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a b s t r a c t

The temporal-spatial interaction of land cover and non-point source (NPS) nutrient pollution were ana-
lyzed with the Soil and Water Assessment Tool (SWAT) to simulate the temporal-spatial features of NPS
nutrient loading in the upper stream of the Yellow River catchment. The corresponding land cover data
variance was expressed by the normalized difference vegetation index (NDVI) that was calculated from
MODIS images. It was noted that the temporal variation of land cover NDVI was significantly corre-
lated with NPS nutrient loading. The regression analysis indicated that vegetation not only detained
NPS nutrient pollution transportation, but also contributed to sustainable loading. The temporal analysis
also confirmed that regional NDVI was an effective index for monthly assessment of NPS nitrogen and
phosphorus loading. The spatial variations of NPS nutrient loading can be classified with land cover sta-
tus. The high loadings of NPS nitrogen in high NDVI subbasins indicated that forestry and farmland are
the main critical loss areas. Farmland contributed sustainable soluble N, but the loading of soluble and
organic N from grassland subbasins was much lower. Most P loading came from the areas covered with
dense grassland and forestry, which cannot directly discharge to local water bodies. However, some NPS

phosphorus from suburban farmland can directly discharge into adjacent water bodies. The interactions
among nutrient loading, NDVI, and slope were also analyzed. This study confirmed that the integration of
NPS modeling, geographic information systems, and remote sensing is needed to understand the inter-
active dynamics of NPS nutrient loading. Understanding the temporal-spatial variation of NPS nutrients
and their correlations with land cover will help NPS pollution prevention and water quality management
efforts. Therefore, the proposed method for evaluating NPS nutrient loading by land cover NDVI can be

tion e
an effective tool for pollu

. Introduction

The watershed-land cover variation and its impact on non-point
ource (NPS) nutrient pollution can lead to serious water quality
oncerns (George et al., 2008; Chang, 2008). The NPS nutrient pol-
utants, such as nitrogen (N) and phosphorus (P), are significantly
elated to land cover status and are direct cause of eutrophication
Ahearn et al., 2005; Azzellino et al., 2006). Traditional monitoring

annot provide the necessary information for the environmental
anagement of a river watershed. Furthermore, the NPS pollu-

ion simulation does not provide an effective description of land
over variation because it includes the impacts of temporal varia-

∗ Corresponding author at: School of Environment, State Key Laboratory of Water
nvironment Simulation, Beijing Normal University, Beijing 100875, China.
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valuation and watersheds planning.
© 2009 Elsevier B.V. All rights reserved.

tion of land cover and is in need of diverse spatial and input data
(Haregeweyn and Yohannes, 2003). The integration of the NPS sim-
ulation model and geographic information system (GIS) can resolve
these problems in river basin water quality management, and this
combined system is an effective method for identifying the influ-
ence of land cover variation as at temporal-spatial scale (Ning et
al., 2006). This paper is a pilot attempt to discover the temporal
and spatial correlation between land cover and NPS nutrient pollu-
tion with GIS and a simulation model at the watershed scale and to
explore the role of land cover zoning with different normalized dif-
ference vegetation indices (NDVI) in dynamic NPS nutrient settings.

Several methods have been proposed for simulating nutrient

loads in a water body, which is a great need in water pollution pre-
vention and source identification (Xian et al., 2007). Most of the
model systems can simulate the yield of total nitrogen and phos-
phorus based on the summation of modeling cells and discharge
rate (Yuan et al., 2007; Gowda et al., 2008). However, the variation

http://www.sciencedirect.com/science/journal/03043800
http://www.elsevier.com/locate/ecolmodel
mailto:wei@itc.nl
dx.doi.org/10.1016/j.ecolmodel.2009.06.039
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f land cover at the temporal-spatial scale cannot be considered.
n the other hand, the loading differences of diverse land cover
ategories were measured in small areas, which cannot be applied
n water quality control. Based on remote sensing data, the spa-
ial relationship of land cover variation and the variance of nutrient
ield has attracted some attention (Krause et al., 2008). In addition
o the influence of land cover, precipitation is another significant
actor for NPS nutrient yield. The normalized difference vegetation
ndex was applied to express the land cover status, which is directly
inked to precipitation (Brunsell, 2006).

In the past, regional land covers were investigated by remote
ensing LANDSAT Multispectral Scanner (MSS) and Thematic Map-
er (TM) data (Oki and Yasuoka, 2008). In order to get consistent
ata from images in temporal scale, coarse resolution images were
idely used. The NOAA Advanced Very High Resolution Radiometer

AVHRR) image was used to describe land cover transformations at
global or watershed scale (Vicente et al., 2006). In this study, land

over NDVI information was calculated with imagery from Mod-
rate Resolution Imaging Spectroradiometer (MODIS). The MODIS
nstrument on board NASA’s Terra satellite is designed primarily for
emote sensing the land surface with spatial resolutions of 250 m
Stefanov and Netzband, 2005). Moreover, frequent temporal reso-
ution can provide fine repeated data, providing a good method for

onitoring and analyzing vegetation processes. MODIS has been
opularly applied in a variety of projects involving large scale veg-
tation dynamics and land coverage research (Wardlow and Egbert,
008).

Most of the NPS modeling systems have the ability to estimate
he discharge of annual nitrogen and phosphorus loads (Flipo et
l., 2007). However, the discharge sum of basin calculation cells
an only evaluate the load of each watershed. In other words, it
s not easy to simulate the temporal-spatial characteristics of NPS
utrient load, which is the basis for land cover variation correla-
ion identification in watersheds. To achieve these results, the Soil

ater Assessment Tool (SWAT) was applied to simulate temporal-
patial variations in NPS nitrogen and phosphorus discharge from
he defined watershed (Chaplot, 2005). The SWAT model makes

ore sustainable progress than the conventional empirical models
nd can export the loadings in different forms of nutrient pollution
Behera and Panda, 2006).

SWAT is a watershed NPS pollution modeling system devel-
ped by the United States Department of Agriculture-Agriculture
esearch Service (USDA-ARS). SWAT was used in this study for its
bility to simulate watershed NPS pollution processes at basin and
ubbasin scales (Abbaspour et al., 2007). The subbasin application
s beneficial for estimation processes, especially when dealing with
ifferent types of land cover and soil types distributed throughout
he simulated watershed (Arnold et al., 2000). Also, the subbasin
s further delineated into hydrologic response units (HRUs) for
he soil-land use threshold percentage. In regard to the temporal
cale, the SWAT model is a physically based simulation method
hat can run at a continuous, daily time-step (Arnold et al., 1998).
he temporal and spatial resolution of nutrient pollution simu-

ated by SWAT is the critical basis for the following analysis in this
aper.

In this study, nutrient yields were mapped in different forms
hroughout the whole basin and every subbasin using the SWAT

odel. The monthly and yearly loading of each form of NPS nutri-
nt were estimated, respectively. Therefore, 16-day maximum NDVI
ata calculated from MODIS imagery with spatial resolutions of
50 m was used to observe land cover dynamics in yearly and

onthly temporal scale as well as basin and subbasin spatial scale.

he relationship between land cover dynamics, estimated from
onthly NDVI images, was compared with the monthly yield of
PS nitrogen and phosphorus. Furthermore, the spatial correla-

ion of NPS nutrient pollution and land cover at the subbasin scale
ling 220 (2009) 2702–2713 2703

was summarized, which lead to the conclusion about the potential
impact of land cover on NPS pollution.

2. Materials and methods

2.1. Description of example study area

The study area includes the main catchments of the upper
stream of the Yellow River and is the connection of the
Qinghai–Tibet Plateau and the Loess Plateau (Fig. 1). The climate
in this area is typical of the continental region—cold, dry and
with obvious seasonal variation. The average annual precipitation
is about 411 mm, mainly falling as snow or storm runoff, and the
average yearly temperature is about −2.3 ◦C, without an absolutely
frost-free season (Feng et al., 2005). Grassland is the principal land
cover in this watershed. The village and farmland are concentrated
along the main stream and reservoirs. Diverse vegetation is dis-
tributed in different elevation areas. The cold steppe appears in the
area with elevation between approximately 3000 and 4100 m. In the
lower elevation area between 2500 and 3300 m, the land is covered
mainly by shrub-arbor. The temperate shrub-meadow steppe only
appears in the area of elevation between 2200 and 2800 m. Some
desert steppe spreads between the elevation of 1700 and 2200 m
(Wang et al., 2000; Wu, 2004). In recent decades, desertification
is the main environmental degradation concern in this region and
imposes a great threat to regional environmental stability (Wang et
al., 2006).

2.2. General research framework

The general framework of the present study is illustrated in
Fig. 2. First, the SWAT-required spatial database was constructed
then the model system was calibrated. Secondly, monthly and
yearly NPS nutrient yields, in their different forms, were estimated
at basin and subbasin scales. Thirdly, the land cover dynamics in the
same temporal-spatial scale were calculated with MODIS images
using ArcGIS. With statistical analyses, the temporal correlations of
land cover NDVI with NPS nutrient loadings from the whole basin
were identified. Furthermore, the spatial interaction of land cover at
the subbasin level was calculated with corresponding NPS nutrient
discharge.

2.3. Theory description of SWAT

Using input databases, SWAT simulates hydrology, soil erosion,
and nutrient loading. Hydrological process modeling is the first step
for nutrient pollution modeling and follows the water balance equa-
tion, consisting of four parts (i.e. surface runoff, evapotranspiration,
soil water, and groundwater). Soil erosion is simulated with the
Modified Universal Soil Loss Equation (MUSLE), which takes into
consideration factors such as runoff, peak runoff rate, soil erodi-
bility, soil management, support practices, topography and coarse
fragments (Williams, 1995). During nitrogen cycle simulation,
SWAT identifies the transformation of five forms of nitrogen and
estimates their yield, respectively. In this paper, the nitrogen is sep-
arated into two groups, soluble and organic. Soluble N is the inor-
ganic form of nitrogen, NH4

+ and NO3
−. Organic N relates mainly to

soil humus, crop residue, and microbial biomass. In regard to phos-
phorus cycle simulation, the model can estimate six forms and cate-
gorize them into organic P and sediment P. The organic P, including
fresh, active, and stable organic P, comes from crop residue, soil

humus, and microbial biomass. The sediment P is the amount
of P discharged into water with the sediment. In consideration
of correlation analysis and application in regional environmental
management, the temporal-spatial variations of total nitrogen (TN)
and total phosphorus (TP) were also calculated (Arnold et al., 1998).
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Fig. 1. Study area location in

.4. Model inputs

The necessary input databases for SWAT simulation are prepared
Table 1). The spatial databases regarding topography, land use, and
oil properties were developed and reclassified by the model. The
atershed management information was applied to improve mod-

ling accuracy. The characteristics of the watershed climate were
imulated with daily, historical monitoring data from 1990 through
006, collected from six weather stations around study area
Fig. 4).

Fig. 3 shows the observed land use distribution of the watershed
n 2000. There is more vegetation cover in the eastern and southern
reas than in the western and northern areas. Most barren lands
ppear in the western area, while forests and dense grassland are

idespread in the southern basin. The agricultural land is close to
ater and centers around the reservoir in the eastern portion and

long the main stream of the Yellow River. Grassland is the principal
and cover and constitutes about 62.01% of the study area. Forests
nd farmland cover 14.29% and 11.46%, respectively.

Table 1
Data type scale and data description.

Data type Scale

Topography 1:250,000
Land use 1:1,000,000
Soil properties 1:1,000,000
Weather 6 stations
Land management information –
pper stream of Yellow River.

Soil property is another key factor for nutrient formation and
loading, although it did not change for several decades. There are
thirteen categories of soil in this research basin (Fig. 4). The soil
property indices including area, percentage, coarse sand, fine sand,
silt, clay, organic carbon, TN, TP and total potassium are listed in
Table 4. The dominant soil types in this area are Chestnut soil and
Meadow chernozem. The Chestnut soil occupies nearly half of the area
and its TN, TP content is 0.18% and 0.08% respectively. The Meadow
chernozem dominates another 23.55% of the area and has a higher
content of TN (0.25%). The Grey desert soil spreads along the main
stream of the Yellow River, which has direct impact on water quality.
The TN and TP contents of this soil are 0.07% and 0.10% respectively.

2.5. Model calibration
Expert advice and historical water quality and stream flow mon-
itoring data were used to calibrate the AVSWAT model (Table 2)
(Ouyang et al., 2008a,b). Only limited observed flow and sedi-
ment data were available for this study. First sensitivity analysis

Data description

Elevation, overland and channel slopes and lengths
Land use classifications
Soil physical and chemical properties
Daily precipitation, wind, solar radiation, and temperature
Fertilizer application, planting, and harvesting
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Fig. 2. The general

as performed for the study watershed and only most sensitive
arameters were selected to perform additional manual calibra-
ion. The process lasted from January 2000 to December 2002.

ix stream flow related parameters were adjusted to correct for
ater flow overestimation. The sand density and water flow
ata at the outlet of the study area were used to calibrate six
ore soil erosion related parameters. Considering that there were

hree main land covers, canmx and CUSLE indicies were used for

Fig. 3. Land cover distrib
work of this paper.

the three leading vegetations leading to more accurate modeling
result.

Fig. 5A shows a comparison between the observed and simu-

lated monthly water flow. The coefficient of correlation (0.7261)
indicates that the simulated data is close to the observed value. In
general, the intersection (0.7472) shows that the simulated water
flow was under simulated as compared to the observed data. Fig. 5B
demonstrates the difference between the simulated and observed

ution in study area.
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Fig. 4. Distribution of watersh

onthly soil erosion. The improved coefficient of correlation indi-
ates the soil erosion simulation is more accurate than the water
ow. However, the lower intersection means that the simulated soil
rosion load was still underestimated. This may be due to the under
rediction of water flow. Given the limited amount of observed data,
he simulation of water flow and soil erosion is reasonable.

After validating the water flow and soil erosion, the next step
as to calibrate nutrient parameters, which was difficult for lack

f monitoring data. Seven principle N and P discharge parameters
re listed in Table 2 after sensitive analysis. However, there was no
egular organic or inorganic N or P monitoring in this area. Con-
equently, the TN monitoring data were applied in N calibration
Misgana and John, 2005). With TN monitoring data from Zhang et
l. (2003), the monthly TN yield was validated first. The compar-
son of simulated and recorded TN is given in Fig. 6A. It was also

oted that there is a ratio between NPS nitrogen and phosphorus
ield in a predefined basin (Ouyang et al., 2008a,b). In the Yellow
iver watershed, Yang et al. (2006) has calculated the yield ratio of
P and TN resulting in a value of 0.1304. The P simulation parame-
ers were validated with this ratio. The monthly yield ratio ranged

Fig. 5. Comparison of simulated and observed monthly
il types and weather stations.

from 0.16 and 0.08 and the average ratio was 0.12 (Fig. 6B). Based
on the limited data and acceptable results, the model system was
validated and ready for simulation.

2.6. NDVI data procedure

The land cover NDVI data were extracted from MODIS images
(MOD13Q1, h26 v05), which downloaded from the Land Processes
Distributed Active Archive Center at NASA. The NDVI values were
calculated with reflectance of red band (610–680 nm) and near
infrared band (780–890 nm), which have been corrected for molec-
ular scattering, ozone absorption, and aerosols. The 250 m spatial
resolution NDVI images were repeated over a cycle of 16 days
(Pontus et al., 2007). According to local land cover and climatic
characteristics, a monthly series of MODIS images were taken from

February 18 to December 18 in 2000, 2003 and 2006 and were
implemented to express land cover variation. The original MODIS
images were mosaic and georeferenced to the Universal Trans-
verse Mercator (UTM) projection system by the nearest-neighbor
resampling method (William and Maik, 2005). With ArcGIS 9.2,

water flow and soil erosion from 2000 to 2002.
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Fig. 6. Comparison of simulated and calculated mon

Table 2
SWAT model parameters for model calibration.

Parameter description Calibration value

Curve number (CN2) 61
Plant water uptake compensation factor (SOL AWC) 0.04
Soil evaporation compensation factor (ESCO) 0.41
Groundwater delay coefficient (GW DELAY) 30.1
Amount of shallow aquifer water that moved into
the soil profile (GW REVAP)

0.1

Maximum canopy storage (canmx)
Grassland: 3.5
Farmland: 2.2
Forestry: 4.2

Threshold depth of water in shallow aquifer for
“revap” or percolation to deep aquifer (REVAPMN)

200

Base flow alpha factor (ALPHA BF) 0.03
Average slope steepness (SLOPE) 0.129
Average slope length (SLSUBBSN) 26.15
Maximum amount of sediment (SPCON) 0.001
Sediment restrained in channel (SPEXP) 1.21

Universal Soil Loss Equation factor (CUSLE)
Farmland: 0.25
Forestry: 0.10

Initial humic organic N in soil layer (SOL ORGN) 5000
Initial humic organic P in soil layer (SOL ORGP) 1500
Initial NO3 concentration in soil layer (SOL NO3 ) 3500
Nitrate percolation coefficient (NPERCO) 0.25
P percolation coefficient (PPERCO) 12.5
P
B

t
i
t
e
1
t
t

3

3

3

2
t
w

However, the mean NDVI value increased from 0.2885 to 0.3172 in
the same period. The minimum NDVI in 2000 was 0.1228, which
was significantly less than the other two years. The lower NDVI
value in 2000 was consistent with the drought in that year. The NDVI

Table 3
Watershed monthly NDVI value and statistical feature.

Month Year

2000 2003 2006

1 0.1228 0.2076 0.1904
2 0.1305 0.1948 0.1874
3 0.1884 0.1868 0.1943
4 0.2062 0.2143 0.2441
5 0.3945 0.3912 0.4186
6 0.4897 0.4507 0.4874
7 0.4579 0.5178 0.4891
8 0.4453 0.5028 0.4684
9 0.3661 0.3708 0.3927
10 0.2642 0.2741 0.2799
soil partitioning coefficient (PHOSKD) 160
iological mixing efficiency (BIOMIX) 0.25

he basin and subbasin NDVI tempo-spatial variation character-
stics were calculated and demonstrated. The monthly NDVI was
he average value of the whole watershed. The yearly NDVI of
very subbasin was calculated using following procedure: (1) the
2 monthly images of basin NDVI were summed and averaged; (2)
he average subbasin value was extracted using the zonal statistics
ool.

. Results

.1. Temporal-spatial trends of the NDVI

.1.1. Spatial trends of the NDVI

With MODIS images, the yearly NDVI distributions in 2000,

003, and 2006 are shown in Fig. 7. Comparing the three years,
he NDVI distribution did not experience substantial variation. The
estern portion and areas along the river bank distinguished the
thly total nitrogen and total phosphorus yield.

lower NDVI from the area of higher NDVI which was spread mainly
throughout the south-eastern region. The NDVI ranges during the
three years were 0.9173, 0.9233, and 0.8921, respectively. In 2003,
the largest NDVI range was impacted directly by a greater amount of
precipitation. The spatial variation of NDVI was created by extract-
ing the NDVI value in every subbasin cell, assisted by the ArcGIS
tool. At the subbasin level, the NDVI range in 2000, 2003, and
2006 were 0.5347, 0.4690, and 0.5159, respectively. The NDVI in
2003 had the smallest range and standard deviation, which indi-
cated that the subbasin NDVI was more similar than in the other
years. With the subbasin mean NDVI data, the vegetation status
in each cell can be expressed, which was the basis for interaction
analysis.

3.1.2. Temporal trends in basin NDVI
The monthly NDVI data were averaged with MODIS data by

ArcGIS (Table 3), which presented the temporal variation princi-
ple of watershed land cover. The monthly pattern showed similar
trends during the three years, describing vegetation growth dynam-
ics. The NDVI increased dramatically from April and reached its
summit in July, then decreased slowly throughout the remainder
of the year. Overall, the NDVI range during the three-year period
dropped from 0.3669 to 0.3017, which also caused the standard
deviation (Std. D.) to continually decrease from 0.1342 to 0.1245.
11 0.2195 0.2350 0.2568
12 0.1767 0.1584 0.1963
Range 0.3669 0.3594 0.3017
Mean 0.2885 0.3087 0.3171
Std. D. 0.1342 0.1309 0.1245
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Fig. 7. NDVI distribution of each subbasin in three years.
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Fig. 8. TN and TP loading distribution

emonstrated the features of land cover and precipitation, which
re the dominant factors for soil erosion formation and transporta-
ion.

.2. Spatial trends of NPS nitrogen pollution

.2.1. Spatial trends of NPS nitrogen loss
The annual load of TN and TP during the three simulated years

s shown in Fig. 8. NPS nitrogen loadings from different subbains
howed significant spatial differences, showing an increasing trend

rom west to east in the observed watershed. In the northeast
egion, TP loadings ranged from 0.005 to 1.718 kg/ha. The critical
oading subbasins were distributed in the east, while the farmlands

ere distributed predominantly around the Liujiaxia reservoir and
long the main stream of the Yellow River. The spatial distribu-
ach subbasin during the three years.

tion observed throughout the three years contained similar trends,
and the subbasins covered with more vegetation had a remarkable
association with TN loading.

3.2.2. Temporal trends of NPS nitrogen
The monthly TN loading for the three years is listed in Table 4.

The monthly load had a significant temporal trend. The TN loading
increased from January to July then declined, which paralleled the
similar temporal pattern of vegetation growth. The maximum load-
ings were recorded in June and July as 0.105, 0.753 and 0.096 kg/ha

in 2000, 2003, and 2006, respectively. The annual loading of NPS
nitrogen in 2003 was much more than the other two years. This
may be due to the combined effects of land use variation and storm
rain. Although there were some variances in monthly loading, the
temporal pattern was constant.
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Table 4
Watershed monthly TN load (kg/ha) and statistical feature.

Month Year

2000 2003 2006

1 0.000 0.000 0.000
2 0.002 0.003 0.000
3 0.004 0.037 0.000
4 0.000 0.106 0.002
5 0.020 0.074 0.002
6 0.060 0.007 0.096
7 0.105 0.753 0.081
8 0.010 0.342 0.047
9 0.037 0.189 0.038
10 0.010 0.354 0.010
11 0.002 0.044 0.008
12 0.003 0.001 0.005
R
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ange 0.105 0.753 0.096
ean 0.021 0.159 0.024

td. D. 0.032 0.226 0.034

.3. Spatial trends of NPS phosphorus pollution

.3.1. Spatial trends of NPS phosphorus loss
The watershed TP loadings in 2000, 2003, and 2006 were sim-

lated and the annual distributions were shown in Fig. 8. NPS
hosphorus yields from individual subbasins had a high spatial vari-
bility, but the spatial distribution during the three years followed
imilar trends. Approximately half of the basin contributed very
ittle P (0.008 kg/ha) and did not critically impact water quality.
owever, some subbasins in the eastern and southern areas con-

ributed much more TP, which had loadings in excess of 0.1 kg/ha.
he No. 29 subbasin in the middle reach had the most remark-
ble loss. The spatial distribution coincided with vegetation trends,
ndicating that vegetation, especially forest and dense grass, has

direct relationship with NPS phosphorus pollution. The spatial
istribution of NPS phosphorus was also useful for identifying the
ransportation path.

.3.2. Temporal trends of NPS phosphorus
The estimated monthly TP load during the three years shared

imilar temporal patterns with TN. The TP loading exhibited an
pward trend from January to August then decreased. The high-
st yearly and monthly loads were both in 2006. The peak value of

onthly loading in these years appeared in June and July, which

oincided with summit TN loadings. The maximum loads through-
ut the three years were 0.048, 0.042, and 0.088 kg/ha, respectively,
ausing corresponding variation in the standard deviation (Table 5).

able 5
atershed monthly TP load (kg/ha) and statistical feature.

onth Year

2000 2003 2006

0 0 0
0.002 0 0
0.004 0.004 0
0 0.005 0.08
0.021 0.007 0.002
0.048 0.002 0.002
0.002 0.042 0.088
0.007 0.026 0.046
0.012 0.011 0.036

0 0.004 0.019 0.01
1 0 0 0.007
2 0.002 0 0.004
ange 0.048 0.042 0.088
ean 0.009 0.010 0.023

td. D. 0.0139 0.0131 0.0322
Fig. 9. Temporal interaction between watershed NDVI and monthly TN loss.

4. Discussion

4.1. Influence of NDVI temporal variation on NPS nutrient loads

4.1.1. NPS nitrogen
The monthly basin NDVI can be used as an indicator for NPS

nitrogen loading, as the correlation between them shows (Fig. 9). It
was concluded that the variation of TN loss had considerable con-
nection with the temporal scale of watershed land cover. When
watershed NDVI was less than 0.27, the NPS total nitrogen load-
ing was much lower. Local vegetation NDVI increased quickly in
the summer, so there was an NDVI gap during correlation analysis.
However, the TN loss increased dramatically when land cover had
an NDVI higher than 0.35. Previous studies have concluded that
more vegetation can prevent NPS pollution (Maillard and Santos,
2008). The analysis indicated that vegetation not only disturbed
pollutant transportation, but contributed sustainable NPS pollu-
tion. During the period of vegetation growth and maturity, the
increasing NDVI and its associated precipitation intensified NPS
loadings. This delivery certainly impacted the water quality and
terrestrial ecosystem. The regression analysis indicated that the
monthly NDVI was a good predictor for determining monthly NPS
total nitrogen pollution load.

4.1.2. NPS phosphorus
The temporal correlation pattern between the monthly variation

in land cover on the formation and transportation of TP loadings
was confirmed (Fig. 10). When the average watershed NDVI was
lower than 0.28, much less NPS phosphorus pollution occurred.
Watershed TP yields increased when the NDVI value was higher
than 0.35. There was an obvious threshold point in TP loading at

which watershed NDVI jumped from 0.28 to 0.35. In preventing
NPS phosphorus pollution, the critical time period is the moment
of higher NDVI. Human engineering solution should be applied
during the time of higher NDVI, resulting in better water quality.
The regression analysis also confirmed that regional NDVI was an

Fig. 10. Temporal interaction of watershed NDVI with monthly TP loss.
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Fig. 11. Interaction of annual subbasin NDVI with N loss.

ffective index for monthly assessments of NPS total phosphorus
ischarges.

.2. Subbasin NDVI with NPS nitrogen pollution

In order to recognize the influence of land cover status on NPS
itrogen loading, the correlation between NDVI and TN, organic
, and soluble N was calculated at the subbasin level (Fig. 11). It
as found that subbasin NDVI was a significant factor in NPS nitro-

en yield. The subbasins with an NDVI lower than 0.15 contributed
lmost no NPS nitrogen, differing from areas with high soil erosion.
reventing NPS nitrogen discharges from areas with dense vege-
ation was the highest priority for pollution control. Furthermore,
orest and dense grass were found to have more influence on NPS
itrogen loading than other land covers. After classifying the land
overs by NDVI, the gathering plots were defined in five zones. In
orested subbasins (zone E), the NPS nitrogen load was much higher
han other zones. The NPS nitrogen load discharged from bare land

nd grassland areas (zone A and zone C) was much lower. The culti-
ated subbasins (zone B) contributed some NPS nitrogen. Based on
n NDVI value from a predefined subbasin, the NPS total nitrogen
oad from each subbasin can be estimated, which was helpful for a
uick assessment of pollution loads.
ling 220 (2009) 2702–2713 2711

Furthermore, the correlation of land cover NDVI with soluble N
and organic N were analyzed. Soluble N loading was a small portion
of TN loss, but it had a more significant link with subbasin NDVI. As
seen in Fig. 11b, the soluble N discharge was higher in zone B than
organic N. The higher load in zone B was due to the loss of fertiliz-
ers. Soluble N discharged from forested areas was due to arboreal
remains. However, the soluble N yield from subbasins covered with
dense grass was very low due to the uptake by grass. The findings
in this study confirm that grassland strips are an effective way to
prevent NPS soluble N from discharging into the aquatic environ-
ment. Fig. 11c shows the relationship between organic N loading
and NDVI. Unlike the remarkable load of soluble N in zone B, the
organic N yield from this zone was relatively slight. On the other
hand, the organic N discharge value was the same for both the grass
and forested subbasins. This was due to the fact that most organic N
was transported with the soil particle. The subbasin characterized
with dense grass was still the key for organic N.

Overall more loading of NPS nitrogen in higher NDVI subbasins
indicated that forests and farmland were the critical loss sources.
The key to preventing NPS nitrogen is to disturb the transportation
paths, as demonstrated by the fact that the loading of soluble and
organic N in the grassland subbasins was much lower. In addition,
other studies have shown that grassland can reduce particle move-
ment and is more effective in detaining N (Merrill and Benning,
2006). Based on the findings of this study and the conclusion of
the aforementioned study, setting aside grassland strips along the
critical subbasin is probably the most effective solution to reducing
NPS nitrogen.

4.3. Subbasin NDVI with NPS phosphorus pollution

Following the same procedure, the impact of land cover NDVI
on NPS phosphorus loss was analyzed (Fig. 12). The hypothesized
NPS phosphorus load differences among the subbasins were con-
firmed consistently. The first notable trend was that the loading
of NPS phosphorus increased with increasing NDVI. As shown in
Fig. 12a, forested areas with higher NDVI in zone E contributed
sustainable TP yield. The bare land with NDVI less than 0.15 pro-
duced almost no NPS phosphorus pollution. The agricultural land
with NDVI between 0.15 and 0.23 had a positive association with P
loading. The grassland with NDVI between 0.23 and 0.30 was the
primary land cover that contributed much less TP loss. On the other
hand, grassland has been proven as an effective buffer zone to pre-
vent NPS phosphorus pollution (Bouldin et al., 2004). These results
suggested land cover with higher NDVI was the principal driving
force for NPS phosphorus pollution.

The relationship between subbasin NDVI and organic and sedi-
ment P loadings was further analyzed (Fig. 12b and c). Both forms of
P loadings had close linkages with forested areas. The spatial vari-
ation of organic P loading was accompanied by NDVI. As shown in
Fig. 12b, there was urban sprawl moving into forested areas (zone
E) and notable loading decreases from agricultural land (zone B)
and dense grassland (zone D). This illustrates that forested areas
increase NPS organic P pollution. Runoff from these densely covered
subbasins typically contained a high density of NPS phosphorus.

The correlation of NDVI with sediment P is shown in Fig. 12c.
There were significant increases in sediment P yield in most sub-
basins with an NDVI between 0.15 and 0.23 (zone B). This illustrated
that agricultural cultivation had a major impact on NPS sediment
P pollution. The surplus of P fertilizer and deposition of waste
intensified sediment P loss. Unlike the scenario with organic P,

the subbasins covered with dense grassland (zone D) had higher
loading. Equally, the forested subbasins contributed significant sed-
iment P loading. There were no significant differences between the
yield of organic P and sediment P in zone E, which included higher
NDVI subbasins in the mountainous region.
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Fig. 12. Interaction of annual subbasin NDVI with P loss.

Except NPS phosphorus from farmland, most P loading came
rom the area with dense grassland and forests, which cannot
irectly discharge into local water bodies. Engineering structures
hould be constructed along the forested subbasins, effectively pre-
enting phosphorus loading. Equally, most NPS phosphorus from
uburban farmland discharges directly into adjacent water bod-
es. In riparian systems, the agricultural P loading can be prevented
hough best management practices.

.4. Slope, NDVI and nutrients load

As seen in Figs. 11 and 12, there were some outlying points and
lustered points. In order to explain this and the intensified impact
f slope, the interrelationship of slope, annual NDVI, and yearly
utrient loads were analyzed (Fig. 13). Slope was a compensatory
ignal for erosion. Consequently, the analysis demonstrated that
he critical TN loss area was the subbasin with higher NDVI. The
DVI status had more direct impact on TN loss than the slope con-
ition. The forested mountain area with the steepest slope was a
ritical TN discharge source. The forested subbasins with a slope

f 6–8◦ contributed to TN loading. The discharge source of TP was
uch more complicated. The slope was more sensitive than NDVI

n regard to TP loss. Therefore, the critical areas had a slope higher
han 10◦ with an NDVI ranging from 0.32 to 0.47. However, there
as another zone that had a remarkable TP yield with an NDVI
Fig. 13. Interaction of subbasin NDVI and slope with nutrient loads.

around 0.3 and a slope of 6◦. The analyses showed that most of the
TP originated from steep, forested areas and dense grassland. The
well-preserved, natural plantation was the main contributor of TP
loading, not the human activity landscape.

5. Conclusions

In this study, we estimated the annual and monthly NPS nutri-
ent loads in the upper stream of the Yellow River catchment using
SWAT. The variation principle of land cover status was expressed
by NDVI, calculated from MODIS imagery. The study demonstrated
that temporal variation of land cover NDVI showed significant
correlation with NPS nutrient loading. The regression analysis indi-
cated that vegetation not only prevented NPS nutrient pollution
transportation, but also contributed sustainable NPS nitrogen and
phosphorus pollution. In the period of vegetation growth and matu-
rity, the increasing NDVI and associated precipitation increased NPS
nutrient loadings, which certainly impacted the water quality and
terrestrial ecosystem once delivered. The temporal analysis con-
firmed that regional NDVI was an effective index for the monthly
assessment of NPS nitrogen and phosphorus loadings.

The spatial variations of NPS nutrient loads were associated with

land cover status. Greater loading of NPS nitrogen in higher NDVI
subbasins indicated that forest and farmland are critical loading
areas. Farmland contributed sustainable soluble N, but the dis-
charge of soluble and organic N in the grassland subbasins was
much lower. The spatial analysis demonstrated that most P load-
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ngs came from the area covered with dense grassland and forests
hat cannot directly discharge to local water bodies. On the other
and, some NPS phosphorus from suburban farmland can easily
ischarge into adjacent water bodies. Setting aside riparian habitat
long the critical subbasin, adjacent to farmland and forests, will
e the most effective solution for reducing NPS nutrients.

The interaction of slope, NDVI, and nutrient loading identified
he nutrient discharge source deeply. The analysis demonstrated
hat the area with steeper slope and higher NDVI contributed most
f the nutrient loadings. The remote, natural plantation was the
ain source of NPS nutrient pollution in the study watershed rather

han being human activity oriented.
This study supports the integration of NPS modeling and land

over monitoring by remote sensing to understand the interactive
ynamics of NPS nutrient loading. Understanding the temporal-
patial variation of NPS nutrients and their correlation with land
over will help NPS pollution prevention and water quality man-
gement efforts. Therefore, the proposed method for evaluating the
PS nutrient loadings by land cover NDVI is a helpful and effective

ool for pollution evaluation and watershed planning.
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