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ABSTRACT

Vegetation and rainfall are two important factors affecting soil erosion and thus resulting in nutrient loss in the Chinese
Loess Plateau. A field experiment was conducted to investigate the effects of rainfall intensities (60, 100 and 140 mm
hfl) and vegetation (Caragana korshinskii) coverages (0%, 30% and 80%) on soil loss, nutrient loss, and the composition
and volume fractal dimension of eroded sediment particles under simulated rainfall conditions. The results showed that
vegetation cover, rainfall intensity and their interaction all had significant effects on sediment transport and the sediment-
bound nutrient loss. Higher rainfall intensity and lower coverage led to higher sediment and nutrient losses. Positive linear
relationships were observed between soil loss and nutrient loss. The treatments showed more significant effects on the
enrichment ratio (ER) of nitrogen (ERy) than organic matter (ERom) and phosphorus (ERp). Compared with the original
surface soil, the eroded sediment contained more fine particles. Under the same coverage, the clay content significantly
decreased with increasing rainfall intensity. The ER of sediment-bound nutrients was positively correlated with that of clay,
suggesting that the clay fraction was preferentially eroded and soil nutrients were mainly adsorbed onto or contained within
this fraction. There were increments in the fractal dimension of the sediment particles compared to that of the original
surface soil. Moreover, the fractal dimension was positively correlated with clay, silt, and sediment-bound OM, N, and P
contents, whereas it was negatively correlated with sand content. This study demonstrated that fractal dimension analysis
can be used to characterize differences in particle-size distribution and nutrient loss associated with soil erosion.
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INTRODUCTION topography, land use or vegetation cover, and anthro-
pogenic factors, among which rainfall is the most im-
Soil erosion has become a global environmental portant and also the most dynamic factor with rainfall

problem of growing concern. It not only causes on-site intensity playing a particularly prominent role (Garcia-

loss of topsoil and reduces the productivity of cropland,
but it can also cause major off-site environmental ef-
fects such as water pollution and eutrophication (He
et al., 2003; Zheng et al., 2005). This is especially true
on the Loess Plateau of China.

Many factors affect soil erosion, such as rainfall,

Rodeja and Gil-Sotres, 1997). Kang et al. (1999) and
Zhang (2001) reported that rainfall intensity, especially
in short-duration rainstorms, was the key factor cau-
sing soil erosion and nutrient loss in the Chinese Loess
Plateau. Vegetation cover is one of the main measures
of soil and water conservation and ecological improve-
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ment (Yu et al., 1997; Li et al., 2009). During the
last two decades, numerous studies have been con-
ducted to examine the fluxes of runoff, sediment yield
and the sediment-bound nutrient loss in small plots
(Schlesinger et al., 2000) or in small watersheds (Cor-
rell et al., 1999; Girmay et al., 2009). Field or indoor
simulated rainfall experiments under different vegeta-
tion coverages (Zhang et al., 2000; Pan and Shang-
guan, 2006) or different rainfall intensities (Zhang et
al., 2004; Wu et al., 2007) have also been extensively
performed. However, both vegetation coverage and
rainfall intensity have often been studied in an iso-
lated way, and their interaction effects are seldom men-
tioned.

Fractal theory has been increasingly used in soil sci-
ence since its first publication (Mandelbrot, 1979). It
has been possible to characterize particle-size distribu-
tion (PSD), pore-size distribution, aggregate-size dis-
tribution and soil-water-retention curves using fractal
theory (Tyler and Wheatcraft, 1992; Lipiec et al., 1998;
Milldn and Orellana, 2001; Huang et al., 2006), and the
results have shown that fractal theory is a useful tool in
quantifying soil structure, soil erodibility, and soil per-
meability (Rieu and Sposito, 1991; Perfect and Kay,
1995; Huang and Zhan, 2002). A mass fractal model
was proposed based on the hypothesis that soil parti-
cles of different sizes have the same density (Tyler and
Wheatcraft, 1992). Due to this unreasonable hypoth-
esis, it was later challenged by some scholars (Martin
and Montero, 2002). In recent years, laser diffraction
(LD) techniques have been rapidly developed. Many
studies have shown that LD can achieve precise esti-
mations of volume information in PSDs (Dur et al.,
2004; Pieri et al., 2006). The volume fractal model of
soil particles was developed on this basis (Wang et al.,
2005). This model does not require the hypothesis of
“density resemblances”, so it is more realistic than the
mass fractal model.

Fine soil particles are readily transported by runoff
(McIsaac et al, 1991). Soil erosion leads to the en-
richment of fine particles in sediments (Catroux and
Schnitzer, 1987), causing changes in sediment PSD. Su
et al. (2004) reported that the fractal dimension of a
PSD is a useful parameter for monitoring soil degrada-
tion and estimating the degree of soil desertification.
Although many findings with respect to fractal dimen-
sions of PSDs have been obtained, little attention has
been paid to the fractal features of sediment generated
by soil erosion.

The objective of this study was to explore the ef-
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fects of vegetation cover and rainfall intensity on sedi-
ment yield, sediment-bound nutrient loss, and the vo-
lume fractal dimensions of sediment PSDs and their
relationships. Additionally, the possibility that the
fractal dimension of a PSD can be used as an inte-
grating index for quantifying soil degradation due to
soil erosion was evaluated.

MATERIALS AND METHODS
Site description

This research was conducted on field plots at the
Ansai Research Station of Soil and Water Conser-
vation, Chinese Academy of Sciences from June to
September, 2008. The experimental station is located
35 km north of Yan’an City in northern Shaanxi
Province, China (108° 51'-109° 26’ E, 36° 30'-37° 39’
N; 1060 m a.s.l.). This area has a semiarid, continen-
tal monsoon climate with a mean annual precipita-
tion of 530 mm that occurs mostly between June and
September during the wet summer season. Summer
rains are characterized by high intensity and short du-
ration, which can produce large volumes of runoff. The
mean annual temperature is 8.8 °C and monthly mean
temperatures range from —7.2 °C in January to 22.8
°C in July. The soil is classified as a typical loessial
soil, representing the most common soil type on the
Loess Plateau. The soil in this region is highly suscep-
tible to erosion; the erosion rate is over 10000 t km™2
year—!. A variety of soil properties were measured for
each plot, and the average values are listed in Table I.

Rainfall simulator setup

Four side-sprinkle simulators manufactured by the
Institute of Soil and Water Conservation, Chinese
Academy of Sciences and Ministry of Water Resources
were used in this experiment. Rainfall height was 5.5
m, and the simulated storm, with uniformity above
85%, was similar to natural rainfall in raindrop distri-
bution, raindrop size and terminal velocity. Rainfall
intensities were precisely adjusted through the aper-
ture of nozzle and water pressure.

Plot characteristics, experimental design and sampling

Each runoff plot was 8.5 m long (downslope) and
2.5 m wide with the same gradient of 15°. Runoff
flowed into a rectangular cement trough at the bot-
tom of each plot and was then directed to the outlet
point and collected. On the Loess Plateau, rainfall is
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TABLE I
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Selected physicochemical properties of the surface soil (0-5 cm) in the test plots

Nutrient content Bulk Porosity Particle-size distribution Fractal
density dimension
Organic matter Nitrogen = Phosphorus Clay Silt Sand
g kg™ gem™® % g kg™

7.9542.87% 0.54+0.17 0.61+0.012

1.28+0.025 51.7+0.01

61.44+5.2 674.7£49.6 263.9£52.0 2.53440.015

2)Means + standard deviations.

concentrated in the summer, typically in high-intensity
and short-duration rainstorms, which are primarily re-
sponsible for soil erosion. Therefore, we designed three
high rainfall intensities in this study: 60, 100, and
140 mm h~L.
plots with different vegetation (Caragana korshinskii)
coverages: 0% (bare plot), 30%, and 80%. Vegetation
coverage was measured using vertical and aerial pho-

Additionally, we selected three runoff

tographs taken with a high-resolution digital camera
and empirical estimation by visual inspection.

The experiment was conducted on rainless, wind-
less days (mostly in the morning) to minimize the in-
fluence of weather. Each rainfall simulation test lasted
for 60 min. Before each rainfall test, surface soil sam-
ples (0-5 cm) were collected using a soil auger (20 mm
in diameter). A total of five samples were taken in an
“S” pattern along the slope and analyzed to determine
soil water content using an oven-drying method at 105
°C. Another three soil cores distributed up-, mid- and
downslope were taken and thoroughly mixed to obtain
a single, composite sample for each plot. The compo-
site samples were then air dried and sieved (2 mm) to
determine the nutrient contents and PSDs. Cutting
rings (100 cm?) were also used to take soil samples for
bulk density measurements.

The time to initial runoff was recorded during each
rainfall; plastic runoff-collection buckets at the plot
outlet were changed periodically, and the times were
noted. After each rainfall, the amount of runoff in
each bucket was weighed on a balance. The buckets
were then allowed to stand so that the suspended sedi-
ment could settle out. Runoff samples were collected
from the supernatant using polyethylene bottles and
preserved in a refrigerator at 4 °C until the nutrient
analysis could be conducted. The supernatant remai-
ning in the bucket was discarded, and the sediment
was air dried, weighed, and sampled. Soil samples were
transported in plastic bags to the laboratory for chemi-
cal analysis and PSD determination. Rainfall interval
was determined according to the initial condition of the

plot, particularly the initial soil moisture. It should be
several days until the soil water content in each plot
returned to the same level as before the first simulated
rainfall event and then repeated the process. During
the experiment, the soil moisture before each rainfall
test was within the dry range of 6%-11%, which was
assumed to be uniform. All treatments were conducted
in three replicates.

Measurements

In the laboratory, the sediment samples were ana-
lyzed to determine soil organic matter (OM) (potas-
sium dichromate oxidation method), total N (semimi-
cro Kjeldahl method) and total P (colorimetric anal-
ysis) (Liu, 1996). Textural analysis (USDA System)
was performed using a laser-diffraction method (Mas-
tersizer 2000, Malvern, UK). Similarly, soil samples
from each runoff plot collected before each rainfall-
simulation test were analyzed for the same nutrients
following the same procedures described above to de-
termine the enrichment ratio (ER) of the sediment.
The ER is defined as the concentration of a soil con-
stituent in an eroded sediment to that in the parent
soil from which the sediment originated. The volume
fractal dimensions (D) of soil PSDs were determined
using the following expression (Wang et al., 2005):

V(r < R;) (fi>3—D

= 1)
where V(r < R;) is the cumulative volume of particles
of ith size r less than R;, Vi is the total volume, R;
is the particle diameter (mm) of the ith size class, and
Ay is the diameter of the largest particle.

Taking the logarithm of both sides in Eq. 1, we per-
formed linear regression analysis between log(R;/A,)
(as the independent variable) and log[V (r < R;)/V7T]
(as the dependent variable). D was determined by sub-
tracting the slope of the above derived regression equa-

tion from the number 3. According to USDA taxono-
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my, soil particles were classified into seven grades: 0-
0.002, 0.002-0.05, 0.05-0.1, 0.1-0.25, 0.25-0.5, 0.5-1,
and 1-2 mm.

Data analysis

An analysis of variance (ANOVA) or general linear
model, univariate, was used to detect the treatment
effects on measured variables. If significant treatment
effects were revealed (P < 0.05), the least significant
difference (LSD) was used to test comparisons among
treatment means. Regression analyses were performed
to verify the interactions between nutrient loss and se-
diment yield and between the ER of nutrients and the
ER of different sizes particles. Statistical procedures
were performed with the SPSS 13.0 for Windows soft-
ware package.

RESULTS AND DISCUSSION

Effects of vegetation cover and rainfall intensity on se-
diment yield and nutrient loss

Mean sediment yield ranged from 76 to 472 g m—2

(Fig.1). The ANOVA showed that vegetation cover,
rainfall intensity and their interaction all had signi-
ficant effects on sediment yield. Compared with the
bare plots, sediment yields in the vegetation-covered
plots decreased by 30%—-80%, which may be ascribed
to rainfall interception and runoff retardation by plant
shoots and slope stabilization by plant roots. Average
sediment yields for simulated rainfalls of 100 and 140
mm h~! were approximately 2 and 2.5 times the value
for 60 mm h~!, respectively, due to the higher rainfall
erosivity produced. The results are in agreement with
many studies pertaining to the impacts of vegetation
(Braud et al., 2001; Casermeiro et al., 2004; Marques
et al., 2007) or rainfall (Kleinman et al., 2006; Shigaki
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et al., 2007) on soil erosion.

Along with soil erosion and water loss, nutrients
bound with runoff and sediment were also transported.
The total nutrient losses in each simulation test were
calculated from the sediment amounts and the con-
centrations of OM, N, and P (Fig.1). The patterns
of the sediment-bound nutrient loads were similar to
those of the sediment loads. OM, N, and P losses de-
creased with increasing Caragana korshinskii coverage
and increased with increasing rainfall intensity. Avera-
ge OM loss ranged from 0.7 to 3.5 g m~2, N loss from
65 to 425 mg m~2, and P loss from 55 to 303 mg m~2.
These findings are similar to those obtained by prior
researchers (Zobisch et al., 1995; Owino et al., 2006),
who reported that the reduction in nutrient loss was
not the result of changes in nutrient concentration in
the runoff but rather depended on runoff volume.

The analyzed nutrient components, i.e., OM, N,
P, and K, are basic constituents of soil media under-
going erosion due to the action of rainfall and runoff.
The amount of nutrient loss is, therefore, directly pro-
portional to the amount of soil loss (Kothyari et al.,
2004; Ramos and Martinez-Casasnovas, 2006). The
data analysis indicated a strong (P < 0.05) linear rela-
tionship between soil loss and sediment-bound nutrient
loss (Fig. 2). This relationship displayed the same trend
for soil and nutrient load and explained how higher
levels of soil loss tended to lead to elevated levels of
nutrient loss.

Both vegetation cover and rainfall intensity had
significant effects on the ER of N (ERy) (Table
IT). Low rainfall intensity and dense plant cover con-
tributed to higher ERy. For ERs of OM (ERoy ) and P
(ERp), the effects were not as pronounced (Fig. 3). The
mean values of the ERs were in the following order:
ERx (1.8) > ERom (1.3) > ERp (1.1). One possible
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Fig.1 Sediment yields and the bound organic matter (OM), nitrogen (N) and phosphorus (P) losses under different rainfall

intensities and vegetation coverages (VC).
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Fig. 2 Relationships between organic matter (OM), nitrogen (N), and phosphorus (P) losses and sediment yield.

TABLE II

Analysis of variance for the effects of rainfall intensity, vegetation coverage and their interaction on sediment yield, nutrient
loss, enrichment ratio (ER), particle-size distributions and fractal dimension

Item Vegetation coverage (VC) Rainfall intensity (RI) Interaction (VC x RI)
Sediment yield < 0.001** < 0.001** < 0.001**
Organic matter (OM) loss < 0.001** < 0.001** 0.001**
Nitrogen (N) loss < 0.001%* < 0.001%* < 0.001%*
Phosphorus (P) loss < 0.001** < 0.001** 0.015*
ERowm 0.008** 0.153 0.556
ERN 0.005%* 0.001** 0.001**
ERp 0.165 0.012* 0.014*
Clay 0.068 0.036* 0.963
Silt 0.361 0.324 0.279
Sand 0.054 0.131 0.191
Fractal dimension 0.052 0.074 0.988
* **Significant at P = 0.05 and P = 0.01 levels, respectively.
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Fig. 3 Enrichment ratios (ERs) of sediment organic matter (OM), nitrogen (N), and phosphorus (P) under different rainfall
intensities and vegetation coverages (VC).

reason for the lower ERp is that sediment from
high-intensity rainfall events tends to contain larger,
less P-enriched particles (Panuska and Karthikeyan,
2010). Another explanation offered by Flanagan and
Nearing (2000) suggests that when conditions are ap-
propriate for selective deposition of coarser sediment
particles, lower ERp can occur in soils having large

fractions of primary silt.
Effects of wvegetation cover and rainfall intensity on
compositions and fractal dimensions of sediment par-

ticles

To date, it has been widely accepted that smaller
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and less dense particles are generally preferentially
eroded over larger and denser ones. In the current
study, the eroded sediment contained higher clay and
silt fractions compared with the original surface soil,
with an increase in clay content by 5%-8% and silt
content by 3%-10% (Table III). Less fine sand (0.05-
1 mm) was observed in the sediments, decreased by
8%-18%. Under the same cover conditions, the clay
content significantly (P < 0.05) decreased with in-
creasing rainfall intensity. Moreover, the clay frac-
tion in the sediment had an ER of 1.3-2.9, followed
by the silt fraction, with an ER ranging from 1.0 to
1.3. The sand fraction had an ER value of < 0.8. This
implies that clay and silt fractions were more repre-
sented in the eroded sediments than in the original
surface soil, in accordance with the results of Basic
et al. (2002). However, there is some disagreement in
field on the dominant eroded particles. Rhoton et al.

TABLE III
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(1979) suggested that the clay fraction (< 2 pm) was
more readily eroded, while Stone and Walling (1996)
concluded that clay (< 2 um) and silt-sized material
(2-63 wm) were eroded preferentially and that the ma-
jority of the sand-sized material was not mobilized.
Ghadiri and Rose (1991) found that the proportion of
large aggregates in the eroded sediment was less than
that in the original soil, and that the intermediate size
fractions remained unchanged. This discrepancy may
be attributable to differing soil textures and proper-
ties, climate conditions, topography, and experimental
treatments in the various studies.

Linear relationships were observed between the
ER of clay and ER of sediment-bound nutrients
(Fig.4). However, no clear relationship was noted be-
tween the ER of silt and ER of the nutrients (Fig. 4),
thus indicating that nutrients were mainly adsorbed
onto or contained within the clay fraction. Similar re-

Compositions and fractal dimensions of sediment particles under different vegetation coverages and rainfall intensities

Vegetation Rainfall Particle size (mm) Fractal R
cover intensity dimension
0-0.002 0.002-0.05  0.05-0.1 0.1-0.25  0.25-0.5 0.5-1
% mm h™? g kg™?
0 60 119.2¢P 700.8a 126.9a 29.5a 7.6¢ 16.0b 2.647a 0.821a

100 103.1b 740.9b 126.6a 24.1a 4.1b 1.2a 2.626a 0.808a
140 93.8a 733.8b 140.4b 27.0a 1.5a 3.4a 2.610a 0.811a

30 60 139.6¢ 773.4b 72.5a 14.5a 0.0a 0.0a 2.679a 0.792a
100 116.8b 720.6a 99.2b 32.0b 12.1b 19.3b 2.651a 0.817a
140 112.4a 759.4b 92.2b 22.9a 12.6b 0.6a 2.644a 0.804a

80 60 150.2¢ 748.5b 90.8a 10.4a 0.1a 0.0a 2.689a 0.797a
100 130.8b 712.0a 100.6b 28.8b 6.2b 18.2b 2.672a 0.816a
140 111.7a 762.5b 80.9a 24.3b 4.3b 16.1b 2.643a 0.803a

2) Coefficient of determination.

") Means followed by the same letter within each column for the same vegetation coverage are not significantly different at

P < 0.05.
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Fig. 4 Correlations between enrichment ratios (ERs) of clay (0-2 pm) and silt (2-50 pm) and ERs of sediment-bound
organic matter (OM), nitrogen (N), and phosphorus (P).
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sults have also been reported by other researchers
(Quinton et al., 2001; Sharpley and Kleinman 2003;
Jacinthe et al., 2004) in different landscapes and un-
der contrasting climate conditions.

As shown in Table III, the mean values of D ranged
from 2.610 to 2.689. The coefficients of determination
(R?) of the linear regressions were high (P < 0.01),
ranging from 0.792 to 0.821, indicating the goodness
of fit for the volume-based fractal model. Similar to
the changes in clay content, the mean values of D in-
creased by 0.1166 compared with the original soil and
were greater in higher vegetation coverage and lower
rainfall intensity (Table IIT). The regression analysis
showed that D was positively correlated with the clay
and silt contents and negatively correlated with the
sand content (Table IV); logarithmic functions best
fitted their relationships (P < 0.05). Furthermore,
D had a positive correlation with the concentrations
of sediment-bound nutrients following a linear trend
(P < 0.05). Thus, based on the regression analysis,
soils with higher silt and clay contents and lower sand
contents have higher D values. Our findings are in line
with Wang et al. (2005) but in disagreement with Su
et al. (2004) and Liu et al. (2009), who found linear
relationships between fractal dimension and soil PSD,
as well as Liu et al. (2002) who reported power-law
relationships between fractal dimension and soil fea-
tures.

TABLE IV

Correlation analysis between volume fractal dimension of
sediment particles (y) and sediment characteristics (x)

T Regression function R?

Clay y = 0.1652Inx + 2.2444 0.9975%*
Silt y = 0.3818lnz + 0.9924 0.1931%*
Sand y = 0.0573lnz + 2.8002 0.2153*
Organic matter y = 0.0091z + 2.5665 0.4736*
Nitrogen y = 0.0897x + 2.5637 0.6905%*
Phosphorus y = 0.3086x + 2.4362 0.7551%*

* **Significant at P = 0.05 and P = 0.01 levels, respe-
ctively.

As an additional parameter to describe soil pro-
perties in several aspects, the fractal dimension of PSD
reflects selective soil erosion based on the distribution
of eroded sediment particles. In other words, a smaller
sediment particle diameter (i.e., clay, silt, and organic
matter) leads to a coarser original surface soil after ero-
sion occurs, which corresponds to higher D values of
sediment PSD. In addition, the higher degree of aggre-

G. H. ZHANG et al.

gation among finer soil particles results in an increase
of nutrient adsorption and transfer, thereby reducing
soil quality and increasing the possibility of eutrophi-
cation in the receiving water body. Based on the re-
sults of this study, the fractal dimension is applicable
to characterizing land degradation and nutrient loss in-
duced by slope soil erosion through modeling the frac-
tal behavior of PSDs.

CONCLUSIONS

The roles of rainfall and vegetation cover in soil ero-
sion and nutrient loss were studied in field plots using
rainfall simulators. The results indicated that plant
cover was an effective method of preventing soil and
nutrient loss. The sediment production and sediment-
bound nutrient export increased with increasing rain-
fall intensity between 60 and 140 mm h~! and de-
creased with increasing vegetation coverage. A high
correlation between sediment and nutrient loss indi-
cated that nutrient loss was driven by soil loss. The
analysis of the sediment PSD revealed that the domi-
nant particle-size fractions in the eroded material were
clay and silt (< 50 um). The ERs for organic matter,
N, and P were positively correlated with the ER of
clay, indicating that large portions of these soil nutri-
ents were selectively transported. The fractal dimen-
sion had a positive logarithmic correlation with clay
content and positive linear correlations with the con-
centrations of sediment-bound nutrients, implying that
fractal-dimension analysis of sediment PSD could offer
a useful approach to quantifying and assessing the de-
gree of soil degradation due to soil erosion.
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