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1 Introduction and objectives

I Introduction and objectives

1.1 Biodiversity and Ecosystem Functioning
Biodiversity

Biodiversity can be defined as “the number abundance and composition of genotypes,
populations, species, functional types and landscape units in a given system” (Scherer-
Lorenzen, 2005). The term was first introduced to the scientific community by the end of the

1970s 1n the proceedings of a conference on conservation biology (Soulé and Wilcox, 1980).

About 10 years later, at the beginning of the 1990s, the term “Biodiversity and Ecosystem
Functioning” (BEF) emerged due to growing concern about a global loss of biodiversity
(Loreau et al., 2001; Scherer-Lorenzen, 2005) and enormous costs associated due to the loss
of habitats and ecosystems (Piementel et al., 1997). This circumstance raised the question of

the relation of ecosystem properties to biodiversity.

As a consequence, the United Nations have proclaimed the decade 2011-2020 as the
“United Nations decade on biodiversity” and expressed five strategic goals (Convention on

Biological Diversity, 2011):

(1) Strategic Goal A: Address the underlying causes of biodiversity loss by

mainstreaming biodiversity across government and society

(ii) Strategic Goal B: Reduce the direct pressures on biodiversity and promote

sustainable use

(1) Strategic Goal C: Improve the status of biodiversity by safeguarding

ecosystems, species and genetic diversity

(iv)Strategic Goal D: Enhance the benefits to all from biodiversity and ecosystem

services

(v) Strategic Goal E: Enhance implementation through participatory planning,

knowledge management and capacity building

Looking at forests we observe a continuous loss of biodiversity. During the last 8,000
years nearly half of the earth’s original forests have diminished and every year about 13

million hectares are lost. In tropical, temperate and boreal forests the majority of the world’s
1



1 Introduction and objectives

terrestrial species can be found and they form the source of over three quarters of the world’s
accessible fresh water. Moreover, forests play a major role in the world’s carbon cycling

(Convention on Biological Diversity, 2011).

Ecosystem services and functioning

One basic question in biodiversity research deals with the relation of biodiversity and
various ecosystem services (Scherer-Lorenzen, 2005). According to the “Convention of
Biological Diversity” (Convention on Biological Diversity, 2011), ecosystem services are

separated into four groups:

1) Provisioning services: e.g the supply of goods (timber from forest, fish from the

oceans, etc.)

2) Regulating services: e.g. the regulation of climate, filtering of air and water, storing

of carbon, prevention of soil erosion
3) Cultural services: e.g. spiritual/ religious value, aesthetic value
4) Supporting services: e.g. formation of soils, processes of plant growth

Since soils control many of these services, at least to a certain extent, they play a major
role in this ecosystem service approach. A prominent example is the function of a soil to
provide plants with water and nutrients. In return, plants protect the soil against erosion. Any
disturbance of this fragile interplay between soils and the surrounding ecosystem can lead to a
downward-spiral, a fact that is known not only from dry ecosystems, where widespread
disturbance and devastation resulted in the problem of desertification (Schlesinger et al.,

1990).

The understanding of forest ecosystem functioning is therefore of primary interest in
biodiversity and ecosystem research as forests provide the basis of most ecosystem services

mentioned above (Nasi et al., 2002; Chazdon, 2008).
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1.2 Soil erosion and forest vegetation

Soil erosion and its prevention is an important issue from both an ecological and
economical point of view. Especially in subtropical China, where high rainfall intensities
cause severe and continuous soil losses, soil degradation by erosion and its control is one of
the major environmental problems and a central topic for the last decades (Thorp, 1936;
Huang, 1987; Aldhous, 1993; Biggelaar et al., 2003; Kolb, 2003; Shi et al., 2004; Cai et al.,
2005; Wang et al., 2005). The environmental impacts of soil erosion are numerous. Erosion
causes enormous economic costs (Pimentel et al., 1995; Lal, 1998; Montgomery, 2007) due to
reduced land productivity, off-site effects caused by deposits and pollutants from eroded sites
affect human safety, food security and socio-economic development (Shi et al., 1998, 2000;
Lin, 2002; Yu et al., 2006; Darilek et al., 2009). There is a broad consensus that vegetation is
a key control for erosion processes (Thornes, 1990; Morgan, 2005). Therefore, afforestation 1s
widely used as a measure of soil protection against soil erosion (Vertessy, 2001; Zhang et al.,
2002; Huang et al., 2003). In China, total forest cover increased in the last 60 years mainly
because of the proportion of afforestations having constant double-digit growth rates.
Nevertheless, the proportion of natural forests is continuously declining (Song and Zhang,

2010).

Main effects of a plant cover regarding reduction or enhancement of erosion are
modification of drop-size distribution, retention of direct raindrop impact (splash erosion),
and changes in spatial distribution of throughfall amount at the ground surface (Chapman,
1948; Levia and Frost, 2006). Rainfall characteristics are altered when raindrops hit the plant
canopy. Some will shatter producing smaller drops, while some will coagulate on leaves
before falling to the ground as large drops. The kinetic energy (KE) of throughfall in
subtropical forests is up to 2.7 times higher than under open field conditions (Vis, 1986;
Brandt, 1988; Nanko et al., 2008a; GeiBler et al., 2010a). For example, Brandt (1989) has
shown that large drops from leaves may be significant sources of splash detachment in forests,
indicating that drop size may overplay drop velocity (Massman, 1983; Styczen and Hggh-
Schmidt, 1988; Salles and Poesen, 2000).

Splash detachment caused by raindrop impact is the initial process of soil erosion
(Morgan, 2005). The KE of falling drops detaches soil particles that impact (Erpul et al.,
2005) and initiates overland flow indirectly by decreasing the infiltration rate due to clogging

of soil pores at the soil surface (Le Bissonnais and Singer, 1992; Salles and Poesen, 2000;
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Singer and Shainberg, 2005). Therefore, a continuous and intact ground cover is considered as
a central measure to prevent soil erosion in forests (e.g. Zhou et al., 2002; Ghahramani et al.,
2011).

Based on the mechanisms mentioned above the process system of soil erosion under

forest can be divided into two basic parts:
(1) the alteration of rainfall into throughfall and

(i1) the drop impact on the soil surface or on surfaces of shrubs and herbs vegetation or

litter and potential overland flow generation (Fig. 1, dark blue arrows).

During the steps in this process system rainwater is lost by evapotranspiration, stemflow
and infiltration (light blue arrows). This results in generally less than 80 % of the water

arriving at the canopy falling down as throughfall (Levia and Frost, 2006) .
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Fig. 1: Process system of soil erosion under forest separated in (1) drop interception and rainfall alteration by
tree canopies and (2) drop interception, splash erosion and overland flow generation at the forest floor.
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There is no doubt that mechanisms that control soil erosion under forest are very dynamic
in space and time and soil loss may even increase with height growth of trees due to changes
of the KE of rain. This has been documented for acacia forest in Indonesia (Wiersum et al.,
1985), beech forest in New Zealand (Mosley, 1982) or tropical rain forest in Colombia (Vis,
1986).

One of the central issues regarding KE of throughfall in forests is its relation to forest
stand variables, to specific species and to canopy architecture. Forest stand variables like tree
density (Pressland, 1976; Stogsdill et al., 1989; Bochet et al., 2002) and tree morphological
factors like tree height (Wainwright, 1999; GeiBler et al., 2010a; Wakiyama et al., 2010),
height of the first branch (Nanko et al., 2008b), canopy thickness (Levia and Frost, 2006;
Nanko et al., 2000), leaf area index (LAI) (Gémez et al., 2001; Park and Cameron, 2008),
branch and leaf traits (Herwitz, 1985, 1987; van Elewijk, 1989), and ultimately species
identity (Williamson, 1981; Hall and Calder, 1993; Nanko et al., 2006; Park and Cameron,
2008; Xu et al., 2009; Geiller et al., under review) are all supposed to influence throughfall
KE in some way, although some studies neglect these dependencies (Vis, 1986; Brandt, 1989;
Foot and Morgan, 2005). Yet, the contribution of the above mentioned factors to the

generation of throughfall remains largely unclear.

1.3 Literature overview: Kinetic energy of throughfall in forests — Factors and

controls
Measurement of kinetic energy of throughfall in forests

As already addressed above, in soil erosion research a widely used parameter to estimate
the erosive power of rainfall is KE (Morgan, 2005). According to the formula of KE,
parameters needed to calculate rainfall KE are the size and the fall velocity of each individual

drop (Salles et al., 2002):
KE =% m v2
where m = drop mass and v = drop velocity.

The drop size distribution (DSD) of rainfall is known since the pioneering works of Laws
(1941), Marshall and Palmer (1948) and Gunn and Kinzer (1949). Their works are primarily

related to rainfall under open field conditions. As devices measuring rainfall KE directly
5
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remain scarce, rainfall KE is commonly derived from rainfall intensity. Overviews are given

by Morgan (2005), Salles et al. (2002) and van Dijk et al. (2002).

Consequently, the methods applied for measuring erosive power of throughfall under

vegetation were originally designed for studying properties of open field rainfall. These are
(i) the paper stain method (Wiesner, 1895; Brandt, 1988),
(i1) the flour pellet technique (Bentley, 1904; Brandt, 1989),
(ii1) laser disdrometers (Hall and Calder, 1993; Nanko et al., 2008a) and recently
(1v) a piezo-electric sensor (Wakiyama et al., 2010).
According to the measuring principle of these methods they can be sorted as follows:
(i) measure DSD and assuming terminal velocity of falling drops (methods a and b),

(i1)) measure DSD and drop velocity and calculate KE according to the formula given

above (method c),
(i11) measure KE directly (method d).

The advantage of disdrometers is to measure rainfall events without interrupts. However,
the number of replications is limited because of high technical and financial demands. The
other methods lack basically temporal continuity (Nanko et al., 2008a) or are based on
outdated assumptions. Taking into account these limitations, Mosley (1982) in New Zealand
and Vis (1986) in Colombia used splash cups (Ellison, 1947) for estimating throughfall
erosivity successfully. The major advantage of splash cups is their easy handling and the high
number of replications that can be obtained at reasonable costs. As splash cups measure
neither the drop size distribution nor the KE directly they have to be calibrated (Bisal, 1950;
Cornelis et al., 2004; Scholten et al., 2011).

Components of throughfall

Forest canopies alter rainfall properties by redistributing rainfall into throughfall,
stemflow and evapotranspiration (Levia and Frost, 2006). About 2/3 of the rainfall reaches the

ground as throughfall (Vis, 1986; Brandt, 1988; Nanko et al., 2004; Wei et al., 2005; Reid and
6
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Lewis, 2009; Ziegler et al., 2009). Its components are free throughfall, drip from leaves and
branches (also called released throughfall, cf. Dunkerley, 2000) and the so-called splash from
leaves which is caused by impacting drops spattering on leaves or branches. Each of these
three components is supposed to have a unique drop size distribution (Nanko et al., 2006)

(Fig. 2).
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Fig. 2: Partitioning of rainfall into the components of throughfall with characteristic
drop size distributions (modified after Nanko et al., 2006).

Free throughfall passes through the canopy without striking the plants surfaces. Released
throughfall is rainfall which is intercepted by plant components and released when the storage
capacity of these components is filled (Dunkerley, 2000). The erosivity of throughfall in total
depends mainly on the relation between the components of throughfall. Like KE of rainfall
KE of throughfall is commonly described in Joule per unit surface (J m™) or additionally with

unit rainfall (J m?> mm’l).
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Kinetic energy of throughfall in forests for different ecological zones

In the past, KE of throughfall in forests has been studied in several ecological zones
around the world with an emphasis on tropical and subtropical regions. The first attempt was
made by Chapman (1948). He came to the result of throughfall under a red pine plantation in
North America being of higher erosivity than adjacent open field rainfall. Concluding,
Chapman (1948) stated that the modification of the size of the drops by its pass through the
canopy is responsible for this gain in KE. Moreover, he stated rainfall intensity having no
influence on throughfall KE as plant canopies alter the drop sizes independently from rainfall

characteristics.

In another study in Japan, Tsukamoto (1966) could confirm the results of Chapman and
concluded throughfall having a typical drop size distribution. In a beech forest in New
Zealand, Mosley (1982) was the first to use calibrated splash cups in forests for estimating
throughfall erosivity. He could show the KE in the forest (28.6 J m™ mm'l) (Tab. 1) being 1.5
times higher than under open field conditions (18.8 J m™ mm™) and mentioned a high
variability of throughfall KE in the forest. Similar to Chapman (1948), Mosley states
throughfall KE being independent of rainfall intensity as the canopy is responsible for the
drop size distribution of throughfall.

Table 1: Kinetic energy (KE) of throughfall after different authors.

Source KE J m2mm™) Ratio rainfall / throughfall Forest ecosystem
Mosley (1982) 28.6 1.5 temperate beech forest (New Zealand)
Imeson and Vis (1984) 30.8 1.34 tropical rainforest (Colombia)
Wiersum (1985) - 1.5 forest plantation (Indonesia)
Vis (1986) 23.0to 37.1 1.22t0 1.97 tropical rainforest (Colombia)
Brandt (1988) 16.9 to 40.2 1.24 t0 2.64 tropical rainforest (Brazil)
Nanko et al. (2004) 24.6 2.23 subtropical forest plantation (Japan)
Nanko et al. (2008) 15.9 t0 20.7 - subtropical forest plantation (Japan)
Wakiyama et al. (2010) 16.9t021.0 - subtropical forest plantation (Japan)

Wiersum (1985) could show an increase of the erosive power of throughfall by 57 %
compared to open field rainfall in a forest plantation in Indonesia. According to his results a
two-fold increase in drop sizes was responsible for this circumstance. Concluding, Wiersum

(1985) states a direct soil cover being more important for erosion control than higher
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vegetation and “a proper functioning forest ecosystem is more important for erosion control

than just trees”.

In a Colombian forest ecosystem, Vis (1986) using splash cups and filter paper also
confirmed a higher erosive power for throughfall compared to open field rainfall. Moreover,
he could demonstrate that throughfall has a bimodal drop size distribution in contrast to open
rainfall which shows a unimodal distribution. The values he obtained show increases in KE of

throughfall between 22 % and 72 % compared to open rainfall (23.7 to 37.1J m? mm™).

Brandt (1988), applying the paper staining method, measured throughfall KE in a tropical
rainforest in Brazil. By comparing forests with multiple vegetation layers Brandt (1988)
showed that the presence of various vegetation layers strongly affects throughfall KE. Under a
single layer canopy, KE of throughfall increased up to 1.84 times that of open field rainfall,
while the change in KE under the multiple-layered canopy proved to be 0.4 times of that of
rainfall. Brandt (1988) concludes that a lowering of KE of throughfall below the KE of

rainfall is only achieved through the amount of rainfall intercepted.

In the 1990ies, highly sophisticated techniques became applied when measuring
throughfall KE (Hall and Calder, 1993). In a Japanese cypress plantation in Japan, Nanko et
al. (2004, 2008b) used laser disdrometers for measuring throughfall KE. By using this
automatic technique Nanko et al. (2004) could show a six-fold decrease in drop counts in the
forest compared to the open field. Nevertheless, throughfall had a 2.5 times higher KE (24.57
J m? mm™) than adjacent open field rainfall (11.03 J m~ mm™). According to Nanko et al.
(2004, 2008) a high number of large drops under forest vegetation is responsible for this

circumstance.

Although several attempts have been made for estimating throughfall KE the studies are
hard to compare and consistent datasets remain rather small. The biggest disadvantage of the
above mentioned studies is the small number of replications on the (forest) plot and the event
scale. Moreover, differently calibrated devices have been used and different assumptions have
been made (see section 1.3). As rainfall parameters have proved to cause significant
differences in throughfall KE (Nanko et al., 2006), a certain number of events should be

sampled to account for this variability.
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Biotic factors influencing throughfall generation

As mentioned above, height of the vegetation is one of the most important factors
controlling throughfall KE (e.g. Chapman, 1948; Mosley, 1982; Vis, 1986; Styczen and
Hggh-Schmidt, 1988; Brandt, 1988; Morgan, 2005). Height affects the velocity of falling
drops and thus influences KE directly. Most recently the height effect could be shown by
Wakiyama et al. (2010). They compared two forest stands of different age and showed that
the 36-year old stand (average height = 17.4 m) produces a 1.24 times higher throughfall KE
than the 21 year old stand (average height = 9.2 m). In another recent study, Geiller et al.
(2010a) could show an asymptotic increase in the erosive power of throughfall with

increasing successional stage of a forest stand.

Contrastingly, low canopies are supposed to decrease rainfall KE substantially. Under
low crops, McGregor and Mutchler (1978), Quin and Laflen (1981) and Noble and Morgan
(1983) could show a reduction of rainfall KE down to 10 % of open field KE. Other
researchers focusing on shrubs and dwarf shrubs also report a substantial decrease of
throughfall KE under low canopies (Bochet et al., 1998; Wainwright et al., 1999). During the
first stages of forest succession the gain of height leads to a continuous increase in throughfall
KE (e.g. GeiBler et al., 2010b). This effect is supposed to diminish with increasing age of the
forest stand as terminal velocity of drops is assumed to be reached at about 8 m depending on

drop size (e.g. Stuart and Edwards, 2006).

To our knowledge only one study examined the effect of stand density on throughfall KE
so far. In a small experimental plantation Geifller et al. (manuscript 3) could show the effect
of higher throughfall KE with increasing interplant distances. This is supposed to be caused

by a shift in the proportion of throughfall components.

Moreover, some studies mainly focusing on throughfall amount and water balance dealt
with this issue. Basically, as mentioned above, a variation in plant spacing should affect the
relation of the different elements of throughfall (free throughfall, release throughfall or drip)
to each other. Stogsdill et al. (1989) examined the relationship between throughfall amount
and stand density in a Pinus taeda plantation. Their results indicate an increase of throughfall
amount after thinning operations. Moreover, they mention differences regarding forest age
when focusing on throughfall for different densities. They state for young pines thinning (or
wider planting distances) would create large inter-individual gaps. In these gaps, free

throughfall occurs and a substantial increase (or change) in total throughfall would be
10
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observed (Pressland, 1976; Stogsdill et al., 1989). Similar to this, Bochet et al. (2002) could
show a decrease in the reduction of throughfall KE under dwarf shrubs with increasing

distance to the plant.

The term canopy architecture summarizes mainly values for e.g. branch- and leaf
inclination, height of the first branch and canopy thickness. Herwitz (1987) showed the
importance of branch angles on throughfall generation and the formation of drip points. In
general, higher inclined branches lead to a higher amount of water transferred on branches.
Subsequently, this water is divided into stemflow and drip from branches. Van Elewijk (1989)
could also prove an effect of branch slope on the amount of water transferred within a canopy.
The general tendency is increased water flow on branches (and the formation of drip points)
for higher inclinations with a maximum around 40 to 60°. The number of branches is

supposed to be positively correlated with canopy storage capacity (Herwitz, 1985).

Contrary to these findings Foot and Morgan (2005) could not prove any effect of canopy
architecture variables like leaf inclination or branch inclination on the amount and KE of
throughfall. During their laboratory experiment, artificial plants were modified according to
expected impacts on throughfall erosivity and were then exposed to a simulated rainstorm. As
there were even no significant differences even between plots with plants and bare control
plots, one is likely to assume that this experimental setup is insufficient to measure

differences or dependencies of plant parameters in throughfall generation.

In another laboratory study, Nanko et al. (2008a) could demonstrate the effect of canopy
thickness on throughfall KE. Thinner canopies tend to produce throughfall drops of higher
KE than thicker canopies. Additionally, an enhanced amount of throughfall is documented.
This is mainly due to lower canopy storage and a less likely re-interception of drops by lower
parts of the canopy. The variable of interest in this case would be, besides canopy thickness
itself, the height of the first branch (Nanko et al., 2008a). Canopy storage is a crucial point as
the amount of water passing the canopy is one of the most important factors when considering
throughfall KE (Levia and Frost, 2006). Herwitz (1985) for example studied canopy storage
in a species-rich tropical rainforest and could show that canopy storage varies among species.
This is consistent with the results of other researchers focusing on the water balance in forests
(e.g. Schroth et al., 1999; Levia and Frost, 2006; Park and Cameron, 2008) or on water

balance for small trees (Aston, 1979).

11
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Leaf area index (LAI) is of major interest when considering throughfall amount and
properties. It is basically summarizing effects of canopy thickness, leaf and branch count to a
dimensionless number. In general, throughfall decreases with increasing LAI (Chen et al.,
1997; Crockford and Richardson, 2000; Gémez et al., 2001; Levia and Frost, 2006). This
could be followed by Park and Cameron (2008) only for lower rainfall intensities. For higher
rainfall intensities, they state, LAI loses influence as the storage capacity is lowered and the
effect of rainfall intensity is much bigger than that of LAI. Up to now no study focused
especially on the relation of throughfall KE to LAI

Another point of interest regarding throughfall properties is the shape, size and
orientation of leaves. Leaf surfaces form the major storage device in a plant and they are
supposed to have a substantial influence on throughfall properties, especially throughfall
amount (Levia and Frost, 2006; Park and Cameron, 2008) and drop size distribution (Hall and
Calder, 1993). The most obvious differences related to throughfall properties can be observed
between leaves of deciduous resp. evergreen and coniferous trees. Several drip mechanisms
like “launch drip”, “tipping bucket drip”, “induced drip”, “reservoir drip” and “needle drip”
are reported in the literature (Armstrong and Mitchell, 1988). As the storage capacity of
needles i1s much less than for most of the leaves, the average drop size under coniferous trees
is generally smaller (Hall and Calder, 1993; Nanko et al., 2006). As mentioned above, a
higher inclination of leaves (relative to the branch) is supposed to have a negative effect on

throughfall amount (and therefore throughfall KE) as it controls the possibility of water to be
stored on the leaf surface (van Elewijck, 1989).

In the past few studies focused on the influence of specific species. Throughfall KE in
forests was believed to be independent of species (Vis, 1986; Brandt, 1989). Using a laser
disdrometer Hall and Calder (1993) and later Nanko et al. (2006) found typical drop size
distributions for several tree species. They found large differences which can be attributed to
the leaf morphology. As mentioned above, needle leaved species generate finer throughfall
drops than broad leaved species. Moreover, the study of Hall and Calder (1993) indicates that
throughfall drop generation by different species also depends upon the nature of a rainfall
event. In other words, species react different to rainfall events depending on the size or

magnitude of the event.

A big proportion of throughfall erosivity is attributed to the amount of rainfall passing -

or being released by - the canopy. Park and Cameron (2008) could show that the throughfall/

12
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rainfall ratio is driven by the canopy traits of single species. Moreover they could show that
the influence of plant parameters (crown length, LAI, canopy openness) varies with the total
amount of rainfall, indicating that species react different to a variety of event magnitudes.
Similar to others, Park and Cameron (2008) suggest the process of throughfall generation
being the result of the interaction of a variety of variables — each having an influence which

depends upon the nature of the rainfall event.

Abiotic factors influencing throughfall generation

As indicated for example by Park and Cameron (2008) and others external,
meteorological factors may cover the influence of plants and their traits on throughfall KE.
The crucial point is, again, canopy storage. The storage of water in the canopy is not only
depending on the natural capacity of the canopy to store water, it also depends on rainfall
intensity and wind speed which cause canopy vibration (Hall and Calder, 1993; Nanko et al.,
2006; GeiBler et al., manuscript 6). In a laboratory experiment Nanko et al. (2006) found
throughfall DSD to be shifted to a dominance of smaller drops in case of severe canopy
vibration. Moreover, they could show a different reaction of species to canopy vibration. The

higher the storage capacity of a given species is, the more it is affected by external factors.

1.4 Objectives

The present study seeks to investigate the mechanisms of soil erosion in a broad leaved
mixed forest. As the mechanisms enhancing or reducing soil erosion under forest vegetation
are rather complex compared to open field conditions the processes have to be studied
separately (see section 1.2). Accordingly, this study is focused on the alteration of rainfall into

throughfall and the associated change in KE with the following underlying objectives:

(1) to quantify the amount of throughfall KE for different successional stages from

earliest succession (< 2yrs) to old growth forests (> 80yrs) compared to rainfall KE,
(i1) to test for a species-specific effect on throughfall KE and its rationales,

(ii1) to study the influence of forest structural variables and biodiversity on throughfall
KE,

13
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(iv) to refine and calibrate splash cups as a highly precise and low tech tool for
measuring KE of both rainfall and throughfall and to enable a large number of

replications.

According to the objectives at first the methodological aspect of the development and
calibration of splash cups has to be focused. Continuative, measurements in an established
and highly diverse forest ecosystem have to be performed. In the Gutianshan National Nature
Reserve (GNNR) in subtropical SE China, the multidisciplinary research group “Biodiversity
and Ecosystem Functioning China” (BEF-China) seeks to investigate the relationship between
ecosystem services and species conservation. In a first step, 27 comparative study plots
(CSPs) have been randomly selected by the research group, stratified according to
successional stages and biodiversity levels. There, a complete species inventory has been

performed and basic variables describing forest structure have been measured (see section

2.1).

As this thesis is part of the BEF-China research group, results will contribute to the

overall aim of linking various ecosystem services to biodiversity.
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2 Overview on the manuscripts

2.1 BEF-China research in Gutianshan National Nature Reserve
(Manuscript 1, published in Ecological Monographs 81, 25-41)

The multidisciplinary DFG-research group 891 “Biodiversity and Ecosystem Functioning
China” (BEF-China) covers different disciplines processed by nine subprojects (2008-2011)
including ecology, zoology, soil science, forestry and statistics. The project seeks to
investigate the relationship between ecosystem services like primary production, the
prevention of soil erosion, element cycling and species conservation. The basic research
approach consists of the combination of a long-term biodiversity experiment with studies in

existing forests.

Manuscript 1 introduces into the project and summarizes basic results of the species

inventory in the GNNR in the eastern part of Zhejiang Province in SE China (Fig. 3).
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Dexing county in Jiangxi province (green, ESP site)

Fig. 3: Locations of the study sites of BEF-China.

In 2008, 27 CSPs were established in the nature reserve (Fig. 4). The plots (each 900 m?
in size) were selected randomly according to succession in five successional stages (<20, <40,
<60, <80, and >80 yrs.). Individuals of all adult species and shrubs > 1 m height were

counted. Additionally, all woody recruits in each central subplot (100 m?) were counted.
15



2 Overview on the manuscripts

Moreover, a number of environmental variables (e.g. LAI, elevation, slope, aspect, soil
moisture, pH, C, N and C/N ratio) and biotic structural variables (height and cover of tree and

shrub layers) were measured on the CSPs by the different subprojects (Fig. 5).
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%

Fig. 4: Location of the experimental study site (green area) and the CSPs (red dots).

Adult species richness varied from 25 to 69 species per plot and in total 148 woody
species from 46 families were recorded. The results show a clear successional gradient in
species composition. Applying the rarefaction method, adult richness per 100 individuals
increased with successional stage. No evidence was found abiotic variables or rare species
being responsible for this circumstance. Local species richness and composition seems to be
mainly caused by diffuse, random immigration over time. No species were found to depend
on or to dominate specific successional stages and immigration rates were more or less
constant during succession. The results show that young forests are not entirely different from

old forests regarding species composition or richness. Consequently, results obtained from
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young, experimental forest stands could be transferred to conditions in virtually all other

successional stages.
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Fig. 5: Measurements on the CSPs undertaken by the different subprojects of BEF-China.

A subset of the several values mentioned in this manuscript has been used in this thesis
(manuscripts 3, 4, 5, 6). Besides the data mentioned in this manuscript numerous other studies

have been conducted in the GNNR and are still going on.

2.2 A new splash cup to measure the kinetic energy of rainfall

(Manuscript 2, published in Journal of Plant Nutrition and Soil Science, doi:
10.1002/jpIn.201000349)

In the past several attempts have been made to measure KE of throughfall under
vegetation canopies. Most of the methods applied in previous studies either lack temporal

continuity or the possibility to achieve a certain number of replications due to high technical
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and financial demands. Splash cups are a cheap and easy to operate low tech tool for
measuring rainfall and throughfall KE efficiently with a high number of replications.
Manuscript 2 reports on the measurement principle and measurement procedure and gives

results of the calibration using a laser disdrometer.

The splash cup technique measures the soil or unit sand lost by comparison of a given
amount of material prior to the erosive event and the remaining material thereafter. Splash
cups have successfully been used throughout the last decades since Ellison (1947) presented
the first prototype to conduct research on the detachment of soil particles by raindrops. Since

then modifications have been presented following two lines of research:
(i) measurements on the detachment of soil particles from a given cup and

(i1)) measurements on soil particles collected in a given cup that have been detached from

natural ground.

Ellison (1947) originally used soils with different textures to assess the detachability of
soil material in relation to standard sand. Since then, most splash cups were designed to
measure the amount of soil splashed from the soil surface to a target (Morgan, 1978; Salles
and Poesen, 2000; van Dijk et al., 2003; Legout et al., 2005). However, these methods are not
appropriate for estimating differences in KE of rainfall or throughfall because the results are
confounded by the erodibility of the soil. Further, measurements of particle detachment with
splash cups face some technical requirements that are similar to rainfall simulation, especially
concerning the steadiness of boundary conditions and the need to guarantee that all detached

particles leave the measuring unit.

To ensure that the Tiibingen splash cups (T splash cups) meet the requirements to
minimize the rim-, size-, and wash-off effects (Bisal, 1950; Poesen and Torri, 1988; Erpul et
al., 2005; Leguédois et al., 2005) and to be applicable to ecosystem research worldwide, the

objective was to develop a splash cup that
(1) measures sand loss as a function of KE and, thus, can be calibrated,
(i1) has a constant soil moisture over a reasonable period of time,

(ii1) keeps soil moisture actively constant under natural rainfall and under evaporation

conditions,
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(iv) is sensitive to very low rainfall intensities, and

(v) has acceptable uniformity over a wide range of rainfall intensities and durations.

Furthermore, the splash cups must be easy to transport and to install under any kind of

frost-free field conditions, maintenance-free during measurements, durable under harsh

climatic conditions as well as inexpensive and fast to install and collect in order to allow for a

large number of measurements at a time.

Like in other studies (e.g., Vis, 1986; Cornelis et al., 2004), the T splash cups (Fig. 6)

were successfully calibrated and the relation between loss of sand and KE of rainfall is very

close (Fig. 7).

removeable cup

36 mm filled with sand

112 mm

PE -flask (315 ml)

Fig. 6: The Tiibingen splash cup (T splash cup).
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Fig. 7: Calibration curve for converting sand loss into kinetic energy.

Accordingly, the loss of sand converted to KE shows good correlations with the standard
variables characterizing rainfall events (amount, average of the highest intensities per event)
over a range of values. This is consistent with the results of other investigations (e.g.,
Wiersum, 1985) and shows the reproducibility and reliability of the measurements with the T
splash cups. It is further supported by the low standard deviation of the measurements in the

open field.

During the measurements, the sand surface was not lowered substantially. Therefore, the
relationship between loss of sand and KE of rainfall is best described with a simple linear
correlation. However, for higher KE the slope of the calibration function is supposed to be
different due to a higher and more pronounced rim effect (Bisal, 1950). Due to the small size
of the cups we suppose that the rim effect has substantial influence on the results with T
splash cups only for far higher KEs than those observed in Tiibingen and in subtropical China
or for longer measuring intervals at both high rainfall amounts and intensities. Since the initial
water content is a crucial point in splash erosion studies (Poesen and Savat, 1981), much
effort was spent on the construction of a hydraulic contact that reacts fast on difference
between the actual water content and the saturated water content of the unit sand over a

reasonably long period of time. Due to the good drainage performance of the T splash cups
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and the hydraulic contact of unit sand in the carrier system and water in the reservoir (cf. Fig.
6), the wash-off effect (Kinnell, 1974) could not be observed in the field. The same is true
concerning the relationship between soil moisture and size. The holes in both carrier and
plastic flask provide sufficient drainage of excess water during higher rainfall intensities.
During phases of evaporation, water deficit in the carrier system is balanced immediately
ensuring constant moisture conditions up to one week without rain. The size effect was
minimized by the dimension of the cup and by the equivalent diameter of the unit sand.
According to the investigations of Leguédois et al. (2005), we chose unit sand of 125-200 um
particle size because the splash lengths are greatest in this fraction ranging from 5-23 cm.

This determines the diameter of the cup as well, in our case set to 4.6 cm.

Concluding we can state that the T splash cup is a high-precision device to measure the
loss of sand due to the impact of raindrops (splash effect). It suits perfectly the specific needs
for biodiversity experiments under natural conditions in forest ecosystems where a large
number of replications under very diverse vegetation are required. Referring to the very
durable construction and the ease of operation we can point out that the T splash cups are
designed to work unattended under rough field conditions like steep slopes and remote areas
accessible on foot only. Another advantage is the easy calibration of the T splash cup
measurements with laser precipitation monitors (disdrometers). Thus, they record the KE of
rainfall per area and can be used to calibrate soil erosion models. Further, the T splash cup can
cope with high intensity rainfall which is typical for subtropical regions. This allows a wide
range of applications in the future not only under natural conditions but also in rainfall

simulation studies.

2.3 Impact of tree saplings on the kinetic energy of rainfall — The importance of

stand density, species identity and tree architecture in subtropical forests in China
(Manuscript 3, submitted to Agricultural and Forest Meteorology, 8" of March 2011)

Throughfall in forest ecosystems is generally of a higher KE than open field rainfall.
Most important determinants are the change in drop sizes and the height effect. This has been
shown for several forest ecosystems around the world and most recently for a succession
sequence in a forest ecosystem in SE China (manuscript 4) and two plantations of contrasting

age in subtropical Japan (Wakiyama et al., 2010).
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Studies focusing on the influence of younger trees (e.g. forest rejuvenation or young
plantations) on throughfall KE remain scarce and a possible species specific impact in
throughfall KE has only been documented for larger trees (Hall and Calder, 1993; Nanko et
al., 2008) or for Mediterranean dwarf shrubs with strongly contrasting habits (Bochet et al.,
2002; Xu et al., 2009).

Biotic parameters like branch count and branch inclination or leaf characteristics are
supposed to strongly influence throughfall properties but results either show specific impacts
(Herwitz, 1987; van Elewijk, 1989) or neglect them (Foot and Morgan, 2005). Especially for
afforestation issues and ecosystem restoration attempts it iS necessary to gain knowledge

about the impact of specific species and the rationales for this.

The measurements demonstrated that tree saplings reduce rainfall KE effectively and
substantially, irrespective of treatments and species. Throughfall KE is generally less than
half of rainfall KE. This is clearly a result of the low height of the saplings. Drops under tree
saplings of up to 1.2 m in height are far from reaching terminal velocity, which is normally
achieved at about 8 m above ground (Morgan, 2005). The height of the saplings is below an
imaginary “threshold”, were rainfall KE and throughfall KE are balanced.

Experiment A

The first part of the experiment showed the effect of sapling density. The higher density
of the saplings resulted in a significantly reduced throughfall KE. Similar to other effects, the
influence of planting density on throughfall KE becomes increasingly pronounced for higher
rainfall KE. The threefold interaction between rainfall KE, height and density is supposed to
be a result of a shift in the proportion of throughfall components (Fig. 8).

For the high density planting, the main component of total throughfall is “released
throughfall”, and “free throughfall” is supposed to play a minor role. Consequently, the gain
in sapling height results only in a slight increase of throughfall KE which is mainly caused by
drip from leaves and branches. For the low density planting the effect of height is more
obvious. It was, however, contrary to the pattern which is often found, i.e. that throughfall KE
increases with increasing tree height. This is supposed to be caused by a shift in the relative
proportion of the throughfall components as a result of sapling growth. In the low density

plots with smaller saplings the canopy is not yet closed. In canopy gaps a higher throughfall
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KE and amount (free throughfall) can be observed (Pressland, 1976; Stogsdill et al., 1989;

Bochet et al., 2002). During growth, these gaps between individual saplings are closed due to

lateral crown expansion, and less highly erosive free throughfall reaches the ground, thereby

reducing the density effect. The heterogeneity of the canopy also affects the variability of

throughfall KE. Generally, the variability of throughfall KE is higher for the low density

planting than for the high density planting (cf. Raat et al., 2002).

It can be stated that any effects revealed in this experiment are supposed to be caused by

shifts in the proportion of throughfall components. This shift causes differences in the amount

and therefore also KE of throughfall.
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Fig. 8: Effect of sapling height on throughfall KE in five different rainfall events. Open circles represent the low

density plots (dashed regression line), black dots the high density plots (black regression line).
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Experiment B

In the second part of the experiment (species identity) species specific effects on
throughfall KE could be identified (Tab. 2). From generalizable patterns of relative species
effects on throughfall KE across rainfall events we can deduce species specific influential
crown traits. Differential crown architectural traits may influence KE of throughfall contrarily

and interact with each other.

The effect of specific species on throughtfall KE showed that detailed measurement of
architectural traits (esp. height, number of branches and angle of the first branch) leads to a
better understanding of processes of throughfall generation. In our opinion all canopy
characteristics of a given tree species should to be taken into account when focusing on the
soil erosion potential below these. Besides canopy closure, which prevents highly erosive
raindrops to hit the soil, canopy storage appears to be important as it controls the amount of

water (and therefore influencing KE directly) being able to fall from the leaves as drips.

Table 2: Effects influencing throughfall KE. Results of simplified mixed effects models, including block as
random intercept for both experiments.

Fixed effects F-value p-value
Kinetic energy of rainfall 499.35 <.0001 oAk
Density 50.28 <.0001 Rk
Mean sapling height 5.17 0.0266 *
Density * Mean sapling height 13.1 0.0006 oAk
Kinetic energy of rainfall* Density 33.24 <.0001 oAk
Kinetic energy of rainfall* Mean sapling height 2.15 0.1475
KE of rainfall* Density* Mean sapling height 8.32 0.0055 wE

2.4 Splash erosion potential under tree canopies in SE China
(Manuscript 4, published in CATENA, doi:10.1016/j.catena.2010.10.009)

During the last decades several researchers focused on the difference between rainfall
erosivity and throughfall erosivity in forests. The general result was a substantial increase in
erosivity under vegetation canopies, first mentioned by Chapman (1948). The question if

throughfall erosivity was dependent on specific species has been negated for a long time,

24



2 Overview on the manuscripts

before Hall and Calder (1993) and Nanko et al. (2008a) could show species specific
throughfall erosivity using laser disdrometers. Manuscript 4 reports on splash cup
measurements in a natural secondary forest ecosystem in subtropical SE China with special
focus on the successional sequence and two selected tree species (Schima superba,

Castanopsis eyrei) which are highly abundant in the study region (Bruelheide et al., 2011).

The results show that splash cup measurements yield precise and reproducible results
under both open field conditions and forest vegetation. Under open field conditions the
measured sand loss corresponded well with rainfall amount, average rainfall intensity,
maximum rainfall intensity and the average of the five highest five minute intensities. The
comparison of two devices for the measurement of precipitation (tipping bucket rain gauge
and Vaisala sensor) demonstrate that measurements of the Vaisala sensor (drop size detection)
corresponded much better to sand loss of splash cups in terms of rainfall amount and erosivity
than to measurements of the tipping bucket rain gauge. The erosion potential of throughfall
drops in forests was considerably higher (2.59 times) than under open field conditions (Fig. 9)
and the spatial variability of the erosion potential was much more diverse in forests caused by

free throughfall and drip.

Fig. 9: Sand detachment from splash cups under open field (a)
and under forest vegetation (b) (black line = 1 cm).

By placing the splash cups under certain tree species it could be demonstrated that the
erosivity of throughfall may depend on the species and also on the successional stage of the
forest stand. The splash cup measurements made clear that the erosivity and amount of
throughfall depends on the forest structure (age, cover, height). Moreover, it could be shown
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that the ratio rainfall erosivity and throughfall erosivity is variable between different events
(cf. Nanko et al., 2006). Schima superba generated throughfall drops of higher erosivity than
Castanopsis eyrei. We assume that one reason for this finding is the larger size of the leaves
resulting in larger throughfall drops and particularly drip (Fig. 10). The erosion potential is
also a function of stand height because throughfall drops are much more likely to reach
terminal velocity under intermediate and old growth forests. Therefore we conclude that the
potential of throughfall to detach soil by splash is also related to the age of the specific forest
stand: young forests have the lowest and old forests the highest erosion potential. Our study
showed that splash cups are an appropriate method for comparing rainfall and throughfall
erosivity. Despite the valuable and encouraging results presented in this paper a comparison
with other studies remains challenging. This is due to the necessity of standardization of
measuring equipment being one general difficulty of experimental studies in soil erosion
(Stroosnijder, 2005). Differences caused by the measurement technique like cup size or grain
size of the unit sand are typical. Further, varying external meteorological factors (Nanko et

al., 2006) have to be taken into account.

) )

Fig. 10: Leaf samples of Castanopsis eyrei (a) and Schima superba (b) (black line = 5 cm) (Krober, 2010).
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2.5 Estimation of throughfall erosivity in a highly diverse forest ecosystem using

sand-filled splash cups
(Manuscript 5, Journal of Earth Sciences, doi: 10.1007/s12583-010-0132-y)

Manuscript 3 showed the dependency of splash erosion potential on the successional
stage of the forests studied. Moreover, a species specific erosion potential could be shown
using splash cups as a low-tech approach. Using an enlarged data set, manuscript 5 extends

these results to two additional species and confirms the basic results of manuscript 4.

Simultaneous measurements under open field conditions and in forest stands of three
successional stages in a humid subtropical forest ecosystem showed remarkable differences in
sandloss. Throughfall in all varied between 57 % and 70 % of total precipitation. The average
sandloss under vegetation (44.69 g m™) was 2.59 times higher than that under open field
conditions (17.24 g m?). There was a non-linear increasing sandloss with increasing
successional stage: the difference between the young successional stage and the intermediate
successional stage (16.71 g m™, factor 1.51) was much higher than that between the
intermediate successional stage and the old successional stage (1.45 g m™, factor 1.03) (Fig.

11).
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Fig. 11: Throughfall erosivity as measured by splash cups under open field conditions
and three successional stages (solid lines = standard deviation).
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The resulting standard deviations between the measurement replicates can be considered

in two ways:

(i) for open field conditions the standard deviation is much lower than that for all
successional stages, and

(i1) the difference in standard deviation between the young successional stage and the
intermediate successional stage was much higher than that between the intermediate

and the old successional stage.

The standard deviation found under two common species (Schima superba, Castanopsis
eyrei) was much higher than that under open field conditions. Nevertheless, there were
distinct differences in splash potential represented by sandloss between Schima superba
(55.54 g m™) and Castanopsis eyrei (42.18 g m™), although the average amount of throughfall
was quite similar (24.77 mm for Schima superba and 23.22 mm for Castanopsis eyrei) (Fig.

12).
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Fig. 12: Erosive power of throughfall as measured by splash cups
for four tree species (solid lines = standard deviation).
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The erosion potential of throughfall drops in forests was considerably higher (2.59 times)
than that under open field conditions and the spatial variability of the erosion potential was
much more diverse in forests, caused by free throughfall and drip. By placing the splash cups
under certain tree species it could be demonstrated that the erosivity of throughfall depended

on the species and also on the successional stage of the forest stand.

Schima superba, for example, generated throughfall drops of higher erosivity than
Castanopsis eyrei. We assume that this is, amongst others, an effect of the larger size of the
leaves of Schima superba which generates larger throughfall drops. The erosion potential is
also a function of stand height because throughfall drops are much more likely to reach
terminal velocity under old growth forests. Therefore, we conclude that the potential of
throughfall to detach soil by splash is also related to the age of the specific forest stand: young
forests have the lowest and old forests the highest erosion potential. This highlights the

importance of a shrub, herb and litter layer in forest ecosystems to guard against soil erosion.

2.6 Biodiversity and throughfall kinetic energy in forest ecosystems in the humid

subtropics of SE China — Effects of tree canopy structure, traits, and diversity
(Manuscript 6, in preparation, June 2011)

Relating throughfall KE to forest stand variables has been the objective of only few
studies in the past. In general, factors like tree height (e.g. Wakiyama et al., 2010; Geil3ler et
al., manuscript 4, manuscript 5), planting density (Pressland, 1976; GeiBller et al., manuscript
3), canopy architecture (Herwitz, 1987; van Elewijk, 1989; Nanko et al., 2008), LAI (e.g.
Levia and Frost, 2006; GeiB3ler et al., manuscript 3), leaf traits and ultimately species identity
(Hall and Calder, 1993; Nanko et al., 2006; Geil3ler et al., manuscript 3) are all supposed to
influence throughfall properties resp. throughfall KE. Moreover, external meteorological
factors have shown to have a substantial influence when comparing events of different

magnitude.

The influence of biodiversity (resp. the number or composition of different species and
functional groups) on throughfall KE or soil erosion as a whole has not been documented yet
and studies are very rare. Using calibrated splash cups (Scholten et al., 2011) in a randomized
design, throughfall KE was studied over a range of events in a highly diverse forest ecosystem
in SE China (GeiBler et al., manuscript 1). The dataset was analyzed using a mixed model
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approach (Seltman, 2010). Prior to the analysis, the data were sorted by five hierarchical
blocks in the order of their expected impact on throughfall KE, namely (1) event
characteristics, (2) age/ height of the vegetation, (3) diversity measures, (4) crown openness

and (5) leaf traits.

The results of the events measured show that the relation between rainfall KE and
throughfall KE is highly variable in time depending on the amount and intensity of rainfall
(Fig. 13). This indicates that canopy storage has a substantial effect on throughfall KE. In low
amount and low intensity events there is in general a higher chance of rainfall to be
intercepted and accumulated on leaves and branches. Contrastingly, higher event magnitudes
and intensity result in a lower storage capacity of the canopy. Calder et al. (1996), Levia and
Frost (2006) and Nanko et al. (2006) explain this circumstance with larger raindrops hitting
the canopy during high magnitude events, preventing a storage on leaves and branches and
allow a subsequent release of small throughfall drops. However, in low magnitude events,
water can converge on leaves and fall to the ground as large drops gaining high values of KE.
This results in a large difference in KE between open field and forest (e.g. event 9). In high
magnitude events, the permanent impact of large drops prevents the water to converge on
leaves and water is released from the canopy more easily resulting in much smaller drops with
less KE. The same process system described here is responsible for higher throughfall
volumes in tropical than in temperate regions where generally precipitation events larger in
magnitude and intensity occur (Levia and Frost, 2006). Although wind speed is also supposed
to affect this process system through canopy vibration (Nanko et al., 2006), no relationship

(R2=10.047) could be found in our data.

As expected, rainfall amount as the most important variable concerning throughfall KE.
Rainfall amount showed a highly significant positive effect on throughfall KE which is quite
logical (e.g. Levia and Frost, 2006) as there is generally a strong linear relationship between
rainfall amount (mm) and KE (J m™) (e.g. Scholten et al., 2011). Numerous researchers found
a dependency of throughfall amount on rainfall amount (e.g. Stogsdill et al., 1989; Filoso et
al., 1999; Carlyle-Moses, 2004). This suggests throughfall KE is largely controlled by rainfall
amount arriving at the canopy. Over the rainfall events measured rainfall amount was the

variable describing by far most of the variability of throughfall KE.
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Fig. 13: Ratio between throughfall kinetic energy and rainfall kinetic energy in relation to rainfall intensity.

The weighted mean height of the vegetation proved to have a significant effect on
throughfall KE as well. The height effect has been recognized by Chapman as early as 1948
and confirmed thereafter by numerous authors (e.g. Tsukamoto, 1966; Mosley, 1982;
Wiersum, 1985; Vis, 1986; Brandt, 1988; Brandt, 1989; Nanko et al., 2004; Nanko et al.,
2008b). Nevertheless, weighted mean height is only marginally significant (at the 0.5 level)
although it is supposed to be a rather strong effect on throughfall KE. The cause for this
circumstance is probably the vertical layering of the forest which is incorporated in weighted
mean height through the coverage values for every layer. This is also the substantial
difference to many other studies of throughfall KE which were performed mainly in (young)
forest plantations, where height of the vegetation in a given plot remains rather constant
(Chapman, 1948; Tsukamoto, 1966; Nanko et al., 2008a; Wakiyama et al., 2010). Through

vegetation layering the height effect gets less clear than one would expect (Wiersum, 1985).

The interaction between rainfall amount and weighted mean height of the vegetation also
showed to be significant. This indicates that during forest growth the relation of rainfall KE to
throughfall KE changes (which affects the measured values for KE). For example in a dense
young forest cover values are the highest (74 % in our case) decreasing with increasing age or

height of the vegetation (down to 50 % in our case). This again affects canopy storage.
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The slightly positive relationship between throughfall KE and biodiversity can be
attributed to the increase of species richness with growing stand age in the forests studied.
With increasing forest age species accumulate through random immigration of recruits during
succession (Bruelheide et al., 2011). Due to the gain of height with increasing forest age one
would expect a substantially higher throughfall KE in species rich (and therefore mostly late
successional) forests. However, throughfall KE remains rather constant with increasing
species richness (Fig. 14). This means that species rich forests achieve to keep throughfall KE
low, although maximum falling height of the drops is generally higher. However, in species
rich forest ecosystems plant biomass and total plant cover is much higher than in species poor
forests (Loreau et al., 2001; Scherer-Lorenzen, 2005; Hooper et al., 2005; Balvanera et al.,
2006). Additionally, in species rich forests, ecological niches are better exploited and
consequently throughfall drops are much more likely to be reintercepted by lower vegetation
layers. Brandt (1988) and Wiersum (1985) have shown that a highly structured forest
ecosystem keeps throughfall KE at low values despite of a total gain in height of the forest

stand.

From block 5, LAI showed to have a significant negative effect on throughfall KE. With
increasing LAI throughfall KE decreases. Basically, LAI is a measure of crown thickness and
canopy openness. Therefore, higher LAI values should result in higher canopy storage, e.g. a
smaller amount of throughfall or throughfall KE reaching the forest floor (e.g. Park and
Cameron, 2008). Again, on the one hand this implies differences in throughfall KE being
largely controlled by an alteration of the spatial distribution of the amount of throughfall. On
the other hand also throughfall KE is lowered independently of rainfall amount under thicker
canopies through the process of re-interception. Falling drops in thick canopies are much
more likely to be re-intercepted and splitted by lower parts of the canopy (Nanko et al.,
2008b) which has a negative effect on throughfall KE.

The significant negative impact of the proportion of coniferous species (block 5: leaf
traits) on throughfall KE can be attributed to differences between throughfall drop generation
and leaf shape. Drops released from needle shaped leaves generally have less KE than drops
from broad leaved species as the storage capacity of needle shaped leaves is relatively small
(Armstrong and Mitchell, 1988; Nanko et al., 2006). According to this, regarding KE of
throughfall a certain proportion of coniferous species in a specific forest has beneficial effects

for the forest ecosystem by lowering throughfall erosivity.
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Fig. 14: Relation between log throughfall kinetic energy and biodiversity for rainfall events 6-13.

Concerning the variability of throughfall KE only variables from block 1 (event
characteristics) and from block 3 (diversity measures) showed significant trends. During
model selection rainfall intensity appeared to describe variability of throughfall KE better
than rainfall amount and rainfall KE. According to our data, increasing rainfall intensity
seems to lead to a decreasing variability of throughfall KE. As described above KE under
forest is closely connected to rainfall amount and many related variables (e.g. LAI, crown
openness, weighted mean height) are responsible for redistributing rainfall by temporary
canopy storage. Nevertheless, concerning higher rainfall intensities storage on leaves is

reduced because of two reasons resulting in canopy vibration:
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2 Overview on the manuscripts

(i) permanent impact of large drops and

(i) high wind speeds often associated with high rainfall intensities (e.g. Nanko et al.

2006).

Therefore, for higher rainfall intensities it is less likely for a given position within the

forest being in a rain shadow and thereby enhancing spatial variability of throughfall KE.

The significant positive relationship between variability of throughfall KE and

biodiversity is reasonable as both the variability of throughfall KE and biodiversity are

measures of heterogeneity. With increasing biodiversity of a forest stand also the variability

of throughfall increases substantially (Fig. 15).
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and biodiversity for rainfall events 6-13.
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2 Overview on the manuscripts

As mentioned above, biodiversity in the GNNR is closely related to the successional
stage of a specific forest stand (Bruelheide et al., 2011) and one might argue the variability of
throughfall just being a function of forest age. Nevertheless, through backward model
selection none of the parameters describing the age or height of a specific forest stand (block
2: successional stage, basal diameter, weighted mean height) showed to have any significant

influence on the variability of throughfall.

Moreover, as it is supposed that both throughfall volume and KE are species specific
(Hall and Calder, 1993; Levia and Frost, 2006; Nanko et al., 2006; GeiBler et al., 2010a).
Hence, a higher number of species in a given plot should result in a more heterogeneous
pattern of throughfall amount and KE. In more diverse plots a high number of species is
occupying several ecological niches (Hutchinson, 1957) thereby increasing total plant cover
in different heights. Consequently, in a highly diverse forest plot, throughfall is very likely to
be intercepted in e.g. different heights or to a different extent resulting in a more

heterogeneous pattern of throughfall amount and KE.

It could be shown that a variety of variables describes the alteration of rainfall into
throughfall in a highly diverse forest ecosystem. Basically, the differences between rainfall
KE and throughfall KE are supposed to be controlled by the redistribution of rain water within
the canopy as every species or individual has its own capacity to store water in the canopy.
Basic measures describing this redistribution and alteration are biodiversity, LAI, weighted
mean height of the vegetation and the proportion of coniferous species within a plot. Through
varying rainfall amount and intensity this process system of redistribution is controlled and

influenced externally.
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3 Conclusions

This thesis is the first to relate aspects of soil erosion to species richness in a forest
ecosystem. It is part of BEF-China, a multidisciplinary project on biodiversity and ecosystem
functioning in subtropical China. By using calibrated splash cups, a high number of
replications could be accomplished and a large dataset could be compiled and analyzed. In
general, the main results of the thesis contribute substantially to the understanding of
mechanisms of soil erosion under forest in relation to biodiversity, specific species and forest

structure.

T splash cups as a valuable tool for measuring rainfall and throughfall kinetic energy

By refining the splash cups, calibrating them and optimizing the measuring procedure a
highly precise and reliable device could be developed and applied in large numbers. Through
different calibration measures using standard rainfall characterizing values and a laser
disdrometer it could be shown that the splash cups yield precise and reproducible results. The
feasibility of the approach — despite steep slopes, remote sites and harsh meteorological
conditions — was shown by using temporarily more than 450 splash cups at once with a team
of three people. The Tiibingen splash cups are a high precision device measuring KE of

rainfall and throughfall.

Throughfall mechanisms during the earliest phase of succession

In the earliest phase of succession mechanisms controlling throughfall KE become
activated gradually. During growth the relation of throughfall components (esp. free
throughfall, drip) to each other changes substantially affecting the total amount and variability
of throughfall. The velocity of canopy closure then determines the degree of the lowering of
throughfall KE before — due to ongoing growth — throughfall KE increases and then — after

passing a certain threshold — exceeds rainfall KE.
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A species specific throughfall kinetic energy

A species specific effect on throughfall KE is still under discussion in literature. Yet, it
could only be shown for species with strongly contrasting leaf morphologies. In our studies
measurements in an experimental forest plantation with tree saplings and in a secondary forest
have shown a distinct effect of the type of species on throughfall KE. Especially leaf size,
number of branches, inclination of the first branch and branch count influence throughfall KE.
A detailed measurement of architectural traits of trees and saplings leads to a better
understanding of the process of throughfall generation. Besides canopy architecture, canopy

storage is the second controlling factor for throughfall KE.

Increase of throughfall kinetic energy during forest succession

It could be shown that forest succession largely influences throughfall KE and is best
described by an asymptotic relationship. Substantial increases during succession do exist
especially for younger successional stages where increasing tree height affects throughfall KE
directly. For later successional stages, the effect of tree height on throughfall KE diminishes

more and more.

A highly variable relation between rainfall and throughfall kinetic energy

External influences on throughfall KE like rainfall amount and intensity affect the
relation between rainfall and throughfall KE substantially. Basically, higher amounts of
rainfall and higher rainfall intensities lead to a narrower ratio between rainfall KE and
throughfall KE. These external factors further influence canopy storage which is supposed to
be the main controlling factor for throughfall KE in the spatial scale of forest stands and the
temporal scale of rainfall events. The range of the rainfall KE/ throughfall KE ratio reached
from 1.37 to 7.61. This suggests a stronger dependency of throughfall KE on event

characteristics as it has been previously discussed in the literature.
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3 Conclusions

Main forest stand characteristics influencing throughfall kinetic energy

Especially variables describing or depending on forest structure substantially influence
throughfall KE, namely the balance point of height and coverage of the tree and shrub layer(s)
in a specific forest stand (weighted mean height), LAI and the proportion of coniferous
species. Again, the basic mechanisms of KE under forests (drop falling height and the amount
of stored and redistributed water within the canopy) can be described by these values. It is
proposed that dependency of throughfall KE on the proportion of coniferous species is not
solely a result of the redistribution of water within the canopy but rather an effect of different
drip mechanisms between coniferous and evergreen resp. deciduous species resulting in
smaller throughfall drops in forest stands with a considerable proportion of coniferous

species.

Biodiversity influences on throughfall kinetic energy

The influence of biodiversity or species richness in this case is rather complex.
Biodiversity is the only variable describing parts of the variance of both throughfall KE and
its variability. In the forests studied species richness increases with successional stage resp.
age of the specific forest stand. Nevertheless, a clear consequent increase of throughfall KE
with increasing species richness could not be detected. The data show throughfall KE rather
remaining constant than increasing. The species rich forests in SE China achieve to keep
throughfall KE constant despite a potential increase in drop falling height. Due to strong
relationships between biodiversity, plant biomass and total plant cover throughfall drops in
species rich forests are much more likely to be intercepted by the various vegetation layers.
This feature has strong effects on the total amount of water reaching the ground and on spatial
variability of throughfall. This appears to be one of the basic mechanisms of the ecosystem

service of erosion control in species rich forest ecosystems.

In this thesis basic mechanisms and dependencies of throughfall KE in subtropical forests
have been described and analyzed. A wide range of factors is responsible for the alteration of
throughfall KE including biotic and abiotic variables. This could be shown for subtropical
forests from earliest succession to old growth forests. At the single species level, crown
architectural traits and interplant distances largely control throughfall KE. At the forest stand

level however, LAI, height of the tree layer(s), the proportion of needle leaved species and
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3 Conclusions

biodiversity are the main drivers supporting the ecosystem service of soil erosion. Through
variations in throughfall amount, this process system is strongly influenced externally. Highly

diverse forest ecosystems can be seen as an effective measure against soil erosion.
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4 Outlook

4 Outlook

The main experiment of BEF-China, an experimental afforestation of about 50 ha
focusing on research on ecosystem services and biodiversity, bears a vast amount of
possibilities for future research regarding soil erosion and its relation to biodiversity. Here, a
combination of both basic parts of the process system of soil erosion under forest (see section
1.2) is possible. Refining the results of part 1 (throughfall generation) and gathering results
from part 2 (forest floor processes) would lead to a comprehensive understanding of the
processes of soil erosion under forest in relation to biodiversity. Nevertheless, it is still
suggested to study these parts separately like in the present thesis to be able to control as

much factors as possible for the sake of clearer results.

40



5 References

5 References

Aldhous, P. (1993): Tropical Deforestation: Not Just a Problem in Amazonia. Science 259,
1390.

Armstrong, C.L., Mitchell, J.K. (1988): Plant Canopy Characteristics and Processes Which
Affect Transformation of Rainfall Properties. Trans. ASABE 31, 1400-14009.

Aston, A.R. (1979): Rainfall interception by eight small trees. J. Hydrol. 42, 383-396.

Bentley, W.A. (1904): Studies of raindrops and raindrop phenomena. Mon. Weather Rev. 32,
450-456.

Biggelaar, C.D., Lal, R., Wiebe, K., Eswaran, H., Breneman, V., Reich, P.B. (2003): The
global impact of soil erosion on productivity II: Effect on crop yields and production
over time. Adv. Agron. 81, 49-95.

Bisal, F. (1950): Calibration of Splash Cup for Soil Erosion Studies. Agric. Eng. 31, 621-622.

Bochet, E., Poesen, J., Rubio, J.L.. (2002): Influence of plant morphology on splash erosion in
a mediterranean matorral. Z. Geomorphol. 46, 223-243.

Bochet, E., Rubio, J.L., Poesen, J. (1998): Relative efficiency of three representative matorral
species in reducing water erosion at the microscale in a semi-arid climate (Valencia,
Spain). Geomorphology 23, 139-150.

Brandt, C.J. (1989): The size distribution of throughfall drops under vegetation canopies.
Catena 16, 507-524.

Brandt, J. (1988): The transformation of rainfall energy by a tropical rain forest canopy in
relation to soil erosion. J. Biogeogr. 15, 41-48.

Bruelheide, H., Bohnke, M., Both, S., Fang, T., Assmann, T., Baruffol, M., Bauhus, J.,
Buscot, F., Chen, X.-Y., Ding, B.-Y., Durka, W., Erfmeier, A., Fischer, M., GeiBler, C.,
Guo, D., Guo, L.-D., Hérdtle, W., He, J.-S., Hector, A., Krober, W., Kiihn, P., Lang, A.,
Nadrowski, K., Pei, K., Scherer-Lorenzen, M., Shi, X., Scholten, T., Schuldt, A.,
Trogisch, S., Oheimb, G. von, Welk, E., Wirth, C., Wu, Y.-T., Yang, X., Yu, M., Zeng,
X., Zhang, S., Zhou, H., Ma, K., Schmid, B. (2011): Community assembly during
secondary forest succession in a Chinese subtropical forest. Ecol. Monogr.,
doi:10.1890/09-2172.1.

Cai, Q.G., Wang, H., Curtin, D., Zhu, Y. (2005): Evaluation of the EUROSEM model with
single event data on steeplands in the Three Gorges Reservoir Areas, China. Catena 59,

19-33.

41



5 References

Calder, L.R., Hall, R.L., Rosier, P.T.W., Bastable, H.G., Prasanna, K.T. (1996): Dependence
of rainfall interception on drop size: 2. Experimental determination of the wetting
functions and two-layer stochastic model parameters for five tropical tree species. J.
Hydrol. 185, 379-388.

Carlyle-Moses, D.E. (2004): Throughfall, stemflow, and canopy interception loss fluxes in a
semi-arid sierra madre oriental matorral community. J. Arid. Environ. 58, 180-201.
Chapman, G. (1948): Size of raindrops and their striking force at the soil surface in a Red

Pine plantation. Trans. Am. Geophys. Union 29, 664—670.

Chazdon, R.L. (2008): Beyond deforestation: Restoring forests and ecosystem services on
degraded lands. Science 320, 1458—-1460.

Chen, Z.-S., Hsieh, C.-F., Jiang, F.-Y., Hsieh, T.-H., Sun, L-F. (1997): Relations of soil
properties to topography and vegetation in a subtropical rainforest in southern Taiwan.
Plant Ecolog. 132, 229-241.

Convention on Biological Diversity (2011): Ecosystem services. Available online at
http://www.cbd.int/undb/media/factsheets/en/undb-factsheet-ecoserv-en.pdf, checked on
26/06/2011.

Cornelis, W., Oltenfreiter, G., Gabriels, D., Hartman, R. (2004): Splash-Saltation due to
Wind-Driven Rain: Vertical Deposition Flux and Sediment Transport Rate. Soil Sci.
Soc. Am. J. 68, 32-40.

Crockford, R.H., Richardson, D.P. (2000): Partitioning of rainfall into throughfall, stemflow
and interception: effect of forest type, ground cover and climate. Hydrol. Processes 14,
2903-2920.

Darilek, J.L., Huang, B., Wang, Z.G., Qi, Y.B., Zhao, Y.C., Sun, W.X., Gu, Z.Q., Shi, X.Z.
(2009): Changes in soil fertility parameters and the environmental effects in a rapidly
developing region of China. Agric. Ecosyst. Environ. 129, 286-292.

Dunkerley, D. (2000): Measuring interception loss and canopy storage in dryland
vegetation: a brief review and evaluation of available research strategies. Hydrol.
Processes 14, 669-678.

Ellison, W.D. (1947): Soil Erosion Studies - Part II. Soil Detachment Hazard by Raindrop
Splash. Agric. Eng. 28, 197-201.

Erpul, G., Gabriels, D., Norton, L.D. (2005): Sand detachment by wind-driven raindrops.
Earth Surf. Processes Landforms 30, 241-250.

Filoso, S., Williams, M.R., Melack, J.M. (1999): Composition and deposition of throughfall
in a flooded forest archipelago (Negro River, Brazil). Biogeochemistry 45, 169-195.

42



5 References

Foot, K., Morgan, R.P. C. (2005): The role of leaf inclination, leaf orientation and plant
canopy architecture in soil particle detachment by raindrops. Earth Surf. Processes
Landforms, 1509-1520.

Geiller, C., Kiihn, P., Bohnke, M., Bruelheide, H., Shi, X., Scholten, T. (2010a): Splash
erosion potential under tree canopies in subtropical SE China. Catena,
doi:10.1016/j.catena.2010.10.009.

Geiller, C., Kiihn, P., Shi, X., Scholten, T. (2010b): Estimation of throughfall erosivity in a
highly diverse forest ecosystem using sand-filled splash cups. J. Earth Sci. 21, 897-900.

Ghahramani, A., Ishikawa, Y., Gomi, T., Shiraki, K., Miyata, S. (2011): Effect of ground
cover on splash and sheetwash erosion over a steep forested hillslope: A plot-scale
study. Catena 84, 34—47.

Gomez, J.A., Giraldez, J.V., Fereres, E. (2001): Rainfall interception by olive trees in relation
to leaf area. Agric. Water Manage. 49, 65-76.

Gunn, R., Kinzer, G.D. (1949): The terminal velocity of fall for water droplets in stagnant air.
J. Meteorol. 6, 243-248.

Hall, R.L., Calder, I.LR. (1993): Drop size modification by forest canopies: measurements
using a disdrometer. J. Geophys. Res. 98, 18465-18470.

Herwitz, S.R. (1985): Interception storage capacities of tropical rainforest canopy trees. J.
Hydrol. 77, 237-252.

Herwitz, S.R. (1987): Raindrop impact and water flow on the vegetative surfaces of trees and
the effects on stemflow and throughfall generation. Earth Surf. Processes Landforms 12,
425-432.

Huang, B.W. (1987): Slopeland utilization and amelioration: importance and feasibility.
Geog. Res. 6, 1-15.

Huang, M., Zhang, L., Gallichand, J. (2003): Runoff responses to afforestation in a watershed
of the Loess Plateau, China. Hydrol. Processes 17, 2599-2609.

Hutchinson, G.E. (1957): Concluding remarks. Cold Spring Harbor Symp. Quant. Biol. 22,
415-427.

Kinnell, P.I.A. (1974): Splash Erosion: Some Observations on the Splash-Cup Technique.
Soil Sci. Soc. Am. J. 38, 657-660.

Kolb, R.T. (2003): About figures and aggregates: some arguments for a more scrupulous
evaluation of quantitative data in the history of population and agriculture in China

(1644-1949). In: Sieferle, R.P., Breuninger, H. (Eds.): Agriculture, population and

43



5 References

economic development in China and Europe (Der europidische Sonderweg, Vol. 10).
Breuninger-Stiftung, Stuttgart, 200-275.

Krober, W. (2010): Tree leaves traits and functional diversity in subtropical China. Diploma
thesis. Martin Luther University Halle-Wittenberg.

Lal, R. (1998): Drop size distribution and energy load of rain storms at Ibadan, western
Nigeria. Soil Tillage Res. 48, 103—114.

Laws, J.O. (1941): Measurements of the fall-velocity of water and raindrops. Trans. Am.
Geophys. Union 22, 709-721.

Le Bissonnais, Y., Singer, M.J. (1992): Crusting, Runoff, and Erosion Response to Soil Water
Content and Successive Rainfalls. Soil Sci. Soc. Am. J. 56, 1898.

Legout, C., Leguédois, S., Le Bissonnais, Y., Malam Issa, O. (2005): Splash distance and size
distribution for various soils. Geoderma 124, 279-292.

Leguédois, S., Planchon, O., Legout, C., Le Bissonnais, Y. (2005): Splash projection distance
for aggregated soils: Theory and experiment. Soil Sci. Soc. Am. J. 69, 30-37.

Levia, D.F., Jr., Frost, E.E. (2006): Variability of throughfall volume and solute inputs in
wooded ecosystems. Prog. Phys. Geog. 30, 605-632.

Lin, C., Lin, W., Chou, W. (2002): Soil erosion prediction and sediment yield estimation: the
Taiwan experience. Soil Tillage Res. 68, 143—152.

Loreau, M., Naeem, S., Inchausti, P., Bengtsson, J., Grime, J.P., Hector, A., Hooper, D.U.,
Huston, M.A., Raffaelli, D., Schmid, D., Tilman, D., Wardle, D.A. (2001): Biodiversity
and ecosystem functioning: Current knowledge and future challenges. Science 294, 804—
808.

Marshall, J.S., Palmer, W.M. (1948): The distribution of raindrops with size. J. Atmos. Sci. 5,
165-166.

Massman, W.J. (1983): The derivation and validation of a new model for the interception of
rainfall by forests. Agric. Meteorol. 28, 261-268.

McGregor, K.C., Mutchler, C.K. (1978): The effect of crop canopy on raindrop size
distribution and energy. Annual Report of USDA Sedimentation Laboratory. Oxford,
MS.

Montgomery, D.R. (2007): Soil erosion and agricultural sustainability. PNAS 104, 13268—
13272.

Morgan, R.P. C. (1978): Field studies of rainsplash erosion. Earth Surf. Processes Landforms
3,295-299.

44



5 References

Morgan, R.P. C. (2005): Soil erosion and conservation, 3" ed. Blackwell Publishing, Oxford,
UK.

Mosley, M.F. (1982): The effect of a New Zealand beech forest canopy on the kinetic energy
of water drops and on surface erosion. Earth Surf. Processes Landforms 7, 103—107.
Nanko, K., Hotta, N., Suzuki, M. (2004): Assessing raindrop impact energy at the forest floor
in a mature Japanese cypress plantation using continous raindrop-sizing instruments. J.

For. Res. 9, 157-164.

Nanko, K., Hotta, N., Suzuki, M. (2006): Evaluating the influence of canopy species and
meteorological factors on throughftall drop size distribution. J. Hydrol. 329, 422—431.

Nanko, K., Mizugaki, S., Onda, Y. (2008a): Estimation of soil splash detachment rates on the
forest floor of an unmanaged Japanese cypress plantation based on field measurements
of throughfall drop sizes and velocities. Catena 72, 348—-361.

Nanko, K., Onda, Y., Ito, A., Moriwaki, H. (2008b): Effect of canopy thickness and canopy
saturation on the amount and kinetic energy of throughfall: An experimental approach.
Geophys. Res. Lett. 35, L05401, doi:10.1029/2007GL033010.

Nasi, R., Wunder, S., Campos A., J. (2002): Forest ecosystem services: Can they pay our way
out of deforestation? A discussion paper prepared for the GEF for the Forestry
Roundtable to be held in conjunction with the UNFF II, Costa Rica on March 11, 2002.
CIFOR for the Global Environmental Facility (GEF), Bogor Indonesia.

Noble, C.A., Morgan, R.P. C. (1983): Rainfall interception and splash detachment with a
Brussels sprouts plant: A laboratory simulation. Earth Surf. Processes Landforms 8,
569-5717.

Park, A., Cameron, J.L. (2008): The influence of canopy traits on throughfall and stemflow in
five tropical trees growing in a Panamanian plantation. For. Ecol. Manage. 255, 1915-
1925.

Pimentel, D., Harvey, C., Resosudarmo, P., Sinclair, K., Kurz, D., McNeir, M., Crist, S.,
Shpritz, L., Fitton, L., Saffouri, R., Blair, R. (1995): Environmental and Economic Costs
of Soil Erosion and Conservation Benefits. Science 267, 1117-1123.

Pimentel, D., Wilson, C., McCullum, C., Huang, R., Dwen, P., Flack, J., Tran, Q., Saltman,
T., Cliff, B. (1997): Economic and Environmental Benefits of Biodiversity. The annual
economic and environmental benefits of biodiversity in the United States total
approximately $300 billion. Bioscience 47, 747-757.

Poesen, J., Savat, J. (1981): Detachment and transportation of loose sediments by raindrop

splash. Part II: Detachability and transportability measurements. Catena 8, 19—41.

45



5 References

Poesen, J., Torri, D. (1988): The effect of cup size on splash detachment and transport
measurements. Part I. Field measurements. In: Imeson, A.C., Sala, M. (Eds.):
Geomorphic Processes in Environments with Strong Seasonal Contrasts. Vol. I:
Hillslope processes (Catena Supplement, 12). Catena-Verlag, Cremlingen-Destedt, 113—
126.

Pressland, A.J. (1976): Soil Moisture Redistribution as Affected by Throughfall and Stemflow
in an Arid Zone Shrub Community. Aust. J. Bot. 24, 641-649.

Quinn, N.W., Laflen, J.M. (1981): Properties of transformed rainfall under corn canopy.
ASAE Pap. No. 81-2059.

Raat, K.J., Draaijers, G.P.J., Schaap, M.G., Tietema, A., Verstraten, J.M. (2002): Spatial
variability of throughfall water and chemistry and forest floor water content in a Douglas
fir forest stand. Hydrol. Earth Syst. Sci. 6, 363-374.

Reid, L.M., Lewis, J. (2009): Rates, timing, and mechanisms of rainfall interception loss in a
coastal redwood forest. J. Hydrol. 375, 459—470.

Salles, C., Poesen, J. (2000): Rain properties controlling soil splash detachment. Hydrol.
Processes 14, 271-282.

Salles, C., Poesen, J., Sempere-Torres, D. (2002): Kinetic energy of rain and its functional
relationship with intensity. J. Hydrol. 257, 256-270.

Scherer-Lorenzen, M. (2005): Biodiversity and Ecosystem Functioning: Basic Principles. In:
Barthlott, W., Linsenmair, K.E., Porembski, S. (Eds.): Biodiversity: Structure and
Function. In: Encyclopedia of Life Support Systems (EOLSS), Developed under the
Auspices of the UNESCO, Eolss Publishers, Oxford ,UK, [http://www.eolss.net],
checked on 26/06/2011.

Schlesinger, W.H., Reynolds, J.F., Cunningham, G.L., Huenneke, L.F., Jarrell, W.M.,
Virginia, R.A., Whitford, W.G. (1990): Biological feedbacks in global desertification.
Science 247, 1043—-1048.

Scholten, T., GeiBler, C., Goc, J., Kiihn, P., Wiegand, C. (2011): A new splash cup to measure
the kinetic energy of rainfall. J. Plant Nutr. Soil Sci.

Schroth, G., da Silva, L.F., Wolf, M.-A., Teixeira, W.G., Zech, W. (1999): Distribution of
throughfall and stemflow in multi-strata agroforestry, perennial monoculture, fallow and
primary forest in central Amazonia, Brazil. Hydrol. Processes 13, 1423—-1436.

Shi, X.Z. (1998): Field plot measurement of erodibility factor K for soils in subtropical China.
Adv. Geoecol. 31, 285-290.

46



5 References

Shi, X.Z., Liang, L., Yu, D.-S., Pan, X.-Z., Warner, E.D., Wang, H.-J. (2004): Functional
rehabilitation of the “soil reservoir” in degraded soils to control floods in the Yangtze
river watershed. Pedosphere 14, 1-8.

Singer, M.J., Shainberg, I. (2004): Mineral soil surface crusts and wind and water erosion.
Earth Surf. Processes Landforms 29, 1065-1075.

Song, C., Zhang, Y. (2010): Forest Cover in China from 1949 to 2006. In: Nagendra, H.,
Southworth, J. (Eds.): Reforesting Landscapes: Linking Pattern and Process. Springer
Science+Business Media B.V, Dordrecht, 341-356.

Soulé, M. E.; Wilcox, B. A. (Eds.) (1980): Conservation Biology: An Evolutionary-
Ecological Perspective. Sinauer Associates, Sunderland, Massachusetts.

Stogsdill Jr., W.R., Wittwer, R.F., Hennessey, T.C., Dougherty, P.M. (1989): Relationship
between Throughfall and Stand Density in a Pinus taeda Plantation. For. Ecol. Manage.
29, 105-113.

Stroosnijder, L. (2005): Measurement of erosion: Is it possible? Catena 64, 162—173.

Stuart, G.W., Edwards, P.J. (2006): Concepts about Forests and Water. North. J. Appl. For.
23, 11-19.

Styczen, M., Hggh-Schmidt, K. (1988): A New Description of Splash Erosion in Relation to
Raindrop Sizes and Vegetation. In: Morgan, R.P. C., Rickson, R.J. (Eds.): Erosion
assessment and modelling. Proceedings of a workshop held in Brussels, Belgium, on 2
and 3 December 1986. Commission of the European Communities, Luxembourg.

Thornes, J.B. (1990): Vegetation and erosion. J. Wiley, Chichester, West Sussex, England;
New York, NY, USA.

Thorp, J. (1936): Geography of the soils of China. Kegan Paul, Trench, Trubner, Nanking,
China.

Tsukamoto, Y. (1966): Raindrops under forest canopies and splash erosion. Bull. Exp. For.
Tokyo Univ. Agric. Technol. 5, 65—77 (in Japanese with an English summary).

Van Dijk, A.L. J. M., Bruijnzeel, L.A., Rosewell, C.J. (2002): Rainfall intensity - kinetic
energy relationships: a critical literature appraisal. J. Hydrol. 261, 1-23.

Van Elewijck, L. (1989): Influence of leaf and branch slope on stemflow amount. Catena 16,
525-533.

Vertessy, R.A. (2001): Impacts of plantation forestry on catchment runoff. In: Brown, A.G.,
Nambiar, E.K.S. (Eds.): Plantations, farm forestry and water. Proceedings of a national
workshop, 20-21 July 2000, Melbourne. Rural Industries Research and Development
Corporation, Barton, A.C.T (RIRDC Report, No. 01/20), 9-19.

47



5 References

Vis, M. (1986): Interception, drop size distributions and rainfall kinetic energy in four
colombian forest ecosystems. Earth Surf. Processes Landforms 11, 591-603.

Wainwright, J., Parsons, A.J., Abrahams, A.D. (1999): Rainfall energy under creosotebush. J.
Arid. Environ. 43, 111-120.

Wakiyama, Y., Onda, Y., Nanko, K., Mizugaki, S., Kim, Y., Kitahara, H., Ono, H. (2010):
Estimation of temporal variation in splash detachment in two Japanese cypress
plantations of contrasting age. Earth Surf. Processes Landforms 35, 993—1005.

Wang, K., Shi, X.Z., Yu, D.-S., Shi, D.-M., Chen, J.-M., Xu, B.-B., Liang, Y., Li, D.-C.
(2005): Environmental factors affecting temporal and spatial dynamics of soil erosion in
Xhingguo county, South China. Pedosphere 15, 620-627.

Wei, X., Liu, S., Zhou, G., Wang, C. (2005): Hydrological processes in major types of
Chinese forest. Hydrol. Processes 19, 63-75.

Wiersum, K.F. (1985): Effects of various vegetation layers in an Acacia auriculiformis forest
plantation on surface erosion in Java, Indonesia. In: El-Swaify, S.A., Moldenhauer,
W.C., Lo, A. (Eds.): Soil Erosion and Conservation. Soil Conservation Society of
America, Ankeny, lowa, 79-89.

Wiesner, J. (1895): Beitridge zur Kenntnis des tropischen Regens. Sitzungsber. Kais. Akad.
Wiss. Wien Math. Naturwiss. K1. 104, 1397-1434.

Williamson, G.B. (1981): Drip tips and splash erosion. Biotropica 15, 232-234.

Xu, X.-L., Ma, K.-M., Fu, B.-J., Liu, W., Song, C.-J. (2009): Soil and water erosion under
different plant species in a semiarid river valley, SW China: the effects of plant
morpholgy. Ecol. Res. 24, 37-46.

Yu, D.-S., Shi, X.Z., Weindorf, W.C. (2006): Relationships between permeability and
erodibility of cultivated Acrisols and Cambisols in subtropical China. Pedosphere 16,
304-311.

Zhang, B., Zepp, H., Ju, M. (2002): Soil erosion in southeastern China of red soil area -
causes, effects and countermeasures. In: Wang, L., Wu, D., Tu, X., Nie, J. (Eds.):
Technology and Method of Soil and Water Conservation. Proceedings 12th International
Soil Conservation Organization Conference, May 26-31, 2002, Beijing, China (Vol. III).
Tsinghua University Press, Beijing, 229-236.

Zhou, G., Wei, X., Yan, J. (2002): Impacts of eucalyptus (Eucalyptus exserta) plantation on
sediment yield in Guangdong Province, Southern China—a kinetic energy approach.

Catena 49, 231-251.

48



5 References

Ziegler, A.D., Giambelluca, T.W., Nullet, M.A., Sutherland, R.A., Tantasarin, C., Vogler,
J.B., Negishi, J.N. (2009): Throughfall in an evergreen-dominated forest stand in
northern Thailand: Comparison of mobile and stationary methods. Agric. For. Meteorol.

149, 373-384.

49



Summary

Summary

This thesis is part of the BEF (Biodiversity and Ecosystem Functioning) China research
unit (DFG FOR 891) “The role of tree and shrub diversity for production, erosion control,
element cycling, and species conservation in Chinese subtropical forest ecosystems” founded
by the German Research Foundation (DFG) and the National Science Foundation of China
(NSFC). The overall aim of the project is to analyze the influence of tree and shrub species
diversity on ecosystem functioning and ecosystem services. The research approach consists of
the combination of research in an experimental forest stand with studies in existing forests.
The study area of the present thesis is the Gutianshan National Nature Reserve (GNNR) in

Zhejiang Province, P.R. China.

To combat soil erosion is a prominent and most important ecosystem service of forests.
Yet, little is known about the mechanistic relation of this ecosystem service to biodiversity.
We hypothesize that the underlying processes can be explained by mechanisms that alter
rainfall properties and those that change forest floor properties. This thesis concentrates on the
alteration of rainfall properties and seeks to relate forest succession, specific species, forest
stand variables and species richness as measures of biodiversity to throughfall kinetic energy

(KE).

For measuring throughfall KE, splash cups have been developed (T splash cups) to
facilitate reliable and precise measurements with a large number of replications. By using
partly more than 450 splash cups at once it was possible to show an asymptotic increase of the
highly variable and spatially inhomogeneous throughfall KE with succession. The youngest
trees were less than two years old, the oldest representing late successional forest stands are
more than 80 years of age. Tree saplings reduce KE of throughfall down to 40 % of that of
open field rainfall. In mature forests KE is amplified. Throughfall KE and can count up to
7.61 times the KE of open field rainfall. The experiments and observations show that this

effect is highly heterogeneous in space and time.

Part of this heterogeneity can be attributed to plant physiology. Differences between
specific species refer to their canopy architecture as well as their ability of storing and

intercepting water on vegetative surfaces like leafs and branches.

Furthermore, forest stand variables related to forest structure affect the amount and

spatial variability of throughfall. These are primarily (i) height and coverage of the different
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tree layers, (ii) leaf area index (LAI), and (iii) the proportion of coniferous species within a
specific forest stand. These variables control (i) the potential falling height of a given drop,
(i1) the potential of the canopy cover to store and detain water, (iii) and the drop size

distribution (DSD) of throughfall related to different drip mechanisms.

Biodiversity expressed as species richness influences both the total amount and the
spatial variability of throughfall KE. In the GNNR, species richness increases with succession
and keeps throughfall KE low compared to younger and less diverse forests. The species rich
forests are complex structured and layered. Plant biomass and total plant cover reach high
values. The remaining throughfall KE is kept at relatively low values although the potential

falling height of single drops increases with tree height.

Summarizing, biodiversity and the ecosystem service of a forest canopy to prevent soils
from being eroded are positively related. Increasing diversity compensates the effect of
increasing falling height in older stands to a large extend and widens the drop size spectra of
throughfall intensity and throughfall KE. It can be concluded that diverse forest ecosystems

are an important and very effective measure to combat soil erosion.
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Zusammenfassung

Die vorliegende Arbeit ist Teil der BEF (Biodiversity and Ecosystem Functioning)
China-Forschergruppe (DFG FOR 891) ,, The role of tree and shrub diversity for production,
erosion control, element cycling, and species conservation in Chinese subtropical forest
ecosystems”, gefordert von der Deutschen Forschungsgemeinschaft (DFG) und der National
Science Foundation of China (NSFC). Ziel der Forschergruppe ist es, den Einfluss von Baum-
und Strauchdiversitit auf Okosystemfunktionen und -dienstleistungen zu erforschen. Der
Forschungsansatz beinhaltet die Kombination einer experimentellen Aufforstung mit Studien
in bestehenden, etablierten Wildern. Das Arbeitsgebiet der vorliegenden Arbeit ist das

Gutianshan National Nature Reserve (GNNR) in der Provinz Zhejiang, Volksrepublik China.

Die Verhinderung von Bodenerosion ist einer der zentralen und wichtigsten
Okosystemdienstleistungen von Wildern. Bisher ist noch wenig iiber den mechanistischen
Zusammenhang dieser Okosystemdienstleistung mit der Artenvielfalt bekannt. Dieser Arbeit
liegt die Annahme zugrunde, dass die unter Wald stattfindenden Prozesse erklirt werden
konnen durch (i) Mechanismen, die die Niederschlagseigenschaften veridndern und (i1)
Mechanismen, die die Eigenschaften der Bodenoberfliche verindern. Der Fokus der
vorliegenden Arbeit liegt auf der Verdnderung von Niederschlagseigenschaften und versucht
einen Zusammenhang zwischen Waldsukzession, einzelnen Arten, Waldstruktur und
Walddiversitit auf der einen Seite und der kinetischen Energie (KE) des

Bestandsniederschlags auf der anderen Seite herzustellen.

Um die KE des Bestandsniederschlages zu erfassen, wurden sog. splash cups (T splash
cups) entwickelt, um verldssliche und pridzise Messungen mit einer groen Anzahl an
Messwiederholungen durchzufiihren. Das gleichzeitige Benutzen von teilweise mehr als 450
splash cups ermoglichte es, einen asymptotischen Anstieg des hochvariablen und
inhomogenen Bestandniederschlags mit fortschreitender Waldsukzession zu zeigen. Die
jlingsten Baume waren jlinger als zwei Jahre, die dltesten mehr als 80 Jahre. Junge Bdume
reduzieren die KE des Bestandsniederschlags auf ca. 40 % des Freilandniederschlages. In
dlteren Wildern ist die KE des Bestandsniederschlages deutlich erhoht, und kann die KE des
Freilandniederschlages um das bis zu 7-fache {ibersteigen. Die Experimente und

Beobachtungen zeigen, dass dieser Effekt rdumlich und zeitlich hochvariabel ist.
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Ein Teil dieser Heterogenitit kann der Physiologie der Bdume zugeschrieben werden.
Unterschiede zwischen bestimmten Arten beziehen sich meist auf die Kronenarchitektur

sowie ihrem Vermogen, Wasser auf Blittern oder Asten abzufangen oder zu speichern.

Weiterhin beeinflussen Variablen, die die Waldstruktur beschreiben, Menge und
rdumliche Variabilitdt des Bestandsniederschlages. Diese sind primidr (i) Hohe und
Bedeckungsgrad der verschiedenen Baumschichten, (ii) Blattflichenindex (LAI) und (iii) der
Anteil an Nadelbaumarten innerhalb eines bestimmten Waldbestandes. Diese Variablen
kontrollieren die (i) potentielle Fallhohe eines Tropfens, (ii) das Potential des Kronendachs,
Regenwasser zu speichern und zuriickzuhalten, und (ii1) die TropfengroBenverteilung (DSD),

die durch unterschiedliche Abtropfmechanismen beeinflusst wird.

Biodiversitit beeinflusst die Gesamtmenge und die raumliche Variabilitit der KE des
Bestandsniederschlages. Im GNNR steigt die Artenanzahl mit fortschreitender Sukzession.
Dennoch bleiben die Werte fiir die KE des Bestandniederschlages, verglichen mit jiingeren
oder weniger artenreichen Wildern, vergleichsweise niedrig. Artenreiche Wilder sind sehr
komplex strukturiert und geschichtet, Biomasse sowie Pflanzenbedeckung erreichen hier
Spitzenwerte. Die KE des Bestandsniederschlages wird dadurch gering gehalten, obwohl die

potentielle Fallhohe eines Tropfens mit zunehmender Baumhohe ansteigt.

Zusammenfassend  kann  gesagt werden, dass  Biodiversitit und  die
Okosystemdienstleistung, Bodenerosion zu verhindern, positiv zusammenhingen. Eine hohe
Anzahl an Arten kompensiert den Effekt zunehmender Fallhohen in édlteren Waldbestinden
deutlich und erweitert das TopfengroBBenspektrum des Bestandsniederschlages. Es kann
gefolgert werden, dass hoch diverse Wilder sehr effektive Okosysteme in Bezug auf

Verhinderung von Bodenerosion darstellen.
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Abstract

Subtropical broad-leaved forests in south-eastern China support a high diversity of woody
plants. Using a comparative study design with 30 x 30 m plots (n = 27) from five successional
stages (< 20, < 40, < 60, < 80 and > 80 yrs) we investigated how the gradient in species
composition reflects underlying processes of community assembly. In particular, we tested
whether species richness of adult trees and shrubs decreased or increased and assessed to
which degree this pattern was caused by negative density dependence or continuous
immigration over time. Furthermore, we tested whether rare species were increasingly
enriched and the species composition of adult trees and shrubs became more similar to species
composition of seedlings during the course of succession. We counted the individuals of all
adult species and shrubs > 1 m in height in each plot and counted all woody recruits (bank of
all seedlings < 1 m in height) in each central 10 x 10 m quadrant of each plot. In addition, we
measured a number of environmental variables (elevation, slope, aspect, soil moisture, pH, C,
N and C/N ratio) and biotic structural variables (height and cover of layers). Adult species
richness varied from 25 to 69 species per plot and in total 148 woody species from 46 families
were recorded. There was a clear successional gradient in species composition as revealed by
non-metric multidimensional scaling (NMDS) but only a poor differentiation of different
successional stages with respect to particular species. Adult richness per 100 individuals
(rarefaction method) increased with successional stage. None of the measured abiotic
variables were significantly correlated with adult species richness. We found no evidence that
rare species were responsible for the increasing adult species richness, as richness of rare
species amongst both adults and recruits was independent of the successional stage.
Furthermore, the similarity between established adults and recruits did not increase with
successional stage. There was a constant number of recruit species and also of exclusive
recruit species, i.e. those that had not been present as adult individuals, across all successional

stages, suggesting a continuous random immigration over time.
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Introduction

The last decades have much improved our understanding of the forces that affect tree
species richness in forests. Local or community species richness, i.e. a-diversity, is increased
by immigration and reduced by extinction and both processes may be stochastic or
deterministic (MacArthur and Wilson 1967, Hubbell 2001). While stochastic immigration
mainly depends on the difference between regional species richness, i.e. y-diversity, and o-
diversity, and on the degree of dispersal limitation (Hubbell et al. 2008), deterministic
immigration additionally depends on the characteristics of the immigrating species, of the
receiving community and interactions between the two (Rejmanek 1996, Crawley et al. 1999,
Mwangi et al. 2007). Stochastic extinction usually affects species with small population size
(Simberloff 1988, Fischer and Stocklin 1997, Matthies et al. 2004), whereas deterministic
extinction may be due to environmental filtering (Lavorel and Garnier 2002) or exclusion of a
plant species by competitors, pathogens or herbivores (Schmid and Matthies 1994). An
important mechanism acting against extinction is negative density or frequency dependence,
which either occurs when negative interactions are less detrimental or positive interactions are
more favorable among different species than among individuals of the same species (Wright

2002, Wills et al. 20006).

Interestingly, not much attention has been paid to the question of how stochastic and
deterministic processes affect community assembly during secondary forest succession,
although for a number of reasons such succession series are highly suitable systems for
studying community assembly and diversity maintenance. First, some processes are directly

observable, such as recruitment and mortality (Chazdon 2008). However, other processes such
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as the development of positive interactions are much less obvious, although it is generally
assumed that they increase with time, as the ecosystems get more structured and more
complex (Odum 1971, Margalef 1963). There is ample evidence for a temporal development
of complementarity from biodiversity—ecosystem functioning (BEF) experiments (Tilman et
al. 2001, Cardinale et al. 2007, Duffy 2009, Marquard et al. in press), but not much is known
from secondary forest succession series. Second, the general development of species richness
along successional series is well known for many forest types (Howard and Lee 2003,
Chazdon 2008). According to Howard and Lee (2003), four main patterns can be
distinguished: species richness can monotonously decrease or increase with ongoing
succession, peak at middle successional stages or may not show any temporal trend. The
absence of any trend might occur if changes in successional stages involve changes in
environmental conditions to which only a limited but unpredictable number of species are
adapted (Denslow 1980). While these patterns describe the net changes in species richness
during succession, they do not discuss the underlying community assembly processes, i.e.
immigration and extinction dynamics. So far, it has not been analyzed to which extent the
above mentioned negative and positive forces act on net species richness during the course of

secondary forest succession.

A continuous decrease in diversity during succession, caused by prevalence of extinction
processes, is consistent with the hypothesis of initial floristic composition (Egler 1954): At the
beginning of succession a large number of species immigrate but more and more species go
extinct as competition for increasingly depleted resources, mainly light, increases over time.
In addition, stochastic extinction increases when individuals increase in size and the overall
density of individuals declines. This sampling effect (Denslow 1995, Hubbell et al. 1999) also
contributes to decreasing richness. In contrast, two major processes might promote an increase
in tree species richness with successional age, either resulting in a monotonous increase or in a

mid-successional peak:

First, effects of negative density and frequency dependence, for example Janzen/Connell-
effects (Janzen 1970, Connell 1971, Condit et al. 1992, Freckleton and Lewis 2006), might
accumulate with time, and thus be more prominent in mature stands. Studying the diversity in
subtropical and tropical forests in Queensland, Australia, Connell et al. (1984) called this
effect compensatory recruitment, as it would compensate for the tendency of competitively
stronger species to increase at the expense of weaker ones. Based on the observation that more

57



Manuscript 1: Community assembly during secondary forest succession in a Chinese subtropical forest

common species had fewer seedling recruits per adult than rarer species, Connell et al. (1984)
suggested that rare species were favored over common ones in terms of a per capita
recruitment rate. Recently, Wills et al. (2006) compared the diversity of cohorts of different
age and size in repeated census intervals of seven tropical forest plots. They found preferential
establishment and survival of less abundant compared to more abundant species, which
resulted in an increased enrichment of rare species with successional stage. As a consequence,
rare species would be prevented from local extinction and diversity would increase from the

group of seedlings to the one of young and old trees.

Second, young successional stages might experience continuous immigration from late
successional stages because those contain a considerable part of the regional species pool.
Thus, young successional stages might start with a low number of tree species and then
become enriched with time. Given a constant stream of immigrants from a random set of
species, newly established cohorts would be expected to have a low floristic similarity to
already established ones when the number of residents is low, such as in young stands. With
progressing succession composition of new cohorts would become increasingly similar to the
established species, because more and more of the newly arriving species would be already
present in the community (Anderson 2007). However, similarity between recruits and the
established trees might also reach local minima if there are clear successional stages that

fundamentally differ in species composition (Chao et al. 2005).

In this paper, we ask whether tree species richness increases or decreases with increasing
age of successional stages in a warm-temperate laurophyllous forest (in the following called
subtropical forest) in Zhejiang Province, China (see below), and how stochastic or
deterministic immigration and extinction may contribute to the net changes in species
richness. These subtropical mixed forests are of particular interest for diversity research since
they are similarly rich in woody species as tropical forests (Wills et al. 2006, Condit 1995,
Legendre et al. 2009). In addition, they represent a formerly widespread ecosystem in South
and East China (Wu 1980), which currently is under high pressure from intensive land use
(Wang et al. 2007). Our motivation to address the impact of successional age on diversity
originates from a recently initiated experiment that uses a large set of subtropical tree and
shrub species in Jiangxi, China, close to the forest plots studied here, to explore the
relationships between biodiversity and ecosystem functioning (www.bef-china.de). In the
experiment, artificial stands of defined tree species diversity levels are established by planting
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seedlings, and in consequence, during the first years will only reflect the conditions of young
successional stages with respect to microclimate, food web structure and nutrient fluxes and
pools. Thus, we were interested to learn to which extent young forest stands differ from old
ones in all types of ecosystem functioning variables. This paper is the first contribution to this
topic, asking how much tree and shrub richness and variables related to richness vary along a

gradient of different stand ages. Our specific hypotheses were:

(1) Richness of tree and shrub species recorded on a fixed plot size is highest in young
successional stages and decreases in the course of succession, mainly because of declining
density of individuals. If the sampling effect is taken into account, i.e. if richness is corrected
for a decreasing density of individuals in the course of succession, richness is expected to
increase. In addition, we tested whether successional stage is a better predictor for species

richness than other variables related to structure and site characteristics.

(2) Rare species increasingly contribute to the potential effect of increasing richness with
successional age. A preferential survival of rare species provided, an increase in proportions
of rare species should be less conspicuous in seedlings as compared to adult trees and shrubs.
Consequently, a higher contribution of rare species should also be visible in a higher per
capita recruitment success of rare species as compared to common ones as well as higher

average per capita recruitment rates of plots containing a higher proportion of rare species.

(3) In contrast to the former hypotheses, which are based on the assumption of a
differential recruitment of common and rare species, we further hypothesized that
establishment from a common recruitment pool could be a random process. Assuming
continuous but random immigration, the richness of recruits should be constant over the
different successional stages. However, given a limited regional species pool and increasing
richness with successional time, the probability that species new to a plot would be among the
recruits, i.e. those that are not yet present as adult individuals, should decrease in the course of
succession. Likewise, the similarity in species composition between established adults and

recruits is expected to decrease.
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Materials and Methods

Study site

The Gutianshan National Nature Reserve (NNR) is located in the western part of
Zhejiang Province (29°8'18"-29°1729" N, 118°2'14"-118°11'12" E, Fig. 1). The forest is
representative of Chinese mixed broad-leaved forests (Wu 1980, Hu and Yu 2008, Legendre
et al. 2009), with evergreen species dominating the forest in number of individuals (Yu et al.
2001) but with approximately similar proportions of deciduous species in terms of species
number (Lou and Jin 2000). A total of 1426 seed-plant species of 648 genera and 149 families
has been recorded as occurring naturally in the NNR. About 258 of the species are woody
(Lou and Jin 2000). The Gutianshan NNR has an area of approximately 81 km?, was initially
established as a National Forest Reserve in 1975 and became a National Nature Reserve in
2001. The NNR comprises a large portion of broad-leaved forests of advanced successional
stages (Hu & Yu 2008), which have not been managed since the beginning of the 1990s, as
well as young successional stages and conifer plantations, mainly of the economically
important timber species Cunninghamia lanceolata and Pinus massoniana (for author names

of species see Appendix 1).

Most of the stands are secondary forests, evidenced by maximum tree ages of only 180
years, by the presence of relicts of agricultural terraces in almost all plots and by the presence
of charcoal in almost all soil profiles. Within and adjacent to the Gutianshan NNR extensive
deforestation has occurred during the Great Leap Forward in the 1950s, as in most parts of
Southeast China. However, owing to very steep slopes with some of them exceeding 30°, the
Gutianshan area was only marginally usable for agricultural activities, and thus an

exceptionally intact forest cover has been preserved.

The climate at Gutianshan NNR is warm-temperate with a short dry season in November
and December and with warm summers. The climate conditions are characteristic of the
subtropics with an annual average temperature of 15.1 °C, January minimum temperatures of
—6.8 °C, July maximum temperatures of 38.1 °C and an accumulated temperature sum (> 5

°C) of 5221.5 degree days per year.
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Fig. 1: Study area: (A) Zhejiang (red), and Jiangxi (green) Provinces; (B) Kaihua county in Zhejiang Province
(red, area of Comparative Study Plots [CSPs] used for the study reported in this paper), Dexing county in
Jiangxi Province (green, area where an associated forest biodiversity—ecosystem functioning experiment has
been set up). (C) Gutianshan NNR (red line) with CSPs (red dots) in Kaihua county (Zhejiang Province) and the
two associated experimental sites (green areas) in Dexing county, Jiangxi Province.
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Study design

Plots were randomly selected, stratified by successional age. In the following the plots are
called Comparative Study Plots (CSPs). Different successional ages are the result of
differences in elapsed time since the last forest harvesting, carried out manually by the local
population for timber and fire-wood. Five successional stages were distinguished according to
the age of the oldest tree individuals in a plot, supported by additional knowledge of the last
logging event in this part of the forest and local status as ‘feng shui’ forest (1: < 20 yrs, 2: <
40 yrs, 3: < 60 yrs, 4: < 80 yrs, 5: = 80 yrs). The plot assignment in the field was later
confirmed by additional measurements of diameter at breast height (dbh) of all trees with > 10
cm dbh in a plot, and of tree age, determined on 159 stem cores taken at breast height from 64
different tree species across all CPSs. CSP locations within strata were selected randomly;
however, due to inaccessibility and extremely steep slopes (> 50°), parts of the NNR had to be
excluded from sampling, thus resulting in an uneven spatial distribution of some of the plots
(Fig. 1C). In total, 27 CSPs were established between May and July 2008. The number of
plots per successional stage were 5 (< 20 yrs), 4 (< 40 yrs), 5 (< 60 yrs), 6 (< 80 yrs) and 7 (=
80 yrs).

Species recording was performed between May and October 2008 with several visits per
plot. Each CSP has a size of 30 x 30 m on the ground. In horizontal projection this
corresponded to an average area of 0.074 ha, close to the Chinese areal measure of 1 mu
(=0.067 ha) and thus to the plot size used in the associated biodiversity—ecosystem functioning
experiment at Xingangshan (Jiangxi Province, Fig. 1C). Soil moisture was assessed
gravimetrically on soil samples taken from five depth increments (0-10, 10-20, 20-30, 30-40,
40-50 cm) in June/July 2008, November 2008 and March 2009. Here, we used mean values
per plot by averaging the soil water contents over all depths and all dates. Soil samples for
determination of pH, C and N were taken in summer 2009 from nine locations in each plot at
0-5, 5-10, 10-20, 20-30, and 30-50 cm. The samples were pooled to form one bulk sample per
CSP and depth interval, sieved (< 2mm) and air-dried. Soil pH was measured
potentiometrically in a 1:2.5 soil-H,O suspension. Total C and N were determined on milled
samples after heat combustion (1150 °C) using Vario ELIII elementar analyzer. Since all soil
samples are non-calcareous, the measured total C content equals organic carbon (Cy,). In this
paper only the topsoil (0—5 cm) data have been used, because these showed the highest

variation among plots. A complete inventory of woody species (> 1 m height) was carried out
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in the entire plot. All herbaceous species and woody seedlings < 1 m height (i.e. the seedling
bank, in the following called recruits) were recorded in a central subplot of 10 x 10 m on the
ground. All individuals were identified to the species level, making use of herbarium samples
and comparisons with correctly identified individuals, and counted per species. The
proportion of unidentifiable individuals (> 1 m height) in a CSP ranged between 0-2.3 %.
These individuals were not included in the subsequent data analysis. All measures in this

paper are expressed per area on the ground (i.e. not converted to horizontal projection area).

Data analysis

We calculated the concentration of all species in one of the five successional stages, using
the Phi value as measure of fidelity, calculated with the Juice software (Chytry et al. 2002).
The Phi values were tested for significance by Fisher’s exact test, using a significance level of
p=0.01. At this level a species would be identified as being significantly characteristic of a
successional stage if, for example, it occurred at least in 3 plots of this stage (assuming that
the stage comprised 4 to 7 plots), but not in the other successional stages. The presence and
absence of species in the different successional stages was used to calculate community
turnover rates between successional stages according to Anderson (2007), defined as number
of species that were either new to a successional stage or had disappeared, divided by the total
sum of species in the preceding and subsequent successional stage. To analyze the floristic
composition of all woody species we employed non-metric multidimensional scaling (NMDS)
using counts of individuals per CSP and Bray-Curtis dissimilarity. The statistics were
computed with R (R Development Core Team 2008), using the vegan package (Oksanen et al.
2006). All 148 species of trees and shrubs with at least one individual > 1 m in height were
used in the analysis. Wisconsin double standardization, where species are first standardized by
species maxima and then sites are standardized by site totals, was applied to square root
transformed abundance data. Default options were used for scaling, so that one unit means
halving of community similarity from replicate similarity. Species scores were added as
weighted averages. In a subsequent multiple regression, the NMDS plot scores on axes 1 and
2 were related to (i) variables describing plot characteristics (elevation, aspect, slope,
geographical coordinates, height and cover of the different layers, coverage of bare ground,

soil moisture, pH, C, N and C/N ratio) and successional stage and (ii) to variables related to
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species richness (number of woody species and woody lianas [height > 1 m] in the 30 x 30 m
plot as well as number of herb species, woody recruit species [seedlings], woody climber
species and herb climber species in the 10 x 10 m subplot [only recorded if height < 1 m]).
The significance of the correlations was assessed using permutation tests (n=999). In addition,
a detrended correspondence analysis (DCA) was performed to determine the gradient lengths

and to yield an estimate of B-diversity (Jongman et al. 1995).

All ordinary linear regressions with single predictors were calculated with R. A multiple
regression was used to test the dependence of species richness of adult trees and shrubs
(individuals > 1 m height) on all variables describing plot characteristics and structure (for a
list of variables see Table 1A). The input variables were standardized (i.e. z transformed) prior
to analysis, resulting in a model with intercept = 0. Model fitting started with a full set of
independent variables and was simplified using backward selection. Multiple regression
analyses were performed with the SAS 9.1 package (proc reg, SAS Institute 2002, Cary, North
Carolina, USA).

To obtain estimates of species richness that are unaffected by individual density,
rarefaction analysis was based on Hurlbert’s (1971) formula, as implemented in the vegan
package in R, using a fixed number of 100 individuals per plot. Rarity was assessed by
ranking all species both in the group of adult trees and shrubs as well as in the group of
seedlings in the order of their abundance across all plots. Species were considered “rare” or
“common” when they occurred in the lower or upper half of all ranks, respectively (rarity
threshold 50%). We also tested whether the definition of rarity had an impact on the results by
considering species to be “rare” when they occurred in the lower quartile (rarity threshold of

25%).

To relate the number of recruits to the number of adults, the census from the central 10 x
10 m subplot was extrapolated to the whole plot area by multiplying all counts of recruits by
9. As Wright (2002) pointed out, the species’ per capita recruitment rate should not be plotted
against the species’ abundance, as this takes the form of y/x versus x. Thus, we directly
regressed the number of recruits on the number of adult plants and tested for a log—log
relationship after transforming both the count data of adults and recruits by log;o(x+1). We
then compared the observed and expected slope and identified outliers from this prediction by

plotting confidence intervals using a tolerance of + two standard deviations. To test whether
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the recruits of a species were concentrated in the same successional stage that was preferred
by conspecific adults, we calculated the ratios of number of individuals (x+1) in late
successional stages (4 and 5) to their number in early successional stages (1 and 2) for each
species. We then compared this ratio (expressed as log ratio) between recruits and adults.
Again, we plotted confidence intervals using a tolerance of + 2 standard deviations to identify
outliers (e.g. long-lived pioneer species that might occur in old successional stages as adults

but have recruits only in young successional stages).

Table 1: Correlation coefficients of (A) variables describing plot characteristics and structure and (B)
variables describing species diversity of the different strata and life-forms with the first and second axis of the
NMDS ordination.

A. Plot characteristics Abbreviation in Fig.3  NMDS1 NMDS2 r’ P
Successional stage Successional _stage 0.997 0.079 0.616  0.001
Age of the 5" but largest tree [years] Tree_age_max5 0.968 0.252 0.405  0.007
Elevation [m a.s.1.] Elevation 0.135 0.991 0.780  0.001
Location in the NNR [Degrees N °] Coordinates_N -0.143 0.990 0.319 0.012
Location in the NNR [Degrees E °] Coordinates_E 0.947 0.320 0.395 0.003
Eastness = sin(aspect [°]) Aspect_E -0.880 -0475 0.185  0.095
Northness = cos(aspect [°]) Aspect_N -0.572 0.820 0.075 0.413
Slope [°] Slope 0.790 -0.613  0.047  0.555
Height of upper tree layer [%] T1_height 0.985 -0.170  0.650  0.002
Cover of upper tree layer [%] T1_cover 0.945 0.326 0.333  0.008
Height of lower tree layer [%] T2_height 0.995 -0.098  0.557  0.001
Cover of lower tree layer [%] T2_cover -0.839 -0.544 0.130 0.170
Height of shrub layer [%] SL_height 0.995 0.103 0.310  0.008
Cover of shrub layer [%] SL_cover -0.888 0.459 0.545  0.001
Cover of herb layer [%] HL_cover -0.428 -0.904  0.161 0.121
Percentage of bare ground [%] Open_soil -0.803 0.596 0.110  0.226
Soil moisture [g H,O/g dry soil] Soil_moisture 0.561 0.828 0.456  0.002
pH (0-5 cm) measured in H,O pH -0.718 -0.696  0.201 0.070
Total carbon content (0-5 cm) [%] C 0.691 0.723 0.332  0.007
Total nitrogen content (0-5 cm) [%] N 0.724 0.690 0.390  0.003
Carbon/nitrogen ratio (0-5 cm) [%/%] C_N -0.553 -0.833 0.039 0.633
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B. Richness variables Abbreviation in Fig.3 ~ NMDS1 NMDS2 r’ P

Number of individuals of adult trees

and shrubs (> 1 m height) N_individuals -0.817 0.576 0.498 0.001

Number of adult tree and shrub species

(> 1 m height) N_adult_species 1.000 0.011 0.183  0.091

Number of adult tree and shrub species
(> 1 m height) based on rarefaction N_adults_100 0.926 -0.378 0.421 0.004
with n = 100 individuals

Proportion of rare adult species Prop_rare_adults 0.001 1.000 0.073  0.381
Proportion of deciduous adult species Prop_decid_adults -0.737 0.676 0.656  0.001
Number of adult climber species N_adult_climber 0.363 0.932 0.015 0.839

Number of woody seedlings (< 1 m

height) N_recruit_species 0.166 -0.986  0.085  0.337
Number of woody and herbaceous N_HL_climber 0.869  -0.495 0.024  0.743
climber species in the herb layer

Number of herbaceous species N_herb_species -0.867 0.498 0409 0. 01

Number of herb layer species (=
N_recruit_species + N_HL_climber + N_HL_species -0.978 -0.208 0.107 0.243
N_herb_species)

Proportion of rare recruit species Prop_rare_recruits 0.060 0.998 0.113  0.235

Bray-Curtis similarity between adults

. BrayCurtis_adult_recruits -0.939 -0.344 0.028 0.725
and recruits

Sgrensen similarity between adults and

. Sorensen_adult_recruits -0.870 -0.494 0.029 0.705
recruits

Per capita recruitment rate per plot Per_capita_recruitment -0.999 0.052 0.165 0.112
Prop of recruit species new to a plot Prop_exclusive_recruits -0.740 -0.673  0.073  0.404

For each species, per capita recruitment rates were calculated by relating the number of
recruits (multiplied with 9 as explained above) to the number of adult trees and shrubs. This
was done at three levels, at the level of each plot, across all plots of one successional stage and
for all 27 plots of the whole study. Plot-wise per capita recruitment rates were obtained by
averaging the per capita recruitment rate of all species present in a plot. Using a mixed model
with successional stage as fixed factor and species identity as random factor, we tested for the
impact of successional stage on species-specific per capita recruitment rate (proc mixed, SAS

9.2).

Species similarity between adults and recruits was calculated for each plot, both based on
counts of individuals using Bray-Curtis similarity and on presence/absence using the Sgrensen
index (Sgrensen 1948). In addition, we counted those species among the recruits that were not

yet present in a plot among the adults (i.e. species in a plot exclusively found in the group of
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recruits, not among the adults).

Results

The assignment of CSPs to the five different successional stages was well reflected in the
age of the largest trees in the plot. Age determination of the stem cores taken from 64 tree
species was possible excep for three species (Castanopsis eyrei, Cyclobalanopsis
myrsinaefolia, Cyclobalanopsis stewardiana). Across all species and across all plots diameter
at breast height (dbh) was well related to tree age (Fig. 2A). Few old trees, which were
retained during harvesting, occurred even in the youngest plots. This means that in every plot
1, 2 or 3 trees might be older than the time of the harvesting event. Therefore, the fifth largest
tree in a plot was chosen as being representative for the stand age. Fig. 2B shows that the age
of the fifth but largest tree closely matched the assignment to successional stages, with a mean
age (+ standard deviation) for the successional stages 1, 2, 3, 4 and 5 of 34.7 (+ 11.9), 43.2(+
6.3), 66.3(= 10.9), 79.4 (= 16.2) and 94.8 (+ 15.0) years, respectively. The comparably high
age of the successional stage 1 resulted from the fact that in some plots 5 or more old trees

had been retained during harvesting (e.g. CSP 16, with 11 trees > 20 cm dbh).

In total, 148 woody species from 46 families were recorded with at least one individual >
I m. A full list of species is given in Appendix 1. Maximum richness was 69 woody species
per 30 x 30 m plot. A total of 21 species occurred only with one individual in one of the CSPs
and further 14 species occurred only in one CSP. However, these rare species were quite
evenly distributed across the successional age classes. The fidelity analysis showed that only
two species were significantly concentrated in the youngest plots (Glochidion puberum,
Platycarya strobilacea) and only one species significantly concentrated in the oldest plots
(Photinia glabra) (Appendix 1). Percent community turnover rates between stages 1 and 2, 2

and 3, 3 and 4, 4 and 5 were 22%, 22%, 16%, and 11%, respectively.
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Fig. 2: Definition of plot age classes. (A) Diameter at breast height (dbh) as a function of tree age, across all
comparative study plots (CSPs) and all species. The solid line shows the significant linear regression: dbh =
4.252 +0.371 * age; r = 0.753, P < 0.001. (B) Age of the fifth-largest individual tree in the plot as a function of
successional stage (1, < 20 yr; 2, < 40 yr; 3, < 60 yr; 4, < 80 yr; 5, > 80 yr). The solid line shows the significant
linear regression: age = 17.39 - 15.52 * successional stage, r = 0.880, P < 0.001.
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Fig. 3: Nonmetric multidimensional scaling (NMDS) ordination of abundance of all adult tree and shrub
species with at least one individual > 1 m in height (n = 148, black ‘‘plus’’ [+] symbols) in the Comparative
Study Plots (CSP, n = 27); colored circles indicate the different successional stages. In various runs, a stable
solution was found, on average, after four random starts (stress= 15.86). (A) Post hoc correlation of variables
describing plot characteristics and structure. (B) Post hoc correlation of variables describing species diversity of
the different strata and life forms. See the Methods section; see also Table 1 for abbreviations and significance
of correlations.
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The CSPs were evenly scattered and without obvious outliers in the NMDS ordination
(Fig. 3). The same applied to the species. The DCA revealed a length of 3.56 standard
deviation units for axis 1, showing a significant turnover of species, and thus a comparably
high a diversity among CSPs. The NMDS centroids of the successional stages 1, 2, 3, 4 and 5
on axis 1 were —0.65, —0.24, 0.02, 0.23 and 0.39, respectively, thus showing decreasing

differences between successive stages with increasing stand age.

Post-hoc correlation of NMDS scores with variables describing abiotic plot
characteristics and stand structure (Fig. 3A) and with diversity variables of the different strata
and life forms (Fig. 3B) allowed an interpretation of the encountered gradients (Table 1).
NMDS axis 1 was significantly positively correlated with successional stage: plots of early
successional stages are located on the left hand and plots of late successional age on the right
hand in Fig. 3A. Along with increasing successional age, structural variables such as height of
the tree and shrub layers increased from the left to the right in Fig. 3A, while shrub layer
cover, number of herbaceous species and number of individuals of adult trees and shrubs (> 1
m height) decreased (Fig. 3B). The structural variables also showed significant univariate
correlations with successional stage (Table 2). For example, density of individuals decreased
with successional stage (r = —0.772), with a maximum and minimum density of 1233 and 207
individuals per 30 x 30 m plot, respectively. Using the age of the fifth largest tree in the plot
gave essentially the same significant or non-significant relationships for all tested variables

(Table 2).

The proportion of deciduous species in the group of adult shrubs and trees decreased
significantly with successional stage, both in the multivariate permutation test (Table 1) and in
the univariate regression (Table 2). On average, youngest stands (< 20 yrs) had a degree of
deciduousness of 44 % and 39 % in terms of number of species and individuals, respectively,

while the proportion for oldest stands (= 80 yrs) were 26 % and 8 %, respectively.

The NMDS ordination in Fig. 2 shows that adult species richness increased with
successional stage, although this relationship was not significant according to the permutation
test (Table 1) and in the univariate regression (Table 2). Adult species richness became
significant once corrected for the different number of individuals per 30 x 30 m plot by

rarefaction to 100 individuals per plot (Fig. 4, Table 1, 2).
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The explanatory variable “successional stage”, according to which the plots had been
chosen, was also among those four predictor variables that were finally retained in the
optimized multiple regression model to explain species richness of adult shrubs and trees in
the CSPs (Table 3). The results of this model were the same, irrespective of whether adult
species richness per 30 x 30 m plot area (Table 3) or per 100 individuals (data not shown) was
used as dependent variable. The three other predictor variables were height, cover of the lower
tree layer (T2) and amount of bare ground. Further environmental variables had little
influence on adult species richness. For example, neither aspect (eastness and northness) nor
slope had significant effects on tree and shrub species composition (Table 1). Elevation was
significantly positively correlated with NMDS axis 2 (Fig. 3A, Table 1), but was neither

related to adult species richness (r = 0.024, p = 0.906) nor to successional stage (Table 2).
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Fig. 4: Species richness based on 100 individuals (rarefaction) of adult trees and shrubs (> 1 m height) as a
function of successional stage (1: < 20 yrs, 2: <40 yrs, 3: < 60 yrs, 4; < 80 yrs, 5: [ | 80 yrs). . The solid line
shows the significant linear regression: r = 0.558, p = 0.003.
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Table 2: Results of univariate relationships of different response variables to successional stage (columns on the
left) or to the age of the fifth largest tree in a plot (columns on the right). Adult trees and shrubs refer to
individuals of > 1 m height, woody recruits to seedlings < 1 m height.

Successional stage (stage 1 to 5)

Age of the 5th but largest tree [yrs]

. Correlation Correlation

Response variables Slope coefficient r P Slope coef icient r
Density of adult trees and shrubs 451770 0772 <0001  -7705 0692  <0.001
(number per 30 x 30 m)
Proportion of deciduous species in
the group of adult shrubs and trees -0.044 -0.514 0.006 -0.002 -0.506 0.007
Proportion of deciduous individuals 075 556 0003 0004  -0.552 0.003
in the group of adult shrubs and trees
Species richness of adult trees and
shrubs per 30 x 30 m 1.978 0.282 0.154 0.097 0.311 0.222
Species richness of adult trees and
shrubs per 100 individuals 2.167 0.558 0.003 0.116 0.524 0.005
Elevation [m] 33.150 0.085 0.140 1.502 0.233 0.242
Proportion of rare species among
adult trees and shrubs, rarity -0.005 -0.078 0.698 0.001 -0.234 0.239
threshold 50%
Proportion of rare species among
woody recruits, rarity threshold 50% 0.007 0.138 0.492 0.000 0.081 0.688
Proportion of rare species among
adult trees and shrubs, rarity 0.000 -0.004 0.984 0.000 -0.110 0.586
threshold 25%
Proportion of rare species among
woody recruits, rarity threshold 25% 0.004 0.143 0.477 0.000 -0.053 0.794
Species richness of woody recruits -0.143 -0.035 0.860 0.007 0.030 0.883
Similarity between species
composition of adults and recruits o 006 078 0701 0000  -0.018 0.930
based on counts of individuals and
the Bray-Curtis index
Similarity between species
composition of adults and recruits = 5,1 9519 0272 0000  -0.042 0.834
based on presence/absence and the
Sgrensen index
;‘:tnber offecruitspeciesnew(0a (31 0080 0692 0018  -0.12 0578
Proportion of recruit species new o 507 085 0675 0001 0129 0.522

a plot
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Table 3: Results of multiple regressions of species richness of adult trees and shrubs (> 1 m height, not
corrected for density of individuals) on predictor variables describing plot characteristics and structure in the
comparative study plots (CSPs). For the full list of variables and abbreviations see Table 1A. All variables were
z transformed prior to analysis. Model selection was performed with backward selection eliminating
independent variables according to their F statistics, until P was < 0.05 for all variables. P gives the probability
values for the parameter estimates. Partial r” is the partial variance explained using Type II sums of squares. The
whole model had df = 4 with df = 23 for the error term, F = 5.27, P = 0.0037, r* = 0.478, adjusted r* = 0.388.

Variable df Parameter estimate SE t P Partial
Successional_ stage 1 0.701 0.334 2.10 0.047 0.161
T2_height 1 0.520 0.205 2.54 0.018 0.219
T2_cover 1 0.979 0.328 2.98 0.007 0.279
Open_soil 1 0.739 0.257 2.88 0.009 0.265

The proportion of rare species both among adults (Fig. 5A) and among recruits (Fig. 5B)
was not related to the successional stage. The pattern was essentially the same when other
thresholds of rarity were chosen (e.g. 25% of the least abundant species, Table 2). The
regression line of the relationship between number of adult species and number of recruit
species closely matched the 1:1 line, indicating a constant recruitment rate across all levels of
abundance of adults (Fig. 6A). With the exception of twelve species, all were included in the
confidence intervals of + two standard deviations. Among these twelve species, eight were not
found among the adults but occurred as seedlings in high amounts (Evodia fargesii,
Lithocarpus harlandii, Choerospondias axillaris, Ardisia punctata, Pertusadina hainanensis,
Cyclocarya paliurus, Manglietia yuyuanensis and Sapindus mukorossi), only two species
occurred each with two (Lespedezea formosa and Tarenna molissima), one species with three
(Wikstroemia monnula) and one species with four (Glochidion puberum) adult individuals.
With a few exceptions, all species showed the tendency to have recruits in the same
successional stages in which the adults were more abundant (Fig. 6B). Species with a
preferential occurrence of adults in early successional plots (marked in red in Fig. 6B) also
had a higher proportion of recruits in these plots. Conversely, late successional adult species
(marked in blue in Fig. 6B) also had a higher proportion of recruits in these late successional
stages. There were only nine outliers, i.e. species of which the preferred occurrence of recruits
according to successional stage diverged from that of adults. This allows, for example, to
identify long-lived pioneers, i.e. species with a preferred recruitment in the early successional
stages but a preferential occurrence of adults in late successional stages (Toxicodendron

sylvestre, Litsea elongata).
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The plot averages of per capita recruitment rates of all adult species in a plot were not
correlated with the proportion of rare species in a plot (Fig. 7). Per capita recruitment rates
were also not related to successional stage, which was revealed by a mixed model based on
the species-specific per capita recruitment rates in each plot and using species as random
factor (y =—-0.131 x + 10.492, t =-0.17, df =294, p = 0.864). Averaged over all plots for each
successional stage, the per capita recruitment rates were 7.5, 15.4, 4.2, 8.1 and 8.5 recruits per
adult for the successional stages 1, 2, 3, 4 and 5, respectively. The arithmetic mean per capita
recruitment rate over all plots was 22.9 recruits per adult. In accordance with per capita
recruitment rates, species richness of recruits was also not related to successional stage (Table

2).

Similarity between species composition of adults and recruits was low, with on average
0.382 and 0.556 for the Bray-Curtis and Sgrensen index, respectively. In total, the 148 adult
tree and shrub species (at least one individual > 1 m) and the 136 recruit species (< 1 m) only
had 109 species in common. In contrast to expectations, neither similarity based on counts of
individuals (Fig. 8), nor on presence/absence (Table 2) showed a significant relationship to
successional stage. However, the proportion of recruit species new to a plot (i.e. woody
species with no individual > 1 m in the corresponding plot) decreased with adult species

richness per 30 x 30 m (Fig. 9), but showed no relationship to successional stage (Table 2).
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Fig. 5: Proportion of rare species calculated as the ratio of the number of rare species to the number of all
species per plot as a function of the age of the fifth-largest tree in the plot. The different colors show the
successional stages (1, < 20 yr; 2, < 40 yr; 3, < 60 yr; 4, < 80 yr; 5, > 80 yr). (A) Proportion of rare species
among adult trees and shrubs (> 1 m in height): r = —0.078, P = 0.689. (B) Proportion of rare species among
recruits (seedlings < 1 m in height): r = 0.158, P = 0.430.
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Discussion

Species richness increases along the successional gradient

The vegetation analysis revealed a clear successional gradient and, if corrected for a
decreasing density of individuals, an increase in species richness with time as postulated in
the first hypothesis. The species turnover along the successional gradient was lower than
reported in previous succession studies from temperate or tropical forests with a reported [3-
diversity along the first DCA axis of about 5.0 (Hermy 1988, Terborgh et al. 1996). In their
study of comparable forests in Zhejiang Province, Li et al. (1999) hypothesized that species
composition in subtropical forests in China is primarily driven by ‘initial floristic
composition’ (Egler 1954). Our results support the view that many woody species arrived
early in succession. Similarly, the finding that there were only very few species specific to
any particular successional stage lends support to the prevalence of ‘initial floristic
composition’. This is in contrast to the general pattern of secondary succession in the wet

tropics and subtropics, which is often perceived as following the concept of ‘relay floristics’
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(sensu Egler 1954; Finegan 1996, Guariguata and Ostertag 2001, Wang et al. 2006, Chazdon
2008). According to this concept, a first stage is usually dominated by herbs, shrubs and
climbers, a second stage by short-lived pioneer trees; these are replaced in a third stage by
long-lived pioneers. Owing to a simultaneous continuous enrichment of shade-tolerant late-
successional species, sometimes a fourth stage occurs. There are several potential reasons
why the successional stages in Gutianshan were only poorly differentiated in terms of
presence or absence of particular tree and shrub species. On the one hand, we might have
missed the full gradient as we deliberately excluded the early herbaceous stages directly after
a clear cut. The forests may also grow much older than the oldest ones we observed at
Gutianshan. On the other hand, resprouting from cut trees and shrubs might have contributed
to the presence of some woody species right from the beginning of the succession (Li et al.

1999), thus rendering the initial stages similar to the older ones.

However, despite the lack of floristically distinct successional stages, the tree and shrub
species in Gutianshan have not become established at once at the beginning of the succession,
thus precluding a strict interpretation of the initial floristics hypothesis (Anderson 2007). In
contrast to our first hypothesis, the number of species per plot did not decrease with
successional stage. Rather, adult tree and shrub species richness, when expressed as number
of species per 100 individuals, increased with successional stage as species accumulated with
time, corresponding to the succession schemes described from the wet tropics (Finegan 1996,
Kammesheidt 1998). Similar trends have been reported by Wang et al. (2007) for broad-
leaved evergreen forests in Zhejiang varying in stand age from > 20 yrs, >43 yrs, > 63 yrs to >
63 years. With proceeding stand age, they found an increase in richness of woody species in
the shrub layer from 20 species to 38 species per 400 m” (not corrected for density of
individuals). The net accumulation of species over the first 80 years of secondary succession
in Gutianshan is very similar to values described from Colombia and Venezuela (Saldarriaga
et al. 1996). Species number recorded on the same plot size as in our study (900 m?) increased
from on average 45 tree species (> 1 cm dbh) after 12 years since start of succession to 71
species after 80 years. Similar values have also been reported from neotropical secondary
forests (Guariguata and Ostertag 2001) or from Japan (Aiba et al. 2001). The absence of a
peak in species richness at mid-successional stages, as reported from the Western Great Lakes
area (Auclair and Goff 1971) may be due to the shorter time span of the successional gradient

(the oldest stands at Gutianshan were not older than 180 yrs), which is a typical feature of
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Chinese subtropical forests (e.g. Wang et al. 2006).

The increase of species richness with successional age could not be explained by the
measured site characteristics. Neither soil pH nor topographical variables such as aspect and
slope were related to species richness or composition of adult woody species. On the one
hand, this confirms the valididy of our chronosequence approach because differences in site
conditions were not covarying with successional stage. On the other hand, the low level of
site heterogeneity encountered for all measured variables except for elevation suggests that
the sampled forests have not been predominantly shaped by abiotic conditions but by biotic
processes. This finding is in contrast to single-species habitat models developed for a
subtropical permanent forest plot in Dinghushan (Guangdong Province, China), where the
majority of species showed a significant dependence on slope, aspect, elevation and convexity
(Wang et al. 2009). However, data from a single plot may possibly show such effects due to
spatial auto-correlation. Using data from a single 24 ha plot in Gutianshan and accounting for
auto-correlation, Legendre et al. (2009) found the contribution of spatially-independent
habitat effects to be less than 5% both for explaining species richness and B-diversity. They
identified only eight species out of a total of 159 species with a statistically significant
indicator value for one of five distinguished habitat types (valley, mid-altitude ridges, highly
convex plots, and less convex mid- and high-altitude plots). In the present study, we could
neither predict species occurrences from site characteristics, nor was there a strong
association between species and successional stages as revealed by our fidelity analysis where
only three out of 148 species were significantly concentrated in a particular successional
stage. All these results indicate that species assembly processes at the plot level were largely
random. This view is also supported by other studies from Asian subtropical broad-leaved
forests, which revealed a similar “habitat generality” of most species (Aiba et al. 2001, Wang

et al. 2007).

Rare species do not accumulate

Our second hypothesis of increasing proportion of rare species with successional stage
was not supported. Richness of rare species amongst both adults and recruits was independent

of the successional stage. Thus, the increasing species richness with successional stage could
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not have been caused by preferential survival of rare species, thus contradicting findings from
some tropical forests (Wills et al. 2006). The ratio between the density of adults and those of
recruits remained remarkably constant with the exception of only nine species, of which adult
trees were either absent from our plots or had a very low stem density. However, rareness
defined as abundance of stems in plots only captures one aspect of rarity. In Rabinowitz’s
(1981) system of classifying rare plants, the size of the geographical range and habitat-
specificity are alternative ways in which a plant can be rare. It is conceivable that the majority
of woody species in our plots might be locally rare but not according to geographical range
and habitat-specificity, as was shown by Pitman et al. (1999) for a network of 21 forest plots
in the Manu National Park (Peru). They found that most of the Amazonian forest tree species
are habitat generalists, have a wide range in the South American lowlands and attain large
(i.e. > 1.5 individuals ha™) population sizes at least in some localities, although their average
density over the whole study area might be very low (i.e. < 1 individuals ha™). Although such
an analysis is still missing for Chinese subtropical forests, it seems that only a few tree

species are local endemics, such as Lithocarpus glaber and Machilus thunbergii (Song 1988).

Random immigration leads to increasing species richness

Our third hypothesis that the increasing species richness in the course of succession was
caused by continuous immigration was supported by the results. There was a constant number
of recruit species and also of exclusive recruit species, i.e. those that had not been present as
adult individuals in a plot, across all successional stages. This pattern of constant arrival of
new recruit species in the plot does not support the view that a large portion of species in the
early successional stages (i.e. < 40 yrs) originates from resprouting (Li et al. 1999, Wang et
al. 2007). The constant immigration of recruit species into the plots in the course of
succession and the concomitant maintenance of dissimilarity in species composition between
established adults and recruits suggest effective seed dispersal into the plot from the
neigborhood. The recruits did not predominantly originate from individuals growing inside
the plot but to a considerable degree arrived from the outside. This implies that recruitment
limitation, defined as the failure of a species to regenerate in all sites favorable for its growth
and survival (Hubbell et al. 1999), occurred in both young and old successional stages, but

decreased in the course of succession. The negative relationship between richness of adult
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woody species and the proportion of exclusive recruits indicates that the regional species
pool, i.e. y diversity of tree and shrub species is more and more approached with increasing o
diversity. This points to the importance of the regional species pool for preserving such
species-rich subtropical forests. With a given species pool, local richness will continuously
increase, even when parts of the forest are affected by occasional disturbance. Such a gradual
approximation of species richness to saturation is a pattern often observed in secondary
succession (Tilman 2004). Accordingly, the percent community turnover rate decreased with
successional time, both visible in percent community turnover rates based on
presence/absence as well as in decreasing centroid differences between successional stages
along the first NMDS axis based on species abundances. This result extends the general
tendency of decelerating rates of community change with time, as described by Anderson
(2007) based on presence/absence data, to datasets based on abundance. Our findings are also
consistent with Hubbell’s (2001) neutral theory. The virtual absence of specialist species for
certain successional stages would provide some support to the community drift model
(Hubbell et al. 1986), although our floristic gradient in the course of succession precludes a
fully random walk in community composition across all taxa of trees and shrubs. An
exclusive random drift would also contradict the observed dominance patterns of tree species,
which seem to be remarkably similar across different regions in Southeast China. Thus, there
might be yet unknown species-specific differences in immigration and establishment rates,
which would contradict a fully neutral model. Irrespective of absence or presence of species-
specific differences we would assume that local species richness would ultimately converge
towards the regional species richness, or more precisely, towards the number of species
drawn randomly from the regional species pool according to the density of individuals.
However, in Chinese subtropical forests high degrees of convergence between local and
regional species richness may rarely occur before a new disturbance event restarts the

secondary succession at a local site.
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Plate 1: Chinese mixed broad-leaved forest in the Gutianshan Nature Reseve, near on Yuan, hejiang
Province (CSP21). This stand is a “‘feng shui’’ forest with an estimated age of the fifth-largest tree of 106 yr
(age class 5). Photo credit: H. Bruelheide.

Conclusions

Local species richness and species composition in this Chinese subtropical forest appears
to be mainly caused by unspecific immigration, with fairly constant immigration rates in the
course of succession. This is consistent with results obtained from tropical permanent plots
(Hubbell et al. 1999). In contrast, our current data neither support the concept of species being
characteristic of certain successional stages or environmental conditions, nor the idea of
differential survival of rare species. These results have important implications for the design
of experimental communities, as those that have been recently established in the biodiversity—
ecosystem functioning experiment nearby (see Fig. 1C). An important lesson learned from
our comparative study is the awareness that stands of young demographic age are not entirely
different from old ones with respect to species composition, richness and other features. This
means that young experimentally established stands might yield results that can be transferred

to the conditions found along natural successional gradients. Furthermore, our results suggest
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that it is not important to select tree species for the design of experimental communities based
on rarity or environmental requirements. One of the criticisms of past biodiversity
experiments focused on the use of randomly drawn species combinations out of a constant
species pool to establish a gradient of species richness (Leps 2004). Instead, it was advocated
to use extinction scenarios based on rarity of species (Grime 2002). However, with our
current knowledge, at least for subtropical forest ecosystems as the ones studied here, it seems

to be the best strategy to assemble communities randomly from the regional species pool.
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Abstract

Splash cups have long been successfully used for both the quantification of kinetic
energy of rainfall and the detachability of soil particles by rainfall impact, the so-called
“splash erosion”. Measurements of kinetic energy, however, have been difficult to operate in
the field especially in remote areas, on steep slopes and in forests since boundary conditions
need to be controlled precisely. This paper introduces a new splash cup based on Ellison’s
archetype that reliably and accurately measures kinetic energy as a function of sand loss under

a large variety of conditions. The Tiibingen splash cup is relatively easy to operate under
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harsh field conditions and it can be used in experimental designs with a large number of plots
and replications at reasonably low costs. The cup is constructed from PE laboratory flasks and
plastic pipes from water supply equipments. The unit sand is held by a removable carrier
system that can easily be replaced in the field. The splash cups have been calibrated in
combination with a laser disdrometer using a linear regression function with r2 = 0.98. They
measure kinetic energy over a wide range of rainfall intensities from 0.6 to 40 I*m-2*h-1.
Kinetic energy per area varies between 10 and 250 J*m-2. Two years of field test
measurements in a subtropical forest ecosystem in China proved the reliability, durability and
usability of our new splash cups and allowed detecting differences in kinetic energy between

different tree species and biodiversity levels.

Keywords: Splash cups; kinetic energy; soil erosion; subtropical forests; China;

biodiversity.

Introduction

In soil erosion studies, most measuring systems like rainfall simulators or sediment traps
collect and measure the eroded soil material. This implies that (a) all and (b) only eroded
particles reach the measuring device, which is often a challenging task and leads to significant
errors (e.g. Stroosnijder, 2005). The splash cup technique measures the soil or unit sand lost
by comparison of a given amount of material prior to the erosive event and the remaining
material thereafter. Splash cups have successfully been used throughout the last decades since
Ellison (1947) presented the first prototype to conduct research on the detachment of soil
particles by raindrops. Since then modifications have been presented following two lines of
research: (a) measurements on the detachment of soil particles from a given cup and (b)
measurements on soil particles collected in a given cup that have been detached from natural
ground. Ellison originally used soils with different textures to assess the detachability of soil
material in relation to standard sand. Since then, most splash cups were designed to measure
the amount of soil splashed from the soil surface to a target (Morgan, 1978; Salles and

Poesen, 2000; van Dijk et al., 2003; Legout et al., 2005). However, these methods are not
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appropriate for estimating differences in kinetic energy of rainfall or throughfall as the results
are confounded by the erodibility of the soil. Further, measurements of particle detachment
with splash cups face some technical requirements that are similar to rainfall simulation,
especially concerning the steadiness of boundary conditions and the need to guarantee that all
detached particles leave the measuring unit. Three main aspects of measuring errors can be

named, (a) the rim-effect, (b) the size effect and (c) the wash-off effect.

(a) When the sand surface is lowered it becomes harder for the remaining sand to be
splashed out. This results in a non-linear decrease of sand loss with increasing rainfall
amount. This rim effect was first mentioned by Bisal (1950). He tried to establish a correction
function for a lowering of the sand surface when using Ellison splash cups being 8.89 cm in
diameter. If splash cups are used to collect soil material from the surroundings, larger sized

cups > 10 cm in diameter minimize the impact of the rim-effect (Poesen and Torri, 1988).

(b) The size effect is based on the relation of velocity, frequency and angle of raindrop
impact to particle size and other particle characteristics like aggregation (Erpul et al. 2005,
Leguédois et al., 2005). For single grain sand at given moisture content the average splash
length is a function of particle size. Especially when using small-sized cups the rim effect
should be taken into account and bigger sized cups are supposed to better reflect the mean

erosivity per unit area (Poesen and Torri, 1988; van Dijk et al., 2003).

(c) The wash-off effect describes ponding of water on the surface of a splash cup
followed by loss of material due to surface runoff. This was investigated by Kinnell (1974,
1982) who used modified splash cups (K-cups) for relating rainfall properties to the loss of
sand from splash cups. The main objectives were to measure the amount of sand which is
supposed to be washed off the cup during the initial stage of the rainfall event and to relate the
loss of sand to the properties of the raindrops. In order to collect the material supposed to be
washed off, a second circular rim was added to the splash cup. Kinnell (1974) concluded that,

when using Ellison Cups, the wash-off effect affects the results by causing greater inaccuracy.

Further applications of splash cups concentrate on the role of vegetation cover to prevent
soil erosion. Mosley (1982) placed Ellison type splash cups filled with standard sand (1000-
2000 um) in a New Zealand beech forest. He found a notably higher mean amount of sand
loss from splash cups (factor 3.1) under forest compared to the open field. For studying the
effects of different vegetation layers on surface erosion Wiersum (1983) used splash cups

with a diameter of 8.5 cm filled with standard sand (250-500 um). Measurements in the open
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field showed very good relations to total rainfall amount and kinetic energy. Kinetic energy
under a plantation of Acacia auriculiformis exceeds that of open rainfall by 57 percent. In a
similar study in a Colombian rainforest, Vis (1986) obtained comparable results using
calibrated splash cups. Unlike Mosley (1982) and Wiersum (1983), Vis measured the standard
sand (300-850 um) splashed out of the cups and demonstrated that the kinetic energy per area
under forest is between 20 and 70 % higher than in the open field. These findings were
supported by GeilBller et al. (2010a) for subtropical forest ecosystems in Central China.
Moreover, GeiBler et al. (2010b) reported significant differences in sand loss from splash cups

between deciduous and evergreen tree species.

Morgan (1978) used splash cups as receiving devices for studying the effect of slope on
splash erosion from soil. Contrary to Kinnell (1974), his 10 cm wide field splash cups have
catching trays which are separated in upslope and downslope compartments. Nevertheless, an

effect of slope could not be detected.

Beside water erosion studies, splash cups have been calibrated and used successfully to
study wind erosion (Cornelis et al., 2004; Erpul et al. 2005) where constant erodibility is
necessary. It could be shown that strong wind may have a considerable effect on erosion rates

and that splash cups are an appropriate tool for measuring these interrelationships.

To ensure that our Tiibingen splash cups meet the requirements to minimize the rim, size
and wash-off effects and to be applicable to ecosystem research worldwide, the objective was
to develop a splash cup that (a) measures sand loss as a function of kinetic energy and, thus,
can be calibrated, (b) has a constant soil moisture over a reasonable period of time, (c) keeps
soil moisture actively constant under natural rainfall and under evaporation conditions, (d) is
sensitive to very low rainfall intensities, and (e) has acceptable uniformity over a wide range
of rainfall intensities and durations. Furthermore, the splash cups must be easy to transport
and to install under any kind of frost-free field conditions, maintenance-free during
measurements, durable under harsh climatic conditions, as well as inexpensive and fast to

install and collect in order to allow for a large number of measurements at a time.
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Material and Methods

Design and construction

The Tiibingen splash cups were developed based on the archetype of Ellison (1947). In
contrast to previous studies with splash cups (Vis 1986) or other types of splash cups (Kinnell
1974; Morgan 1981) we measured the unit sand remaining inside the cup after single natural
rainfall events. The new splash cups consist of a PE flask to which a carrier system has been
attached (Fig. 1). In this carrier system a cup filled with a unit sand of 125-200 um particle
size is inserted. At the bottom of the cup a silk cover prevents loss of sand and guarantees free
drainage of water from the cup to the carrier and vice versa. Cup and PE flask are
hydraulically connected by a cotton wick (Fig. 2, upper left) to ensure constant moisture
content throughout the time of measuring. If the sand-filled cup is inserted, the bottom stays
in contact with the cotton wool and the wick for the whole time of measuring. Cotton wool
and wick are separated from the rest of the system by an upper and a lower wire mesh (Fig. 2,
upper left). The wick allows the saturation of both the cotton wool and the sand-filled cup.
Additionally, vents in the carrier system ensure that the pressure arising from the insertion of
the cup does not lead to loss of sand. The vent in the PE flask guarantees free drainage of
excess water which may accumulate during high intensity rainfall events. All components of

the Tiibingen splash cup are easy to obtain and assembling is not challenging for the user.

Calibration

The splash cups were calibrated under natural rainfall with five replications per event. A
laser precipitation monitor (Thies Laser Disdrometer) was used for calibration. The
disdrometer measures the velocity (20 classes) and the diameter (22 classes) of every raindrop
down to 0.16 mm diameter passing a laser beam of 46 cm? measuring area. The sum of drops
per event in every class was then used to calculate total kinetic energy by multiplying mass
and velocity (Y2m*v2). The splash cups were placed around the laser disdrometer in a semi-
circle during 8 distinguishable natural rainfall events (Fig. 2, lower left). For further

calculation the median of five replications per event was taken.
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__________________________________________________
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Fig. 1: Three main components of the Tiibingen splash cup: (i) a removable cup at the top, (ii) a carrier system
that ensures a perfect hydraulic contact between the cup itself and (II) a water reservoir at the bottom of the
splash cup.

Portability

The measuring procedure starts by installing the PE flask/carrier system under the target
vegetation (single tree or shrub, Fig. 2, lower right) or, for example for comparative
measurements, under open field conditions (Fig. 2, lower left). Then, the PE flask is filled
with water and the wick/cotton wool system starts saturating. The empty cup is weighted,
filled completely with sand and weighted again. The difference is used as “initial weight”.
Before field use, the sand-filled cups are placed in shallow water until the sand becomes
saturated and then sealed using laboratory film to ensure that no sand is lost. The prepared
cups are now placed into styrofoam carriers with a top cover (Fig. 2, upper right). One person

is able to safely carry about 40 sand-filled cups even in remote areas.

At the measuring sites, the field-ready cups are put into the carrier system where a close
contact to the wick/cotton wool system is assured. Then, depending on the amount and

intensity of rain, the whole system is exposed to natural rainfall. After measuring, the cups are
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removed from the tray system and can be replaced simultaneously. In the lab the cups are
emptied and all residual sand is oven-dried at 105°C for at least 6h and weighed. The
difference to the initial weight is recorded as loss of sand. For the measurements under forest
vegetation the splash cups are attached to wooden sticks in a height of 1 m (Fig. 2, lower
right) to prevent disturbance by animals and lower shrubs. In this case, in addition to the
splash cup one rainfall collector is attached to each stick to measure the amount of throughfall

at the position of the splash cup.

Fig. 2: Disassembled splash cups (upper left), styrofoam cup carrier for the field (upper right), setup for the
calibration measurements with splash cups and laser disdrometer (lower left), and setup of splash cups and
throughfall collectors under forest vegetation (lower right).
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Results

Kinetic energy and loss of sand from splash cups

The results of the calibration (Fig. 3, upper left) show a very close relationship between
kinetic energy as measured by the laser disdrometer (KE-LD) and the loss of sand (LOS) as
measured by the splash cups (R? = 0.98). The kinetic energy per area ranges between 20 J*m-

2 and 250 J*m-2 while the loss of sand ranges between 1.14 g*m-2 and 16.49 g*m-2.

Rainfall intensity, rainfall amount and kinetic energy

In general, the results obtained from the tests in Tiibingen and the validation in Central
China showed a clear relationship between the amount and intensity of rainfall and the kinetic
energy as measured by the splash cups (KE-SC, Figs. 3, upper right and lower left). Rainfall
amount and KE-SC correlate with a coefficient of determination (R2) of 0.92, rainfall intensity
and KE-SC with R? of 0.96. Rainfall amounts up to 51 mm and rainfall intensities up to 35
mm*h-1 are covered. The average standard deviation of the five single measurements for KE-
SC for all measurements in the open field is 17.06, while the mean kinetic energy per area as

measured by the splash cups is 139.27 J*m-2.

Vegetation and kinetic energy

The splash cups were exposed to different tree species and in the open field. A total
number of 3,000 partly simultaneous (max. 300 at once) measurements covering 10 different
natural rainfall events have been carried out during the initial stage of the project. The first
results show that for given amounts of throughfall tree species show a significant different
behavior (Fig. 3, lower right). Kinetic energy under Castanopsis eyrei is generally lower than
kinetic energy under Schima superba trees. The variability of kinetic energy under Schima
superba is more or less stable for different throughfall amounts, whereas the kinetic energy

seems to be of higher variability for higher throughfall amounts under Castanopsis eyrei trees.
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Fig. 3: Loss of sand from splash cups versus kinetic energy (KE-LD, upper left), rainfall amount versus kinetic
energy based on splash cup measurements (KE-SC, upper right), rainfall intensity versus KE-SC (lower left),
and throughfall amount versus KE-SC under a Schima superba tree and a Castanopsis eyrei tree respectively
(lower right). Every dot represents the median of five replications.

Discussion and Conclusions

In this study we present the Tiibingen splash cups as a valuable tool for measuring kinetic
energy of rainfall and throughfall. Kinetic energy is widely accepted as the main variable
controlling splash erosion (e.g. Lal, 1976; Salles and Poesen, 2000; Salles et al., 2002; Legout
et al., 2005). This relation is most pronounced when erodibility is kept constant (Poesen and
Savat, 1981; Leguédois et al., 2005). Thus, we used unit sand instead of soil to fill our splash
cups. The objective of the construction was to build a reliable measuring device for remote
areas and to ensure a high number of replications at reasonable costs. This was achieved by a
very light-weighted and modular construction with splash cups that can be loaded and
weighted in the laboratory prior to in-field installation. In the field a setup of 400 splash cups
measuring simultaneously appeared to be feasible with at least 3 persons. Depending on the
remoteness of the area, more people may be necessary to measure a rainfall event with this

setup.

Like in other studies (e.g. Vis, 1986; Cornelis et al., 2004) our splash cups were

successfully calibrated and the relation between loss of sand and kinetic energy of rainfall is
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very close. Accordingly, the loss of sand converted to kinetic energy shows good correlations
with the standard variables characterizing rainfall events (amount, average of the highest
intensities per event) over a range of values. This is consistent with the results of other
researchers (e.g. Wiersum, 1983) and shows the reproducibility and reliability of the
measurements with the Tiibingen splash cup. This is further supported by the low standard

deviation of the measurements in the open field (cf. Fig. 3).

During the measurements the sand surface was not lowered substantially. Therefore, the
relationship between loss of sand and kinetic energy of rainfall is best described with a simple
linear correlation. However, for higher kinetic energy the slope of the calibration function is
supposed to be different due to a higher and more pronounced rim effect (Bisal, 1950). Due to
the small size of the cups we suppose that the rim effect has only substantial influence on the
results with Tiibingen splash cups for far higher kinetic energies than those observed in
Tiibingen and in subtropical China or for longer measuring intervals at both high rainfall

amounts and intensities.

Since the initial water content is a crucial point in splash erosion studies (Poesen and
Savat, 1981), much effort was spent on the construction of a hydraulic contact that reacts fast
on difference between the actual water content and the saturated water content of the unit sand
over a reasonably long period of time. Due to the good drainage performance of our splash
cups and the hydraulic contact of unit sand in the carrier system and water in the reservoir (cf.
Fig. 1), the wash-off effect (Kinnell, 1974) could not be observed in the field. The same is
true concerning the relationship between soil moisture and size. The holes in both carrier and
PE flask provide sufficient drainage of excess water during higher rainfall intensities. During
phases of evaporation, water deficit in the carrier system is balanced immediately ensuring

constant moisture conditions up to one week time without rain.

The size effect was further minimized by the dimension of the cup and by the equivalent
diameter of the unit sand. According to the investigations of Leguédois et al. (2005), we chose
unit sand of 125-200 pum particle size because the splash length are greatest in this fraction
ranging from 5 to 23 cm. This determines the diameter of the cup as well, in our case set to

4.6 cm.

Concluding, we can state that the Tuebingen splash cup is a high-precision device to
measure the loss of sand due to the impact of raindrops (splash effect). It suits perfectly the

specific needs for biodiversity experiments under natural conditions in forest ecosystems were
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a large number of replications under very diverse vegetation are needed. Referring to the very
durable and easy to handle construction we would like to point out that our splash cups are
designed to work unattended under to rough field conditions like steep slopes and remote
areas that can be accessed by feet only. Another advantage is that the splash cup
measurements with the Tuebingen splash cup can easily be calibrated using laser precipitation
monitors (disdrometers). Thus, they record the kinetic energy of rainfall per area and can be
used to calibrate soil erosion models. Further, our splash cup can cope with high-intensity
rainfall which is typical for subtropical regions. This allows a wide range of applications in

the future not only under natural conditions but also in rainfall simulation studies.
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Abstract

For estimating the influence of plant architectural traits on the erosivity of throughfall we
studied throughfall kinetic energy (KE) under tree saplings in a plantation-like experiment in
the humid subtropics. Our analyses of rainfall and throughfall KE are based on measurements
by means of calibrated splash cups. Two experiments were carried out: one focusing on
density effects and the second testing for species-specific effects and effects of species
mixtures. The morphology of the saplings was characterized by measuring important
architectural traits. For statistical analysis we used mixed effects models. In both models
rainfall KE was identified as the most important effect on throughfall KE. Overall, rainfall
KE per area was reduced by 59% below the canopy of the studied saplings. We found a
significant effect of sapling density on throughfall KE. The main cause for this circumstance
is the relation between free throughfall and release throughfall. As free throughfall possesses

a far higher KE than release throughfall originating from saplings, a lower density results in a
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higher total throughfall KE. Moreover we could show that the influence of density on
throughfall KE decreases with increasing sapling height due to lateral growth and canopy

closure of the saplings.

Throughfall KE was significantly different between species. We attribute this to species-
specific differences in crown architectural traits. These traits influence throughfall KE
contrarily and interact with each other. Depending on its magnitude, one crown trait can

possibly superimpose contrary effects of others.

Keywords: BEF-China; soil erosion experiment; throughfall kinetic energy; splash cups;

soil erosion; splash erosion.

1. Introduction

Soil erosion is an important issue from both an ecological and economical point of view.
In particular in subtropical China, where high rainfall intensity causes severe and continuous
soil losses, soil degradation by erosion and its control is one of the major environmental
problems and a central topic for a long time (Aldhous, 1993; Biggelaar et al., 2003; Cai et al.,
2005; Huang, 1987; Kolb, 2003; Shi et al., 2004; Thorp, 1936; Wang et al., 2005). The
environmental impacts of soil erosion are numerous. Along with enormous economic costs
(Lal, 1998; Montgomery, 2007; Pimentel et al., 1995) due to reduced land productivity, off-
site effects from runoff sediments and pollutants from eroded sites affect human safety, food
security, and social and economic development (Darilek et al., 2009; Lin, 2002; Shi et al.,

1998, 2000; Yu et al., 2006).

It is commonly accepted that vegetation is a key control for the type and intensity of
erosion (Morgan, 2005; Thornes, 1990) and afforestation is widely used as a measure of soil
protection against soil erosion (Song and Zhang, 2010; Zhang et al., 2000). Known since
1948, key mechanisms of plant cover in reducing or enhancing erosion are modification of
drop-size distribution, retention of raindrop impact (splash), and changes in spatial

distribution of rainfall at the ground surface (Chapman, 1948). Rainfall characteristics are
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modified when raindrops hit the plant canopy. Some will shatter producing smaller drops,
while some will coagulate on leaves before falling to the ground as large drops. The kinetic
energy (KE) of throughfall in subtropical forests is up to 2.7 times higher than under open
field conditions (Brandt, 1988; GeiBler et al., 2010b; Nanko et al., 2008a; Vis, 1986). Splash
detachment caused by raindrop impact is the initial process of soil erosion. The KE detaches
soil particles that impact (Erpul et al., 2005) and initiate overland flow indirectly by
decreasing the infiltration rate due to clogging soil pores at the soil surface (Le Bissonnais

and Singer, 1992; Salles and Poesen, 2000; Singer and Shainberg, 2005).

Brandt (1989) has shown that large drops from leaves may be significant sources of
splash detachment in forests, indicating that drop size may overplay drop velocity (see also

Massman, 1983; Salles and Poesen, 2000; Styczen and Hggh-Schmidt, 1988).

It can be assumed that mechanisms that control soil erosion under forest are very
dynamic in space and time and soil loss may even increase with height growth of trees due to
changes of the KE of rain. This has been demonstrated for Acacia forest in Indonesia
(Wiersum et al., 1979), beech forest in New Zealand (Mosley, 1982) or tropical rain forest in
Colombia (Vis, 1986).

One of the central issues regarding KE of throughfall in forests is its relation to forest
stand variables, to specific species and to canopy architecture. Forest stand variables like tree
density (Bochet et al., 2002; Pressland, 1976; Stogsdill et al., 1989) and tree morphological
factors like tree height (GeiSler et al., 2010b; Wainwright, 1999; Wakiyama et al., 2010),
height of the first branch (Nanko et al., 2008b), canopy thickness (Levia and Frost, 2006;),
leaf area index (LAI; Gomez et al., 2001; Park and Cameron, 2008), branch and leaf traits
(Herwitz, 1985, 1987; van Elewijk, 1989), and ultimately species identity (Hall and Calder,
1993; Nanko et al., 2006; Park and Cameron, 2008; Williamson, 1981; Xu et al., 2009) are all
supposed to influence throughfall KE in some way, although some studies neglect these
dependencies (Brandt, 1989; Foot and Morgan, 2005; Vis, 1986). Yet, the contribution of the
above mentioned factors to the generation of throughfall remains largely unclear. It is
important to improve our knowledge on the impact and extend of these factors as it is one of
the major questions in soil erosion science and ecology, when focusing on the atmosphere-
plant-soil relationship. Further, design and management of forests for soil erosion control is
largely depending on knowledge of the role of stand density, tree architecture and species

identity.
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The aim of this study was to analyze the KE of throughfall under tree saplings in relation
to planting density and to tree species identity, using four tree species that are typical of
subtropical forests in China. Two experiments were carried out in an experimentally
established tree plantation, and throughfall KE measurements were done by means of

calibrated T Splash cups (Scholten et al., 2011).

The objectives of this study are
(1) to quantify the amount of KE of rainfall absorbed by tree saplings,
(i1) to study the effect of different planting densities on throughfall KE,
(111) to test for species identity effects on throughfall KE,
(1v) to test for species-specific differences in crown architecture and relate them to

throughfall KE.

2. Material and Methods

2.1 Study area

The study was conducted in the eastern part of Jiangxi Province, P.R. China (N29°
06.293 E117° 55.286). The study area is characterized by subtropical monsoon climate with a
mean annual precipitation of 1963 mm and a mean temperature of 15.1 °C. The rainy season
with high intensity monsoon rainfall events reaches from May until mid-August. The soils of
the region are mainly Cambisols and in the lower parts of the landscape Acrisols and
Ferralsols. The natural vegetation is a subtropical broad leaved forest with a dominance of

evergreen species (Bruelheide et al., 2010).

2.2 Experimental Design

In March 2009, the experiment has been established on a former agricultural field with a
total area of 5400 m>. The field was divided into four blocks. Within each block, 1 m? plots
were positioned randomly and planted with 16 tree saplings (4 x 4) each. The saplings were

planted at two densities: the planting distance between saplings was 25 cm (low density) and
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15 cm (high density), respectively. We chose four species that are very abundant in the study
region and represent early-successional species of different functional groups: evergreen
(Schima superba Gardn. et Champ. and Elaeocarpus decipiens Hemsley) vs. deciduous
(Quercus serrata var. brevipetiolata and Castanea henryi (Skan) Rehd. et Wils). Species
were planted in either monoculture or four-species mixture. All treatments were replicated
four times, once in each of the four blocks. At the time of the measurements (spring and
summer 2010) the tree saplings were at an age of 2 yrs and had a maximum height of 1.2 m.
The experiment was, thus, designed to simulate an early stage of succession in a humid

subtropical forest ecosystem in China.

Generally, five splash cups were placed per plot at the positions 1B, 2A, 2B, 2C and 3B
(see Fig. 1). If any of the four tree saplings surrounding a splash cup was dead, splash cups
were placed at the remaining positions (1A, 1C, 3A, 3B). In cases where the number of dead
individuals was that high that no more than 3 splash cups could be positioned per plot, the
plot was abandoned. Splash cups were positioned at equal distances in the grid to ensure
constant distances between splash cups and tree stems, since distances affect quantities and

KE of throughfall measured below the canopy (Nanko et al., 2008b).

The density experiment (A) was conducted before the full development of leaves from
the deciduous species (22" of March - 10" of April 2010) and thus includes only the two
evergreen species. Hypothesizing that release throughfall (which has a greater proportion in
less dense plantings) is more related to specific species than free throughfall, we concentrated
only on low density plots in the species identity experiment (B). It was conducted after the
full development of the leaves of the deciduous species (15™ of May - 21* of June 2010)

including both evergreen and deciduous species.
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Fig. 1: Schematic design of an experimental plot (I m” in size). Saplings are represented by circles, splash cups
by grey boxes. The optimal positioning of splash cups is shown. Filled circles symbolize the four individuals in
the centre of the plot for which additional measurements of crown architecture were carried out.

Experimental design A: Tree density effects on throughfall KE

In the density experiment we focused on the two evergreen species S. superba and E.
decipiens. We used plots with monocultures of both species planted in the two densities. Each
treatment combination (species x density) was replicated four times (S. superba x low density

only two times).

Experimental design B: Tree species effects on throughfall KE

The species identity experiment was conducted to test for species-specific differences of
tree saplings on throughfall generation. We used monocultures of the four species S. superba,
E. decipiens, Q. serrata and C. henryi. Additionally, we tested the effect of the four-species

mixture. Again, every treatment (four monocultures and the four-species mixture) was
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replicated four times (i.e. once per block — monocultures of S. superba and C. henryi only

two times).

2.3 Measurement of KE of throughfall

The methods applied for measuring erosive power of throughfall under vegetation were
originally designed for studying properties of open field rainfall. These include the paper
stain method (Wiesner, 1895), the flour pellet technique (Bentley, 1904) and laser
disdrometers (Hall and Calder, 1993; Joss and Waldvogel, 1967; Nanko et al., 2008a). Except
for laser disdrometers, these techniques were not able to determine species-related changes in
throughfall characteristics. Most of the methods lack temporal continuity as they only
represent a very short time span of a rainfall event (Nanko et al., 2008a). The advantage of
disdrometers is to measure rainfall events without interrupts. However, the number of
replications is limited because of high technical and financial demands. Taking into account
these limitations, Mosley (1982) in New Zealand and Vis (1986) in Colombia used splash
cups for estimating throughfall erosivity successfully. The major advantage of splash cups is
their easy handling and the high number of replications that can be obtained at reasonable

costs. Moreover they are able to measure the whole event rather than a short time span.

For measuring KE of throughfall “T Splash cups” were used in this experiment (Scholten
et al., 2011). These splash cups have a diameter of 4.6 cm and a surface of 16.62 cm?. The
loss of sand from the cups is converted into KE per area using a calibration function

(Scholten et al., 2011).

2.4 Measurements of co-variables

A set of co-variables characterizing the tree saplings’ morphology was measured in
March and June 2010. Total sapling height was measured as the distance from ground to the
apical meristem. Crown length was calculated as the difference of total height and the height
of the first living first-order branch (i.e. branch arising off a trunk). The LAI was measured

with a LAI-2000 Plant Canopy Analyser (PCA) (“One-Sensor-Mode”; Li-Cor, Lincoln Inc.,
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NE, USA). At each splash cup position, a LAI-2000 measurement was conducted at dawn

under diffuse radiation conditions.

For experiment B specific branch-related parameters were sampled to specify sapling
crown architecture and to check for species-specific differences. For the four central
individuals (see Fig. 1) the total number of branches (considering only first-order branches
with a length > 1 cm) and the length and angle of the first branch were determined. The first
branch is very important for sapling architecture since it defines where and how the first
prolonged lateral growth is possible. The angle of the first branch was estimated in three

classes (class 1: 0-30° from horizontal, class 2: 30-60°, class 3: 60-90°).

2.5 Statistical analysis

Statistical analyses were performed using R 2.12 (R Development Core Team, 2010)
together with the packages “nlme” (Pinheiro et al., 2010) and “multcomp” (Hothorn et al.,
2008). For the analysis of the splash cup measurements mean values of throughfall KE per

area as well as mean values of LAI for each plot were used.

We tested the effect of density and species identity on the mean KE of throughfall using
mixed effects models with block as random effect. To avoid overparametrization we tested
for collinearity of all predictor variables (correlations between variables was not allowed to
exceed R = 0.8). The full models contained a number of main effects: besides the effect of
density (only Experiment A) both models contained mean rainfall KE as characteristic of the
rainfall event, LAI and a set of variables that described the saplings (species identity, mean
height of saplings). We were also interested in the two-way and three-way interactions.
Model simplification was done by stepwise backward selection of fixed factors, removing the
least significant variables until only significant predictor variables were left (p < 0.05). Model
residuals did not show violation of modeling assumptions (normality and homogeneity of

variances).

We constructed additional mixed effects models for different growth parameters with
species as fixed and block as random factor to analyze the morphological differences between

species (total height, crown length, height of first branch, number of branches, length and
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angle of first branch). If species identity was significant, differences between species were

further examined by a Tukey post-hoc test.

3. Results

3.1 Effectiveness of young trees in reducing KE of rainfall

Overall, tree saplings reduced KE of rainfall per area by 59 %. The average ratio of
rainfall KE to throughfall KE for five rainfall events was 0.43 (n = 70) for experiment A. For
six rainfall events in experiment B the average ratio of rainfall KE to throughfall KE was

0.40 (n = 96).

3.2 Effect of tree density on throughfall KE

In the density experiment (A) KE of rainfall together with the factor “density” and the
interaction between both were the most important effects on throughfall KE (p < 0.0001, Tab.
1). The higher the KE of rainfall, the higher was the throughfall KE (effect size: 0.31 + 0.02,
obtained from R summary). Throughfall KE was significantly higher in the plots with the
saplings planted in low density than in those planted in high density (Tab. 1). However, this
was also affected by the magnitude of the rainfall event, since the differences between the
two density treatments became more pronounced with higher rainfall KE (Fig. 2). The effect
of sapling height was significant (p = 0.0266) as was the interaction between planting density
and mean sapling height (p = 0.0006). Throughfall KE was differently influenced by sapling
height in the density treatments: Height was negatively related to throughfall KE in the low
density plots, whereas height was either not significantly or only weakly related to
throughfall KE in the high density plots. This differentiated reaction became more
pronounced with higher rainfall KE (Fig. 3), which was indicated by the significant threefold
interaction (p = 0.0055). Neither species identity of the two evergreen species nor LAI

entered the final model.
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Table 1: Effects influencing throughfall KE. Results of simplified mixed effects models, including block as
random intercept for both experiments.

Fixed effects F-value p-value
Kinetic energy of rainfall 499.35 <.0001 rorck
Density 50.28 <.0001 ok
Mean sapling height 5.17 0.0266 *
Density * Mean sapling height 13.1 0.0006 ok
Kinetic energy of rainfall* Density 33.24 <.0001 roxck
Kinetic energy of rainfall* Mean sapling height 2.15 0.1475
KE of rainfall* Density* Mean sapling height 8.32 0.0055 ok
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Fig. 2: Effect of tree density on throughfall KE in five different rainfall events. Rainfall events are classified by
their rainfall KE.
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Fig. 3: Effect of sapling height on throughfall KE in five different rainfall events. Open circles represent the
low density plots (dashed regression line), black dots the high density plots (black regression line).

3.3 Effect of species identity on throughfall KE

In the species identity experiment (B), the KE of rainfall also had a significant effect on
throughfall KE (Tab. 2). Additionally, a significant increase in mean throughfall KE with
sapling height was observed (p = 0.0001, effect size: 0.79 * 0.44). Furthermore, we found a
significant effect of species identity on throughfall KE (p < 0.0001). In general, throughfall
KE was lowest below the evergreen species S. superba, and highest below the two deciduous
species C. henryi and Q. serrata (Fig. 4). Both mean sapling height and species identity
interacted with the rainfall KE. The effect of the four-species mixture on throughfall KE
mediated between the overall effects of different functional groups. Similar to the results of
the density experiment, the variability of throughfall KE seemed to increase with rainfall KE.

LAI did not enter the final model.
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Table 2: Effects influencing throughfall KE. Results of simplified mixed effects models, including block as
random intercept for both experiments.

Fixed effects F-value p-value
Kinetic energy of rainfall 326.54 <.0001 ok
Mean sapling height 14.59 0.0001 ok
Species identity 9.84 <.0001 *kk
Kinetic energy of rainfall* Mean sapling height 6.2 0.0246 *
Kinetic energy of rainfall* Species composition of plot 4.16 0.0048 ok
Rainfall KE [J m-2]
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Fig. 4: Effect of species identity on throughfall KE for six different rainfall events.

3.4 Architecture of species in the experiment

Total height of Q. serrata saplings (mean: 54.9 cm % 13.5) was significantly lower than

the total heights of the other species (Tab. 3). Height of the first branch, crown length and

length of the first branch did not differ significantly between species. However, considerable

differences in the number of branches and in the angle of the first branch were found between
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Table 3: Morphological characteristics of saplings of four tree species planted in monocultures and in a four-species mixture. Results for mixed effects models, including
block as random intercept. Significant differences in Post-hoc Tukey test are indicated by different letters. Branch angles are given in degree to the horizontal, calculated
from mean values of three classes (see text).

Fixed effect: Species

Mean values

Response variable F-value  p-value E. decipiens S. superba C. henryi Q. serrata 4-species mix
Height 13.18 0.0015 ok 82.5 cm b 78.6 cm b 74.3 cm b 54.9 cm a 77.7 cm b
Crown length 3.7 0.0546 76.0 cm 61.0 cm 65.1 cm 45.5cm 58.5cm
Height of 1* branch 1.7 0.2421 6.5 cm 17.6 cm 9.1 cm 9.5cm 19.3 cm
Number of branches 8.34 0.0059 ok 18.8 a 6.6 bc 5.3 c 11.8 bc 13.8 a
Length of 1* branch 1.14 0.4041 22.0 cm 36.4 cm 424 cm 23.7 cm 25.7 cm
Angle of 1* branch 5.65 0.0185 * 57° bc 45° a 72° c 48° ab 54° abc
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species. The mean number of branches ranged from 5 per sapling in C. henryi to 19 in E.
decipiens. While S. superba had a mean angle of the first branch from the horizontal of 45°, a
mean angle of 72° was observed in C. henryi. Fig. 5 depicts schematic drawings of the
observed species according to the measured mean values. The mixture of the four species was
generally characterized by intermediate mean values of the morphological characteristics

(Tab. 3).

J

E. decipiens S. superba C. henryi Q. setrafa

Fig. 5: Schematic drawing of species-specific sapling architecture. Mean values of total height, height of the
first branch, number of branches, length and angle of the first branch are derived from the data (Tab. 2).
Branching pattern was adapted according to field observation.

4. Discussion and Conclusion

4.1 Tree saplings reduce rainfall erosivity

Our experiment demonstrated that tree saplings reduce rainfall KE effectively and
substantially, irrespective of treatments and species. Throughfall KE is generally less than
half of rainfall KE. This is clearly a result of the low height of the saplings. Drops under tree
saplings of up to 1.2 m in height are far from reaching terminal velocity, which is normally
achieved at about 8 m above ground (Morgan, 2005). The height of the saplings is below an

imaginary “threshold”, were rainfall KE and throughfall KE are balanced. This is consistent
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with the results of other studies dealing with throughfall KE (Bochet et al., 1998; McGregor
and Mutchler, 1978; Noble and Morgan, 1983; Quinn and Laflen, 1981; Styczen and Hggh-
Schmidt, 1988; Wainwright, 1999).

4.2 Planting distance of tree saplings affects throughfall KE

In experiment A we could show the effect of sapling density. The higher density of the
saplings resulted in a significantly reduced throughfall KE. Similar to other effects, the
influence of planting density on throughfall KE becomes increasingly pronounced for higher
rainfall KE. The threefold interaction between rainfall KE, height and density is supposed to

be a result of a shift in the proportion of throughfall components.

For the high density planting, the main component of total throughfall is “released
throughfall”, and “free throughfall” is supposed to play a minor role. Consequently, the gain
in sapling height results only in a slight increase of throughfall KE which is mainly caused by
drip from leaves and branches. For the low density planting, the effect of height is more
obvious. It was, however, contrary to the pattern which is often found, i.e. that throughfall
KE increases with increasing tree height. This is supposed to be caused by a shift in the
relative proportion of the throughfall components as a result of sapling growth. In the low
density plots with smaller saplings the canopy is not yet closed. In canopy gaps a higher
throughfall KE and amount (free throughfall) can be observed (Bochet et al., 2002; Pressland,
1976; Stogsdill et al., 1989). During growth, these gaps between individual saplings are
closed due to lateral crown expansion, and less highly erosive free throughfall reaches the
ground, thereby reducing the density effect. The heterogeneity of the canopy also affects the
variability of throughfall KE. Generally, the variability of throughfall KE is higher for the
low density planting than for the high density planting (cf. Raat et al., 2002).

In our experiment LAI had no effect on throughfall KE. This is in contradiction to the
literature, where LAI is thought to have a strong influence on KE or amount of throughfall
(e.g. Aston, 1979; Gémez et al., 2001). A reason for that may be that we determined LAI
indirectly by means of the LAI-2000 PCA. It has been shown, however, that this method may
overestimate actual LAI in low LAI stands as well as in very young stands because of the
effects of branch and stem area index on the estimation of LAI (Dovey and du Toit, 2006). A

direct determination of the LAI may have, therefore, yielded different results. Species
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identity was also identified as an effect of minor impact and did not enter the model. This
might be due to the magnitude of other effects like KE of the rainfall event, density and

sapling height covering species-specific effects.

We state that any effects revealed in this experiment are supposed to be caused by shifts
in the proportion of throughfall components. This shift causes differences in the amount and

therefore also KE of throughfall.

4.3 Species identity and crown architecture influences throughfall KE

In the species identity experiment we found species-specific effects on throughfall KE.
From generalisable patterns of relative species effects on throughfall KE across rainfall
events, we can deduce species-specific influential crown traits. Differential crown

architectural traits may influence KE of throughfall contrarily and interact with each other.

S. superba generally had the lowest throughfall KE among the observed species and
events. However, the morphological characteristics of this species regarding total height,
height of the first branch and number of branches suggest that S. superba may have a higher
throughfall KE than the other three species (Herwitz, 1985; Nanko et al., 2008b). On the
other hand, the first branch of S. superba had the narrowest angle from the horizontal and was
the second longest. These two branch parameters promote the lateral extension and result in
an increased crown width. Wider crowns of S. superba in turn yield a higher canopy cover as
compared to the other species. This may lead to less free throughfall reaching the soil surface

or, in other words, a substantially reduced total throughfall KE.

E. decipiens, the second evergreen species, also showed a relatively low throughfall KE.
Individuals of E. decipiens were higher than the ones of other species and had relatively short
first branches. These first branches had a higher inclination than e.g. S. superba which should
result in a reduced canopy closure. In strong contrast, E. decipiens had the lowest height of
the first branch (and, thus, the longest crown), and the highest number of branches. A long
and dense crown results in a high canopy storage capacity (Herwitz, 1987). Moreover, due to
the dense crown, released throughfall was very likely to be re-intercepted by lower parts of
the crown (Nanko et al., 2008b). Higher canopy storage and a very likely re-interception of
release throughfall under E. decipiens lead therefore to a reduced KE of throughfall. The
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effects tending to decrease throughfall KE superimposed effects that increased throughfall
KE in this case.

For most rainfall events the deciduous tree species Q. serrata had a higher throughfall
KE compared to the above mentioned evergreen species. Architectural traits that support a
reduction of rainfall KE were the low total height, a medium to high number of branches and
a relatively low inclination of the first branch. However, Q. serrata tended to have a low
length of the crown and the first branch. Both parameters resulted in a quite open canopy

where a high amount of erosive free throughfall was able to reach the ground.

The second deciduous species, C. henryi, also generated a relatively high KE below its
crown. This species had the lightest crown, indicated by a very low number of branches and a
wide angle of the first branch from the horizontal, which induces a low canopy storage
(Herwitz, 1985) capacity. In addition, steeply inclined branches lead to a higher amount of
stemflow (van Elewijck, 1989), strongly reducing the amount of water being able to fall from

leaves and branches as drops.

It has been shown that the crown architecture of individual trees is influenced by the
species identity of neighbours (Lintunen and Kaitaniemi, 2010; Massey et al., 2006; Thorpe
et al., 2010), and, therefore, tree species may develop architectural traits in mixed-species
stands that are hardly or not observed in monocultures (Pretzsch and Schiitze, 2009). In our
study, however, the mean values of crown parameters of the mixed-species plots were within
the range of the values observed in the monocultures. This was true for the throughfall KE for
most of the rainfall events. We could, thus, not identify any specific mixture effects on

throughfall KE.

Summarizing we can say that planting density and specific species have a substantial
effect on throughfall KE. The first can be explained by the proportion of throughfall
components to each other and the latter by taking the detailed sapling architecture into

account.

We state that already after two years after planting canopy closure was achieved
(especially for the evergreen species) even for the low density plots and rainfall KE was
reduced substantially. Fast canopy closure showed to be the crucial point when considering

soil erosion potential under tree saplings.
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We could show that the effect of density decreases very fast as sapling height (and
therefore crown width) increases. Again this shows the importance of canopy closure on the

extent of throughfall KE under tree saplings.

The effect of specific species on throughfall KE showed that detailed measurement of
architectural traits leads to a better understanding of processes of throughfall generation. In
our opinion all canopy characteristics of a given tree species should to be taken into account

when focussing on the soil erosion potential below these.

Besides canopy closure, which prevents highly erosive raindrops to hit the soil, canopy
storage appears to be important as it controls the amount of water (and therefore influencing

KE directly) being able to fall from the leaves as drips.

Finally, the T splash cups proved to be a valuable and reliable method for the detection

of differences in KE of throughfall even at this spatial scale.

Acknowledgements

We are indebted to Susanne Nietzel, Jessica Henkner and Matthias Breitinger for their
field assistance. We are grateful to Henrik von Wehrden, who provided helpful additional
statistical advice. We also thank the Deutsche Forschungsgemeinschaft (German Research
Foundation, DFG FOR 891/1) and the National Science Foundation of China (NSFC) for
funding the BEF-China project.

121



Manuscript 3: Impact of tree saplings on the kinetic energy of rainfall

5. References

Aldhous, P., 1993. Tropical deforestation: not just a problem in Amazonia. Science 259,
1390.

Aston, A.R., 1979. Rainfall interception by eight small trees. J. Hydrol. 42, 383-396.

Bentley, W.A., 1904. Studies of raindrops and raindrop phenomena. Mon. Weather Rev. 32,
450-456.

Biggelaar, C.D., Lal, R., Wiebe, K., Eswaran, H., Breneman, V., Reich, P.B., 2003. The
global impact of soil erosion on productivity II: Effect on crop yields and production
over time. Adv. Agron. 81, 49-95.

Bochet, E., Poesen, J., Rubio, J.L., 2002. Influence of plant morphology on splash erosion in
a mediterranean matorral. Z. Geomorphol. 46, 223-243.

Bochet, E., Rubio, J.L., Poesen, J., 1998. Relative efficiency of three representative matorral
species in reducing water erosion at the microscale in a semi-arid climate (Valencia,
Spain). Geomorphology 23, 139-150.

Brandt, C.J., 1989. The size distribution of throughfall drops under vegetation canopies.
Catena 16, 507-524.

Brandt, J., 1988. The transformation of rainfall energy by a tropical rain forest canopy in
relation to soil erosion. J. Biogeogr. 15, 41-48.

Bruelheide, H., Bohnke, M., Both, S., Fang, T., Assmann, T., Baruffol, M., Bauhus, J.,
Buscot, F., Chen, X.-Y., Ding, B.-Y., Durka, W., Erfmeier, A., Fischer, M., GeiBler, C.,
Guo, D., Guo, L.-D., Hiérdtle, W., He, J.-S., Hector, A., Krober, W., Kiihn, P., Lang, A.,
Nadrowski, K., Pei, K., Scherer-Lorenzen, M., Shi, X., Scholten, T., Schuldt, A.,
Trogisch, S., Oheimb, G. von, Welk, E., Wirth, C., Wu, Y.-T., Yang, X., Yu, M., Zeng,
X., Zhang, S., Zhou, H., Ma, K., Schmid, B., 2010. Community assembly during
secondary forest succession in a Chinese subtropical forest. Ecol. Monogr.,
doi:10.1890/09-2172.1.

Cai, Q.G., Wang, H., Curtin, D., Zhu, Y., 2005. Evaluation of the EUROSEM model with
single event data on steeplands in the Three Gorges Reservoir Areas, China. Catena 59,
19-33.

Chapman, G., 1948. Size of raindrops and their striking force at the soil surface in a Red Pine

plantation. Trans. Am. Geophys. Union 29, 664—670.

122



Manuscript 3: Impact of tree saplings on the kinetic energy of rainfall

Darilek, J.L., Huang, B., Wang, Z.G., Qi, Y.B., Zhao, Y.C., Sun, W.X., Gu, Z.Q., Shi, X.Z.,
2009. Changes in soil fertility parameters and the environmental effects in a rapidly
developing region of China. Agric. Ecosyst. Environ. 129, 286-292.

Dovey, S.B., du Toit, B., 2006. Calibration of LAI-2000 canopy analyzer with leaf area index
in a young eucalyptus stand. Trees 20, 273-277

Dunkerley, D., 2000. Measuring interception loss and canopy storage in dryland vegetation: a
brief review and evaluation of available research strategies. Hydrol. Processes 14, 669—
678.

Erpul, G., Gabriels, D., Norton, L.D., 2005. Sand detachment by wind-driven raindrops.
Earth Surf. Processes Landforms 30, 241-250.

Foot, K., Morgan, R.P. C., 2005. The role of leaf inclination, leaf orientation and plant
canopy architecture in soil particle detachment by raindrops. Earth Surf. Processes
Landforms, 1509-1520.

GeilBler, C., Kiihn, P., Bohnke, M., Bruelheide, H., Shi, X., Scholten, T., 2010b. Splash
erosion potential under tree canopies in subtropical SE China. Catena,
doi:10.1016/j.catena.2010.10.009.

Geiller, C., Kiihn, P., Shi, X., Scholten, T., 2010a. Estimation of throughfall erosivity in a
highly diverse forest ecosystem using sand-filled splash cups. J. Earth Sci. 21, 897-900.

Goémez, J.A., Girdldez, J.V., Fereres, E., 2001. Rainfall interception by olive trees in relation
to leaf area. Agric. Water Manage. 49, 65-76.

Hall, R.L., Calder, I.R., 1993. Drop size modification by forest canopies: measurements using
a disdrometer. J. Geophys. Res. 98, 18465-18470.

Herwitz, S.R., 1985. Interception storage capacities of tropical rainforest canopy trees. J.
Hydrol. 77, 237-252.

Herwitz, S.R., 1987. Raindrop impact and water flow on the vegetative surfaces of trees and
the effects on stemflow and throughfall generation. Earth Surf. Processes Landforms 12,
425-432.

Hothorn, T., Bretz, F., Westfall, P., 2008. Simultaneous inference in general parametric
models. Biometrical J. 50, 346-363.

Huang, B.W., 1987. Slopeland utilization and amelioration: importance and feasibility. Geog.
Res. 6, 1-15.

Joss, J., Waldvogel, A., 1967. Ein Spektrograph fiir Niederschlagstropfen mit automatischer
Auswertung. Pure Appl. Geophys. 68, 240-246.

123



Manuscript 3: Impact of tree saplings on the kinetic energy of rainfall

Kolb, R.T., 2003. About figures and aggregates: some arguments for a more scrupulous
evaluation of quantitative data in the history of population and agriculture in China
(1644-1949), in: Sieferle, R.P., Breuninger, H. (Eds.), Agriculture, population and
economic development in China and Europe (Der europidische Sonderweg, Vol. 10).
Breuninger-Stiftung, Stuttgart, 200-275.

Lal, R., 1998. Drop size distribution and energy load of rain storms at Ibadan, western
Nigeria. Soil Tillage Res. 48, 103—114.

Le Bissonnais, Y., Singer, M.J., 1992. Crusting, runoff, and erosion response to soil water
content and successive rainfalls. Soil Sci. Soc. Am. J. 56, 1898.

Levia, D.F., Jr., Frost, E.E., 2006. Variability of throughfall volume and solute inputs in
wooded ecosystems. Prog. Phys. Geog. 30, 605-632.

Lin, C., Lin, W., Chou, W., 2002. Soil erosion prediction and sediment yield estimation: the
Taiwan experience. Soil Tillage Res. 68, 143—-152.

Lintunen, A., Kaitaniemi, P., 2010. Responses of crown architecture in Betula pendula to
competition are dependent on the species of neighbouring trees. Trees-Struct. Funct. 24,
411-424.

Massey, F.P., Massey, K., Press, M.C., Hartley, S.E., 2006. Neighbourhood composition
determines growth, architecture and herbivory in tropical rain forest tree seedlings. J.
Ecol. 94, 646-655.

Massman, W.J., 1983. The derivation and validation of a new model for the interception of
rainfall by forests. Agric. Meteorol. 28, 261-268.

McGregor, K.C., Mutchler, C.K., 1978. The effect of crop canopy on raindrop size
distribution and energy. Annual Report of USDA Sedimentation Laboratory, Oxford,
MS.

Montgomery, D.R., 2007. Soil erosion and agricultural sustainability. PNAS 104, 13268—
13272.

Morgan, R.P. C., 1995. Soil erosion and conservation, pnd ed., Longman, Harlow, Essex.
Mosley, M.F., 1982. The effect of a New Zealand beech forest canopy on the kinetic energy
of water drops and on surface erosion. Earth Surf. Processes Landforms 7, 103—107.
Nanko, K., Hotta, N., Suzuki, M., 2004. Assessing raindrop impact energy at the forest floor
in a mature Japanese cypress plantation using continous raindrop-sizing instruments. J.

For. Res. 9, 157-164.

Nanko, K., Hotta, N., Suzuki, M., 2006. Evaluating the influence of canopy species and

meteorological factors on throughfall drop size distribution. J. Hydrol. 329, 422—-431.

124



Manuscript 3: Impact of tree saplings on the kinetic energy of rainfall

Nanko, K., Mizugaki, S., Onda, Y., 2008a. Estimation of soil splash detachment rates on the
forest floor of an unmanaged Japanese cypress plantation based on field measurements
of throughfall drop sizes and velocities. Catena 72, 348-361.

Nanko, K., Onda, Y., Ito, A., Moriwaki, H., 2008b. Effect of canopy thickness and canopy
saturation on the amount and kinetic energy of throughfall: An experimental approach.
Geophys. Res. Lett. 35.

Noble, C.A., Morgan, R.P. C., 1983. Rainfall interception and splash detachment with a
Brussels sprouts plant: A laboratory simulation. Earth Surf. Processes Landforms 8§,
569-577.

Park, A., Cameron, J.L., 2008. The influence of canopy traits on throughfall and stemflow in
five tropical trees growing in a Panamanian plantation. For. Ecol. Manage. 255, 1915—
1925.

Pimentel, D., Harvey, C., Resosudarmo, P., Sinclair, K., Kurz, D., McNeir, M., Crist, S.,
Shpritz, L., Fitton, L., Saffouri, R., Blair, R., 1995. Environmental and economic costs
of soil erosion and conservation benefits. Science 267, 1117-1123.

Pinheiro, J., Bates, D., DebRoy, S., Sarkar, D., R Development Core Team, 2010. nlme:
Linear and nonlinear mixed effects models. R package version 3.1-97.

Pressland, A.J., 1976. Soil moisture redistribution as affected by throughfall and stemflow in
an arid zone shrub community. Aust. J. Bot. 24, 641-649.

Quinn, N.W., Laflen, J.M., 1981. Properties of transformed rainfall under corn canopy.
ASAE Pap. No. 81-2059.

R Development Core Team, 2010. R: A language and environment for statistical computing.
R Foundation for Statistical Computing, Vienna, Austria. Available online at
http://www.R-project.org/.

Raat, K.J., Draaijers, G.P.J., Schaap, M.G., Tietema, A., Verstraten, J.M., 2002. Spatial
variability of throughfall water and chemistry and forest floor water content in a Douglas
fir forest stand. Hydrol. Earth Syst. Sci. 6, 363-374.

Salles, C., Poesen, J., 2000. Rain properties controlling soil splash detachment. Hydrol.
Processes 14, 271-282.

Scholten, T., Geilller, C., Goc, J., Kiihn, P., Wiegand, C., 2011. A new splash cup to measure
the kinetic energy of rainfall. J. Plant Nutr. Soil Sci., accepted.

Shi, X.Z., 1998. Field plot measurement of erodibility factor K for soils in subtropical China.
Adv. Geoecol. 31, 285-290.

125



Manuscript 3: Impact of tree saplings on the kinetic energy of rainfall

Shi, X.Z., Liang, L., Yu, D.-S., Pan, X.-Z., Warner, E.D., Wang, H.-J., 2004. Functional
rehabilitation of the “soil reservoir” in degraded soils to control floods in the Yangtze
river watershed. Pedosphere 14, 1-8.

Singer, M.J., Shainberg, 1., 2004. Mineral soil surface crusts and wind and water erosion.
Earth Surf. Processes Landforms 29, 1065-1075.

Song , C., Zhang, Y., 2010. Forest cover in China from 1949 to 2006, in: Nagendra, H.,
Southworth, J. (Eds.), Reforesting Landscapes: Linking Pattern and Process. Landscape
Series, Springer, 341-356

Stogsdill Jr., W.R., Wittwer, R.F., Hennessey, T.C., Dougherty, P.M., 1989. Relationship
between throughfall and stand density in a Pinus taeda plantation. For. Ecol. Manage.
29, 105-113.

Styczen, M., Hggh-Schmidt, K., 1988. A new description of splash erosion in relation to
raindrop sizes and vegetation, in: Morgan, R.P. C., Rickson, R.J. (Eds.), Erosion
assessment and modelling. Proceedings of a workshop held in Brussels, Belgium, on 2
and 3 December 1986. Commission of the European Communities, Luxembourg.

Thornes, J.B., 1990. Vegetation and erosion, J. Wiley, Chichester, West Sussex, England;
New York, NY, USA.

Thorp, J., 1936. Geography of the soils of China, National Geological Survey of China,
Nanjing, China.

Thorpe, H.C., Astrup, R., Trowbridge, A., Coates, K.D., 2010. Competition and tree crowns:
A neighborhood analysis of three boreal tree species. For. Ecol. Manage. 259, 1586—
1596.

Van Elewijck, L., 1989. Influence of leaf and branch slope on stemflow amount. Catena 16,
525-533.

Vis, M., 1986. Interception, drop size distributions and rainfall kinetic energy in four
colombian forest ecosystems. Earth Surf. Processes Landforms 11, 591-603.

Wainwright, J., Parsons, A.J., Abrahams, A.D., 1999. Rainfall energy under creosotebush. J.
Arid. Environ. 43, 111-120.

Wakiyama, Y., Onda, Y., Nanko, K., Mizugaki, S., Kim, Y., Kitahara, H., Ono, H., 2010.
Estimation of temporal variation in splash detachment in two Japanese cypress
plantations of contrasting age. Earth Surf. Processes Landforms 35, 993—-1005.

Wang, K., Shi, X.Z., Yu, D.-S., Shi, D.-M., Chen, J.-M., Xu, B.-B., Liang, Y., Li, D.-C.,
2005. Environmental factors affecting temporal and spatial dynamics of soil erosion in

Xhingguo county, South China. Pedosphere 15, 620-627.

126



Manuscript 3: Impact of tree saplings on the kinetic energy of rainfall

Wiersum, K.F., 1985. Effects of various vegetation layers in an Acacia auriculiformis forest
plantation on surface erosion in Java, Indonesia, in: El-Swaify, S.A., Moldenhauer,
W.C., Lo, A. (Eds.), Soil Erosion and Conservation, Soil Conservation Society of
America, Ankeny, lowa, 79-89.

Wiesner, J., 1895 Beitrdge zur Kenntnis des tropischen Regens. Sitzungsber. Kais. Akad.
Wiss. Wien Math. Naturwiss. K1. 104, 1397-1434.

Williamson, G.B., 1981. Drip tips and splash erosion. Biotropica 15, 232-234.

Xu, X.-L., Ma, K.-M., Fu, B.-J., Liu, W., Song, C.-J., 2009. Soil and water erosion under
different plant species in a semiarid river valley, SW China: the effects of plant
morpholgy. Ecol. Res. 24, 37-46.

Yu, D.-S., Shi, X.Z., Weindorf, W.C., 2006. Relationships between permeability and
erodibility of cultivated Acrisols and Cambisols in subtropical China. Pedosphere 16,
304-311.

Zhang, P.C., Shao, G.F., Zhao, G., Le Master, D.C., Parker, G.R., Dunning, J.B., Li, Q.L.,
2000. Ecology: China’s forest policy for the 21st century. Science 288, 2135-2136.

127



Manuscript 4: Splash erosion potential under tree canopies in subtropical SE China

Manuscript 4

Splash erosion potential under tree canopies

in subtropical SE China

CATENA, Article in Press, Corrected Proof

GeiBler, C. Y, Kiihn, P. V', Béhnke, M. ?, Bruelheide, H. ?, Shi, X. ¥, Scholten, T. V

1) Institute of Geography, Physical Geography and Soil Science, Eberhard Karls University Tiibingen,
Riimelinstrale 19-23, D-72070 Tiibingen, Germany

2) Institute of Biology / Geobotany and Botanical Garden, Martin Luther University Halle-Wittenberg,
Halle, Germany

3) Institute of Soil Science, Chinese Academy of Sciences, Nanjing, China

Abstract

Sand-filled splash cups were used to study the erosivity of rainfall and throughfall in the
humid subtropics of southeast China. Our results showed that the splash cup measurements
yielded precise and reproducible results both under open field conditions and under forest
vegetation. The splash cups were exposed to forest stands of different age and to selected
species (Schima superba, Castanopsis eyrei) in the Gutianshan National Nature Reserve
(GNNR). The measurements in the open field revealed a close relationship between unit sand
loss (g m-2), rainfall amount (mm) (R?=0.94) and maximum rainfall intensity (mm h-1)

(R2=0.90). The highest correlation was obtained between unit sand loss (g m-2) and the
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average of the five highest five minute interval rainfall intensities (mm h-1) (R?=0.96). This

underlines the reliability of the splash cups used.

The best results on the relationship between variables related to precipitation and sand
loss were obtained with the Vaisala sensor compared to a standard tipping-bucket rain gauge.
This is mainly due to the fact that the drop impact-based Vaisala sensor (0.8-5.0 mm drops
are recorded assuming their terminal velocity) does not measure drops with low kinetic
energy, whereas drop size distribution plays no role for the measurements with the tipping-

bucket rain gauge.

The results obtained under forest vegetation show that the erosive power of throughfall
drops 1s 2.59 times higher compared to the open field, which accentuates the importance of
shrub, herb and litter layers in forest ecosystems to protect the soil against erosion.
Coalescing drops from leaves and branches (drips) are responsible for this enormous gain in
erosive power. Moreover, the results show that the erosion potential under forest is related to
the forest structure, especially height and canopy cover. The erosion potential of medium and

old grown forests is 1.53 times higher than of young forests.

Further, differences in sand loss between Schima superba and Castanopsis eyrei indicate
that the erosion potential and the spatial heterogeneity of throughfall is species-specific,
highlighting the importance of selecting species for afforestation projects considering soil

erosion potential.

Keywords: BEF-China; Gutianshan National Nature Reserve; forest vegetation; rainfall

erosivity; soil erosion; soil erosion experiment; splash cups; throughfall erosivity.

1. Introduction

Forest vegetation controls on erosion

In soil erosion research it is widely accepted that vegetation is a key control for the type

and intensity of erosion (e.g. Hudson, 1971; Wiersum, 1985; Thornes, 1990; Morgan, 2005).
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The controls of vegetation on erosion processes do not only tackle soil erosion on a single
agricultural field but also link to landscape evolution and landforms on a regional scale
(Kirkby, 1995; Bork and Lang, 2003). The current paradigm is that natural or quasi-natural
vegetation protects the soil against erosion while agricultural land use generally enhances
erosion. Most of the work during the past decades focused on the latter and less attention was
paid to natural systems, which are difficult to study (Collins et al., 2004; Istanbulluoglu and
Bras, 2005). Nevertheless, afforestation is widely used as a measure of soil protection against

soil erosion.

Contrary to these findings, Zhou et al. (1999) and Cao (2008) could not confirm the
positive effect of afforestation on erosion control. Runoff shows significant seasonal
variations and tends to increase very fast if the canopy cover is thinning out due to leaf fall or
low stand density. Recent findings from forest experiments in Japan underpin the latter.
Forest stand density and management control soil loss largely, especially in forest plantations
on slopes (Miura et al., 2002; Razafindrabe et al., 2010). Further, leaf exudates and low
sunlight in dense forest plantation often result in bare ground and lack of a shrub or herb
layer (Tsukamoto 1991; Zhao, 2006; Nanko et al., 2008). In such places, the infiltration rate

decreases and runoff occurs quite easily (Tsujimura et al., 2006).

Splash erosion measurement techniques

In literature several methods for measuring splash erosion in the field are reported. Most
of the methods are designed to measure the amount of soil splashed from the soil surface to a
target. These include splash boards (Ellison, 1944), field splash cups (Morgan, 1978) and
splash boxes (van Dijk, 2003). The objective of these methods is to draw conclusions about
the current soil loss under controlled conditions, which has been shown by several studies
(e.g. Morgan, 1978; Salles and Poesen, 2001; Legout et al., 2005). However, these methods
are not appropriate for estimating differences in kinetic energy of rainfall or throughfall as the
results are confounded by the erodibility of the soil. This means that the soil properties at the
soil surface would have to be controlled for, if using such a type of measurement for

estimating kinetic energy of precipitation.

Other methods are designed to measure the erodibility of different soil material or

standardized sediment by placing it into a unit cup and determine a difference in weight
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before and after a rainfall event. In most studies the sediment splashed out of a cup is
measured. Splash cups were first introduced by Ellison (1947). Several researchers applied
this method with few modifications of e.g. the diameter of the cup or of the material used

(Poesen and Torri, 1988; Salles and Poesen, 2000; Cornelis et al., 2004; Erpul et al., 2005).

When using small sized cups the rim-effect (Bisal, 1950; Hudson, 1965) should be taken
into account and bigger sized cups are supposed to better reflect the mean erosivity per unit
area (Poesen and Torri, 1988; van Dijk et al., 2003). The rim-effect is a result of a lowering
of the sand surface in relation to the solid rim of the cup. The lower the sand surface inside
the cup, the less sand will be detached from the cup. Moreover, Kinnell (1974) states that

excess water on the sand surface could lead to an initial “wash-off”” of sand out of the cup.

Drop formation by forest canopies and its measurement

Based on Chapman (1948), throughfall in forests shows higher erosivity compared to
open field rainfall. Measurements were made in several regions of the world with different
methods confirming Chapman’s findings. For example Ovington (1954) in Great Britain,
Tsukamoto (1966) in Japan, Mosley (1982) in New Zealand, Vis (1986) in Colombia, Brandt
(1987, 1988) in Brazil, Hall and Calder (1993) in India, Brooks (1995) in Malaysia and more
recently Nanko (2004, 2008) in Japan. Key mechanisms of a forest vegetation cover in
reducing or enhancing erosion are the modification of drop size distribution, retention of
raindrop impact on the soil and changes in amount and spatial distribution of rainfall at the
ground surface. Controlling determinants are rainfall intensity, drop size distribution, drop
fall velocity, height and density of the canopy, crown and leaf traits, leaf area index and litter
cover of the soil (Chapman, 1948; Mosley, 1982; Wiersum, 1985; Vis, 1986; Brandt, 1989;
Hall and Calder, 1993; Park and Cameron, 2008). However, the mechanisms reducing or
enhancing splash detachment under different types of vegetation, especially secondary shrub
land and forest, are not well understood. Some studies indicate that raindrop impact is species
specific (Calder, 2001; Nanko et al., 2006; Roldan and Fernandez, 2006) and some neglect
the effects of species specific impacts (Brandt, 1989; Foot and Morgan, 2005). The methods
applied for measuring erosive power of throughfall under vegetation were originally designed
for studying properties of open field rainfall comprising the paper stain method (Wiesner,

1895), the flour pellet technique (Bentley, 1904) and laser disdrometers (Hall & Calder,
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1993; Nanko et al., 2008). Except laser disdrometers these techniques were not able to
determine species specific change in throughfall characteristics. They lack temporal
continuity as they only represent a very short time span of a rainfall event (Nanko, 2008). The
advantage of disdrometers is to measure rainfall events without interrupts. However, the
number of replications is limited because of high technical and financial demands. Taking
into account these limitations, Mosley (1982) in New Zealand and Vis (1986) in Colombia
used splash cups for estimating throughfall erosivity successfully. The major advantage of
splash cups is their easy handling and the high number of replications that can be obtained at

reasonable costs.

Objectives

This paper focuses on the application of sand-filled splash cups to study rainfall and
throughfall erosivity in natural systems. In contrast to highly sophisticated and expensive
techniques like laser disdrometers, splash cups allow a high number of replications and are
easy to handle in mountainous and remote areas. The main objective of this study is to show
that splash cups are an appropriate method for comparing erosivity of both rainfall and
throughfall. Further objectives are:

(a) to show the performance of the splash cups by open field measurements

(b) to compare rainfall and throughfall erosivity in a natural forest ecosystem

(regardless of the actual soil properties)
(c) to study the differences in throughfall erosivity between successional stages

(d) to test for a tree species specific effect on throughfall erosivity

2. Materials and Methods

2.1. Study site

This study was conducted in the Gutianshan National Nature Reserve (GNNR), Zhejiang
Province, P.R. China. The centre of the GNNR is located at N 29°14.657 “and E 118°06.805"

and covers an area of 81 km?. The elevation ranges between 320 m and 910 m above sea
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level. The soils are predominantly Cambisols (cf. IUSS Working Group WRB, 2007)
developed on granite or on saprolite. The climate at the GNNR is typical of subtropical
monsoon regions with an annual average temperature of 15.1°C and a mean annual rainfall of
1963.7 mm (Hu and Yu, 2008) (Fig. 1). The forest in the GNNR is extraordinary rich in
species (Hu and Yu, 2008, Bruelheide et al., 2010) and Schima superba and Castanopsis eyrei
are the most common trees (Legendre et al., 2009). The frequency of Schima superba counts

388 species per ha, while for Castanopsis eyrei 375 species occur per ha on average.

In the framework of the BEF-China research group, a multidisciplinary research unit
focusing the relationship between biodiversity and ecosystem services, 27 Comparative Study
Plots (CSP) were established stratified by successional stages (Tab.1). From these 27 CSPs
nine were equipped with splash cups. All measured plots are in a circumference of some

hundred meters around the center of the GNNR and the climate station respectively.

Generally, the height of the different tree and shrub layers increases with increasing age
of the forest stand (Tab. 1). The cover of the first tree layer is at maximum in the intermediate
successional stage, followed by the old successional stage. The cover of the second tree layer
is at maximum in the young successional stage and is much lower in older stages. The shrub
layer only plays a major role in the youngest stage. The summed up cover across all layers
underpins this difference between the successional stages. The combined coverage was

calculated using the following formula:
x = proportion TL1 = TL1% *100
y = proportion TL2 = TL2% *100
Proportion combined =x + (1-X) y=Xx+y-Xxy

This formula allows for the fact that one layer might overlay another and makes sure that

cover values cannot transgress 100%.
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Table 1: The observed forest successional stages with average tree heights and cover rates.

Age Height Cover Height Cover Height Cover Cover
Successional stage ( eagrs) TL 1* TL1* TL2* TL 2% SL* SL* sum*  Plots
Y (m) (%) (m) (%) (m) (%) (%)
Young forests 10-30 15 9 8 65 4 50 74
Intermediate forests 30-80 24 30 12 18 4 10 56 3
Old forests 80+ 25 28 14 14 5 14 50 4
* = average values from selected CSPs
TL = tree layer
SL = shrub layer
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Fig. 1: Walter and Lieth climate diagram of monthly average temperature (red solid line) and precipitation
(blue solid line) at Gutianshan National Nature Reserve (GNNR). Vertical area indicates moist season, dotted

area indicates dry season.
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2.2. Precipitation measurement

In the centre of the GNNR a climate station was installed. Rainfall was measured using:

(1) a standard tipping-bucket rain gauge of 0.1 mm accuracy and a collecting area of
200 cm?.

(i) a piezo-electric sensor (Vaisala Raincap ® built in the Vaisala WXT510 multi-
sensor) measuring single drop impacts with an accuracy of 0.01 mm and a collecting
area of 63.6 cm?. The sensor converts the drop impact into an electrical signal
proportional to the volume of the specific drop. Drops between 0.8 and 5.0 mm in
diameter are recognized (Salmi and Ikonen, 2005). Regarding the speed of the
specific drops terminal velocity is assumed. By conversion of this information, the
rainfall amount is calculated automatically.

(ii1) a bottle rain gauge in the centre of the open field splash cups (see 2.4 Experimental

design).

The measurement interval of the climate station is 5 minutes. Rainfall intensities (mm
h-1) are derived from those intervals. The measurement interval significantly affects the
calculated intensities, as the calculated intensities increase as the measurement interval
decreases (Agnese et al., 2006). Since the measurement interval remained the same during all

measurements, this circumstance does not affect our results.

2.3. Splash cups

The splash cups have a diameter of 4.6 cm and a surface of 16.619 cm? and were
developed based on the archetype of Ellison (1947). In contrast to previous studies with
Ellison splash cups (Vis, 1986) or other types of splash cups (e.g. Kinnell, 1974; Morgan,
1981; Poesen and Torri, 1988) we measure the unit sand remaining inside the cup after single

natural rainfall events.

The objective of the modification was to construct a splash cup with cheap and easily
available components to ensure high replication rates. Requirements were a facile handling in
steep mountainous remote areas and the possibility to exchange the splash cup in field
without removing the whole system from its position. The general functionality is as follows:

to a standard PE-flask a carrier system is attached (lower part). In this carrier system the
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sand-filled cup is inserted (upper part). At the bottom of the cup a silk cover is attached to
avoid the loss of material and to guarantee free drainage of water from the cup to the carrier
and vice versa. If the cup is inserted, its bottom stays for the whole time of measuring in
contact to the cotton and the wick which are separated from the rest of the system by an upper
and a lower wire mesh. The wick itself assures the saturation of the cotton and the cup filled
with soil or sand respectively. The vents in the carrier system ensure that pressure arising
from the insertion of the cup doesn’t lead to a loss of material. The vent in the PE-flask

guarantees the free drainage of excess water which could arise from high precipitation.

In accordance with the objectives of the study (e.g. detecting differences in throughfall
erosivity between successional stages and specific species) a grain size highly susceptible to
erosion was chosen (Poesen and Savat, 1981; Poesen, 1986). We used unit quartz sand being

125-200um in size as filling for the splash cups.

Measurement procedure

The cups were filled and the sand filling of each cup was weighed. The splash cups were
exposed to different natural rainfall events in the open field and under vegetation cover. After
a single rainfall event the cups were removed from the carrier system and subsequently
brought back to the field laboratory, the sand filling was removed and dried for 12 hours at
105 °C in a drying oven. After cooling, the sand was weighed again. The weighing difference

was used for calculating the sand loss per unit area.

2.4. Experimental design

The experimental design of the splash cup and rainfall / throughfall measurements covers
measurements in the open field and under vegetation. At each measuring point five splash
cups and one rain gauge were installed. In a CSP, three tree individuals (target trees) were
selected resulting in three times five splash cups and three rain gauges per CSP (Fig. 2a). The
splash cup measurements were event-based. After each rainfall event, all splash cups were

replaced.
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To get reference measurements under open field conditions a set of five splash cups was
positioned in a pentagon in a distance of 3 m from the climate station. In the center of the
pentagon a rainfall collecting bottle was placed (Fig. 2b). The minimum distance between the
single splash cups is 60 cm to avoid interference between single splash cups (Poesen and

Savat, 1981; Legout et al., 2005).

The target tree represents a typical individual of Schima superba and Castanopsis eyrei
(Tab.2), which are core species in the BEF-China Project that are used for detailed allometric,
botanical and physiological studies. Depending on tree age, the target trees are part of
different successional stages represented by different CSPs. To reveal the effects of different
successional stages on the erosivity of throughfall the average of all measurements in one

successional stage per rainfall event was taken.

The splash cups were established 1 m above ground to avoid disturbance by animals,
forest floor vegetation and differing inclination of slopes. The sand loss (g m-2) per pentagon
was calculated as the median of the five single measurements. Thus, every n (cf. Tab. 3)
represents the median of one pentagon. By taking the median of five replications (surface:
83.095 cm?) the effect of cup size (Poesen and Torri, 1988, see above) is supposed to be

diminished.

An outlier test was applied both to the rainfall data and the splash cup measurements
with standard deviation * 2 + mean as a criterion for exclusion. For correlating rainfall
characteristics to sand loss a simple linear regression and the “coefficient of determination”

(R?) was used to explain the differences.

Table 2: Average height and leaf sizes of Schima superba and Castanopsis eyrei.

Species Average height (m) Average leaf size (cm?) Trees measured
Schima superba 17.15 38.09 4
Castanopsis eyrei 16.86 12.92 8
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Fig. 2: (a) Experimental design for the measurements under vegetation (grey circles = stems, black dots =
splash cups, dark grey dots = rainfall collector) and (b) splash cup arrangement in the open field at GNNR,
southeast China.

3. Results

3.1. Sand loss from splash cups under open field conditions

Sand losses under open field conditions were compared to the recordings of the standard
tipping-bucket rain gauge and the Vaisala sensor (Fig. 3a-h). Those results correlate well with
standard rainfall characteristics: rainfall amount (mm), average rainfall intensity (mm h-1),
maximum rainfall intensity (mm h-1), average of the five highest five minute interval rainfall
intensities (mm h-1). The correlation sand loss with rainfall amount (Vaisala sensor) was
notably higher (R?=0.94) than the correlation found with the standard tipping-bucket rain
gauge (R?=0.74). The rainfall data recorded by the Vaisala sensor (average rainfall intensity,
maximum rainfall intensity and the average of the five highest rainfall intensities during the
measuring period) correlated better with the splash cup data than the records of the tipping-
bucket rain gauge. Regarding the rainfall amount the results showed that there is a close

relationship between rainfall amount and intensity and sand loss per unit area.
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Fig. 3: Sand loss from splash cups for the tipping-bucket rain gauge (left) and the Vaisala sensor (right) in
relation to rainfall amount (a, b), maximum rainfall intensity (c, d), average rainfall intensity (e, f) and the
average of the five highest five minute interval rainfall intensities (g, h). The significance of correlation
coefficients is p < 0.01.
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3.2. Sand loss from splash cups under vegetation

Simultaneous measurements under open field conditions and in CSPs of the three
successional stages showed a remarkable difference in splash potential (Tab. 3). Throughfall
varied between 57% and 70% of total precipitation. The average sand loss under vegetation
(44.69 g m-2) was 2.59 times higher than under open field conditions (17.24 g m-2). This
remarkable difference was already obvious in the field (Fig. 4). The difference between the
young successional stage and the intermediate successional stage (16.71 g m-2, factor 1.51) is
much higher than between the intermediate successional stage and the old successional stage
(1.45 g m-2, factor 1.03). The results from the different rainfall events show that the ratio

sand loss open field vs. sand loss under vegetation is variable, ranging from 2.37 to 3.38.

The resulting standard deviations between the measurement replicates can be considered
in two ways: (i) For open field conditions the standard deviation is much lower than for all
successional stages and (ii) the difference in standard deviation between the young
successional stage (average 13.78) and the intermediate successional stage (average 21.72)
was much higher than between the intermediate and the old successional stage (average
22.99). The standard deviation found under two common species (Schima superba,
Castanopsis eyrei) was much higher (average 10.27 and 19.12 respectively) than under open
field conditions (average 1.16). Nevertheless, there were distinct differences in splash
potential represented by sand loss between Schima superba (55.05 g m-2) and Castanopsis
eyrei (42.52 g m-2), although the average amount of throughfall was quite similar (24.8 mm

for Schima superba and 23.2 mm for Castanopsis eyrei).

Fig. 4: Sand detachment from splash cups under open field (a) and under forest vegetation (b) (black line = 1
cm).
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Table 3: Amounts of sand loss and precipitation (measured with Vaisala sensor) for open field, two species and different successional stages for four rainfall events.

Single species

Successional stages

Castanopsis Schima Young Intermediate Old Average Ratio vegetation /
Open field eyrei superba forests forests forests (succ. stages) open field
Precipitation [mm] 39.7 23.9 23.6 22.0 253 29.3 25.5 0.64
— | Std Precipitation - 9.61 6.62 4.12 7.07 11.89 7.69
§ Sand loss [g m™] 19.39 41.23 55.16 40.75 47.77 52.39 46.97 2.42
M [ Std sand loss 1.50 18.71 9.39 17.93 21.36 16.73 18.67 12.41
n 1 6 3 6 6 6 18
Precipitation [mm] 42.1 28.2 37.0 194 373 31.5 29.4 0.70
| Std Precipitation - 14.01 11.24 7.66 12.56 12.60 10.94
E Sand loss [g m™] 21.76 60.50 77.42 34.51 66.17 66.56 55.75 2.56
M [ Std sand loss 0.96 29.36 13.96 16.67 24.37 35.86 25.63 26.63
n 1 6 3 6 6 9 21
Precipitation [mm] 21.0 11.3 12.5 15.6 11.5 12.4 13.2 0.63
en | Std Precipitation - 4.20 3.65 3.83 4.21 5.50 4.51
g Sand loss [g m™] 9.93 25.15 34.03 30.73 34.63 35.30 33.55 3.38
F | Std sand loss 1.32 13.60 11.61 8.18 19.92 11.91 13.34 10.08
n 1 6 3 6 6 12 24
Precipitation [mm] 40.5 29.5 25.9 18.7 23.2 27.2 23.0 0.57
< | Std Precipitation - 6.58 2.28 5.87 4.41 11.55 7.28
g Sand loss [g m™] 17.91 43.21 53.60 26.29 50.53 50.65 42.49 2.37
M [ Std sand loss 0.84 14.80 6.14 12.34 21.24 27.44 20.34 24.14
n 1 6 4 6 9 12 27
Precipitation [mm] 35.8 23.2 24.8 18.9 24.3 25.1 22.8 0.64
o | Std Precipitation - 8.60 5.95 5.37 7.06 10.39 7.61
% Sand loss [g m™] 17.24 42.52 55.05 33.07 49.78 51.23 44.69 2.59
& | Std sand loss 1.16 19.12 10.27 13.78 21.72 22.99 19.50 16.83
n 4 24 13 24 27 39 90
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4. Discussion

4.1. Applicability of our splash cups for measuring splash erosion potential

The reproducibility of the results of the splash cups has been confirmed in this study by
the low average standard deviation of only 1.16 (five replications per measurement; cf. Vis,
1986) and the high values for R? (p < 0.01) for the correlation between sand loss and the
rainfall characteristics derived from the Vaisala sensor. The considerably better correlation of
rainfall characteristics measured by the Vaisala sensor with sand loss of splash cups under
open field conditions compared to those measured by the tipping-bucket rain gauge is clearly
a result of a difference in the method of precipitation measurement. Since the Vaisala sensor
records only drop impacts between 0.8 and 5.0 mm in size, less erosive drops below 0.8 mm
are not considered in the calculation of rainfall amount per time. Consequently, the tipping-
bucket rain gauge is recording more rainfall including smaller and less erosive drops from
drizzle which hardly cause sand loss from splash cups. The higher precision of the Vaisala
sensor by one order of magnitude has also to be taken into account, especially regarding
events of low rainfall amount and intensity. Moreover, the relationship between rainfall
intensity and sand loss per unit area indicates a threshold value for incipient sand loss being
greater than zero. Nevertheless, the scatter around the origin inhibits a definite quantitative
statement. Since the modified construction of the splash cups provides a sufficient drainage
even at high rainfall intensities, a wash-off effect (Kinnell, 1974) has not been observed.
During the rainfall events the sand surface was not substantially lowered and no rim-effect

(Bisal, 1950; Hudson, 1965; Poesen and Torri, 1988) occurred.

4.2. Erosive potential of throughfall under forest vegetation as measured by splash

cups

The measurements under forest vegetation showed splash erosion potential being on the
average 2.59 times higher than under open field conditions. This corresponds well to the
results of Nanko et al. (2004) who measured a 2.7 times higher kinetic energy under
Chamaecyparis obtusa than under open field conditions. Concerning the difference between
rainfall and throughfall erosivity, Vis (1986) measured a 1.4 times higher kinetic energy in a

Colombian forest compared to open field conditions. This difference in magnitude compared
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to our study might have been caused by a bigger size of the cups used by Vis (1986). In
bigger sized cups, the central part is more distant from the edge making it more difficult for
this sand to detach from the cup (Poesen and Torri, 1988). Moreover, much coarser and
therefore less erodible sand was used for the filling of the cups. Both facts result in an
underestimation of erosion potential compared to our study where much finer sand and
smaller sized cups have been used. Mosley (1982) found slightly higher differences (factor
3.1) of sand loss in splash cups between open field conditions and a beech forest although
using bigger sized cups and coarser unit sand. However, Mosley (1982) measured one
extreme rainfall event (51 mm in 36 h) which might have resulted in an extraordinary erosion
potential. Our results show that the differences in erosion potential between open field
rainfall and throughfall are variable between rainfall events. This supports the findings of
Nanko et al. (2004, 2006) who could show that wind speed and rainfall intensity affect the

properties of throughfall as both factors influence for example the amount of canopy storage.

Due to the lowering of the sand surface of more than 3 mm the results of the
measurements under vegetation show an underestimation of the effective erosion potential,
which is a result of the previously mentioned rim-effect. The correction function proposed by
Hudson (1965) and used in Salles and Poesen (2000) or Cornelis (2004) is not applicable to

our data, as we use cups of a different size.

Coalescing drops from leaves and branches (drips) are responsible for a notable spatial
heterogeneity of throughfall erosivity compared to open rainfall although the amount of
throughfall in forests is generally about 10-40 % less compared to the open field (Vis, 1986;
Brandt, 1988; Nanko et al., 2004; Wei et al., 2005; Reid and Lewis, 2009; Ziegler et al.,
2009). In our case on the average 64 % of total precipitation reached the forest floor as
throughfall. Hence, about one third of the total throughfall dissipates along branches and
stems (stemflow) or evaporates. If we assume spatial representativeness of our splash cup
measurements, the effect of changes in drop characteristics for kinetic energy of throughfall
is even more pronounced. The higher the erosion potential under forest, the more important is
an intact shrub- and litter-layer to prevent soil erosion (Zhou et al., 2002). In forests on
slopes, however, downhill litter movement may result in a patchy distribution of litter
(Tsukamoto, 1991) and bare ground occurs which is prone to erosion by continuous drop

impact from drips (Nanko et al., 2008).
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The differences in throughfall erosivity between the observed successional stages can be
explained with different falling heights of the throughfall drops from the canopies (e.g.
Dohrenwend, 1977; Brandt, 1988; Styczen and Hggh-Schmidt, 1988; Zhou et al., 2002;
Nanko et al., 2008). The difference in sand loss and throughfall amount between young and
intermediate successional stages is more distinct than between intermediate and old
successional stages. This circumstance can be related to the forest structure. A much higher
coverage and lower tree height in the young successional stage result in a lower sand loss
from splash cups and lower amount of throughfall because of a higher interception. Rainfall
amount and energy are absorbed by the vegetation and, the shorter distance between the
leaves and the ground in younger forests has the effect that drops are not likely to reach
terminal velocity. Forests of intermediate and old age are more similar regarding canopy
cover and tree height, which is clearly reflected in the results obtained by splash cup and
throughfall measurements. Thus, forests of older successional stages may be more susceptible

to splash induced erosion compared to early successional forests.

Throughfall is much more diverse in time and space than open rainfall as demonstrated
by the standard deviations. This can be explained by the various components of throughfall
(free throughfall, drip) that are controlled by the architecture of the canopy (e.g. Mosley,
1982; Vis, 1986; Calder, 2001; Hall and Calder, 1993; Nanko et al., 2004; Nanko et al.,
2008). Differences in throughfall between the investigated tree species (Schima superba,
Castanopsis eyrei) suggest that throughfall characteristics are strongly influenced by traits of
those species, e.g. leaves of Schima superba (average size = 38.09 cm?) are about three times
larger than the leaves of Castanopsis eyrei (average size = 12.92 cm?) (Fig. 5) (Krober, 2010).

Thus, Schima superba may collect more water with its leaves than Castanopsis eyrei.
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Fig. 5: Leaf samples of Castanopsis eyrei (a) and Schima superba (b) (black line = 5 cm). (Kréber, 2010).

5. Conclusions

We studied rainfall and throughfall erosivity in a subtropical forest ecosystem using
sand-filled splash cups. Our results show that splash cup measurements yield precise and
reproducible results under both open field conditions and forest vegetation. Under open field
conditions the measured sand loss corresponded well with rainfall amount, average rainfall
intensity, maximum rainfall intensity and the average of the five highest five minute

intensities.

The comparison of two devices for the measurement of precipitation (tipping-bucket rain
gauge and Vaisala sensor) demonstrate that measurements of the Vaisala sensor (drop size
detection) corresponded much better to sand loss of splash cups in terms of rainfall amount
and erosivity than to measurements of the tipping-bucket rain gauge. The erosion potential of
throughfall drops in forests was considerably higher (2.59 times) than under open field
conditions and the spatial variability of the erosion potential was much more diverse in
forests, caused by free throughfall and drip. By placing the splash cups under certain tree

species it could be demonstrated that the erosivity of throughfall may depend on the species
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and also on the successional stage of the forest stand. The splash cup measurements made
clear that the erosivity and amount of throughfall depends on the forest structure (age, cover,
height). Moreover, it could be shown that the ratio rainfall erosivity and throughfall erosivity

is variable between different events (cf. Nanko, 2006).

Schima superba generated throughfall drops of higher erosivity than Castanopsis eyrei.
We assume that one reason for this finding is the larger size of the leaves, resulting in larger
throughfall drops and particularly drip. The erosion potential is also a function of stand height
because throughfall drops are much more likely to reach terminal velocity under intermediate
and old-growth forests. Therefore we conclude that the potential of throughfall to detach soil
by splash is also related to the age of the specific forest stand: young forests have the lowest
and old forests the highest erosion potential. This accentuates the importance of a shrub, herb

and litter layer in forest ecosystems to protect the soil against erosion.

Our study showed that splash cups are an appropriate method for comparing rainfall and
throughfall erosivity. Despite the valuable and encouraging results presented in this paper a
comparison with other studies remains challenging. This is due to the necessity of
standardization of measuring equipment being one general difficulty of experimental studies
in soil erosion (Stroosnijder, 2005). Differences caused by the measurement technique like
cup size, grain size of the unit sand are typical. Further, varying external meteorological

factors (Nanko, 2006) have to be taken into account.
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Abstract

Sand-filled splash cups were used to study the erosive power of rainfall and throughfall
in the humid subtropics of Southeast China. The splash cup measurements yielded precise
and reproducible results under both open field conditions and forest vegetation. The splash
cups were exposed to specific forest stands of different ages and to selected species (Schima
superba, Castanopsis eyrei, Daphniphyllum oldhamii, Lithocarpus glaber) in the Gutianshan
(5 H 1) National Nature Reserve (GNNR). The results of the measurements under forest
vegetation show that the erosive power of throughfall drops to be 2.59 times higher compared
to the open field. This accentuates the importance of shrub, herb and litter layers in forest
ecosystems to protect the soil against erosion. Coalescing drops from leaves and branches

(drips) are responsible for this notable gain in erosive power. Moreover, differences in
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sandloss between the investigated tree species (deciduous, evergreen) revealed that the
erosion potential and the spatial heterogeneity of throughfall are species-specific. This
highlights the importance of selecting specific species for afforestation projects considering

the prevention of soil erosion.

Keywords: Biodiversity and Ecosystem Functioning BEF-China; biodiversity; soil

erosion; soil erosion experiment; splash cup; throughfall erosivity.

This study was supported by the Deutsche Forschungsgemeinschaft (German Science
Foundation) (DFG FOR 891/1) and the National Science Foundation of China (NSFC
30710103907 and 30930005)

Introduction

In soil erosion research it is widely accepted that vegetation is a key control for the type
and intensity of erosion (e.g., Morgan, 2005; Thornes, 1990; Hudson, 1971). The current
paradigm is that natural or quasi-natural vegetation protects the soil against erosion while
agricultural land use generally enhances erosion. However, even severe soil erosion may take
place under forest vegetation with a well developed canopy but high amounts of bare ground
due to the lack of a shrub or herb layer (Nanko et al., 2008; Zhao, 2006). Especially on steep
slopes relocation of litter can result in a patchy distribution of plant residues and litter. Thus,

parts of the forest floor may remain un-covered and unprotected (Tsukamoto, 1991).

Moreover, climate change induces a shift of the precipitation regime to exceptionally
intense rainfall events. Key mechanisms of a vegetation cover in reducing or enhancing
erosion potential are the modification of drop size distribution, retention of raindrop impact

on the soil and changes in amount and spatial distribution of rainfall at the ground surface.

This study focuses on the application of sand-filled splash cups to study rainfall and
throughfall erosivity in natural systems. We show the relationship of rainfall and vegetation

characteristics to the sandloss measured by splash cups.
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Materials and Methods

This study was conducted in the Gutianshan National Nature Reserve (GNNR), Zhejiang
Province, China. The center of the GNNR is located at N29°14.657"1 and E118°06.805[7.
The elevation ranges between 320 and 910 m above sea level. The soils are predominantly
Cambisols (cf. ITUSS Working Group WRB, 2007) developed on granite with a more or less
thick saprolite cover. The climate at the GNNR is typical for the humid subtropics with an
annual average temperature of 15.3 °C and a mean annual rainfall of 1 963.7 mm (Bruelheide
et al., 2010; Hu and Yu, 2008). Rainfall data were obtained from an automatic weather

station in the centre of the GNNR.

Modified Splash Cups

The modified splash cups have a diameter of 4.6 cm and a surface of 16.62 cm2. They
were developed based on the archetype of Ellison (1947). We measured the unit sand

remaining inside the cup after single natural rainfall events.

By using unit sand with distinct properties (grain size: 125-200 um), it is possible to
focus on other factors such as the differing characteristics of open rainfall and throughfall
(Salles and Poesen, 2000) or wind effects to rain (Cornelis et al., 2004). Sandloss, as the
target variable, is calculated as the difference of the initial weight and resulting weight. For a

detailed description and calibration results of the splash cups, see GeiBler et al. (2010).

Experimental Design

The experimental design of the splash cup measurements under vegetation consists of
two parts: forest stand-based and species-based. The specific forest stands were selected
along a biodiversity and succession gradient. To calibrate the method a set of five splash cups
(surface=83.10 cm2) was positioned in a pentagon next to the climate station under open field
conditions. To reveal effects of a single tree species on the erosivity, three sets of five splash
cups at a time were positioned under the target trees. A target tree represents a typical
individual of one of the selected species (Schima superba, Castanopsis eyrei, Daphniphyllum

oldhamii, Lithocarpus glaber). The splash cups were established 1 m above ground to avoid
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disturbance by animals, forest floor vegetation and differing inclination of slopes. One
rainfall collector (collecting area=13.40 cm?2) was positioned per splash cup. An outlier test
was applied both to the rainfall data and the splash cup measurements with standard deviation

x2+mean as a criterion for exclusion

Results and Discussion

Simultaneous measurements under open field conditions (Fig. 1a) and in forest stands
(Fig. 1b) of the three successional stages showed a remarkable difference in sandloss.
Throughfall in all varied between 57% and 70% of total precipitation. The average sandloss
under vegetation (44.69 g/m2) was 2.59 times higher than that under open field conditions
(17.24 g/m2). There was a non-linear increasing sandloss with increasing successional stage:
the difference between the young successional stage and the intermediate successional stage
(16.71 g/m2, factor 1.51) was much higher than that between the intermediate successional

stage and the old successional stage (1.45 g/m2, factor 1.03) (Fig. 2).

The resulting standard deviations between the measurement replicates can be considered
in two ways: (i) for open field conditions the standard deviation is much lower than that for
all successional stages, and (ii) the difference in standard deviation between the young
successional stage and the intermediate successional stage was much higher than that
between the intermediate and the old successional stage (Fig. 3). The standard deviation
found under two common species (Schima superba, Castanopsis eyrei) was much higher than
that under open field conditions. Nevertheless, there were distinct differences in splash
potential represented by sandloss between Schima superba (55.54 g/m2) and Castanopsis
eyrel (42.18 g/m?2), although the average amount of throughfall was quite similar (24.77 mm

for Schima superba and 23.22 mm for Castanopsis eyrei).
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Fig. 1: Splash cup under open field conditions (a), and under forest vegetation (b).
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Fig. 2: Throughfall erosivity as measured by splash cups under open field conditions and three successional
stages (solid lines=standard deviation).
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Fig. 3: Erosive power of throughfall as measured by splash cups for four tree species (solid lines= standard
deviation).
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The erosion potential of throughfall drops in forests was considerably higher (2.59 times)
than that under open field conditions and the spatial variability of the erosion potential was
much more diverse in forests, caused by free throughfall and drip. By placing the splash cups
under certain tree species it could be demonstrated that the erosivity of throughfall depended

on the species and also on the successional stage of the forest stand.

Schima superba, for example, generated throughfall drops of higher erosivity than
Castanopsis eyrei. We assume that this is, amongst others, an effect of the larger size of the
leaves of Schima superba which generates larger throughfall drops. The erosion potential is
also a function of stand height because throughfall drops are much more likely to reach
terminal velocity under old grown forests. Therefore, we conclude that the potential of
throughfall to detach soil by splash is also related to the age of the specific forest stand:
young forests have the lowest and old forests the highest erosion potential. This highlights the

importance of a shrub, herb and litter layer in forest ecosystems to guard against soil erosion.

Conclusions

We studied rainfall and throughfall erosivity in a subtropical forest ecosystem using
sand-filled splash cups. Our results show that the splash cup measurements yielded precise
and reproducible results under both open field conditions and forest vegetation. The erosion
potential of throughfall drops in forests was notably higher (2.59 times) than that under open
field conditions and the spatial variability of the erosion potential was much more diverse in
forests, caused by the two components of throughfall (free throughfall and drip). By placing
the splash cups under certain tree species and specific forest stands it could be demonstrated
that the erosivity of throughfall depended on the species and also on the successional stage.
Schima superba generated throughfall drops of much higher erosivity than, for example,
Castanopsis eyrei. We assume that this is, amongst others, an effect of the larger size of the
leaves which generates larger throughfall drops, particularly drip. Tree diversity in forests
may therefore also result in a higher variability of throughfall erosivity. The erosion potential
is also a function of stand height because throughfall drops are much more likely to reach

terminal velocity under old forests. Therefore, we conclude that the potential of throughfall to
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detach soil by splash is also related to the age of the specific forest stand: young forests have
the lowest and old forests the highest erosion potential. This accentuates the importance of a

shrub, herb and litter layer in forest ecosystems to protect the soil against erosion.
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Abstract

Throughfall kinetic energy (KE) and its variability in relation to biodiversity and other
forest stand variables (tree canopy structure, tree canopy functional trait identity and tree
canopy diversity) were studied in a secondary subtropical broad-leaved forest ecosystem. The
overall aim was to contribute to the understanding of the mechanisms of the ecosystem
service of soil erosion prevention in forests. Measurements were performed in the Gutianshan
National Nature Reserve (GNNR), a biodiversity hotspot in the northern hemisphere with
more than 60 woody species per km-2. For our study we focused on forest stands of

contrasting biodiversity.
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Using a mixed model approach we could identify effects of tree canopy structure (height,
LAI), diversity (rarefied species number) and functional trait identity (proportion of needle
leafed species). KE increases with canopy height and biodiversity and decreases with

increasing proportion of needle leafed species within a plot and an increasing LAIL

The results suggest that differences in KE between various forest stands are largely
controlled by vegetation height as well as by redistribution and storage of rainfall within the
canopy. The effect of higher KE in more diverse stands is compensated by higher total plant
cover, keeping throughfall KE more or less constant and enhancing its variability with

increasing diversity.

A higher total plant cover and biomass in species rich forests results in throughfall being
much more likely to be re-intercepted or stored in the various canopy layers. The same
mechanism enhances spatial heterogeneity in species rich forests. In our case, a higher
diversity in species diminishes the effect of increasing stand heights with age which would

cause a generally higher throughfall KE in older forests.

Keywords: Soil erosion; ecosystem functioning; ecosystem service; splash cups; BEF-

China; Gutianshan National Nature Reserve.

1. Introduction
Biodiversity, ecosystem functioning and soil erosion

The term “Biodiversity and Ecosystem Functioning” (BEF) emerged beginning of the
1990s due to growing concern about a global loss of biodiversity. The basic question in
biodiversity research deals with the relation of biodiversity to various ecosystem services
(Scherer-Lorenzen, 2005). In forest ecosystems, regulating and supporting services like
primary production, nutrient cycling, species conservation, soil formation, climate regulation

and the prevention of soil erosion are of major interest (Bruelheide et al., 2011).

Soil erosion and its prevention is a central topic in the subtropics, in particular in SE

China (e.g. Thorp, 1936; Huang, 1987; Aldhous, 1993; Kolb, 2003; Shi et al., 2004; Cai et
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al., 2005; Wang et al., 2005; Yu et al., 2006), where high rainfall rates cause severe and

continuous soil losses and therefore enormous economic costs (Pimentel et al., 1995; Lal,

1998).

Forest ecosystems protect the soil very efficiently against erosion by water (e.g. Bechtle,
1974; Kwaad, 1977; Brooks et al., 1994; Aerts et al., 2006). This ecosystem function of

erosion control (Hooper et al., 2005) is based on the effects of

(1) a tree to keep away the direct impact of a raindrop onto the soil surface (particle

detachment and aggregate breakdown) and
(2) high infiltration rates of forest soils due to low bulk densities and high pore volumes.

Although soil erosion is generally reduced under forests (Smith, 1914), high sediment
loads of rivers from forested catchments, especially in subtropical regions with high rainfall

intensities, are often reported and related to climate change (Marks, 1998, Molnar, 2004).

It can be assumed that mechanisms controlling soil erosion under forest are very
dynamic in space and time and may even increase soil loss with height growth due to changes
of the kinetic energy (KE) of rainfall (Morgan, 2005). This has been proved for monocultures
like acacia forest in Indonesia (Wiersum et al., 1979), beech forest in New Zealand (Mosley,
1982), tropical rain forest in Colombia (Vis, 1986), tropical rain forest in Brazil (Brandt,
1988), a forest plantation in Japan (Nanko et al., 2008) or a secondary forest in subtropical

China (GeiBler et al., 2010).

Variables considered to describe the variation of throughfall KE or throughfall
redistribution in general under forest mainly refer to the characteristics of the rainfall event
(e.g. Nanko et al., 2006; Levia and Frost, 2010), the age or height of the forest studied (e.g.
Wakiyama et al., 2010), total plant cover or LAI (e.g. Gomez et al., 2001) or to leaf traits
(Hall and Calder, 1993).

However, the role of biodiversity in this process system is not yet clarified although the
relations between erosion processes and biodiversity are of great interest (Balvanera et al.,
2006). Up to now studies on this topic remain scarce but it is suggested biodiversity having a
negative effect on soil erosion. Korner (2002) e.g. suggests that a highly structured, diverse

ground cover is the basis for soil erosion control on high mountain slopes. Piementel (1998)
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points out that soil erosion has a strong negative effect on biodiversity due to the loss of
biomass from the ecosystem which results in reduced productivity. Consequently, soil
erosion disturbs the stability of an ecosystem and can start a feedback loop. Up to now no

study focused on the relation of soil erosion and biodiversity in forest ecosystems.

Objectives

Here we study the impact of tree canopy structure, functional trait identity and
biodiversity on KE of raindrops in forests. The objective is to reveal the mechanisms of soil
erosion in relation to biodiversity under forest in a species rich ecosystem in subtropical SE

China.
Therefore, the aims of this study are:
(i) torelate throughfall KE to rainfall KE

(11) to test for (inter-)relationships between biodiversity, tree canopy structure and KE of

throughfall

(iii) to test for effects of biodiversity and tree canopy structure on the variability of

throughfall KE

2. Material and Methods

Study area

This study was conducted in the Gutianshan National Nature Reserve (GNNR), Zhejiang
Province, P.R. China. The GNNR is located at N 29°14.657 and E 118°06.805" (center). The
elevation ranges between 320 m and 910 m above sea level. The soils are predominantly
Cambisols (cf. IUSS Working Group WRB, 2007) developed on granite with a more or less
thick saprolite cover. The climate at the GNNR is typical of subtropical monsoon regions

with an annual average temperature of 15.3 °C and a mean annual rainfall of 1963.7 mm (Hu
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and Yu, 2008). The forest in the GNNR is extraordinary rich in species (Hu and Yu, 2008;
Bruelheide et al., 2011).

In the framework of the BEF-China research group, a multidisciplinary research unit
focusing the relationship between biodiversity and ecosystem services, 27 Comparative Study
Plots (CSPs) were established in the GNNR stratified by successional stages (Bruelheide et
al., 2011).

Throughfall KE measurements

Measurements of throughfall KE were conducted by the means of calibrated splash cups.
The major advantage of splash cups is their easy handling and the high number of
replications that can be obtained at reasonable costs. Moreover, they are able to measure the

whole event rather than a short time span.

For measuring KE of throughfall “T Splash cups” were used in this study. These splash
cups have a diameter of 4.6 cm and a surface of 16.62 cm?. The loss of sand from the cups is
converted into KE per area using a calibration function. For further information about the
measurement procedure and the calibration results see Scholten et al. (2011) and Geilller et

al. (2010).

Tree canopy and rainfall event related variables

The canopy related variables included in this study mainly refer to diversity of the
studied plot, crown openness and leaf traits. Event related variables include rainfall amount
and intensity as well as wind speed during the events. Individual variables were tested for
collinearity before setting up the models. They were sorted by five hierarchical blocks in the
order of their expected impact, namely event characteristics, age/ height of the vegetation,

diversity measures, crown openness and leaf traits:
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@

Event characteristics: Using an automatic weather station and splash cups, rainfall
amount, rainfall intensity as well as rainfall KE and wind speed were measured in 5

min intervals for all events measured and included in the models.

(i1) Age-height complex: Using three different tree canopy layers, we calculated a

weighted average of canopy height by using tree layer cover as weight. Plot basal

area was included as a measure of age of the plot studied.

(i11) Diversity: We quantified tree canopy diversity using rarefaction curves (Sanders,

1968; Hurlbert, 1971). This method allows comparing sites with different numbers
of tree individuals. As an alternative measure for biodiversity we used the functional
diversity of tree leaf traits. We included specific leaf area, leaf size as well as
presence absence of dentate, pinnate, or needle leaves of all individuals found in the
plots. Based on tree species basal area in the plots, we calculated functional identity

(see below) and functional dispersion of each plot (Laliberté and Legendre, 2010).

(1v) Crown openness: Leaf area index (LAI) as a measure of crown openness was

v)

assessed using hemispherical photographs (Kundela, 2009). As a further measure of
crown openness the estimated coverage values of the tree layers were included in the

candidate models.

Leaf traits functional identity: Plot leaf trait functional identity was quantified as
weighted mean of a leaf trait with basal area of the species used as weight. We
considered the weighted mean of included specific leaf area and leaf size as numeric

traits and coded presence/ absence of dentate, pinnate, or needle leaves as 0 and 1.

Experimental design

The experimental design of the splash cup measurements consists of a plot-based

approach with 15 splash cups per plot (Fig. 1). From the 27 CSPs 15 plots of contrasting
biodiversity were selected for this study. The splash cups were positioned randomly on the
CSP according to a 1 m wide grid resulting in 900 possible positions. Consequently, the
splash cups had a minimum distance of 1 m to each other. In case of a tree or any other

obstacle being at the envisaged position, the splash cup was positioned at the next possible
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position. The splash cups were numbered 1 to 15 and the positions remained constant during

the events measured.

Fig. 1: Experimental design for the measurements under vegetation
(brown circles = stems, black dots = splash cups).

Statistical analysis

The effect of forest structure on throughfall KE and the variability of throughfall KE was
tested using mixed effects models. Analyses were performed using event and plot, as well as

the positions of the splash cups within the plot, as random factors.

Due to the hierarchical design of splash cups nested in plots and plots measured at

different rainfall events, we used mixed models with crossed random factors to assess the
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impact of rainfall event and tree canopy related variables on throughfall KE and its
variability. This approach allows us to test for the importance of splash cup identity (and thus
spatial position of the splash cup) in explaining variance in throughfall KE using the variance

component introduced by the splash cups.

Our candidate models all include one variable for each of the five blocks introduced
above. Starting with the characteristics of the rainfall event, we used backwards selection to
identify the most important variable in each of the groups (Seltman, 2010). We used a similar
approach for the variability of KE. Since the lowest spatial level for variability of KE is the

plot level, splash cup positions are not included in this model.

All analyses were performed using R 2.12 (R Development Core Team, 2010) together
with the packages “Ime4” (Bates et al., 2007) and “multcomp” (Hothorn et al., 2008).
Functional trait measures were calculated using the “FD” package (Laliberté and Legendre,

2010).

3. Results

Relation between KE of open field rainfall and throughfall KE

The rainfall amounts for the events measured range from 1.80 mm up to 68.31 mm,
while the maximum intensities range between 1.18 mm h-1 and 55.73 mm h-1 (Tab. 1). The
lowest rainfall KE was measured during event 9 (13.13 J m-2) while the highest rainfall KE
was measured during event 6 (717.02 J m-2) with an average rainfall KE of 297.25 J m-2
over all events measured. KE of throughfall ranged from 62.71 J m-2 for event 9 and 1237.04
J m-2 for event 6 (average 685.10 J m-2). The ratio rainfall/ throughfall ranged from 1.37 for
event 7 and 7.61 for event 11 (average: 3.79). The higher the rainfall amount (Fig. 2) and
rainfall intensity (Fig. 3) are, the closer is the relationship between rainfall KE and

throughfall KE.
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Tab. 1: Characteristics of the rainfall events measured.

- Rainfall ~ Peak rainfall N . Kinetic energy Kinetic energy of Throughfall
R:;z::" amount intensity ;)L;l]; \(Vrg}g) of rainfall throughfall KE /rainfall
(mm) (mm/h) P (J/m?) (J/m?) KE
6 67.34 55.73 3.8 717.02 1237.04 1.73
7 68.31 33.79 2.2 701.46 958.26 1.37
8 26.15 8.98 1.9 137.45 646.31 4.70
9 1.80 1.18 1.1 13.13 62.71 4.78
10 33.95 18.65 5.8 273.16 837.93 3.07
11 3.80 523 55 26.27 199.77 7.61
12 55.11 32.98 1.9 413.24 1119.33 2.71
13 11.61 4.61 1.9 96.31 419.48 4.36
average 297.25 685.10 3.79
8 e
=7
£
.E ° \
=5 -
o ®
o2
Q
® , | V=-00651x+5971 %
R?=0.7803
0 | | T | T T T 1
0 10 20 30 40 50 60 70 80
rainfall amount mm-
®events

Fig. 2: Ratio between throughfall kinetic energy and rainfall kinetic energy in relation to rainfall amount.
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Fig. 3: Ratio between throughfall kinetic energy and rainfall kinetic energy in relation to rainfall intensity.

Relation between KE of throughfall, forest stand variables and biodiversity

In our experiment rainfall amount and weighted mean height of the tree layers as well as
the interaction between both were the most important effects on throughfall KE for the eight
events studied (Tab. 2). Rainfall intensity, rainfall KE and wind speed (block 1) all
influenced model quality negatively and were therefore omitted. From block 2 weighted
mean height of the vegetation improved model quality in contrast to age of the plot and plot
basal area. Fig. 4 shows the relation between throughfall KE and the weighted mean height of
the vegetation of the plot. Except for the event with the lowest magnitude (event 9), there is a

general increase in throughfall KE with increasing weighted mean vegetation height.
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Fig. 4: Relation between log throughfall kinetic energy and
average height of the tree layers for rainfall events 6-13.

In block 3 (diversity measures) biodiversity (rarefaction method) had a significant
slightly positive effect on throughfall KE (p = 0.0018). In more diverse plots KE below the

tree and shrub layers tends to be slightly higher than in less diverse plots (Fig. 5).

LAT (block 4: crown openness) had a significant negative effect on throughfall KE. The
higher the LAI the lower is the KE of throughfall. Except for the low magnitude event 9
there is a constant decrease in KE of throughfall with increasing LAI values (Fig. 6). Tree

layer cover did not enter the final model.
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Tab. 2: Effects influencing throughfall kinetic energy. Results of the simplified mixed effects model.

Estimate Std. Error  zvalue  Pr(>lzl) sig.
(Intercept) 5.91915 0.2064 28.678 < 2e-16 R
rainfall amount 0.80111 0.19645 4.078  4.54E-05  kxE
weighted mean height of the vegetation -0.13158 0.06255 -2.104 0.0354 %
biodiversity (rarefy 100) 0.12665 0.06434 1.968 0.0490 #
coniferousness (proportion of coniferous species) -0.11717 0.05507 -2.127 0.0334 *
LAI -0.11431 0.05788 -1.975 0.0483 #*
rainfall amount:weighted mean height 0.09986 0.01407 7.099  L:25E-12  #%%
Signif. codes: 0 “**** 0,001 “*** 0.01 “** 0.05 .7 0.1 * " 1
(Univariate p values reported)
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Fig. 5: Relation between log throughfall kinetic energy and biodiversity for rainfall events 6-13.
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From block 5 (leaf traits) the proportion of coniferous species in a given plot had a
significant negative impact on throughfall KE. Plots with a higher proportion of coniferous

species in the tree layer generally receive less throughfall KE.

log throughfall kinetic energy

15 20 2.5 3.0 15 20 25 3.0

leaf area index (LAI)

Fig. 6: Relation between log throughfall kinetic energy and leaf area index for rainfall events 6-13.

Variables not mentioned further here did not enter the final model.
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Variability of KE of throughfall related to forest stand variables and biodiversity

The most important effects on the variation of throughfall KE were the significant effects

of rainfall intensity and biodiversity (Tab. 3). Generally, variability of throughfall KE

increases as the biodiversity of a given plot during a given event increases (Fig. 7).

Plot basal area, plot age, leaf area, LAI, weighted mean height and functional diversity

did not enter the final model.
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Fig. 7: Relation between standard deviation of throughfall kinetic energy and
biodiversity for rainfall events 6-13.
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Tab. 3: Effects influencing the standard deviation of throughfall kinetic energy. Results of the simplified
mixed effects model.

Estimate Std. Error z value Pr(>lzl) sig.
(Intercept) 0.53288 0.02595 20.531 <2e-16 Hokk
rainfall intensity -0.08651 0.01506 -5.745 9.17E-09 HAE
biodiversity (rarefy 100) 0.05018 0.02371 2.116 0.0343 *

Signif. codes: 0 “***>(0.001 “**>0.01 ** 0.05 0.1 “ 1

(Univariate p values reported)

4. Discussion

Ahighly variable relation between KE of open field rainfall and throughfall KE

The results of the events measured show that the relation between rainfall KE and
throughfall KE is highly variable in time depending on the amount and intensity of rainfall.
This indicates that canopy storage has a substantial effect on throughfall KE. In low amount
and low intensity events there is in general a higher chance of rainfall to be intercepted and
accumulated on leaves and branches. Contrastingly, higher event magnitudes and intensity
result in a lower storage capacity of the canopy. Calder et al. (1996), Levia and Frost (2006)
and Nanko et al. (2006) explain this circumstance with larger raindrops hitting the canopy
during high magnitude events, preventing a storage on leaves and branches and allow a
subsequent release of small throughfall drops. However, in low magnitude events, water can
converge on leaves and fall to the ground as large drops gaining high values of KE. This
results in a large difference in KE between open field and forest (e.g. event 9). In high
magnitude events, the permanent impact of large drops prevents the water to converge on
leaves and water is released from the canopy more easily resulting in much smaller drops
with less KE. The same process system described here is responsible for higher throughfall
volumes in tropical than in temperate regions where generally precipitation events larger in
magnitude and intensity occur (Levia and Frost, 2006). Although wind speed is also supposed
to affect this process system through canopy vibration (Nanko et al., 2006), no relationship

(R2=10.047) could be found in our data.
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Species richness keeps KE values constant during succession

As expected, rainfall amount is the most important variable concerning throughfall KE.
Rainfall amount showed a highly significant positive effect on throughfall KE which is
unsurprising (see 4.1; e.g. Levia and Frost, 2006) as there is generally a strong linear
relationship between rainfall amount (mm) and KE (J m'z) (e.g. Scholten et al., 2011).
Numerous researchers found a dependency of throughfall amount on rainfall amount (e.g.
Stogsdill et al. 1989, Filoso et al. 1999, Carlyle-Moses et al. 2004). This suggests throughfall
KE being largely controlled by rainfall amount arriving at the canopy. Over the rainfall
events measured rainfall amount was the variable describing by far most of the variability of

throughfall KE.

The weighted mean height of the vegetation proved to have a significant effect on
throughfall KE as well. The height effect has been recognized by Chapman as early as 1948
and confirmed thereafter by numerous authors (e.g. Tsukamoto, 1966; Mosley, 1982;
Wiersum, 1985; Vis, 1986; Brandt, 1988; Brandt, 1989; Nanko et al., 2004; Nanko et al.,
2008). Nevertheless, weighted mean height is only marginally significant (at the 0.5 level)
although it is supposed to be a rather strong effect on throughfall KE. The cause for this
circumstance is probably the vertical layering of the forest which is incorporated in weighted
mean height through the coverage values for every layer. This is also the substantial
difference to many other studies of throughfall KE which were performed mainly in (young)
forest plantations, where height of the vegetation in a given plot remains rather constant
(Chapman, 1948; Tsukamoto, 1966; Nanko et al., 2008; Wakiyama et al., 2010). Through

vegetation layering the height effect gets less clear than one would expect (Wiersum, 1985).

The interaction between rainfall amount and weighted mean height of the vegetation also
showed to be significant. This indicates that during forest growth the relation of rainfall KE
to throughfall KE changes (which affects the measured values for KE). For example in a
dense young forest cover values are the highest (74% in our case) decreasing with increasing

age or height of the vegetation (down to 50% in our case). This again affects canopy storage.

The slightly positive relationship between throughfall KE and biodiversity can be
attributed to the increase of species richness with growing stand age in the forests studied.
With increasing forest age species accumulate through random immigration of recruits during

succession (Bruelheide et al., 2011). Due to the gain of height with increasing forest age one
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would expect a substantially higher throughfall KE in species rich (and therefore mostly late
successional) forests. However, throughfall KE remains rather constant with increasing
species richness (Fig. 6). This means that species rich forests achieve to keep throughfall
kinetic energy low, although maximum falling height of the drops is generally higher.
However, in species rich forest ecosystems plant biomass and total plant cover is much
higher than in species poor forests (Loreau et al., 2001; Scherer-Lorenzen 2005; Hooper et
al., 2005; Balvanera et al., 2006). Additionally, in species rich forests, ecological niches are
better exploited and consequently throughfall drops are much more likely to be re-intercepted
by lower vegetation layers. Brandt (1988) and Wiersum (1985) have shown that a highly
structured forest ecosystem keeps throughfall KE at low values despite of a total gain in

height of the forest stand.

From block 5, LAI showed to have a significant negative effect on throughfall KE. With
increasing LAI throughfall KE decreases. Basically, LAI is a measure of crown thickness and
canopy openness. Therefore, higher LAI values should result in higher canopy storage, e.g. a
smaller amount of throughfall or throughfall KE reaching the forest floor (e.g. Park and
Cameron, 2008). Again, on the one hand this implies differences in throughfall KE being
largely controlled by an alteration of the spatial distribution of the amount of throughfall. On
the other hand also throughfall KE is lowered independently of rainfall amount under thicker
canopies through the process of re-interception. Falling drops in thick canopies are much
more likely to be re-intercepted and splitted by lower parts of the canopy (Nanko et al.,

2008b) which has a negative effect on throughfall KE.

The significant negative impact of the proportion of coniferous species (block 5: leaf
traits) on throughfall KE can be attributed to differences between throughfall drop generation
and leaf shape. Drops released from needle shaped leaves generally have less KE than drops
from broad-leaved species as the storage capacity of needle shaped leaves is relatively small
(Armstrong and Mitchell, 1988; Nanko et al., 2006). According to this, regarding KE of
throughfall a certain proportion of coniferous species in a specific forest has beneficial effects

for the forest ecosystem by lowering throughfall erosivity.
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Species richness enhances spatial variability of throughfall KE

Concerning the variability of throughfall KE only variables from block 1 (event
characteristics) and from block 3 (diversity measures) showed significant trends. During
model selection rainfall intensity appeared to describe variability of throughfall KE better
than rainfall amount and rainfall KE. According to our data, increasing rainfall intensity
seems to lead to a decreasing variability of throughfall KE. As described above KE under
forest is closely connected to rainfall amount and many related variables (e.g. LAI, crown
openness, weighted mean height) are responsible for re-distributing rainfall by temporary
canopy storage. Nevertheless, concerning higher rainfall intensities storage on leaves is

reduced because of two reasons resulting in canopy vibration:
(1) permanent impact of large drops and

(2) high wind speeds often associated with high rainfall intensities (e.g. Nanko et al.,

2000).

Therefore, for higher rainfall intensities it is less likely for a given position within the

forest being in a rain-shadow and thereby enhancing spatial variability of throughfall KE.

The significant positive relationship between variability of throughfall KE and
biodiversity is reasonable as both the variability of throughfall KE and biodiversity are
measures of heterogeneity. With increasing biodiversity of a forest stand, also the variability

of throughfall increases substantially.

As mentioned above, biodiversity in the GNNR is closely related to the successional
stage of a specific forest stand (Bruelheide et al., 2011) and one might argue the variability of
throughfall just being a function of forest age. Nevertheless, through backward model
selection none of the parameters describing the age or height of a specific forest stand (block
2: successional stage, basal diameter, weighted mean height) showed to have any significant

influence on the variability of throughfall.

Moreover, as it is supposed that both throughfall volume and KE are species specific
(Hall and Calder, 1993; Levia and Frost, 2006; Nanko et al., 2006; Geil}ler et al., 2010).
Hence, a higher number of species in a given plot should result in a more heterogeneous

pattern of throughfall amount and KE. In more diverse plots a high number of species is
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occupying several ecological niches (Hutchinson, 1957) thereby increasing total plant cover
in different heights. Consequently, in a highly diverse forest plot, throughfall is very likely to
be intercepted in e.g. different heights or to a different extent resulting in a more

heterogeneous pattern of throughfall amount and KE.

5. Conclusions

Rainfall and throughfall erosivity were studied in a secondary subtropical broad-leaved
forest in SE China using calibrated splash cups. It could be shown that the decrease of the
rainfall KE/ throughfall KE ratio with increasing rainfall amount and intensity is related to
canopy storage capacity during a given event. In high magnitude rainfall events, the storage
capacity of the canopy is reduced as permanent drop impacts prohibit the filling of the
reservoirs on the leaves which would result in a periodic release of large, highly erosive

drops.

It could also be shown that a variety of variables describes the alteration of rainfall into
throughfall in a highly diverse forest ecosystem. Basically, the differences between rainfall
KE and throughfall KE are supposed to be controlled by the redistribution of rain water
within the canopy as every species or individual has its own capacity to store water in the
canopy. Basic measures describing this redistribution and alteration are biodiversity, LAI,
weighted mean height of the vegetation and the proportion of coniferous species within a

plot.

Biodiversity affects throughfall KE through a higher total plant cover which results in a
more structured and diverse cover at different heights. This keeps — despite increasing stand
heights — throughfall KE more or less constant. Finally, through varying rainfall amount and
-intensity this process system of redistribution and storage is controlled and influenced

externally.
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