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Abstract:

The interaction between vegetation and soil erosion is a core problem in
ecohydrological research. Although the effects of vegetation on soil erosion have been
widely studied, the stochasticity of soil erosion in restoration vegetation types in water-
limited environment is less investigated. Based on monitoring soil erosion over five
rainy seasons, we employed probabilistic-trait analysis framework (OCIRS-Bayes) to
assess the stochasticity of runoff and sediment generation in three typical restoration
vegetation types (Armeniaca sibirica (T1), Spiraea pubescens (T2) and Artemisia
copria (T3)) in the Loess Plateau of China, and applied binomial and Poisson
distribution functions to predict the probability distribution of erosion random events.
The results indicated that, in OCIRS-Bayes system, 130 rainfall events were subdivided
into four types. Two types with relative high average precipitation (27.6 and 69.0 mm
respectively) could cause larger probability of soil erosion in all vegetation types than
other type with average precipitation being 5.0 mm. Under the same rainfall condition,
T1 with largest crown structure have lowest average probability of runoff (23.1 %) and
sediment (10 %) generation; T2 with thicker litter layer and denser root system have
moderate runoff (34.6 %) and sediment (14.6 %) occurrence probability; the probability
of runoff (34.6 %) and sediment (25.4 %) generating in T3 were relative higher. The
probability distribution of numbers of times soil erosion events in all restoration
vegetation could be well predicted by binominal and Poisson probabilistic models,
however, parameter analysis implied that Poisson model is more suitable for predicting

stochasticity of soil erosion over larger temporal scale. This study could be meaningful
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to apply more effectively restoration on protecting the soil and water resources in the

water-limited environment.

Key words: stochasticity, restoration vegetation, soil erosion, Poisson distribution,

1. Introduction

The climate change and anthropogenic activities accelerate soil erosion triggering soil
deterioration, and degrading terrestrial ecosystem over worldwide (Marques et al.,
2008;Portenga and Bierman, 2011). The stochasticity of soil erosion reflects the effect
of environmental elements such as stochastic rainfall on the erosive variability (Kim. J
et al., 2016). As one of important environment factors, vegetation plays an important
role on disturbing the impact of rainfall on soil erosion. The interaction between plant
and erosion processes is still a research frontier in ecohydrology (Ludwig et al.,
2005;Rodr guez-Iturbe et al., 2001). Actually, how plant affect the stochasticity of soil
erosion implies the risk of erosion generation in complex natural conditions. Exploring
the effect is meaningful to assessing the efficacy of soil control practices as well as
corresponding ecosystem service in semi-arid regions (Fu et al., 2011).

The stochasticity approach based on probability theory is a crucial tool to describe
the random phenomenon and their ecohydrologic effects in natural condition.
Precipitation is one of most important source of environmental stochasticity to directly
affect the uncertainty of soil erosion. As early as 1978, Eagleson, (1978) applied

probabilistic-trait methods to simplify the randomness of rainfall event. He predicted
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the distribution of annual precipitation from observed storm sequences by Poisson and
Gamma probability distribution functions. Due to the obvious disturbance of rainfall
events on environment, especially on the water-limited condition, many hydrological
responses which are closely related to rainfall has also expressed different randomness,
and indicated by various probabilistic models. For instance, Verma et al, (2011) applied
probabilistic methods to assess the influence of daily precipitation distribution on
dynamic of soil moisture. Rodriguez-Iturbe et al, (1999) described the dynamics of soil
moisture by probability distribution functions depending on water balance at point scale.
Wang and Tartakovsky, (2011) employed probability density function to reduce the
complexity of infiltration rate in heterogeneous soils. Additionally, the susceptibility of
some disasters trigged by some extreme rainfall events—such as flood (Mouri et al.,
2013), slope instability (Li et al., 2014), and landslide (Ya and Chi, 2011)—have also
assessed by probabilistic models.

As to the soil erosion which is typical hydrological response of soil to rainfall, Moore,
(2007) predicted runoff production through probability models of soil storage capacity,
and Sidorchuk, (2005, 2009) combined the probabilistic and deterministic soil erosion
components to analyze the stochasticity of interaction between soil structure and
overflow during erosion process. These probabilistic-trait approaches closely related to
the theory of water balance and some typical hydrological assumptions. This optimized
the hydrological models to more precisely represent the randomness of hydrological
responses, which could more effectively describe complex hydrological processes

(Bhunya et al., 2007). However, under the framework of probability theory, there are
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still few studies to explore the probabilistic method to analyze the stochasticity of soil
erosion. Especially, little effort has been made to systematically investigate how the
signal of stochastic rainfall is transmitted to soil erosion in different restoration
vegetation types based on observational data rather than on other model assumptions.
In fact, this investigation deriving from specific experiment results probably have more
practical meaning for understanding the stochastic interaction between rainfall and
erosion.

Morphological structures of plant including canopy structure, root system, and litter
layer formation were endowed with controlling-erosion functions (Gartner, 2007;Jost
et al., 2012;Wang et al., 2012;Woods and Balfour, 2010). Due to these function,
vegetation acts as an important role on reinfiltrating overland flow, storing runon and
restructuring sediment fluxes (Ludwig et al., 2005;Moreno-de las Heras et al., 2010).
This significantly restricts the capacity of surface flow for delivering erosive particle
out of a soil-plant system during rainfall processes (Bautista et al., 2007;Puigdefdoregas,
2005). How vegetation affects soil erosion was also further interpreted and predicted
by some conceptual and empirical models (Kumar and Kushwaha, 2013;Mallick et al.,
2014;Prasannakumar et al., 2011). Both of vegetation-driven-spatial-heterogeneity
(VDSH) (Bautista et al., 2007) and trigger-transfer-reserve-pulse (TTRP) (Ludwig et
al., 2005) conceptual frameworks have stressed the driving role of vegetation on
controlling erosion. Wischmeier and Smith, (1978) defined the land use conditions as a
factor in universal soil loss equation (USLE) to imply the importance of vegetation on

predicting erosion module. However, the effect of vegetation on stochasticity of soil
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erosion was less studied. Theoretically, soil erosion generation triggered by the
stochastic precipitation, indispensably expressed the randomness. This ubiquitous
property in hydrological processes could also be affected by the hydrological function
of plant. Therefore, the application of stochasticity method on analyzing the interaction
between plant and soil erosion, could be meaningful to understand the mechanism of
erosion generation as well as to improve the accuracy of prediction.

In this study, we monitored soil erosion in three typical restoration vegetation types
over five years’ rainy seasons in the Loess Plateau of China, and aim to (1) construct
assessment frameworks to characterize the random events in stochastic environment,
(2) investigate how the stochastic signal of rainfall transmit into soil erosion in different
restoration vegetation types; and (3) assess the effect of probability modellings on
predicting the stochasticity of soil erosion in vegetation types. By exploring the
stochastic property of soil erosion from more comprehensive and objective aspects, this
study could enrich the methodology of sensitivity analysis of soil erosion, and probably
be meaningful for the selection of reasonable restoration vegetation for conserving the

soil and water resources in the Loess Plateau, China.

2. Materials and methods

2.1 Study region description

The study was implemented in the Yangjuangou Catchment (36<2'N, 10981'E, 2.02
km?) which is located in the typical hilly-gully region of the Loess Plateau in China

(Figure 1a). A semi-arid climate in this area is mainly affected by the North China
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monsoon. Annual average precipitation reaches approximately 533 mm, and the rainy
season here spans from June to September (Liu et al., 2012). When the rainy season
comes, some high-intensity precipitation more easily cause soil erosion as the Calcaric
Cambisol (FAO-UNESCO, 1974) soil type has relative higher potential erodibility. Soil
erosion was one of most environmental hazard and cause the ecosystem degradation in
the Loess Plateau before 1980s (Wang et al., 2015). And after 1998, as a crucial soil
and water resource protection project, the Grain-for-Green Project was widely
implemented in the Loess Plateau. A large number of steeply sloped croplands were
abandoned, restored or natural recovered by shrub and herbaceous plants(Cao et al.,
2009;Jiao et al., 1999). And in the Yangjuangou Catchment, the main restoration
vegetation distributed on hillslopes includes Robinia. pseudoacacia Linn, Lespedeza
davurica, Aspicilia fruticosa, Armeniaca sibirica, Spiraea pubescens, and Artemisia

copria, etc. All the restoration vegetation was planted over 20 years ago.

2.2 Experimental design and measurement

In the Yangjuangou Catchment, systematic long-term field monitoring experiments
were conducted. We have mainly concentrated on the runoff production and sediment
yield in designed runoff plots (Liu et al., 2012;Zhou et al., 2016), dynamic of soil
moisture in different restoration vegetation (Wang et al., 2013;Zhou et al., 2015), and
the ecosystem service assessment in the typical water-restricted environment (Fu et al.,
2011). In this study, we monitored the soil erosion in three typical restoration vegetation

(Armeniaca sibirica (T1), Spiraea pubescens (T2) and Artemisia copria (T3)) over five
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years’ rainy seasons from 2008 to 2012 (figure 1b). Each restoration vegetation type
was designed in three 3 m by 10 m closed runoff-plot all of which were distributed on
southwest facing hillslopes with a 26.8% aspect. The boundaries of each runoff-plot
were perpendicularly fenced by impervious polyvinylchloride (PVC) sheet with 50 cm
depth. And a collection trough and storage bucket was installed at the bottom boundary
to compose the collection-transmission system of runoff and sediment (Zhou et al.,
2016). Two tipping bucket rain gauges were installed outside of runoff-plot to
automatically record the precipitation with accuracy of 0.2mm. We counted the number
of times of runoff and sediment generation in each runoff-plot based on natural
precipitation stochastically generating in the experiment area over five rainy seasons.
Meanwhile, we stored runoff and sediment in collection-transmission system, separated
them after settling the collecting bottles for 24 hours, dried at 105°Cover 8 hours and
weighted. We further measured the field saturated hydraulic conductivity in three
restoration vegetation types by Model 2800 K1 Guelph Permeameter (figure 1c)
(Soilmoisture Equipment Corp,. Santa Barbara, CA, USA) to determine the infiltration
capability of soil matrix. And visually estimated the restoration vegetation cover by
thirty 1 m? quadrats distributed over each runoff-plot for 2-3 times over different
periods of rainy season (figure 1d). At last, we measured the average height, crown
width, leaf area index, and the thickness of litter layer in T1 to T3 (Bonham, 1989).
More information was showed in table 1
Figure 1

Table 1
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2.3 Analysis framework for erosion stochasticity

2.3.1 Construction of random events system

Each observed stochastic weather condition is defined as a random experiment. All the
possible outcomes of a random experiment constitute a sample space (2) defined as
observation random event (short for O event, the same as follow). O event is subdivided
into two mutually exclusive random event types, one is rainfall random event (I event)
and the other is non-rainfall random event (C event). Precipitation is a necessary
condition of runoff production, therefore, the runoff production random event (R event)
is a subset of | event. Similarly, R event is also a necessary condition of sediment
migration random event (S event). As a result, S event is contained in R event. Above
defined O, C, I, R, and S events could be regarded as five different elements constituting
the OCIRS random events system which is a basic framework for quantifying
environment stochasticity.

Precipitation is a crucial disturbance environmental factor to transmit their stochastic
signals into the R and S events. Therefore, it is necessary to investigate and classify the
characteristics of all | events. Firstly, the time interval between two adjacent individual
| events is set to be more than 6 hours, which is a criteria for the classification of
individual | event according to its duration. And secondly, considering the typical
rainfall eigenvalues including precipitation, intensity and duration as well as the main
rainfall patterns in the Loess Plateau (Wei et al., 2007), we used Ward’s method of
hierarchical cluster analysis to classify 130 individual | events into four types (figure

2c). They are Ia events with lowest average precipitation and intensity; Is events with
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second largest average precipitation and intensity; Ic events whose average
precipitation and duration are largest; and Ip event which was an individual extreme
rainfall event. Table 2 summarizes the physical and probabilistic properties all the
elements in OCIRS system. Finally, the whole confirming process of all elements in
OCIRS system is sketched by figure 2a, and Venn diagrams in figure 2b explored the
relationships of all elements in OCIRS. In fact, various combinations of | and C events
formed different random event sequences which finally constituted the whole field

monitoring period.

Figure 2

Table 2

2.3.2 Quantification of erosion stochasticity

In the sample space Q, for each random event E which could be regarded as any
elements of OCIRS system, we define P(E) as the proportion of time that E occurs in
terms of relative frequency:

P(E) = lim nE) P €Y)

n-o n

Theoretically, n(E) is the number of times in n outcomes of observed random
experiment that the event E occurs, and pg € [0,1]. Let Im, m=1, 2, 3 and 4 be the Ia,
Is, Ic, and Ip which are mutually exclusive random event types composing | event.
According to the law of total probability, the probability of R event P(R) is defined as

follow:

10
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P(R) = P(RD) = P(R| Ubzy I)P(Ukey In) = St PRILDPU) =pr (2)
And P(R|L,,) is conditional probability that R event occur given that m™" I event type
has occurred. Similarly, the probability of S event P(S) are showed as follow:

P(S) = P(SI) = P(S| Up=1 Im)P(Un=1 Im) = Xip=1 P(S|;n)P (L) = ps 3)
Equation (2) and (3) quantify the effect of stochastic signal of rainfall on soil erosion.
On the other hand, supposing an R or S event has occurred stochastically, based on

Bayes formula, we furtherly deduces two equations as follow:

PUxR) _ PRIP()

P(Ix|R) = P(R) - ;‘fn:lP(R”m)P(Im) v
and
PRy = PUR) __ PRILOPU) )

P(R) X1 P(RILn)P ()
Equation (4) and (5) quantify how much the contributions of k" type of | event on a R

or S event stochastically generating at month or seasonal scale, which reflect the
feedback of soil erosion to rainfall stochasticity. Equation (2)~(5) characterize the
interaction of rainfall and erosion by means of probability theory and expression.
Consequently, we designs the OCIRS-Bayes framework combining OCIRS system
with Bayes method. It systematically describe the stochasticity of soil erosion in
different restoration vegetation types through the monitoring experiment, which
indicates the interaction of rainfall and soil erosion.

We defined X, Y as two discrete random variables which are real-valued functions
defined on the sample space Q. Let X, Y denote the numbers of times of R and S events
occurrence respectively. And let another random variable Z assign the sample space Q
toz. X(R) =x,Y(S) =vy,Z(Q) = k,y < x <z XY, kare integers. The ranges of X

11
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andYare Ry ={all x:x = X(R),allR € Q} and Ry ={ally:y =Y(5),all S € Q}.
The probability of x; or y; times of R or S events could be quantified by the
probability mass function (PMF) as follow:
pmfx(x) = P[{Ri: X(R;) = x;, x; € Ry}] (6)
pmfy(y;) = PU{S;:Y(S)) = ¥j, yj € Ry}] fori = (7
PMF in equation (6), (7) describe the general expression of probability distribution of
all possible numbers of times of R or S events.

Actually, according to the property of Bernoulli experiment (Robert et al., 2013), the

random variables X, Y obey binominal distribution. The PMF of X, and Y were defined

as follow:
n
*(1 - n-x =012,..

PMfxpin(X) = Pypin(X = x) = { (x) Pr(1—Pe) ¥=012..,n (®

0 elsewhere
and

(n) pgf(l —-p)"? y=012,..,n

PMfypin (V) = Pypin(Y =y) =1 \y 9

0 elsewhere
And the expectation and variance of X and Y are equation (10) and (11):
Expin[X] = npg, Vxpin[X] = npr(1 — pg) (10)
Eypin[Y] = nps, Vypin[Y] = nps(1 — ps) (11)

where x and y indicate all possible numbers of times of R and S occurring over n
independent I events which are also characterized as n Bernoulli experiments. However,
when the Bernoulli experiment is performed infinite independent times (n—c0), the
binomial PMF can be transformed into Poisson PMF, which is proved by appendix A.
Therefore, equation (8) and (9) can be transformed as follow:

12
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AXe R
PMfxpoi(X) = Pypoi(X = x) = x! x=012,..
0 elsewhere
and
Agfe"ls
pmepoi(y) = Pypm.(y = y) = y, y = 0,1,2,...
0 elsewhere

And expectation and variance of X and Y are :
EXpoi[X] = VXpoi[X] = Ag

EYpoi[y] = VYpoi[Y] =
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(13)

(14)

(15)

where the parameter Az = npg, As = npg. As a result, equation (8)~(11) reflect two

PMF models to construct the prediction system of stochasticity of soil erosion.

2.4 Statistics

We employed nonparametric statistical tests—one-way ANOVA and post hoc LSD—

to determine the significant difference of soil, vegetation and erosive properties in the

three restoration vegetation types, and took Spearman’s rank correlation coefficients to

analyze how the vegetation coverage affect the probability of soil erosion generation

under three grouped precipitation types. At last, the maximum likelihood estimator

(MLE) and uniformly minimum variance unbiased estimator (UMVUE) (Robert et al.,

2013) were explored to compare the suitability of the binomial PMF and Poisson PMF

for predicting the uncertainty of runoff and sediment generation over long term.
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285 3. Results

286 3.1 Stochasticity of classified rainfall

287  The stochasticity of | event in OCIRS system is a direct source of randomness of soil
288  erosion. According to cluster analysis, all | events were classified into four categories
289 including la, Ig, Ic and Ip (figure 2c). Firstly, Ia type was characterized as lowest
290  average precipitation (5 mm), intensity (0.015 mm/min) and duration (365 minutes) in
291  the four categories types. The proportion of Ia to all | events reaches to 72% with its
292 higher reoccurrence in each rainy seasons (figure 3). Especially, in 2010, nearly 90%
293 of I events was Ia. However, due to its small rainfall erosivity, the times of R and S
294  events occurring in three vegetation restoration types was lowest under 1a condition
295  (table 3). Secondly, characterized as high average rainfall intensity (0.072 mm/min), Ig
296  event has the second higher occurrence probability in each rainy season (figure 3). Even
297  in 2008, the proportion of Ig to all | events (50%) was larger than that of 1a (33%).
298  Although the average probability of Ig event occurrence approximated to 5% in all O
299  events of five rainy seasons, Iz can more easily lead to soil erosion in three restoration
300 vegetation types. Especially, when each Is event occurred stochastically in five rainy
301  seasons, then it would nearly trigger R event in type 2 and 3 restoration vegetation
302 (table 3). Thirdly, the probability of Ic event with highest average precipitation (69 mm)
303  occurring in each rainy season is 1% in all O events of five rainy seasons. In the rainy
304 season of 2010, there was even no Ic occurrence. However, if each Ic event
305  stochastically generated in rainy seasons, the R event would occurred in all restoration
306  vegetation types. On July, 2008, there was a specific | event with extreme high rainfall
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intensity (0.78 mm/min) which was classified Ip event. Ip event was very rare, because
it was observed one times over five rainy seasons. Under this precipitation condition,

soil erosion generated in all restoration vegetation types.

Figure 3

Table 3

3.2 Stochasticity of soil erosion in vegetation types

Based on OCIRS system, the stochasticity of soil erosion in three restoration vegetation
types (T1, T2 and T3) at month and seasonal scales is described by figure 4. At early
period of erosion monitoring, the stochasticity of soil erosion in all restoration
vegetation types is similar, with probability of R and S event generation ranging from
6% to 13% and from 3% to 13% respectively. From rainy season of 2009 to 2011, the
highest probabilities of soil erosion in each vegetation type all appeared in the middle
of rainy season (July and August). However, these probabilities were observed to be
different extents of decrease with the increasing of experiment period. As to runoff
production, the probability of R event generation in T1 was generally less than that of
T2 and T3 under same precipitation condition, with it being less than 7% in the last four
rainy seasons. The randomness of R events occurring in T2 and T3 have similar
distribution in each month of rainy season. With respect to sediment yield, the
probability reduction of S event generating in T1 was more obvious than that of other
types, with it being only less than 3% in the last four rainy seasons. Especially, in the
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rainy season of 2011 and 2012, there was no S event occurrence in T1, however, the
corresponding average probability of S event in T2 and T3 was near 1.5% and 4%
respectively. Generally, influenced by the same stochastic signal of | events, T1 and T3
have the lowest and highest probability of soil erosion respectively.

According to the Bayes formula, figure 5 indicated that given one R or S event has
stochastically generated in some restoration vegetation type at specific month or rainy
season, how much the probabilistic contribution of different types of | events on the
corresponding soil erosion occurrence. In the rainy season of 2008, as to all restoration
vegetation types, the contributing types of | events on soil erosion was more complex
than other rainy seasons, but also concentrated on relative high precipitation and
intensity classified | events such as Ig, Ic events. With the increasing of experiment
duration from 2009 to 2011, the complexity seemed to be reduced, and the probabilistic
contribution of la event on soil erosion have different extent increase in three
restoration vegetation types. If one R event has stochastically occurred in T1, the
probabilistic contribution on this runoff production were generally Ig and Ic events,
which they ranged from about 50% to 100% and near 20% t0100% respectively. And
Ia and Ig events have even no probabilistic contribution on one S event occurring on
T1 stochastically over the last four rainy seasons. However, Ia and s events have been
the main probabilistic contributors for one statistical soil erosion generation on T2 and
T3, which they ranged from about 10% to 100% and 30% to 100% respectively.
Consequently, the contribution pattern of | events on soil erosion in T1 was relative
simple and mainly focused on I events type with higher rainfall erosivity than that of in
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351 T2and T3.

352
353 Figure 4
354 Figure 5
355

356 3.3 Prediction of soil erosion stochasticity

357  We defined ten consecutive stochastic | events as an stochastic environment unit of the
358  background of soil erosion, which indicates that n =10 in the binomial and Poisson
359  distribution functions (equation (8~9, 12~13)). Under this assumption, figure 6
360  describes binomial and Poisson PMFs to predict the probability distributions of
361 numbers of times of soil erosion events in three restoration vegetation types. It also
362  compares the predictions with the frequencies of numbers of times of observed R and
363  Seventin vegetation types. Firstly, as to the probability distribution of R event, it seems
364  that the binomial and Poisson PMFs provide a better fit to the observation in T1 than
365 that of in T2 and T3. More specifically, in all restoration vegetation types, binomial
366 PMFs supply better fit to the observed numbers of time of R events with larger
367  frequency (such as 2~4 time) than that of Poisson PMFs. However, Poisson PMFs fit
368  the observed numbers of time of R events with the lower frequency (such as 6~8 times)
369  better than that of binomial PMFs. The frequencies of observed numbers of time of R
370 events in T2 and T3 have similar distribution patterns. Secondly, with respect to
371  probability distribution of S event, the predictions about the observed probability
372 distribution of S events in T1 by both PMFs do not fit very well. Especially, when the
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frequency of number of times of no-sediment in T1 is nearly two times larger than the
corresponding predication of binomial and Poisson PMFs. However, the two PMFs are
seemed to provide better fit to the observation in T3 and T2 than that of in T1. With the
restoration vegetation types changing from T1 to T3 in figure 6, the predicted or
observed numbers of time of R events with largest probability or frequency increased
in consistence. Generally, Poisson PMF seems to provide better probability distribution
prediction about observed numbers of times of R events in all restoration vegetation

types than that of Binomial PMF.

Figure 6

4. Discussion

4.1 OCIRS-Bayes framework for erosion stochasticity

The OCIRS designing and Bayes method in this paper constitute an innovative analysis
framework for soil erosion study. Environmental stochasticity is an inevitable factors
to affect the variability of soil erosion, which is also a non-negligible obstacle for the
understanding of soil erosion and its modelling prediction (Kim. J et al., 2016). OCIRS-
Bayes framework formed a random event system to evaluate the stochasticity of
environment, but also analyze the transmission of stochastic signal of rainfall into soil
erosion. In this framework, the stochastic weather conditions were defined as a series
random events with various physical and probabilistic meanings, which have direct or
indirect relevance to stochasticity of soil erosion (table 2). There also exist many
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modelling systems to evaluate the effect of influencing factors on soil erosion, and
universal soil loss equation (USLE) is a typical one which models intensity of
influencing factors to be predicted the erosion module by empirical formula
(Wischmeier and Smith, 1978). But, there are less analysis frameworks like OCIRS-
Bayes to model the stochasticity of soil erosion and its influencing factors totally
depending on the long-term experimental data and fundamental probability theories. In
order to stressed that the stochastic signals of rainfall events are the most important
disturbances and sources of uncertainty and variability of soil erosion, OCIRS-Bayes
further subdivides all rainfall events into various subsets (from Ia to Ip event)
representing different rainfall erosivities which was similar with the typical rainfall
patterns in rainy seasons of the Loess Plateau (Wei et al., 2007). Therefore, OCIRS-
Bayes become a more practicable and simplification system to supplement to the
studies on evaluating effect of rainfall properties on soil erosion in semi-arid
environment.

In this study, OCIRS-Bayes framework discovered that the probability of soil erosion
is closely related to the complexity of rainfall event types distributing in rainy season,
which affected by the transmission of stochastic signals of high-erosivity rainfall events
(such as Ic and Ip). This systematically analyzed how the stochastic signals of different
rainfall events transmits to the soil erosion in restoration vegetation types in the water-
limited natural condition at different temporal scales (showed in figure 4). Meanwhile,
this framework also explored that the only relative high-erosivity rainfall events can
make a contribution for the stochastically soil erosion generating in T1, which implied
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the feedback of rainfall properties to stochasticity of soil erosion. Therefore, the
interactive relationship between rainfall and soil erosion under restoration vegetation
condition was characterized by OCIRS-Bayes framework. This supplies a new and
meaningful aspect to understanding the soil erosion properties especially under the
background of climate change transmitting more stochastic and extreme environmental

signals into soil-plant system.

4.2 Disturbances of vegetation on erosion stochasticity

The different stochasticity of soil erosion in three restoration vegetation types reflects
the different extents of disturbance of vegetation types on the transmission of stochastic
signals of rainfall into soil-plant systems. These disturbances is closely related to the
variety of morphological structure with complex ecohydrological functions affecting
the whole process of runoff production and sediment yield (Jost et al., 2012; Wang et
al., 2012; Woods and Balfour, 2010). Specifically, the morphological structures
including canopy, litter layer and root distribution could have obvious hydrological
function to control soil erosion. Firstly, the largest crown diameters of T1 could have
stronger interception capacity than that of T2 and T3. Because many studies have
proved that canopy structure could have specific capacities for precipitation retention,
and prevent rainfall from directly forming overland flow or splashing soil surface
particles (Liu, 2001;Mohammad and Adam, 2010;Morgan, 2001), For this reason, the
canopy structure of T1 could have stronger capacity to reduce the transmission of
stochastic signal of amount and energy of rainfall directly on soil surface, which finally
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attributed to the relative lower probability of R and S event in T1. This could also
probable explained the decreased vegetation coverage significantly correlated with the
increased probability of S event in table 4.

Secondly, there was abundant litter material covering on the soil surface of T2 (figure
7), which formed a significant largest average thickness of the litter layer. Many studies
also proved that litter layer structure acts multiple roles on conserving the rainfall,
improving infiltration of throughfall, as well as cushioning the splashing of raindrop
(Gyssels et al., 2005;Johns, 1983;Munoz-Robles et al., 2011;Geifl3er et al., 2012). For
these reasons, the litter layer structure of T2 also have stronger disturbance on the
transmission of stochastic signals of rainfall through improving the throughfall
absorption to reduce the probability of R event as well as inhibiting the splash or sheet
erosion occurrence.

The distribution of root system could be the third important morphological structure
to disturb the stochastic signal of rainfall transmitting on soil-plant system. More
macropores formed by root system of vegetation types distributing in the soil matrix
was proved to improve the reinfiltration of the overland (Gyssels et al., 2005). The
reinfiltration process is an important way to recharge soil water stores when the
overland flow occurred in hillslopes, but also an indispensable contributing factor to
reduce the unit area runoff (Moreno-de las Heras et al., 2009;Moreno-de las Heras et
al., 2010). Consequently, showed in figure 7, denser root system distributing the
underground of T2 could create more macropores in the subsurface than that of T1 and
T3. It reduce the transmission of stochastic signal of rainfall by means of supplying
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more opportunity to reinfiltrate the potential overland flow into a deep soil layer, and
finally decreased the probability of soil erosion in T2.

The interactions between plant and soil erosion in semi-arid environment is a
complex ecohydrological processes (Ludwig et al., 2005), which also reflects in the
complexity of stochasticity of soil erosion in different restoration vegetation types.
However, due to the mechanical characteristics of morphological structures of
vegetation having strong negative correlation with soil erosion in this study region (Zhu
et al., 2015), these hydrological-trait morphological structures of vegetation could be
key factors to affect the randomness of soil erosion. Just as in this study, the limited
hydrological-trait morphological structures—such as relative smaller canopy structure,
thinner thickness of litter layer, and shallower root system distribution in soil layer of
T3—more significantly restricted its hydrological functions on intercepting rainfall as
well as on conserving overland flow than that of T1 and T2 with obvious canopy
structure and thicker litter respectively. As a result, these differences of morphological

structures finally lead to the different stochasticity of runoff and sediment in T1 to T3.

Figure 7

Table 4

4.3 Assessment of stochasticity prediction modellings
PMFs of binomial and Poisson are effective probabilistic modellings to predict the
stochasticity of soil erosion in restoration vegetation types in semi-arid environment.

22

Hydrology and
Earth System
Sciences

Discussions



Hydrol. Earth Syst. Sci. Discuss., doi:10.5194/hess-2016-386, 2016
Manuscript under review for journal Hydrol. Earth Syst. Sci.
Published: 1 August 2016

(© Author(s) 2016. CC-BY 3.0 License.

483
484
485
486
487
488
489
490
491
492
493
494
495
496
497
498
499
500
501
502

503

504

The binomial and Poisson distribution functions were extensively applied on analyzing
the stochastic hydrological phenomenon in natural condition Eagleson (1978). In the
OCIRS-Bayes analysis framework, R and S events were both subsets of sample space
composed by | events, therefore, the stochasticity of R and S have close connection
with the stochastic signals of | events. In this study, the PMFs of binomial and Poisson
indicates relative good predication about probabilistic distribution of soil erosion in all
restoration vegetation types over five rainy seasons, however, with the ongoing
experiment (supposing the monitoring of soil erosion last for 10 rainy seasons’ for
instance), whether these two PMFs would still have stable and consistent well-
prediction about the stochasticity of soil erosion in T1 to T3, which could be an
interesting and important assessment of the two PMFs. Based on above assumption, we
compared the temporal effects of prediction in the two PMFs, and employed MLE and
UMVUE (Robert et al., 2013) which are most important point estimation methods to
make parameter analysis on PMFs of binomial and Poisson. The parameters pg, ps, As
and Ay are deduced from experimental data, and contain all stochasticity information
about R and S occurring in different restoration vegetation types. Specifically, take the
stochasticity of R event for instance, we defined X; as the number of times of R event
occurrence in a specific restoration vegetation in i ™ rainy season. Therefore, in this
study, five independent and identical (iid) random variables have the same and mutually
independent PMFs of binomial or Poisson, which are simply expressed as follow:

X1, Xz, oy X5 = binomial (pg) or Xy,X,, ..., Xs N Poisson () (16)
Supposing the monitoring of soil erosion are continued to be conducted infinitely, then
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the numbers of corresponding I events (n) and rainy seasons (i) would approach infinity
(n, i—o0). (16) would be transformed as follow:

X1, X2 0 X = binomial (p) or X4,Xy, ... X; = Poisson @) a7
In the (17), p and A are two population parameters representing the whole
randomness information of R events under longer monitoring period with i rainy
seasons. The real p or A is unknown, but, theoretically, they can be estimated by
searching for the best reasonable population estimators p or A through MLE and
UMVUE methods. During the estimator searching processes, appendix B proved that
the best estimator p in Binomial PMF is the unbiasedness and consistency of the MLE
of p. And appendix C, however, proved that the best estimator 4 in Poisson PMF is
not only the unbiasedness and consistency of the MLE of A, but also the UMVUE of
MLE. Consequently, comparing the two appendices, the best estimator A implies that
the Poisson PMF would be more beneficial for predicting the stochasticity of R and S
events in different restoration vegetation types over long-term observation periods than
that of Binomial PMF.

Besides having better prediction about stochasticity of soil erosion at larger temporal
scale, the Poisson PMF could also be fit for predicting the stochasticity of S event in
the closed-design plot system. As Boix-Fayos et al, (2006) mentioned, the closed
runoff-plot was not fit for long-term soil erosion monitoring, because it forms an
obstruction to prevent the transportable material from entering the close monitoring
system. With the ongoing monitoring at longer temporal scale, the transport-limited

erosion pattern could gradually transform into detachment-limited pattern in the closed-
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plot (Boix-Fayos et al., 2007;Cammerraat, 2002). This probably leads to the sediment
transformation becoming more and more difficult to generate, and finally reduces the
probability of S events under the same precipitation condition. And fortunately, the
parameters in Poisson PMF at larger temporal scale could successfully express the
decreasing of probability of S event in closed-plot system. Because, in order to
satisfying the fact that A = np in Poisson PMF is an unknown constant, when the
numbers of times of | events (n) approach infinity, the probability (p) of R or S events
generation have to approach to zero, Actually, above inference coincides with the
assuming situation for sediment transformation in closed plot system at long temporal
scale (Boix-Fayos et al., 2006), which further proves that Poisson PMF could be a
reliable prediction model for soil erosion. However, affected by the globe climate
change, the occurring frequency of extreme weather condition probably increase. Under
that background, the stochastic signals of increasing extreme | events could inevitably
be transmitted into the stochasticity of soil erosion in the further. Consequently, it is
necessary to furtherly focus on the disturbance of rare event with extreme amount or

energy on the soil-plant systems under a changing environment.

5. Conclusion

In this study, we applied stochastic approach to analyze the effects of restoration
vegetation types on the stochasticity of runoff and sediment in the Loess Plateau of
China, and draw the following conclusions:

(1) OCIRS-Bayes framework is an innovative analysis system which not only quantify
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the stochasticity of environment in terms of random event pattern, but also
characterize the interactive relationship between rainfall and soil erosion by means
of probability theory.

(2) The difference of morphological structures in restoration vegetation types is the
source of different stochasticity of soil erosion in T1 to T3 under same rainfall
condition. Larger canopy, thicker litter layer and denser root distribution could
more effectively affect the transmission of stochastic signal of rainfall into soil
erosion.

(3) Both of binomial and Poisson PMFs could well predict the probability distribution
of numbers of times runoff and sediment events in T1 to T3, however, Poisson
PFM could be more fit for predicting stochasticity of soil erosion at larger temporal
scales

This study provide a new analysis framework to describe the soil erosion property,

which could be meaningful to researchers and policy makers to evaluate the efficacy of

soil control practices and their ecosystem service in a semi-arid environment.

Appendix A.  The transformation from binominal to Poisson PMF

Let p = % then:

pMfypin(x) = (Z)px(l —pr =M. (ﬁ)x . (1 _ i)n_x

x!(n-x)! \n n

Al n(n-1)(n-2)--1 1 (1 A)n—x

x! (n-x)(n-x-1)-1 n*

“20(1-2)- (-9 (1-2) (42 (-9 w
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571  Inequation (Al), whenn — oo, and x, A is finite and constant, then
) 1 ) x—1 ) AN
572 lim(1—=) == lim (1 ——) = lim (1 ——) =1 (A2)
n—oo n n—oo n n—-oo n
573 And
—1\"
574 lim (1 + —) =e* (A3)
n—oo n
575  And according to equation (A2) and (A3), the equation (A1) can be transformed as:
, n! N~ MNTF] Axe 2
576 rlll_T)’Zlo [m . (E) . (1 — ;) ] = o, x=0,12,.. (A4)
577 or
now AXe ™4
578 pmebin(x) — ! = pmepoi(x) (A5)
579
580 Appendix B. Parameter estimation of p in Poisson PMF
581 (1) Derivatization of the MLE p
iid
582  Let the random sample Xy, X,,...,X; = pmfypin(p) and assume the binomial
583  distribution as:
m
584 P(X=x,) = (x )pxi(l — pym (B1)
i
585  The likelihood function L(p) is joint binomial PDF with parameter p as follow:
n
m n n
ss6 L) = fyOu o Xup) = | [() %01 - pyomnBiaxo (B2)
i1 i
587 By taking logs on both side of equation (B2):
n
m n n
588 InL(p) =In (1_[( >> + Xilnp + <mn — Z XL-) In(1—-p) (B3)
L i=1 i=1
589  And differentiating with respectto p in InL(P) and let the result be zero:
dlnL X, (mn-YL.X
590 (p)= i=1 1_( i=1 z)=0 (B4)
dp p 1-p)
591  Solution p = M let m=n= p= X
mn n
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Therefore, p = g is the MLE of population parameter p in binomial PMF model.

(2) Discussion of the unbiasedness and consistency of p

Let E,(p) be the expectation of M.L.E p when population parameter p is true in

id
random sample which is X4,X5, ..., X; 5 pmfypin(p), then

- 1 n 1
Ep(9) = Ep(R/m) =5 ) Bp(X) = 5n’p = (B5)

Which proved that MLE p = % is a unbiased estimator for p. And furthermore then

let Var,(p) be the variance of p when population p is true.
n 1 n 1 —

Var,(p) = Var, <Z Xi/nz) = —42 Var, (X)) = u (B6)
i=1 n i=1 n

As the n approaches to infinite:
. o _ . (P =p)
s van, @) = [im, <n— =0 ¢

Equation (B5)~(B7) satisfied the theme of weak law of larger number, which lead the

p= % is probabilistic converge to population parameter p:

limP(|p —p| =€) =0,foralle >0 (B8)
n—oo

S I

Consequently, the unbiased MLE p = = is consistent for p.

Appendix C.  Parameter estimation of A in Poisson PMF
(1) Derivatization of the MLE 2
iid
Let the random sample XI,XZ,...,Xiipmepoi()l), and assume the poisson

distribution as:

Axig=4
pmepoi(xi) = o (C1)

i
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The likelihood function L(A) is joint PDF with parameter A as follow:
" Wi
LD = f Ky e X ) = F 0, D) X% f D) = | |5 €2

=1 Y

Taking logs on L(4) in equation (B4) and differentiating logarithm function with

respect to A:

Aie=2
alnL(2) (Il x—i!) _ AT Xi o YR XA X) c
or aA = T oaxg a) (x5 x)! 3
Let the equation (C3) equal to zero, and has solution:
PO B L —
1=- i:1XL- =X (C4)

Therefore, 1 =X is the MLE of population parameter 1 in Poisson PMF model.

(2) Discussion of the unbiasedness and consistency of 4
Let E,l(i) be the expectation of MLE A when population parameter A is true in

id
random sample X;,Xs, ..., X; = PMfxpoi(4), then:

n 1
EX)=-ni=21 (C5)
i=1 n

i

A - 1
E()=EX = =
which proved that MLE A = X is a unbiased estimator for A. Meanwhile, let Vary(1)

be the variance of MLE 1 when population parameter A is true

. = n 1 y)
Vary(1) = Van,(X) = Vary (Z X; /n2) = —42 Vanr,(X;) = - (C6)
i=1 n i=1 n
And
lim Vary(1) = li A =0 c7
fi van(2) = fim () = 7

According to the weak law of large number theme, equation (B7, B8, C1) lead that
unbiased MLE 1 =X is probabilistic converge to A:

limP(|A— 4| =€) = 0,foralle > 0 (C8)
n—oo
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Therefore, MLE 1 = X is consistent for population parameter A.

(3) Determination of UMVUE 2 of population parameter
Firstly, MLE A =X is an unbiased estimator of parameter A which is the
precondition of UMVUE determination. Secondly, by using Cramer-Rao lower bound

to check whether the unbiased MLE was UMVUE or not. Then we have:

Infy(X,)) = —Inx'+xin A — 2 (C9)
I(Infx(X,2)) x

BN =771 (10
And

X
?lnfy(X,)) 0G—-1)  «
FYE 222

(C11)

Accordingly the expectation of equation (C11) when the population parameter A is

true:

= - _ﬁEA(X) =——=__ (C12)

92nfy (X, A X 1 A1
E’l[%]za( >= PR

So the Cramer-Rao lower bound (CRLB) is

1 1

_nE, [62lng,igX,/1) . (_%)

CRLB =

1 . _
=== Vary(1) = Van(X) (C13)

Consequently, MLE 1 =X is UMVUE of population parameter A.

30

Hydrology and
Earth System
Sciences

Discussions



Hydrol. Earth Syst. Sci. Discuss., doi:10.5194/hess-2016-386, 2016
Manuscript under review for journal Hydrol. Earth Syst. Sci.
Published: 1 August 2016

(© Author(s) 2016. CC-BY 3.0 License.

655
656
657
658
659
660
661
662
663
664
665
666
667
668
669
670
671
672
673
674
675
676
677
678
679
680
681
682
683
684
685
686
687
688
689
690
691
692
693
694

695

696

Figure captions

Figure 1

Description of the study area, (a) Location of the Yangjuangou Catchment; (b)
restoration vegetation types at the runoff-plot scale, from left to right: Armeniaca
sibirica (T1), Spiraea pubescens (T2), and Artemisia copria (T3); (c) field saturated
conductivity measurement using Model 2800 K1 Guelph Permeameter; (d) a 1 m?2
quadrat to measure vegetation coverage

Figure 2

Construction process of OCIRS-Bayes analysis framework, (a) flow chart of
confirming process of all elements in OCIRS-Bayes system; (b) Venn diagram of the
relationships of all elements in OCIRS-Bayes system; (c) result of hierarchical cluster
analysis of 130 individual rainfall events

Figure 3
The probability distributions of four rainfall event types at month and seasonal scales
over five rainy seasons

Figure 4

The probability distributions of soil erosion in three restoration vegetation types at
month and seasonal scales over five rainy seasons, the Arabic numbers and letter “T”
on the abscissa in each plot represent the month and total reason respectively, the same
as follow figures

Figure 5

The distribution of probabilistic contribution of four rainfall event types on one
stochastic soil erosion in three restoration vegetation types at month and seasonal scales
over five rainy seasons

Figure 6

The comparison the prediction of stochasticity of soil erosion by binomial and Poisson
PMFs and observed frequency of numbers of times of soil erosion event in three
restoration vegetation types, Exp_B and Exp_P means the expected values in binomial
and Poisson PMF respectively, and histogram represents observed value.

Figure 7

Morphological structure properties of thee restoration vegetation types including litter
layer, root system distribution. The diameter and depth of samples which were indicted
by the dashed line are approximately 10 cm and 30 cm respectively
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s 1ables
867
868 Tablel Basic properties of soil, vegetation and erosion in different restoration vegetation types
Basic properties of different "N Restoration vegetation types
vegetation types Armeniaca sibirica  Spiraea pubescens Artemisia copria
Type 1 Type 2 Type3
Topography property
Slope aspect 9 southwest southwest Southwest
Slope gradation (%) 9 ~26.8 ~26.8 ~26.8
Slope size for each (m) 9 3x10 3x10 3x10
Soil property
aDBD (g cm™®) 30 1.2840.08 1.1640.12 1.2340.10
Clay (%) 30 11.0742.43 11.9843.05 9.54+1.48
Silt (%) 30 26.11+.50 25.2443.84 26.7242.87
Sand (%) 30 62.8240.94 62.7844.51 63.7443.24
bTexture type Sandy loam Sandy loam Sandy loam
°Kfc (cm mint) 20 0.4640.82(a) 2.2240.66(b) 0.5040.60(a)
dSOM (%) 30 1.2840.63(a) 0.9840.15(b) 0.90+0.09(b)
Vegetation property
Restoration years 9 20 20 20
Crown diameters (cm) 27 211.6415.4(c) 80.524.5(b) 64.146.3(a)
Litter layer (cm) 30 1.240.3(a) 3.4+1.8(b) 1.840.5(a)
Height (cm) 27 256.3+1.1(c) 128.348.3(b) 61.8+1.1(a)
LAI 27 x 2.31 1.78
¢Ave. Coverage (%) 27 85 90 90
Rainfall/Erosion property
Times of rainfall events 130
Times of runoff events 30/30/30 45/45/45 45/45/45
Times of sediment events 13/13/13 19/19/19 32/32/32
fAve. runoff depth (cm) 0.012(a) 0.014(a) 0.083(b)
9Ave. sediment amount (g) 5.8(a) 6.8(a) 25.7(b)

a: dry bulk density; b: texture type is determined by textural triangle method based on USDA;
c: field saturated hydraulic conductivity, and all the values with same letter in each row indicates
non-significant difference at a=0.05 which is the same as follow rows; d: soil organic matter; e:
average coverage of three restoration vegetation types over five rainy seasons; f: average runoff
depth in restoration types over rainy seasons; g: average sediment yield in restoration types over
rainy seasons; h: sample number.
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Correlation analysis between vegetation coverage and stochasticity of runoff and

sediment events

a\/egetation

Runoff Events

Sediment Events

types Probability = Expectation  Variation  Probability = Expectation  Variation
Ia Type

Type 1 NA NA NA NA NA NA

Type 2 -0.61 -0.57 -0.63 NA NA NA

Type 3 -0.32 -0.50 -0.18 NA NA NA
Is Type

Type 1 -0.74* -0.48 -0.82* NA NA NA

Type 2 -0.51 -0.94* -0.78* -0.70* -0.60 -0.54

Type 3 -0.88* -0.80* 0.20 -0.81* -0.63 -0.41
Ic Type

Type 1 NA NA NA NA NA NA

Type 2 NA NA NA NA NA NA

Type 3 NA NA NA NA NA NA

All Types

Type 1 -0.28 -0.32 -0.36 NA NA NA

Type 2 -0.13 -0.61 b-0.77* -0.33 -0.58 -0.42

Type 3 -0.09 -0.36 -0.23 -0.36 -0.69 -0.33

a: vegetation coverage; b: * means significant at 0=0.05
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Figures

Yangjuangou Catchment
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Figure 1 Description of the study area, (a) Location of the Yangjuangou Catchment;
(b) restoration vegetation types at the runoff-plot scale, from left to right: Armeniaca
sibirica (T1), Spiraea pubescens (T2), and Artemisia copria (T3); (c) field saturated
conductivity measurement using Model 2800 K1 Guelph Permeameter; (d) a 1 m?
quadrat to measure vegetation coverage
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923  Figure2 Construction process of OCIRS-Bayes analysis framework, (a) flow chart of
924  confirming process of all elements in OCIRS-Bayes system; (b) Venn diagram of the
925  relationships of all elements in OCIRS-Bayes system; (c) result of hierarchical cluster
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Figure 3 The probability distributions of four rainfall event types at month and

seasonal scales over five rainy seasons
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Figure 4 The probability distributions of soil erosion in three restoration vegetation types at month
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Figure 6 The comparison the prediction of stochasticity of soil erosion by binomial
and Poisson PMFs and observed frequency of numbers of times of soil erosion event in
three restoration vegetation types, Exp_B and Exp_P means the expected values in
binomial and Poisson PMF respectively, and histogram represents observed value.
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Figure 7 Morphological structure properties of thee restoration vegetation types
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were indicted by the dashed line are approximately 10 cm and 30 cm respectively
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