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Effects of rainfall intensity and slope
gradients on total carbon, nitrogen,
and phosphorus lateral transport under
simulated extraordinary rainstorm

K. Fei, T. Sun, L. Deng, L. Zhang, Y. Wu, X. Fan, and Y. Dong

Abstract: The aim of this research was to study the characteristics and influence of the lateral
transport of total carbon (TC), total nitrogen (TN), and total phosphorus (TP) under different
slope gradients (5°, 8°, 15°, 25°) caused by extraordinary rainstorms (90 mm h™', 120 mm
h™, 150 mm h™") on a decomposed granite soil in the Zhejiang-Fujian hilly region. Rainfall
induced runoff (RIR) contains overland flow (OF) and interflow (IF). Results show that
with the increase of runoff time and runoff volume, TN and TP mass concentrations decrease
rapidly; however, TC mass concentration increases with the increase of runoff volume in IE
TC mass concentrations greater than 55 mg L' are distributed in areas with IF volume more
than 5,100 mL. Meanwhile, a marginal effect of TC, TN, and TP increments appeared when
examining TC, TN, and TP cumulative loss amounts in RIR;; the inflection points appeared at
the end of rainfall event. A simple stoichiometry was applied. Simulated rainfall reduced the
C: N ratio with a range from 6.68 to 5.98 while increasing the C:P and N:P ratios when rain-
fall intensity was 120 or 150 mm h™'. Sediment is the main carrier for C lateral transport. We
also noted that the gross amount of TC loss in RIR accounted for more than 10%. The loss
of TC with runoff cannot be ignored. Our research enriches slope land hydrology research
under extraordinary rainstorm conditions and provides a basis for the effective control of TC,
TN, and TP loss in the decomposed granite soil area of China and globally.

Key words: C:N:P stoichiometry—decomposed granite soil—interflow—simulated extraor-
dinary rainstorm—slope gradient—soil nutrients

Decomposed granite soils are widely
distributed in the hilly area of southeast
China and are subjected to the compound
action of runoff and gravity erosion with
huge nutrient loss. This greatly limits the
sustainable development of the ecologi-
cal environment and the social economy
(Fujimoto et al. 2007; Katsuyama et al.
2010). Furthermore, there are often short-
term extraordinary rainstorm events caused
by typhoons in southeast China (Xu et al.
2019). Research studies on decomposed
granite soil slopes have mostly focused on
the runoff process and sediment transport
under medium and low rainfall intensity.
However, there are few studies on the pro-

cess and characteristics of nutrient loss under
extraordinary rainstorm events (Chang et al.
2021; Zheng et al. 2017).

Rainfall intensity and slope gradient are
known to be the two most important exter-
nal factors that affect rainfall-induced runoff
and sediments, and ultimately soil nutrient
loss (Chaplot and Le Bissonnais 2003; Huang
et al. 2013). Research results on the effect
of rainfall intensity on nutrient loss or lat-
eral transport are relatively consistent. The
increase of rainfall intensity will increase
runoff volume, the amounts of sediments,
and total carbon (TC), total nitrogen (TN),
and total phosphorus (TP) losses (Kleinman
et al. 2006; Ramos et al. 2019; Wu et al.
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2021). The impact of slope gradient is more
controversial. Most researchers believe that
the greater the slope gradient, the greater the
amount of nutrient loss.When slope gradient
increases, the flow velocity will increase, and
the runoft volume and amount of sediment
will increase, thereby increasing the amount
of nutrient loss (Rimal and Lal 2009; Wu et
al. 2018). Some studies have pointed out that
different nutrients in the soil present difter-
ent loss characteristics with rainfall-induced
runoff and sediment (Korkan¢ and Dorum
2019; Ramos et al. 2019). For instance, TN,
with more negative charge, is easy to trans-
port with runoff, while TP, with positive
charge, is easy to lose with sediment and
TC is mostly transported with sediment
because it is insoluble in water. However, the
loss characteristics of these nutrients under
extreme rainstorm conditions are not clear
in a decomposed granite soil area.

Loss of C, N, and P on slopes not only pol-
lutes waterways, but may inhibit the growth
of plants (Huang et al. 2017; Shen et al. 2013).
During the internal cycle of the ecosystem,
they are independent and interconnected.
Plant C sequestration
through photosynthesis, which is aftected by
the content of N and P, and N and P are
the main limiting elements that affect plant
growth (Ross et al. 1999; Wang and Moore
2014). To account for this, we introduce the
concept of stoichiometry. Different stoi-
chiometric ratios have different responses to
different environmental factors (Agren and
Weih 2012; Cleveland et al. 2007). It plays
an important role in revealing the availability
of nutrients and the circulation and balance
mechanisms of C, N, and P (Schipper et al.
2004). It is also the main indicator reflecting
the soil C, N, and P cycles. Stoichiometry

occurs primarily
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can measure and integrate the variability of
ecosystem functions and can also help deter-
mine the response of ecological processes to
global changes.

Above all, this study uses the artificial
rainfall simulation method to examine the
combined effects of slope gradient and rain-
fall intensity. By measuring the characteristics
of the flow process and TC, TN, and TP mass
concentration in overland flow (OF) and
interflow (IF) during rainfall, the dynamic
curves of TC, TN, and TP loss rate were
obtained. Using stoichiometry, we analyze
the eftects of TC, TN, and TP loss on slope
soil C, N, and P, and explore mechanisms
of the gross soil TC, TN, and TP losses due
to rainfall intensity, slope gradient, rainfall
induced runoff (RIR), and sediments. Our
goal is to reveal the loss characteristics and
influencing factors of TC, TN, and TP and
provide a theoretical basis for the reasonable
allocation of soil erosion control measures
on decomposed granite soil areas in the
Zhejiang-Fujian hilly region.

Materials and Methods

Soil Samples. The decomposed granite soils
used in this study were collected from the
city of Huzhou, Zhejiang, China (figure 1).
Decomposed granite soils belong to laterite,
and granites are the main parent materials of
laterite. Decomposed granite soils are widely
distributed in the Zhejiang-Fujian hilly
region. According to the statistics of land-
slides in southeast coastal areas from 1990 to
2009, most geological disasters occurred in
the granite weathering crust area of southeast
China (Jiang et al. 2010).

Previous studies have shown that decom-
posed granite soil can be divided into
surface layer, exposed laterite layer, exposed
sand layer, and exposed debris layer (Deng
et al. 2020a; Wang et al. 2016; Duan et al.
2021) (figure 2). The laterite layer would be
exposed when the surface layer is eroded,
and the sand layer would be exposed when
the laterite layer is eroded. Therefore, the soil
used in this study is collected from the sur-
face. According to the Food and Agriculture
Organization of the United Nations soil tex-
ture classification, sand layer soil belongs to
sandy loam soil (Deng et al. 2020a; Jahn et al.
2006). Soils sampled from the exposed sand
layer were used. The method for relocating
the undisturbed soil was to collect soil every
5 cm to a depth of 60 cm using a spade in the
five selected representative sampling plots.
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Figure 1
Sampling area.
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The collected soils were carefully loaded to
ensure that the soil structure was not dam-
aged as much as possible. Then the soils in
the sampling plots were collected by cutting
rings (250 cm?) and dried to a constant mass
at 105°C to determine bulk density based on
the volume-mass relationship.

A total of 12 artificial rainfall tests were
conducted in six months. Before the first
test began, the soil was filled and compacted
according to the corresponding undisturbed
soil bulk density of the corresponding layer
X volume (5 cm X 100 cm X 200 cm) in the
test flume. Care was taken to ensure that the
soil bulk density in the test flume was the
same as the undisturbed soil. Then the flume
was left to rest and settle in the laboratory for
around 7 days and outside for around 38 days
to gradually return soils to the natural state.

The original soil was collected for the
measurement of basic physical and chemical
properties (table 1). The interval of each test
was one week. After testing, the test flume
was raised to a certain angle to discharge the
flowing water in the soil to ensure that the
water moisture (9% * 1%) of the soil was
consistent before each test.

Rainfall Simulation Experiments. The
study was conducted at Zhejiang University
Agricultural Non-Point Source Pollution
and Soil Erosion Control Artificial Rainfall
Simulation Base in the Zhejiang University
Agricultural Science Experiment Station
(Changxing, China). Innovative variable
slope three-dimensional monitoring test
flumes were used for the simulation (Zhang
et al. 2017) (figure 3a). A total of two test
flumes were used, and the two test flumes
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were arranged in parallel (figure 3b). The
test flume specifications for length, width,
and height are 2 m, 1 m, and 0.6 m, respec-
tively. Hydraulic devices were used to
control the slope gradient of the flume.The
top of the flume was provided with a trian-
gle outlet, which collected the OF samples
and sediments. Moreover, a total of 3 fau-
cets were placed every 20 cm from the top
to the bottom with 12 outlets set equally
on each side to discharge IE Soil samples
were collected in the two test flumes before
each rainfall simulation, and the soil mois-
ture content was measured to ensure that

the water content of all the simulated soils
was relatively consistent.

The rainfall simulator used was the QYJY-
501 (502) portable full-automatic stainless
steel simulation rainfall device (figure 3). The
simulator’s height is 6 m. Eight rain shower
heads (3 nozzles per group) were set around
the flumes to ensure the uniformity of the
rainfall. Twenty-four nozzles were used to
completely cover the two test flumes to guar-
antee rainfall uniformity and reduce error.
Eight measuring tubes (diameter: 85 mm,
height: 200 mm) were also placed around
the test flumes for each rainfall simulation to

Figure 2
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measure the rainfall uniformity. The rainfall
intensity was controlled by a fully automatic
rainfall controller, resulting in rainfall accu-
racy of more than 90%. Rainfall intensities
in the Zhejiang-Fujian hilly region were
widely variable (Ma et al. 2015). The rain-
fall intensity of most studies is below 90
mm h™'. However, climate change will lead
to abnormal precipitation, so it is urgent to
study the soil erosion under extremely heavy
rainfall. The range of the slope gradients
was large, varying from 0° to 24.2° (Shuttle
Radar Topography Mission [SRTM] 90 m).
According to the rule of equal difference,
equidistance between the rainfall levels and
Chinese classification standard for potential
hazard of soil erosion (SL718—2015), a total
of three rainfall intensities and four slope
degrees were designed: 90 mm h™' (190),
120 mm h™' (1120), and 150 mm h™" (1150),
with slope gradients of 5° (G5), 8° (G8), 15°
(G15), and 25° (G25), respectively.

Opverland flow is formed when the soil is
saturated by water to its full capacity, or the
rain arrives more quickly than the soil can
absorb it. Interflow is the shallow, ephemeral
subsurface flow through the soil/regolith.
The experiment set a simulated test dura-
tion of 90 min. At the start of generating
OF, water samples were collected in gradu-
ated polyethylene bottles every 3 min. After
the rainfall simulation was over, the OF was
almost finished, so the OF sample was not
collected. The tested IF time was about 3 h,
so it was set for collection of 120 IF samples
at the two flumes.

Fertilization Scheme. According to the
common fertilization ratio of local farm-
ing, 100 g of organic fertilizer (total organic
C accounted for 63.0%, TN accounted for
2.5%, and TP accounted for 3.5%) and 20 g
of compound fertilizer (TN accounted for
33.3% and TP accounted for 33.3%) were
uniformly broadcasted on the soil surface 7

Laterite layer days before each test. Then some water was
sprinkled on the soil surface to blend the fer-
Table 1
Basic physical-chemical characteristics.
Silt

Soil depth Bulk density Clay (%; 0.002 Sand socC A-P A-K N
(cm) (gcm™) pH (%; <0.002) to 0.02) (%; >0.02) (gkg™) (mg kg*) (mg kg) (gkg™)
0 to 60 1.55 6.22 8.24 12.25 79.52 2.71 10.93 54.53 0.90

Notes: SOC = soil organic carbon. A-P = available phosphorus. A-K = available potassium. TN = total nitrogen. The test data were analyzed and plotted
with R-studio 3.6.3, SPSS 20.0 and Origin 2017b.
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tilizer with the soil better. The ratio of nitrate
(NO,") and ammonium (NH,") of TN in the
above fertilizer was as 3.1:1. Balance calcula-
tions, commonly used in studies of simulated
rainfall (Chen et al. 2008; Tiwari et al. 2010;
Brookshire et al. 2009), were employed here
using the following formula because the
broadcast fertilizer we broadcast could not
be completely transported out of the flume
in each rainfall experiment (equations 1 to 3
are the balance calculation formulas of TC,
equations 4 to 6 are the balance calculation
formulas of TN, and equations 7 to 9 are the
balance calculations of TP):

nTC

=20 n=19

;B/TC Z’( WTC + SATC) + STCur{ginal_ co,’ M
BfTC

C, (%) = %— x 100% ,and (2)
- nTC

TC, (mg L) = C, (%) X TC 3)

where F s the total amount of TC before

the nth simulated experiment, B, is the
total amount of TC in each fertilizer applica-
tion, D . .isTC loss gross amount with RIR,
S,7¢. 18 TC loss gross amount with sediments,
S o 18 the original content of TC, M,
is the total amount of CO, transformation
before each rainfall experiment, C, (%) is
reduction factor, TC, is the correctional TC
mass concentration, and TC, is the testing

TC mass concentration.

n=20 n=19

11T’\ Z{BjTA\ YZ:J( wTN + SATN) + STNuriginnl ’ (4)

B
w20 = F X 100% ,and (5)
nTN
IN, (mg L) = C (%) X TN, ©)
where F s the total amount of TN before

the nth simulated experiment, B, is the
total amount of TN in each fertilizer appli-
cation, D N is TN loss gross amount with
RIR, S, s TN loss gross amount with sed-
1mer1ts S xorigina 18 the original content of TN,

C, (%) 1s reduction factor, TN is the cor-
rectional TN mass concentratlon and TN

mem
is the testing TN mass concentration.

n=20 n=19
HTP ZB =0 ( wTP + SdTP> + STP(W;QMUZ ’ (7)
Bﬂ_P
C(%) = F— X 100% ,and ®)
nTP
TP, (mg L) = C (%) X TP, ©)
where F s the total amount of TP before
the nth simulated experiment, B, is the total

frp
amount of TP in each fertilizer application,

D, ., is TP loss gross amount with RIR,
S,,p 18 TP loss gross amount with sediments,
. . o
STPWMZ is the original content of TP, CTP(A)
is reduction factor, TP, is the correctional
TP mass concentration, "and TP is the test-

mcm
ing TP mass concentration.
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(@) The rainfall simulator and (b) test flume used in this study.
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Data Analysis. The following physical and
chemical properties of test soils were mea-
sured: soil bulk density, pH, soil organic C,
total P, and available P (table 1).The methods
are strictly based on Chinese soil agrochem-
ical analysis (Bao 2000). Additionally, particle
size was measured by hydrometer method
(Bouyoucos 1962). At the end of each test,
all the OF and IF samples were measured for
volume. Due to the large volume of these
samples, 250 mL of each sample was collected
for chemical analysis within one day.The lig-
uid was taken for TC and mass concentration
determination using a TOC analyzer (TOC-
4200, Shimadzu Corp., Hong Kong, China).
TP mass concentration was measured by
determination of total P-ammonium molyb-
date spectrophotometric method. Then the
accumulated TC, TN, and TP loss amounts
were determined by calculation as follows:

TC (mg) = 21TC X RV, (10)
IN, (mg) = ZITN X RV, and (11)
TP (mg) = ZTP X RV. (12)

e

TC (mg) is the accumulated TC loss,
TN (mg) is the accumulated TN loss,
TP_(mg) is the accumulated TP loss, and RV
is the RIR volume per 3 min.

Soil organic C and total P were
measured by potassium dichromate volu-
metric method-external heating method
and digestion-Mo-Sb Anti spectrophoto-
metric method, respectively (Bao 2000).
Soil total N was measured by determina-
tion of total N-Modified Kjeldahl method
(Bremner 1960).

Results and Discussion

Variation Characteristics of Total Carbon,
Total Nitrogen, and Total Phosphorus Mass
Concentration in Overland Flow. We studied
the relevance of TC, TN, and TP mass con-
centrations with OF volume and OF duration
(figure 4). OF duration occurred from OF
generation to termination of rainfall. TN
mass concentration was greater when the OF
duration was short with small OF volume.
Then TN mass concentration decreased rap-
idly as the test duration increases. The change
process of TP mass concentration is similar to
that of TN, but it could be found that higher
TP mass concentrations are distributed in
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the moderate OF volume region. TC mass
concentration was larger at the beginning of
the rainfall and was still large with small OF
volume in the middle and late periods, but it
was found that it gradually decreased as the
OF volume increased.

Variation Characteristics of Total Carbon,
Total Nitrogen, and Total Phosphorus Mass
Concentration in Interflow. We also studied
the relevance of TC, TN, and TP mass con-
centrations with IF volume and IF duration
(figure 5). IF duration is 180 min. At the initial
period of IF duration, TC, TN, and TP mass
concentrations were generally higher than
that in the middle and late period. Higher TN
and TP mass concentrations were distributed
in regions of smaller IF volume, and the value
of TP mass concentration tended to 0 when
the IF volume was larger, while TC mass con-
centration shows opposite trend, with larger
values when IF volume was larger. TC mass
concentrations greater than 55 mg L' were
all distributed in the regions with IF vol-
ume greater than 5,100 mL. As IF duration
increased, TC, TN, and TP mass concentra-
tions decreased gradually; the same trend also
appears in IF volume variation.

Chavacteristic Analysis of Total Carbon,
Total Nitrogen, and Total Phosphorus
Cumulative Loss Amounts. The charac-
teristics of TC, TN, and TP cumulative loss
amounts are shown in figure 6. TC, TN, and
TP cumulative loss amounts in RIR showed
a rapid increase at the beginning and a
slow increase in later period. An inflection
point appears at the end of the rainfall. The
appearance of the inflection point is called
its occurrence of a marginal effect. We regard
the simulated duration as an input. After the
inflection point, continuously increasing the
simulated duration would reduce the new
nutrient loss. That is to say, when the input of
simulated duration reaches a certain level, the
new loss of nutrients from the input of new
simulated duration will decrease.

Stoichiometric  Characteristics of Soil
Carbon, Nitrogen, and Phosphorus after
Rainfall. The C:N:P of the remaining nutri-
ents in the soil after rainfall was calculated
after balance calculations (table 2). Rainfall
caused the C:N ratio to decrease, ranging
from 6.68 to 5.98. C:P ratio increased at 1120
from 6.05 to 9.90 and I150, with a range
of 8.06 to 23.00. The change of N:P ratio
was similar with that of C:P, and the change
ranges at 1120 and 1150 were 1.08 to 0.65
and 0.80 to 0.26, respectively.
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Figure 4

Variations of (a) total carbon, (b) total nitrogen, and (c) total phosphorus mass concentration

with overland flow (OF) volume and test duration in OF. The unit of mass concentration is mg L.
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Characteristic Analysis of Total Carbon,
Total Nitrogen, and Total Phosphorus Loss
Gross Amounts. The comparison of TC, TN,
and TP loss gross amounts with OF IF, RIR,
and sediments were studied (figure 7). In
RIR, TP was mainly lost with OF except
for 190-G5, which accounted for more than
50%. TN was mainly lost with IE which
accounted for more than 90%. TC was lost
more with OF when the slope gradient
was smaller while it was lost more with IF
with the larger slope gradient. Sediments
were the main carrier of TC and TP; TP loss
gross amount by the sediments accounted
for more than 95% of total loss, and TC loss
gross amount with sediments exceeded 60%.
The loss gross amount of TC in RIR all
exceeds 10%. RIR was the main carrier of
TN, and the gross amount of TN the RIR
carrying accounted for more than 90% of the
total loss. At the same time, linear regression
showed that under extreme rainfall condi-
tions, TC, TN, and TP loss gross amounts all
had significant linear dependence with rain-
fall intensity. The R* of the fit between the
predicted value and the measured value was
above 0.85 (figure 8).

The Distribution of Total Carbon, Total
Nitrogen, and Total Phosphorus Mass
Concentration. The first flush effect refers
to the high mass concentration of pollutants
in the whole OF process during the initial
period (Lee and Bang 2000). Similarly, we
found that TC, TN, and TP mass concentra-
tions were relatively highest at the beginning
of each test. At the middle and late rainfall
period, TC, TN, and TP mass concentrations
showed a downward trend with the gradual
formation of surface crust. Many studies have
reached similar conclusions (Qian et al. 2014;
Wang et al. 2014; Lang et al. 2013). We have
not found a reasonable explanation as to why
TC mass concentration was larger when the
OF volume was smaller in the middle and
late rainfall period. It may be because the
fertilization was broadcasted to the surface
and the amount of fertilization was relatively
high. A large amount of TC was lost along
with OF in each period. Therefore, TC mass
concentration was still large due to the small
dilution effect of smaller OF volume.

The smaller the saturated hydraulic con-
ductivity of the soil, the slower the water
infiltration rate, and the more easily the
excess water is retained between the soil
layers, further forming IF (Goel 2011). IF
is composed of macropore flow and matrix
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flow. Macropore flow is a manifestation of
preferential flow, and it forms faster than
matrix flow (Petry et al. 2002). At the begin-
ning, the IF is mainly formed by preferential
flow, when volume is small. As the matrix
flow is gradually supplemented, the volume
of OF gradually reaches the maximum, and
then it gradually decreases after the rainfall
ceases. The large mass concentration of TN
and TP in OF were mainly distributed in the
region at the beginning of the OF duration
with smaller volume. This is due to the slow
flow velocity and full interaction between
TN, TP, and soil in the early period, so the
mass concentration is greater. Of course,
because of the reverse charge to P, soil has a
strong adsorption of P; the mass concentra-
tion of TP in IF was an order of magnitude
smaller (Ruby et al. 2016). The large TC
mass concentration was mainly distributed
at the beginning of the IF duration with
large IF volume. Soluble C content is low,
so the TC concentration in the early period
is low (Boddy et al. 2007). As the IF volume
increased, the IF velocity increased contin-
uously, reaching the initial velocity of some
suspended C and some colloidal C, so when
volume becomes larger, the TC mass con-
centration increased. After rainfall stopped,
the flow velocity slowed down, and the C
infiltrating into the soil was consumed, so
TC mass concentration slowly decreased
until it was stable. Many researchers believe
that colloids in RIR will also contain cer-
tain nutrients (Gomez-Gonzalez et al. 2016).
The velocity was not studied in this exper-
iment, but former studies have shown that
there was a strong positive significant cor-
relation between flow velocity and the RIR
volume, and the nutrient loss increases with
the increase of RIR volume (Liu et al. 2018;
Xu et al. 2018; Liu et al. 2017).

Impact of Rainfall on
Carbon:Nitrogen:Phosphorus Ratio. Due
to the differences in soil adsorption of var-
ious nutrients, the effect of heavy rainfall on
the washing of nutrients will be different, so
the C:N:P ratios in the soil will also change
after rainfall. The ratio of C:N:P in the soil will
remain relatively stable, which is closely related
to the soil microorganisms, vegetation, and
climate. However, this study shows that nutri-
ent loss caused by extreme rainfall can rapidly
change its proportion, which will accelerate
the process of soil degradation, and it will take
a long time for ecological restoration to return
to the natural level (Du and Gao 2021).
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Figure 6
(a) Total carbon (TC), (b) total nitrogen (TN), and (c) total phosphorus (TP) cumulative loss
amounts in rainfall induced runoff (RIR).

(a) :-‘3§II!.:1'~_ .,::”||||”f!!|-!!gu:ll'"---- 3Oyooo
it HE -
= : 124,000 e
o 300 | . g
£
- ’ =
t {18000 _ 8
& 600 33
g BT L Lol L ] 12’000 = §
(= . (7]
P L : o
2 - 4 6,000 3
seRRRRRRERRED H :
=
1,200 FHTIIL
(b) LA TN - T 0,000
B 2
) 44,000 2
1 Rt 3
= 100} ot £
T : {3000 _ 8
£ 35
[ o
3] 2,000 e
£ 200 - 7]
= 3
= 1,000 3
(=
E
300 : - L
100 150 200
Simulated duration (min)
(c) 800
-
1700 o
@ g
2 1600
E 2
"é 4500 _ g__
£ 4400 23
o ®© =
‘E’ 4300 @
Q
= s e 57200 3
50 L i s 3
: g ) 4 100 5
60 PP LH P
50 100 15 200
Simulated duration (min)
Legend

* I[ncrement = Cumulative loss amount

NOV/DEC 2022—VOL. 77, NO. 6

6114doD

-685:(9)// UolyeAssUOD JBYEM pUe |10S JO [eulnop
91005 UOITeAssU0D JoTe\ PUe [10S 2¢0C ©

610°SONMS’ MMM 66/?
"PanJESa SIYBL ||V

595


http://www.swcs.org

596

Table 2

Carbon (TC):nitrogen (TN):phosphorus (TP)
ratio in soil after rainfall.

Project TC TP TN
Initial ratio 6.87 1.11 1
190-G5 6.68 1.15 1
190-G8 6.65 1.18 1
190-G15 6.54 1.18 1
190-G25 6.63 1.07 1
1120-G5 6.53 1.08 1
1120-G8 6.28 1.01 1
1120-G15 6.40 0.88 1
1120-G25 6.44 0.65 1
1150-G5 6.45 0.80 1
1150-G8 6.50 0.71 1
1150-G15 6.36 0.66 1
1150-G25 5.98 0.26 1

Our results indicated that rainfall would
reduce C:N ratios on sloped land. The C:N
ratio is a sensitive indicator of soil quality,
and C:N ratio will affect the circulation of
organic C and N in the soil. The lower the
C:N ratio, the higher the available N con-
tent (Deng et al. 2020b). When the C:N ratio
decreases, excessive soil N sources are prone
to release, which would boost the content of
NH,-N or NO,-N and accelerate the N
loss with runoff and sediment (Aanderud et
al. 2018).

Carbon to phosphorus ratios can be used
as an effective index of soil P saturation. Soil
C:P ratio can be used as an indicator to mea-
sure the potential of microbial mineralized
soil organic matter to release P or absorb and
retain P from the environment (Tipping et
al. 2016). This study showed the C:P ratio
decreased after smaller rainfall intensity
and increased after larger rainfall intensity.
Phosphorus is mostly absorbed in the soil.
When the rainfall intensity increases, more
sediments will be lost. The amount of P loss
with the sediment is much greater than the
RIR, so when the rain is strong, C:P ratio
will increase rapidly. At the same time, C:P
ratio has a larger variation range than C:N
ratio, which is caused by the source of soil P
(Wang et al. 2017).The C:P ratio obtained in
this study ranges from 5.54 to 23, which is
much larger than C:N ratio variation range.
Soil C:P ratio is an important indicator for
judging the release or absorption of P during
the mineralization of organic C. It is inversely
related to the potential of P release from
microorganisms. When C:P ratio is lower, it
will have stronger P release ability, and when
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Figure 7

(a) Ratio of total carbon (TC), total nitrogen (TN), and total phosphorus (TP) loss gross amounts
with interflow and overland flow and (b) ratio of TC, TN, and TP loss gross amounts with rainfall

induced runoff (RIR) and sediment.
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C:P ratio is higher, it will cause assimilation.
There is a competitive relationship between
soil microorganisms and plants, which hold
the absorbed P in the soil (Zhu et al. 2014).
This study showed that the change trend
of the N:P ratio was similar with that of the
C:P ratio. The N:P ratio can be used to find
the threshold of nutrient limitation. It can

also be used as an important indicator to
determine whether N is saturated (Carnicer
et al. 2015). The N and P that can be
absorbed by plants in the soil are available N
and available P. The soil N:P ratio reflects the
measurement ratio of the total N and total
P content in the soil, so the N:P ratio has a
certain degree in the diagnosis of soil nutri-
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Figure 8

Correlation analysis of rainfall intensity, slope gradient, and total carbon (TC), total nitro-

gen (TN), and total phosphorus (TP) predicted value with (a) TC, (b) TN, and (c) TP loss gross
amounts. | is the relationship between rainfall intensity and TC, TN, and TP loss gross amounts;
S is the relationship between slope gradient and TC, TN, and TP loss gross amounts; and L is the
relationship between TC, TN, and TP predicted value and their measured values.
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ents’ limitation. However, soil N:P ratio can
reflect the soil nutrient capacity and soil N
and P mineralization rate to a certain extent,
thereby indirectly predicting the supply level
and restriction of community nutrients (Yue
et al. 2017).

Nutrient Transport by Sediment and
Rainfall Induced Runoff. Part of the soluble
or suspended nutrient is lost with RIR, and
the other part is absorbed in eroded sedi-
ments (Bertol et al. 2007). For TN and TP,
the results obtained in this study were sim-
ilar with those of other studies. TN was lost
more with RIR, and TP was lost more with
sediments. The lost N and P will enter the
waterways and serve as one of the sources
that cause eutrophication (Miller et al. 2011;
Tuukkanen et al. 2017). Previous studies have
shown that growing plants on slopes is the
most cost-effective way to prevent nutrient
loss due to rainfall (Cerdan et al. 2002), but
the selection of optimal plants in different
regions is still unclear. This will be the focus
of our future research.

TC loss in this study differs from that
reported in other studies. Most studies report
that C will be lost with sediments rather than
RIR, because soluble C only accounts for a
negligible part of TC as less than 1% (Jin et
al. al. 2009; Liu et al. 2018). However, this
study found that in the case of fertilization,
the TC lost with RIR was so large that it
could not be ignored and accounted for
more than 10% of the total loss. According
to the ordinary C testing method in water,
it is necessary to take the supernatant of
the water sample for detection or measure
after filtering through a 0.45 um membrane.
Under this method, only the C content in
the colloid and the solution content can be
determined. Therefore, we tried not to filter
the membrane, and we found that the TC
mass concentration was large in this case.
There should be three parts in this concen-
tration. One part is the dissolved C in the
RIR. One part is the suspended and par-
ticulate C, which will be lost with the RIR
when the flow velocity reaches the initial
velocity. Another part is C in extremely
fine-grained sediments transported by RIR.
Therefore, this experiment demonstrated
that when the rainfall is strong enough or
the flow velocity is fast, a large amount of C
will be lost with RIR instead of just the sol-
uble C.This phenomenon was also observed
in our previous study; the amount of TC lost
with RIR on the laterite soil layer slopes and
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surface soil layer slopes cannot be ignored

(Fei et al. 2019).

Summary and Conclusion

Since the rainstorm erosion process may
aggravate the loss of chemical fertilizer,
choosing an appropriate fertilization time
and application method is very important
to prevent nutrient loss and contamination
of waterways. TC, TN, and TP loss rates and
mass concentration under simulated rainfall
were studied, as TC, TN, and TP loss gross
amounts in RIR and sediments were studied
simultaneously. We also applied correlation
analysis and simple stoichiometry for data
analysis. These conclusions provide some
theoretical basis for nutrient loss from slopes
in decomposed granite soil areas, with the
following results:

1. Large TN and TP mass concentrations in
OF were measured only at the beginning
of each test, then decreased rapidly with
the increase of OF duration. Large TC
mass concentration was observed at the
beginning of each test with large OF vol-
ume and in the middle and later periods
of test duration with smaller OF volume.

2. TC, TN, and TP mass concentration
in IF decreased with the increase of
IF duration. Larger TN and TP mass
concentrations were mainly distrib-
uted with small IF volume at the initial
period of IF duration, while higher TC
mass concentration was distributed with
larger IF volume.

3. TC, TN, and TP cumulative loss amounts
increased rapidly with the increase of
simulated duration and then increased
slowly, as the inflection point appeared at
the end time of rainfall.

4. Nutrient loss with RIR and sediments
reduced C:N of the soil and increased
C:P and N:P when the rainfall intensity
was 120 or 150 mm h™".

5. Sediments were the main carrier of TC
and TP, and RIR was the main carrier
of TN. In RIR, TP was mainly lost with
OETN was mainly lost with IF and TC
was lost less with OF when the slope
was steeper.

6. TC, TN, and TP loss gross amounts all
had significant linear dependence with
rainfall intensity and slope gradient.
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