobilization and delivery processes with surface
runoff. In this way, STEM-P simulates mobilized phosphorus and
exported phosphorus separately (Fig. 5), which facilitates calculation
of some key variables (Table 5) to further analyze the critical process
Area
(km2)

Area
percentage
(%)

Annual exported
phosphorus (kg)

Percentage of exported
phosphorus (%)

7.95 3.4 4092 25.2
4.04 1.9 2618 16.1
2.16 1.0 799 4.9
1.41 0.7 526 3.2
0.34 0.2 148 0.9
36.98 17.1 8990 55.3
29.90 13.8 6979 42.9
3.11 1.4 904 5.6
2.74 1.3 771 4.7
0.85 0.4 232 1.4
0.25 0.1 68 0.4
0.12 0.1 33 0.2
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and reason of phosphorus loss. Also, STEM-P summarizes various spatial
and temporal influencing factors of phosphorus transfer with surface
runoff with two parameters: the zero-order mobilization rate (m)
and the first-order delivery rate (δ). This simplification largely re-
duces the burden from parameter calibration. There are at most 6 pa-
rameters (listed in Table 3) to calibrate if the study watershed has
paddy fields. If paddy fields do not occur, there are at most 4 param-
eters to calibrate.

There was onemonitoring station at the watershed outlet for model
calibration and validation in this case study, which is a common limita-
tion in many regions. In this case, model calibration guarantees that the
overall phosphorus export is reasonable, yet the reliability of the spatial
results depends on the accuracy of the input spatial data (including dis-
tributed surface-runoff depth and travel time simulated byDHM-WM in
this case study) and on the quality of the determined values of the two
distributed parameters (the mobilization rate (m) and the delivery rate
(δ)) of STEM-P. The determination of the mobilization rates considers
the most influential factor, the difference of stored phosphorus among
land covers, which makes its specification less uncertain. The soil
types would also impact mobilization rates. Soil erodibility impacts
the content of soil particles that can be mobilized to runoff, and soil
properties (such as pHand organicmatter content) generally determine
the existing forms of phosphorus (dissolved or solid phase) in soils
(Radcliffe and Cabrera, 2006). These impacts of soil types were not rep-
resented in the current version of STEM-P for the sake of simplicity; yet,
these are worthy of consideration in future research to obtain better
spatial results. In addition, mobilization rates were assumed constant
within simulation periods, since they are determined by the long-term
storage balance in the soil surface. However, the mobilization rate on
impervious lands may be more dynamic, since pollutants accumulate
on no-rain days and be flushed off once during storms without a bal-
anced process in soil profile. In this sense, the assumption of constant
mobilization rate in STEM-Pmay be not applicable for urbanizedwater-
sheds. For delivery rates, the recommended values were based on
values reported in previous research and from knowledge about phos-
phorus retention. It is necessary to track recent research about phospho-
rus delivery research and update the recommended values of delivery
rates accordingly. In addition, the delivery rates are impacted by com-
plex factors, such as surface roughness, flow velocity, vegetation densi-
ty, and microbial activity. Users may need to adjust the delivery rate of
one or several land types to obtain values representative of the condi-
tions within their study areas.

STEM-P applies an average phosphorus concentration of the flooded
water (PCONCpddy) and an average phosphorus concentration of
groundwater flow from flooded paddy fields (PCONCgw_pddy) to model
phosphorous transfer from flooded paddy fields. These two parameters
are assumed to be constant in the current version of STEM-P, while they
varywith time in actuality. Thiswas a key factor that reduced themodel
performance in simulating daily and themonthly variation of phospho-
rus in the FengyuWatershed since paddy fields cover a large area. The-
oretically, the phosphorus concentration of flooded water on paddy
fields decreases with increasing precipitation, increases with increasing
evaporation, and increases or decreases with irrigation depending on
the concentration of the irrigated water. The phosphorus concentration
in leaching water was found to decrease during the growing season
in a purplish soil region in southern China (Li et al., 2009). However,
the field of research concerning long-term continuous P concentra-
tion variations is in a nascent stage, which complicates efforts to
fully understand and model the underlying governing mechanisms,
and hinders the development of suitable equations for simulation.
Rice production has a vital role in Asian agriculture, which justifies
more long-term continuous field observations on paddy fields, the
measuring of phosphorus concentrations in flooded and leaching
waters, and continued research about influencing factors, such as
daily precipitation, evaporation, irrigation, flooded water depth,
leaching rate, and the like.
5. Conclusions

STEM-P is an initial attempt to simulate NPS pollution loss from
landscapes to water bodies by representing pollutant mobilization and
delivery processes using empirical functions. It bypasses the use of com-
plex mechanistic models for phosphorous simulation, yet, it provides
helpful insight about fine-scale critical source areas and runoff flow
paths that can assist in the selection, design and placement of water
quality conservation and pollution control practices. The constant as-
sumption ofmobilization ratesmakes STEM-P applicable for natural/ag-
ricultural watersheds. Temporal variation of the mobilization rate
should be represented if applied in urbanizedwatershedswith impervi-
ous surfaces. Representing the impact of soil types onmobilization rates
and the phosphorus concentration variations in paddy fields are worthy
tasks for future model modifications. The application of STEM-P to wa-
tersheds of various sizes and geo-climatic characteristics, and develop-
ing a BMP assessment module are promising research endeavors.
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