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Abstract Few investigations have addressed the interaction between soil surface water
regimes and raindrop impact on nutrient losses, especially under artesian seepage condi-
tion. A simulation study was conducted to examine the effects on nitrogen and phosphorus
losses. Four soil surface water regimes were designed: free drainage, saturation with
rainfall, artesian seepage without rainfall, and artesian seepage with rainfall. These water
regimes were subjected to two surface treatments: with and without raindrop impact
through placing nylon net over soil pan. The results showed saturation and seepage with
rainfall conditions induced greater soil loss and nutrient losses than free drainage condi-
tion. Nutrient concentrations in runoff from artesian seepage without rainfall condition
were 7.3-228.7 times those from free drainage condition. Nutrient losses by runoff from
saturation and seepage with rainfall conditions increased by factors of 1.30-9.38 and
2.81-40.11 times, and the corresponding losses with eroded sediment by 1.37-7.67 and
1.75-9.0 times, respectively, relative to those from free drainage condition. Regardless of
different soil surface water regimes, raindrop impact increased 20.90-94.0 % nutrient
losses with eroded sediment by promoting soil loss, but it only significantly enhanced
nutrient transport to runoff under free drainage condition.
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1 Introduction

Current nonpoint source (NPS) pollution is one of the major environmental concerns in the
world. About 30-50 % of the world’s land has been affected by NPS pollution (Dennis and
Corwin 1998). Agricultural activities, especially the excessive use of nitrogen (N) and
phosphorus (P), are recognized as an important cause of NPS pollution (Pimentel 1993;
Tsihrintzis and Hamid 1997). So, minimizing N and P losses from agricultural land is nec-
essary to protect receiving water bodies from eutrophication and groundwater from pollution.
Extensive researches have examined the effects of various factors on N and P losses including
rainfall intensity, soil properties, land topography, crop cover, and soil conservation practices
(Delcampillo et al. 1999; Havis et al. 1992; Mcdowell and Sharpley 2002; Sims et al. 1998;
Walton et al. 2000; Zhang et al. 2000). Soil surface water regime is one of the most important
factors governing the amounts and forms of nutrient loss, while less literature are available to
show how it affects nutrient transport to runoff and eroded sediment.

At a hillslope scale, conditions at the soil surface varying with the topographic position
can cause different hydrologic regimes. Free drainage condition generally occurs at the
upper backslope, and seepage condition represents the hydraulic regime at the middle/lower
backslope. The generation of seepage flow depends on soil conditions, water conductivity,
and rainfall properties (Ticehurst et al. 2003; Jia et al. 2007), while one necessary condition
for seepage occurrence is that soil water reaches saturated. Therefore, soil surface water
regimes include free drainage, saturation, and seepage conditions. Zhang and Zheng (2007)
studied the effects of near-surface soil water conditions on soil erosion process, and found
that soil loss from saturation condition, 75 % of soil moisture, and 50 % of soil moisture
were 50, 25, and 1.3 times greater than that from 25 % of soil moisture, respectively.
In respect of seepage flow, it not only greatly enhanced soil loss (Huang and Laflen 1996;
Gabbard et al. 1998; Huang et al. 2001), but also changed erosion regime. Zheng et al.
(2000) reported the dominant erosion process shifted from detachment-limited to transport-
limited regime when soil surface water regimes shifted from free drainage condition to
seepage condition. Further, seepage-induced rills and gullies were observed in fields with an
impeding layer especially during the wet season. Along with the increase in soil loss
induced by saturated and seepage flow, nutrient loss would sharply increase.

Although the effects of soil surface water regimes on soil erosion were well documented, a
few data were available for the effects on nutrient loss, especially under seepage condition.
When artesian seepage flowed from the impervious layer to soil surface, the accumulation of
nutrients in the topsoil layer would increase the potential for seepage flow to transport
chemicals. According to long-term field data, researchers found that seepage flow was an
important pathway for chemical loss. Baker and Laflen (1983) stated that dissolved nutrient
from seepage flow was the maximum source of nonpoint pollution. Also, sorbed chemical
loss was closely associated with seepage flow, although it was strongly absorbed by soil
particles (Gburek et al. 2000; Heathwaite and Dils 2000). Nutrient concentration from
seepage flow was several folds greater than that from surface flow (Peterson et al. 2002; Silva
etal. 2005; Jia et al. 2007), and nutrient loss from seepage flow was more than that from runoff
(Pionke et al. 2000). Although known the importance of nutrient loss by seepage flow, less
attention was given to the transport mechanism. This induced consideration for soil surface
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water regimes contributions to nutrient loss was largely been neglected in assessments, due to
the lack of experimental observations and insufficient understanding of lost processes.

To our knowledge, there have been only two studies that specifically investigated
nutrient loss and transport mechanism under different soil surface water regimes in the
laboratory. Zheng et al. (2004) found that NO3;—N and PO4—P concentrations in runoff from
seepage condition were 1,000 and 7 times greater than those from free drainage condition,
and saturation and seepage conditions caused greater chemical transport than drainage
condition. Tian et al. (2009) studied chemical transport mechanism from soil to surface
runoff under the case without rainfall and reported that the Bernoulli effect and diffusion
were the dominant mechanisms under free drainage and saturation conditions, while
convection played a dominant role under seepage condition. An important shortage to
Zheng’s study was that they neglected nutrient loss by eroded sediment. Tang et al. (2008)
identified nutrient loss by a multi-scale monitoring in an agricultural catchment and found
about 50 % of nitrogen and more than 97 % of phosphorus lost in particulate forms. The
weakness for Tian’s study was that the functions of raindrop impact on nutrient loss were
not considered. Therefore, it is necessary to quantify how raindrop impact affects nutrient
loss under different soil surface water regimes, especially for saturation and seepage
conditions.

It is widely recognized that soil erosion is initiated by raindrop impact, and raindrop
impact enhances soil detachment and runoff disturbance (Schultz et al. 1985; Guy et al.
1987; Gabet and Dunne 2003; Kinnell 2005). Process-based erosion models have been
developed to predict raindrop-induced soil detachment rate, such as water erosion pre-
diction project (WEPP) model (Nearing et al. 1989) and Rose model (Hairsine and Rose
1991). Nevertheless, none of which explicitly accounted for the effects of raindrop impact
on soil erosion under seepage condition. For the effects on nutrient transport to surface
runoff, the literatures reflected two opposite interpretations. Some researches reported that
the increase in runoff disturbance caused by raindrop impact enhanced nutrient desorption
from soil particles (Dunne and Zhang 1991; Thompson et al. 2001), while others pointed
that nutrient concentration in surface runoff was reduced (Soileau et al. 1994; Zhang et al.
2004). Although process-based chemical transport model that incorporated the solute
transport rate of raindrop-controlled processes was developed, the model was only applied
to chemicals under saturated condition (Gao et al. 2005). To improve the reliability and
accuracy of chemical transport model, additional efforts are needed to study raindrop
impact effects on nutrient transport mechanisms under different soil surface water regimes.

In this study, we hypothesized that soil surface water regimes showed different influ-
ences on nutrient losses and raindrop impact greatly affected nutrient losses but with
different influence degrees under different soil surface water regimes. An experimental
study by using simulation rainfall was designed to quantify the interaction between soil
surface water regimes and raindrop impact on soil erosion as well as nutrient loss.

2 Materials and methods

2.1 Experimental equipment

The rainfall simulation experiment was conducted in the rainfall simulation laboratory of
the state key laboratory of soil erosion and dryland farming on the Loess Plateau, Yangling

city, China. A rainfall simulator system with side-sprinkle was used to apply rainfall.
This rainfall simulator can be set to any selected rainfall intensity ranging from 20 to
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300 mm h™' by nozzle sizes and water pressure, and these nozzles are approximately 16 m
high above the soil surface. Simulated storm with uniformity of above 90 % has the similar
raindrop size and distribution to natural rainfall. The experimental soil pan is 1 m long,
0.5 m wide, and 0.45 m deep with 16 drainage holes (2 cm aperture) at the bottom.
A constant head tank was designed to supply water to soil pan from the bottom through
these drainage holes. Details of the experimental setup are shown in Fig. 1.

The used soil was collected from the upper 20 cm of plow layer in maize field near
Liujia town (44 43'N,126 11'E), Jilin Province, where is the center of black soil area in the
northeast China. The soil water content at collection time was 13.8 %. The collected soil
was air-dried and then broken into subangular-blocky clods less than 4 cm in size before
packing into the soil pan, but was not sieved or ground in order to keep the in situ soil
aggregation fabric. The tested soil was a silt loam soil, consisting of 3.32 % sand
(2-0.05 mm), 76.38 % silt (0.05-0.002 mm), and 20.30 % clay (<0.002 mm). Aggregate
stability analysis showed that the experiment soil included 23.82 % of <0.25 mm soil
aggregate and 30.06 % of >5 mm soil aggregate, and the mean weight diameter (MWD)
was 2.16 mm by the dry sieving method (Institute of Soil Science, Chinese Academy of
Sciences 1978). The pH in water was 5.92, measured with a 1:2.5 solid-to-water ratio on a
weight basis. For chemical properties, the soil contained 23.81 g kg*1 soil organic matter,
18.08 mg kg~' NOs-N, 16.01 mg kg~' NH,-N, and 1.48 mg kg~' PO,—P.

2.2 Experimental design

Experimental treatments in this study included four soil surface water regimes: free
drainage with rain (FD+R), a saturated soil water profile with rain (Sa+R), artesian

soil pan water supply system
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Fig. 1 Schematic diagram of equipment setup
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seepage under 20 cm of water pressure without rain (SP20), and artesian seepage under
20 cm hydrologic pressure with rain (SP20+R). These soil surface water regimes were
subjected to two treatments: raindrop impact present and absent. For the treatment raindrop
impact present, the soil surface of soil pan was bare and fallow; for the treatment raindrop
impact absent, nylon net with 1 mm aperture was placed 10 cm over the test soil pan,
which reduced the raindrop kinetic energy by 99.6 % (Zheng et al. 1995). The occurrence
frequency of 60-70 mm h™' intensity was 36 % according to the observed data from
institute of soil and water conservation in Hei Longjiang, which could cause moderate
intensity of soil erosion in the black soil region (Zhan et al. 1998). Therefore, the typical
60 mm h™" of rainfall intensity was chosen in this study. For each treatment, three rep-
licates were made. In this study, fertilizer (CO(NH,), and Ca,(PO,),H,0) were applied to
soil pan before simulated rainfall and the input rate was 200 kg N ha'and 90 kg P ha™".

2.3 Preparation of soil pans

Before packing the soil pan, soil water content was measured to determine the amount of
soil needed to obtain a bulk density of 1.20 g cm . A 10-cm sand layer was packed at the
bottom of soil pan that allowed free drainage of excessive water. Then, a 20-cm layer of
black soil was packed in 5-cm increments on top of sand layer. Each soil layer was raked
lightly before packing the next layer to ensure uniformity. A top 2-cm layer of soil was
thoroughly mixed with 21.4 g CO (NH,), and 64.7 g Ca, (PO,4),-H,0 before packing. For
each rain storm event, four soil pans were prepared: two were used for collecting pre-run
soil profile samples and the other two for performing the simulated rainfall experiments.

A saturated condition was created when the water level of the supply tank was set at soil
surface of soil pan. Identifying soil saturation was that water droplets occurred on soil
surface and distributed the most area of soil pan. A seepage condition was created when the
water level of supply tank was set 20 cm above soil surface of the tested soil pan. Iden-
tifying seepage occurrence was that seepage flowed out from the outlet of soil pan and
remained steady state. The supply water system maintained constant water levels during
the entire rainfall for Sa+R, SP 20, and SP 20+R treatments. For free drainage condition,
soil pan drained freely under gravity.

2.4 Experimental procedures and analytical methods

A pre-rain with 20 mm h! intensity was applied to soil pan until runoff occurred, which
lasted about 40 min. To eliminate raindrop-induced surface sealing and splash, the nylon
net was placed over soil pan during this phase. The pre-rain allowed the mixed-in fertilizer
to leach into the deeper layer of the soil profile. Additionally, this rain created uniform
surface soil moisture condition and reduced surface variability in the micro-relief and
smoothness that was created during the packing process.

One day after the pre-wetting phase, soil pans were adjusted to 5° slope and subjected to
the designed soil surface water regimes. A rainfall intensity of 60 mm h™" was applied to
FD+R, Sa+R, and SP20+R treatments for 60 min. For Sa+R and SP20+R treatments, the
rainfall was supplied after soil reached saturated or when seepage occurred. During sim-
ulated rainfall, runoff samples were continuously collected at 2-min intervals during the
early stages by 5-L buckets. When runoff rate was relatively stabilized, the sampling
interval was increased to 5 min. For SP20 treatment, runoff samples were continuously
collected for durations of 5 min due to the low seepage flow. During each rain storm,
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a 100-mL rain sample was collected to obtain reference of N and P contents. The rainfall
amount was measured by four rain gauges around soil pans for each rainfall.

After each storm event, runoff samples were immediately weighed and then settled
about 5 h to precipitate suspended sediments. A 100-mL supernatant liquid was taken from
the settled runoff sample and filtered through 0.45-pm filter paper. The filtered solution
was stored in refrigerator at 4 °C and analyzed within 24 h. Decanting the left clear
supernatant, the remaining wet sediment was oven-dried at 50 °C for 24 h. The dried
sediment was gravimetrically determined. Sediment concentration was defined as the ratio
of dry sediment mass to runoff volume.

Soil samples, collected from soil pans before and after rainfall, were analyzed for soil
water and nutrient content. The “before-run” soil samples were taken one day after the
pre-wetting phase and the “after-run” samples were taken one day after the experiments.
To ensure representation of the profile distribution, samples were taken at three different
locations (25, 50, and 75 cm) along the length of soil pan. At each location, samples were
collected at six depth intervals including 0-1, 1-2, 2-5, 5-10, 10-15, and 15-20 cm. Soil
samples from a given depth increment were combined together. A small part of these soil
samples was dried at 105 °C to determine soil water content, and the left was dried at
50 °C for nutrient analysis.

The dried sediment and soil samples were ground and then sieved through 1-mm screen.
About 5 g of sieved sample was mixed with 50 g of deionized water in plastic bottles. The
mixed samples were shaken for 30 min, centrifuged at 8,000 rpm for 10 min, and then
filtered through 0.45-pum filter paper. Concentrations of NO3;-N and NH4-N in runoff,
eroded sediment, and soil samples were determined by the continuous flow analyzer and
PO4—P concentration by the molybdenum blue spectro-photometry method.

2.5 Statistical analysis

Comparisons of runoff, soil loss, sediment concentration, nutrient concentrations, and
losses among soil surface water regimes were conducted using LSD test, and the values
were statistically significant at the 95 % confidence. Mann—Whitney U test was used to
identify the differences in nutrient concentrations and losses between the treatment rain-
drop impact present and absent. The Mann—Whitney U test is one of the most well-known
nonparametric statistical hypothesis tests, assessing whether two independent samples of
observations are drawn from the same or identical distributions. All analyses were per-
formed using SPSS version 16.0 (SPSS company, Chicago, IL, USA).

3 Results and discussions
3.1 Runoff and soil loss

Rainfall ranged from 28.5 to 60.3 mm (Table 1). From Table 1, it can be seen that a wide
range of differences in runoff and soil loss as soil surface water regimes were reversed
from exfiltration to infiltration conditions. Seepage flow was 4.4 mm and induced little soil
loss, which could be negligible. When soil surface was subjected to saturation and seepage
conditions, an increased runoff and a higher soil loss was observed. Nevertheless, the
increment was related to raindrop impact. Runoff from SP20+R and Sa+R treatments was
statistically higher than that from FD+R treatment, with an average magnitude of
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1.53-1.81 and 1.79-1.99 times greater, respectively. The increased runoff was the direct
result of the added supply flow. However, the difference between SP20+R and Sa+R
treatment depended on raindrop impact. The difference in runoff among soil surface water
regimes may influence nutrient transport to runoff and eroded sediment.

For soil loss, it increased gradually with the variation of soil surface water regimes from
infiltration to exfiltration condition. This differed from Stolte et al. (1990). They studied
the effects of seepage on soil erosion from a loam and sand, and found seepage effects on
sand but not on the loamy soil. In the presence of raindrop impact, compared with FD+R
treatment, soil loss from Sa+R and SP20+R treatments increased by 11.4 and 68.1 %,
respectively, but no significant difference was found between FD+R and Sa+R treatment;
compared with Sa+R treatment, soil loss from SP20+R treatment significantly increased
by 50.8 %. This is because soil strength and soil’s resistance to detachment were greatly
reduced under saturation and seepage conditions, namely soil stress became lower, while
the reduction of the effective soil stress was in proportion to the hydraulic potential
gradient (Howard and McLane 1988). However, no significant difference in sediment
concentration was observed among soil surface water regimes, although runoff increased
greatly when soil surface water regimes changed from infiltration to exfiltration condition.
This indicated soil detachment was limited under saturation and seepage condition. In the
absence of raindrop impact, soil loss from Sa+R and SP20+R treatments was statistically
greater than that from FD+R treatment, increasing by 67.1 % and 74.5 %, respectively.
However, when soil surface water regimes shifted from Sa+R to SP20+R treatment, it was
more difficult to detach soil particle as the flow depth increased because overland flow may
not have the capacity to detach material from within the underlying surface (Kinnell 2005),
so soil loss only increased by 4.3 %. The comparison of sediment concentration between
them firmly confirmed soil detachment rather than transport was limited for seepage
condition. The average sediment concentration from Sa+R treatment was only 1.04 times
greater than that from SP20+R treatments.

As noted above, saturation and seepage conditions promoted soil loss. The increased
soil loss implied that sediment regime would change when soil surface was subjected to

Table 1 Runoff, soil loss, and sediment concentration under different soil surface water regimes

Treatment® Soil surface water Runoff (mm) Soil loss Sediment concentration
regimes” (gm™?) (gL™
Raindrop impact FD+R 33.66 (3.99° ¢! 53.68 (6.60)b 1.59 (0.25) a
present Sa+R 5139 (294)b  59.75(7.02)b 1.29 (0.21) a
SP 20 438 (0.01)d  _ _
SP 20+R 60.30 (0.00) a  90.21(1.34) a  1.54 (0.29) a
Raindrop impact FD+R 28.49 (1.60) ¢ 15.20(0.82)b 0.43 (0.16) b
absent Sa+R 51.56 (6.74)a  25.41(1.16)a 0.55(0.13) a
SP 20+R 56.82 (0.41)a  26.53(0.79)a 0.53 (0.19) a

# Raindrop impact present: the soil surface of soil pan was bare and fallow; raindrop impact absent: a nylon
net with 1 mm aperture was placed 10 cm over the test soil pan

b FD+R, free drainage with rain; Sa+R, a saturated soil water profile with rain; SP20, artesian seepage
under 20 cm hydrologic pressure without rain; SP 204-R, artesian seepage under 20 cm hydrologic pressure
with rain

¢ The data in parentheses are standard deviations

4 Mean values for a treatment followed by identical letters are not significantly different at the 95 %
confidence level according to LSD tests
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exfiltration condition. However, in current soil erosion models, such as WEPP and uni-
versal soil loss equation (USLE), little consideration is given to sediment regime under
saturation and seepage conditions. Additionally, the comparison of runoff and soil loss
showed that the influence degree of soil surface water regimes on soil erosion was con-
nected with raindrop impact. Therefore, the interaction between soil surface water regimes
and raindrop impact on soil erosion should be addressed.

For a given soil surface water regime, runoff was not markedly different between the
case with and without raindrop impact, but soil loss for the condition without raindrop
impact was significantly lower than that with raindrop impact for all soil surface water
regimes. This indicated the effect of raindrop impact on soil loss was more sensitive than
that on runoff. When soil surface water regimes shifted from FD+R to Sa+R then to
SP20+R treatment, soil loss was reduced by 71.6, 59.4, and 70.6 % as the elimination of
raindrop impact, respectively. If the difference in soil loss between raindrop impact
presence and absence was regard as the raindrop erosion, raindrop erosion accounted for
59.4-71.6 % of the total soil loss, indicating raindrop impact still made a great contribution
to soil loss when soil water reached saturated.

3.2 Concentrations and losses of NO3;—N, NH;—N, and PO4—P in runoff

The effects of difference in soil surface water regimes were also observed on the measured
nutrient concentrations and losses in runoff. Although seepage flow was relatively low, it
made a great contribution to nutrient losses (Table 2). About 82.32 mg L' of NO;-N
concentration from SP20 treatment substantially exceeded the permissible drinking water
standard of 10 mg L™" and the measured PO,—P concentration of 1.02 mg L~ was higher
than the accepted standard of 0.1 mg L™' (USEPA 1996). Therefore, surface runoff from
SP20 treatment tested in this study could potentially lead to serious pollution of ground-
water. NO3;—N, NH4—N, and PO,—P concentrations from SP20 treatment were 228.7, 38.4,
and 7.3 times greater than those from FD+R treatment, respectively. Regardless of rain-
drop impact present or absent, if one compares concentrations and losses of NO3;—N, NH4—
N, and PO,4—P from FD+R and Sa+R treatments with those from SP20+R treatment, then
one notices an increase in the measured values. These results indicated that saturation and
seepage conditions promoted N and P transport to runoff.

In the presence of raindrop impact, only NO3;—N concentrations from FD+R, Sa+R, and
SP20+R treatments were statistically different, although nutrient concentrations gradually
increased as soil surface water regimes shifted from infiltration to exfiltration condition.
NOs—N concentrations from Sa+R and SP20+R treatments were 4.06 and 14.81 times
greater than those from FD+R treatment, respectively. However, nutrient loss was sig-
nificantly different among FD+R, Sa+R, and SP20+R treatments. Nutrient losses from
Sa+R and SP20+R treatments were statistically higher than those from FD+R treatment,
with magnitudes of 5.25 and 26.83 times greater for NO3—N, 2.07 and 3.15 times greater
for NH4—N, 2.18 and 2.81 times greater for PO4—P, respectively. In the absence of raindrop
impact, only NO;—N concentrations from Sa+R and SP20+R treatments were statistically
higher than those from FD+R treatment, with a magnitude of 5.75 and 20.96 times greater,
respectively. Nevertheless, nutrient losses from Sa+R and SP20+R treatments were sta-
tistically greater than those from FD+R treatment. Compared with FD+4-R treatment, NO3—
N, NH,-N, and PO,-P losses from Sa+R treatment were 9.38, 1.30, and 2.63 times
greater, respectively, and the corresponding nutrient losses from SP20+R increased by
factors of 40.11, 3.20, and 3.48 times, respectively.
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The differences of nutrient transport pathway in soil profile between infiltration and
exfiltration could explain why saturation and seepage conditions enhanced nutrient
transport to runoff. For free drainage condition, nutrients leached into the deeper layer of
soil profile or sublayer as rainfall processed. After rainfall, NO3;—N concentration from
FD+R treatment at 15-20 cm soil depth increased by 103.20 % relative to that before
rainfall (Table 3). For seepage condition, nutrient moved with seepage flow to soil surface.
After rainfall, NO3;—N concentration from SP20 treatment in the 0—10 cm topsoil increased
by 61.65 %, and the corresponding NH,—N and PO,—P concentrations in the 2-5 cm
topsoil increased by 10.64 % and 32.83 %, respectively, compared with those before
rainfall. Moreover, after rainfall, NO3;—N and NH4—N concentrations in the 0-2 cm topsoil
from SP20 treatment were higher than those from FD+R treatment; NO;-N, NH,—N, and
PO4—P concentrations in the 0-5 cm topsoil from SP20+R treatment increased by
106.47 %, 27.98 %, and 10.72 % relative to those from FD+R treatment, respectively,
although nutrient losses from seepage condition were statistically greater than those from
free drainage condition. This further demonstrated that nutrient transferred from subsurface
of soil profile to soil surface as the movement of seepage flow.

The comparison of nutrient losses suggested that the effect of soil surface water regimes
on nutrient transport to runoff for the case with raindrop impact differed from that without
raindrop impact. Maybe, raindrop impact showed different influence degrees on nutrient
losses under different soil surface water regimes. Statistical analysis (Mann—Whitney
U test) showed that difference in nutrient concentration between raindrop impact present
and absent became insignificant for all soil surface water regimes, although raindrop
impact could enhance nutrient concentration by increasing nutrient diffusion and mixing
(Ahuja 1990). This is because the lower soil loss in the absence of raindrop impact
increased friction factors of sheet flow (Pan and Shang guan 2006) and the increase in
surface roughness induced more mobile nutrients transport to surface runoff (Ahuja et al.
1983). For nutrient losses, significant difference between with and without raindrop impact
only was observed for FD+R treatment. Mineral N and P losses from FD+R treatment
were reduced by 40.7 % and 28.0 % as the elimination of raindrop impact, respectively,
indicating a portion of nutrients entered the flow through turbulent mixing of pore water
and surface water caused by raindrop impact. This result was consistent with previous
studies which reported nutrient loss by runoff was markedly reduced as the decrease in
effective raindrop kinetic energy under free drainage condition (Dunne and Zhang 1991;
Wang et al. 2002). For saturation and seepage conditions, raindrop impact showed slight
influence on nutrient transport to runoff. This may be due to: when water was applied from
the bottom of soil pan to either saturate the soil or induce seepage flow, the upward water
movement brought nutrients to soil surface, causing higher concentrations at the top of soil
layer, which masked the role of raindrop impact on nutrient losses to some extent.

3.3 Concentrations and losses of NO3—N, NH;—N, and PO4—P in eroded sediment

Previous studies reported N and P concentrations in eroded sediment are enriched relative
to those in the original soil (Flanagan and Foster 1989; Mcisaac et al. 1991). In many
typical models of nonpoint pollution, enrichment ratio was taken as the distinctly important
parameter to predict nutrient loss, such as agricultural nonpoint source pollution (AGNPS)
(Young et al. 1989), soil and water assessment tool (SWAT) (Arnold et al. 1998), and
erosion—productivity impact calculator (EPIC) (Sharpley and Williams 1990). In this study,
NOs-N, NH4-N, and PO4—P concentrations in eroded sediment were 48.61-149.21,
13.81-53.26, and 0.40-3.03 mg kgfl, and the corresponding enrichment ratios were
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Fig. 2 Comparison of NO;-N, NH;-N, and PO,—P concentrations in eroded sediment between in the
presence and absence of raindrop impact under different soil surface water regimes. FD+R, free drainage
with rain; Sa+R, a saturated soil water profile with rain; SP20+R, artesian seepage under 20 cm of
hydrologic pressure with rain. In the presence of raindrop impact: the soil surface of soil pan was bare and
fallow; in the absence of raindrop impact: a nylon net with 1 mm aperture was placed 10 cm over the test
soil pan. Error bars indicate standard derivations. * = statistically significant difference between raindrop
impact present and absent

2.69-8.25, 0.79-3.33, and 1.22-2.05, respectively (Table 4). The high enrichment ratio
may induce more nutrient loss.

From Table 4, it can be seen that nutrient losses with eroded sediment were determined
not only by soil surface water regimes but also raindrop impact. In the presence of raindrop
impact, there was no significant difference in nutrient concentrations among soil surface
water regimes. NO3;—N, NH,—N, and PO4—P losses from Sa+R and SP20+R treatments
were significantly higher than those from FD+R treatment, with magnitudes of 1.37 and
1.84 times, 1.72 and 1.75 times, 1.81 and 2.21 times greater, respectively. In the absence of
raindrop impact, when soil surface water regimes changed from FD+R to Sa+R, then to
SP20+R treatment, both nutrient concentrations and losses gradually increased; nutrient
losses from Sa+R and SP20+R treatment were statistically greater than those from FD+R
treatment, with magnitudes of 1.73 and 3.32 times for NO3—-N, 2.21, and 3.48 times for
NH4-N, 7.67, and 9 times for PO,—P greater, respectively. These findings further con-
firmed saturation and seepage conditions promoted nutrient loss.
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Fig. 3 Comparison of NO;-N, NH4—N, and PO,4—P losses in eroded sediment between the presence and
absence of raindrop impact under different soil surface water regimes. FD+R, free drainage with rain;
Sa+R, a saturated soil water profile with rain; SP20+R, artesian seepage under 20 cm of hydrologic
pressure with rain. In the presence of raindrop impact: the soil surface of soil pan was bare and fallow; in the
absence of raindrop impact: a nylon net with 1 mm aperture was placed 10 cm over the test soil pan. Error
bars indicate standard derivations. * = statistically significant difference between raindrop impact present
and absent

The MWD of soil aggregate became 0.52 mm by the Yoder method (Institute of Soil
Science, Chinese Academy of Sciences 1978) and decreased by 75.93 % relative to that by
the dry sieving method. Wang (2009) studied the soil aggregate breakdown mechanism of
the black soil by the Le Bissonnais method and found MWD values from slow wetting
treatment, wet-stirring treatment, and fast-wetting treatment were 0.19-1.33 mm,
0.20-0.67 mm, and 0.53-1.66 mm, respectively, which decreased by 23.14-91.20 %
compared with that by the dry sieving method. This meant soil aggregate stability of the
tested soil became much weakened under the action of water power and raindrop impact.
Soil almost lost cohesion under saturation and seepage conditions, which would result in
lower soil aggregate stability. Soil aggregate breakdown mechanisms largely determined
erosion rates (Yan et al. 2008), and soil aggregate stability index was positive to interrill
erosion rate (Shi et al. 2010). The difference in soil aggregate breakdown mechanisms
among soil surface water regimes may also induce different sizes of sediment particles,
while sediment particles have different enrichment ratios for nutrient. Therefore, the dif-
ference in nutrient losses with eroded sediment among soil surface water regimes may be
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Fig. 4 NO;-N concentrations in runoff versus run time for different soil surface water regimes. FD+R, free
drainage with rain; Sa+R, a saturated soil water profile with rain; SP 20, artesian seepage under 20 cm
hydrologic pressure without rain; SP 20+R, artesian seepage under 20 cm hydrologic pressure with rain.
Without nylon net: the soil surface of soil pan was bare and fallow; with nylon net: a nylon net with 1 mm
aperture was placed 10 cm over the test soil pan. Error bars indicate standard derivations

induced by the difference in soil aggregate breakdown mechanisms, while that needs
further study.

The comparison of soil loss and nutrient losses at various soil surface water regimes
allows us to identify the critical soil surface water condition that causes serious water
quality problems at field scale. During a gentle rainstorm or a short rainstorm, a hillslope
may only generate subsurface flow (Dunne 1983), and a prolonged low intensity rainfall is
much more likely to cause subsurface flow and in greater volume than a short high intensity
rainfall (Naef et al. 2002). In this study, seepage made significant contribution to nutrient
losses with runoff and eroded sediment. Therefore, more attention should be paid to the
gentle rainstorm than the high intensity storm to control NPS pollution. However, managers
are more concerned with NPS pollution induced by severe intensity rainfall. Additionally,
seepage is the common phenomenon in the middle or lower portion of the hillslope during
the wet season. So, special management practices should be taken where seepage occurs.

As might be expected, the elimination of raindrop impact would induce less nutrient losses
with eroded sediment. In this study, raindrop impact showed different influence degrees on
nutrient transport to eroded sediment under different soil surface water regimes (Figs. 2, 3),
and the effect was also related to nutrient forms. NO3;—N and NH,—N concentrations without
raindrop impact were higher than those with raindrop impact for all soil surface water
regimes, while only for SP20+R treatment the difference became significant, with
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Fig. 5 NH4-N concentrations in runoff versus run time for different soil surface water regimes. FD+R, free
drainage with rain; Sa+R, a saturated soil water profile with rain; SP 20, artesian seepage under 20 cm
hydrologic pressure without rain; SP 20+R, artesian seepage under 20 cm hydrologic pressure with rain.
Without nylon net: the soil surface of soil pan was bare and fallow; with nylon net: a nylon net with 1 mm
aperture was placed 10 cm over the test soil pan. Error bars indicate standard derivations

magnitudes of 2.69 times for NO3;—N and 3.66 times for NH,—N greater, respectively. On the
contrary, PO4—P concentrations for the case without raindrop impact became lower relative to
those with raindrop impact, while only for FD+R treatment significant difference was found.
This indicated that the elimination of raindrop impact enhanced mineral N concentration but
reduced PO4—P concentration. However, regardless of different soil surface water regimes,
nutrient losses were significantly reduced with the decrease in soil loss (59.4-70.6 %) when
raindrop impact was eliminated (Fig. 3). When soil surface water regimes changed from
FD+R to Sa+R, and then to SP20+R treatment, NO3—N loss for the case of raindrop impact
absent reduced by 54.89 %, 41.71 %, and 20.90 %, respectively, compared with raindrop
impact present. Likewise, NH4,—N loss significantly decreased by 62.34 %, 51.65 %, and
25.0 %, and PO4—Ploss by 94.0 %, 74.59 %, and 75.57 %, respectively, as the elimination of
raindrop impact. This indicated raindrop impact greatly enhanced nutrient loss with eroded
sediment for all soil surface water regimes and the effect was the most pronounced for free
drainage condition based on the reduction percentage of nutrient loss, thereby enhancing soil
surface mulching effectively controlled NPS pollution.

3.4 The temporal variation of NO3;—N, NH4—N, and PO,—P concentrations in runoff

NO;-N, NH4-N, and PO4—P concentrations in runoff during rain storms are shown in
Figs. 4, 5, and 6, respectively. As can be seen from these Figures, nutrient concentration
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Fig. 6 PO,—P concentrations in runoff versus run time for different soil surface water regimes. FD+R, free
drainage with rain; Sa+R, a saturated soil water profile with rain; SP 20, artesian seepage under 20 cm
hydrologic pressure without rain; SP 20+R, artesian seepage under 20 cm hydrologic pressure with rain.
Without nylon net: the soil surface of soil pan was bare and fallow; with nylon net: a nylon net with 1 mm
aperture was placed 10 cm over the test soil pan. Error bars indicate standard derivations

presented the same trend as rainfall progressed for a given soil surface water regime,
regardless of raindrop impact present or absent. For SP20 treatment, concentrations of
NO;-N, NH4—N, and PO,—P all varied slightly due to the low flow rate. This result differed
from Zheng et al. (2004) who found that nutrient concentration under seepage condition
presented a gradual increasing trend as rainfall proceeded, indicating that the effect of
seepage on nutrient loss was closely associated with soil characteristics. For FD+R, Sa+R,
and SP20+R treatments, the greatest NO;—N concentration was observed at the beginning
of rainstorm which then sharply decreased with an increase in runoff volume and nutrient
loss until reaching relatively low level after 20 min of rain (Fig. 4 a, b, d), and lastly kept a
steady state. Further, NO3;—N concentration was reduced more sharply at the beginning of
rainfall and the time to reach a steady state became shortened when soil surface water
regimes shifted from infiltration to exfiltration. Because NH4;—N and PO4,—P were less
mobile than NO5-N, the temporal variations of them became less pronounced and PO4,—P
concentration just fluctuated in a narrow range during rainfall (Figs. 5, 6). These results
implied that the temporal trends of NO3;—N, NH4—N, and PO,—P concentrations during the
60-min rainfall not only depended on soil surface water regimes but also nutrient mobility
in the soil profile.

The temporal variation of nutrient concentration suggested that soil surface water
regimes and nutrient mobility must be considered when we predict nutrient loss by models.
However, previous models based on variation trend of nutrient concentration to predict
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nutrient loss were developed under free drainage or saturation condition and ignored
nutrient form, such as “Uniform, Complete Mixing” model, and “Non-uniform and
Incomplete Mixing” models (Ahuja 1982; Ahuja and Lehman 1983; Snyder and Woolhiser
1985), and the effective transport model (Wang et al. 1999) models.

4 Conclusions

A laboratory study was conducted to evaluate the interaction between soil surface water
regimes and raindrop impact on soil erosion and nutrient losses (NO3;—N, NH4—N, and
PO,-P). Results showed saturation and seepage conditions caused greater soil loss and
nutrient transport than free drainage condition. Soil loss from Sa+R and SP20+R treat-
ments increased by 11.4-67.1 % and 68.1-74.5 % relative to that from FD+R treatment,
respectively. Nutrient concentrations in runoff from SP20 treatment were 7.3-228.7 times
greater than those from FD+R treatment. Compared with FD+R treatment, nutrient losses
with runoff from Sa+R and SP20+R treatments increased by factors of 1.30-9.38 and
2.81-40.11 times, and the corresponding nutrient losses with eroded sediment by 1.37-7.67
and 1.75-9.0 times, respectively. The comparison of soil loss and nutrient losses at various
soil surface water regimes allows us to identify seepage flow is the critical condition that
induces serious water pollution in the field. However, the differences in soil loss and
nutrient concentrations among soil surface water regimes were related to raindrop impact.
Regardless of different soil surface water regimes, raindrop impact induced 59.4-71.6 %
of the total soil loss which significantly promoted nutrient losses by eroded sediment, but it
only significantly affected nutrient losses in runoff for FD+R treatment. The understanding
of interaction effect on nutrient loss may contribute to more effective measures to control
soil loss and nonpoint source pollution.

Acknowledgments This study was supported by national basic research program of China (grand no.
2007CB407201) and fundation of state key laboratory of soil erosion and dryland framing on Loess Plateau.

References

Ahuja LR (1982) Release of a soluble chemical from soil to runoff. Trans ASAE 25(4): 948-953, 960

Ahuja LR (1990) Modeling soluble chemical transfer to runoff with rainfall impact as a diffusion process.
Soil Sci Soc Am J 54:312-321

Ahuja LR, Lehman OR (1983) The extent and nature of rainfall-soil interaction in the release of soluble
chemicals to runoff. J Environ Qual 12(1):34-40

Ahuja LR, Sharpley AN, Lehman OR (1983) Bromide and phosphate in runoff water from shaped and
cloddy soil surfaces. Soil Sci Soc Am J 47(4):746-748

Arnold JG, Srinivasan R, Muttiah RS, Williams JR (1998) Large area hydrologic modeling and assessment
part I: model development. ] Am Water Resour As 34(1):73-89

Baker JL, Laflen LM (1983) Water quality consequences of conservation tillage. J Soil Water Conserv
38:186-193

Delcampillo MC, Vanderzee SEATM, Torrent J (1999) Modeling long-term phosphorus leaching and
changes in phosphorus fertility in excessively fertilized acids and soils. Eur J Soil Sci 50(3):391-399

Dennis L, Corwin K (1998) Non-point pollution modeling based on GIS. J Soil Water Conserv 1:75-88

Dunne T (1983) Relation of field studies and modeling in prediction of storm runoff. J Hydrol 65:25-48

Dunne T, Zhang W (1991) Effects of rainfall, vegetation, and microtography on infiltration and runoff.
Water Resour Res 27(9):2271-2285

Flanagan DC, Foster GR (1989) Storm pattern effect on nitrogen and phosphorus losses in surface runoff.
Trans ASAE 32(2):535-543

Gabbard DS, Huang C, Norton LD, Steinhardt GC (1998) Landscape position, surface hydraulic gradients
and erosion processes. Earth Surf Proc Land 23:83-93

@ Springer



Nat Hazards (2013) 67:411-430 429

Gabet EJ, Dunne T (2003) Sediment detachment by rain power. Water Resour Res 39(1):1-12

Gao B, Todd Walter M, Steenhuis TS, Yves Parlange J, Richards BK, Hogarth WL, Rose CW (2005)
Investigating raindrop effects on transport of sediment and non-sorbed chemicals from soil to surface
runoff. J Hydrol 308(1-4):313-320

Gburek WIJ, Sharpley AN, Heathwaite L, Folmar GJ (2000) Phosphorus management at the watershed scale:
a modification of the phosphorus index. J Environ Qual 29:130-144

Guy BT, Dickinson WT, Rudra RP (1987) The roles of rainfall and runoff in the sediment transport capacity
of interrill flow. Trans ASAE 30(5):1378-1386

Hairsine PB, Rose CW (1991) Rainfall detachment and deposition: sediment transport in the absence of
flow-driven processes. Soil Sci Soc Am J 55:320-324

Havis RN, Smith RE, Adrian DD (1992) Partitioning solute transport between infiltration and overland flow
under rainfall. Water Resour Res 28(10):2569-2580

Heathwaite AL, Dils RM (2000) Characterizing phosphorus loss in surface and subsurface hydrological
pathways. Sci Total Environ 251(252):523-538

Howard AD, McLane CF (1988) Erosion of cohesionless sediment by groundwater seepage. Water Resour
Res 24:1659-1674

Huang C, Laflen JM (1996) Seepage and soil erosion for a clay loam soil. Soil Sci Soc Am J 60:408-416

Huang C, Gascuel-Odoux C, Cros-Cayot S (2001) Hill slope topographic and hydrologic effects on overland
flow and erosion. Catena 46:177-188

Institute of Soil Science, Chinese Academy of Sciences (1978) Soil physical and chemical analyses.
Shanghai Science and Technology Press

Jia HY, Lei AL, Lei IS, Ye M (2007) Effects of hydrological processes on nitrogen loss in purple soil. Agric
Water Manag 89:89-97

Kinnell PIA (2005) Raindrop impact-induced erosion processes and prediction: a review. Hydrol Process
19(14):2815-2844

McDowell RW, Sharpley AN (2002) The effect of antecedent moisture conditions on sediment and phos-
phorus loss during overland flow: Mahan tango creek catchment, Pennsylvanian. Hydrol Process
16:3037-3050

Mclsaac GF, Hirschi MC, Mitchell JK (1991) Nitrogen and phosphorus in eroded sediment from corn and
soybean tillage systems. J Environ Qual 20:663-670

Naef F, Scherrer S, Weiler M (2002) A process based assessment of the potential to reduce flood runoff by
land use change. J Hydrol 267:74-79

Nearing MA, Foster GR, Lane LJ, Finkner SC (1989) A process-based soil erosion model for USDA-water
erosion prediction project technology. Trans ASAE 32:1587-1593

Pan ChZ, Shang guan ZhP (2006) Runoff hydraulic characteristics and sediment generation in sloped
grassplots under simulated rainfall conditions. J Hydrol 31:178-185

Peterson EW, Davis RK, Brahana JV, Orndorff HA (2002) Movement of nitrate through regolith covered
karst terrane, Northwest Arkansas. J Hydrol 256:35-47

Pimentel D (1993) World soil erosion and conservation. Cambridge University Press, Cambridge, England

Pionke HB, Gbrek WIJ, Sharpley AN (2000) Critical area controls on water quality in an agricultural
watershed located in the Chesapeake basin. Ecol Eng 14:325-335

Schultz JP, Jarret AR, Hoover JR (1985) Detachment and splash of a cohesive soil by rainfall. Trans ASAE
28:1878-1884

Sharpley AN, Williams JR (1990) EPIC- erosion/productivity impact calculator. Technical bulletin number
1768. USDA-ARS, Washington

Shi ZhH, Yan FL, Li L, Li ZhX, Cai ChF (2010) Interrill erosion from disturbed and undisturbed samples in
relation to topsoil aggregate stability in red soils from subtropical China. Catena 81:240-248

Silva RG, Holub SM, Jorgensen EE, Ashanuzzaman ANM (2005) Indicators of nitrate leaching loss under
different land use of clayey and sandy soils in southeastern Oklahoma. Agric Ecosyst Environ
109:346-359

Sims JJ, Simard RR, Joern BC (1998) Phosphorus losses in agricultural drainage: historical perspective and
current research. J Environ Qual 27:277-293

Snyder IK, Woolhiser DA (1985) Effect of infiltration on chemical transport into overland flow. Trans
ASAE 28(12):1450-1457

Soileau JM, Touchton JT, Hajek BF, Yoo KH (1994) Sediment, nitrogen and phosphorous runoff with
conventional and conservation-tillage cotton in a small watershed. J Soil Water Conserv 49(1):82-89

Stolte WJ, Rudra RP, Dickinson WT (1990) The impact of seepage on soil erosion. Trans ASAE
33:475-479

Tang JL, Zhang B, Gao Ch, Zepp H (2008) Hydrological pathway and source area of nutrient losses
identified by a multi-scale monitoring in an agricultural catchment. Catena 72:374-385

@ Springer



430 Nat Hazards (2013) 67:411-430

Thompson AL, Ghidey F, Regmi TP (2001) Raindrop energy effects on chemical and sediment transport.
Trans ASABE 44(4):835-841

Tian K, Huang C, Zhang GJ, Zheng FL (2009) Chemical transfer from soil into surface runoff. J Soil Water
Conserv 23(3):1-5 (In Chinese)

Ticehurst JL, Cresswell HP, Jakeman AJ (2003) Using a physically based model to conduct a sensitivity
analysis of subsurface lateral flow in south-east Australia. Environ Modell Softw 18:729-740

Tsihrintzis VA, Hamid R (1997) Modeling and management of urban storm water runoff quality: a review.
Water Resour Manag 11(2):137-164

USEPA (1996) Environmental indicators of water quality in the United States. USEPA 841-R-96-002.
USEPA, Office of Water (4503F). US Government Print Office, Washington

Walton RS, Volker RE, Bristow KL (2000) Solute transport by surface runoff from low-angle slopes: theory
and application. Hydrol Process 14:1139-1159

Wang B (2009) Key factors and calculation of soil erodibility in the eroded typical erosion black soil area of
northeast China. Northwest A&F University, Yangling, Shaanxi (In Chinese)

Wang QJ, Shao MAn, Li ZhB, Lei TW (1999) Analysis of simulating methods for soil solute transport with
runoff in loess plateau. Res Soil Water Conserv 6(2):67-71,104 (In Chinese)

Wang QJ, Horton R, Shao MAn (2002) Effective raindrop kinetic energy influence on soil potassium
transport into runoff 1. Soil Sci 167(6):369-376

Yan FL, Shi ZhH, Li ZhX, Cai ChF (2008) Estimating interrill soil erosion from aggregate stability of
ultisols in subtropical China. Soil Till Res 100:34-41

Young RA, Onstad CA, Bosch DD, Anderson WP (1989) AGNPS: a nonpoint-source pollution model for
evaluating agricultural watersheds. J Soil Water Conserv 44(2):168-173

Zhan M, Li ZC, Xin YL (1998) On the relationship between precipitation parameter and soil erosion. J HLJ
Hydrol (1): 39-43 (In Chinese)

Zhang YB, Zheng FL (2007) Effects of near surface soil water conditions on soil erosion process. Sci Soil
Water conserv 5(2):5-10 (In Chinese)

Zhang XC, Shao MA, Huang ZB (2000) An experimental research on soil erosion and nitrogen loss under
different vegetation cover. Acta Ecol Sin 20(6):1038-1044 (In Chinese)

Zhang YL, Zhang XC, Shao MA, Li SQ (2004) Impact of straw cover on mineral nitrogen loss by runoff on
loess slope. J Soil Water Conserv 18(1):85-88 (In Chinese)

Zheng FL, Tang KL, Zhang CE (1995) The study of rainfall energy effects on rill erosion of slope farmland.
Yellow River 7:22-24 (In Chinese)

Zheng FL, Huang C, Darrell Norton L (2000) Vertical hydraulic gradient and run-on water and sediment
effects on erosion processes and sediment regimes. Soil Sci Soc Am J 64:4-11

Zheng FL, Huang C, Norton LD (2004) Effects of soil surface hydraulic conditions on nitrate and phos-
phorus losses in surface runoff. J Environ Qual 33(6):2174-2182

@ Springer



	The role of soil surface water regimes and raindrop impact on hillslope soil erosion and nutrient losses
	Abstract
	Introduction
	Materials and methods
	Experimental equipment
	Experimental design
	Preparation of soil pans
	Experimental procedures and analytical methods
	Statistical analysis

	Results and discussions
	Runoff and soil loss
	Concentrations and losses of NO3--N, NH4--N, and PO4--P in runoff
	Concentrations and losses of NO3--N, NH4--N, and PO4--P in eroded sediment
	The temporal variation of NO3--N, NH4--N, and PO4--P concentrations in runoff

	Conclusions
	Acknowledgments
	References


