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Abstract

Soil erosion is a key threat to many ecosystems, especially in subtropical China where high
erosion rates occur. While the mechanisms that induce soil erosion on agricultural land are
well understood, soil erosion processes in forests have rarely been studied. Throughfall ki-
netic energy (TKE) is influenced in manifold ways and often determined by the tree’s leaf
and architectural traits. We investigated the role of species identity in mono-specific stands
on TKE by asking to what extent TKE is species-specific and which leaf and architectural
traits account for variation in TKE. We measured TKE of 11 different tree species planted in
monocultures in a biodiversity-ecosystem-functioning experiment in subtropical China,
using sand-filled splash cups during five natural rainfall events in summer 2013. In addition,
14 leaf and tree architectural traits were measured and linked to TKE. Our results showed
that TKE was highly species-specific. Highest TKE was found below Choerospondias axil-
laris and Sapindus saponaria, while Schima superba showed lowest TKE. These species-
specific effects were mediated by leaf habit, leaf area (LA), leaf pinnation, leaf margin, stem
diameter at ground level (GD), crown base height (CBH), tree height, number of branches
and leaf area index (LAIl) as biotic factors and throughfall as abiotic factor. Among these,
leaf habit, tree height and LA showed the highest effect sizes on TKE and can be consid-
ered as major drivers of TKE. TKE was positively influenced by LA, GD, CBH, tree height,
LAI, and throughfall amount while it was negatively influenced by the number of branches.
TKE was lower in evergreen, simple leaved and dentate leaved than in deciduous, pinnated
or entire leaved species. Our results clearly showed that soil erosion in forest plantations
can be mitigated by the appropriate choice of tree species.
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Introduction

Soil erosion negatively influences ecosystems widely, especially in regions with high erosion
rates such as subtropical China [1]. Soil erosion brings about high economic costs due to de-
clining agricultural productivity, reduced soil organic matter, relocation of nutrients, and off-
site effects that influence human safety and food security [2-4]. Therefore, soil erosion plays an
important ecological and economic role [5]. Reducing soil erosion is often achieved by affores-
tation [6], due to a high surface cover and stabilized soil aggregates in forests [7]. Afforestation
in subtropical regions is dominated by mono-specific stands [8], primarily in order to optimize
wood production in terms of quantity and quality by planting fast-growing species and to
allow for a simple and standardized management [9]. Afforestations are well acknowledged for
their great contribution in meeting the increasing demand for wood products and in carbon se-
questration, thus having strong implications for climate change mitigation [10].

Soil erosion in forests is highly influenced by throughfall kinetic energy (TKE) [11]. TKE is
a combination of the drop size distribution and drop velocity of throughfall. It is known that
forests highly influence the kinetic energy of rainfall as first step towards erosion occurrence by
their structure and species composition [5,12,13]. Many studies on throughfall have been con-
ducted [14,15], but there can be different mechanisms if TKE is examined. Even though soil
erosion is generally reduced in forests [7], TKE can be higher in forests than in open fields
[16,17]. In particular, with a sparse understory vegetation and leaf litter cover TKE can strongly
increase soil erosion under forest.

In open field sites, kinetic energy of rainfall is only affected by abiotic factors (i.e., rainfall in-
tensity and amount; [18,19]. Below forest canopies, however, biotic factors come into play with
the potential to alter throughfall and TKE considerably. As a result, large species-specific differ-
ences have been found [16,20-23]. Species-specific effects on TKE are evoked by plant traits
such as leaf area index [13,21,24], leaf habit [5], tree height [12], canopy thickness [18,25],
branch characteristics [26] and the first branch of a tree individual [5,25]. The mechanism of
the latter is that rain is channeled by leaves and branches to drop at specific spatial points
above the ground surface resulting in smaller or larger rain drops [26]. Hence, this is one of the
reasons for an increased TKE, and thus soil erosion potential, on spatially confined soil patches
at the micro scale. As an example of species-specific differences evoked by leaf traits, species
with broad leaves and a rough cuticle produced larger drops than species with smaller and
wax-coated leaves and might, thus, increase TKE [27]. For this reason, TKE under the canopy
of Schima superba with evergreen leaves was found to be lower than under that of Castanea
henryi and Quercus serrata with deciduous leaves [5]. However, most preceding studies have
only dealt with at maximum four different species [5,15,16], precluding cross-species compari-
sons of TKE-trait relationships. One exception is the study of [27], who investigated nine dif-
ferent species with regard to their leaf drips but without considering plant traits. However,
several studies have disregarded both the mediating effects of most biotic [28-31] and abiotic
factors such as rainfall intensity and throughfall amount on TKE [18,19].

As a consequence, little is known about how and to what extent species-specific leaf and tree
architectural traits mediate soil erosion processes under tree canopies. This in turn means that
a broader set of species (covering a wide range of leaf and tree architectural traits) needs to be
analyzed to reveal species identity effects on TKE. Therefore, it is essential to study TKE under
a multitude of species that vary in leaf traits and morphology. Moreover, the investigation of
several traits allows the identification of the major drivers for variations in TKE, independent
of species identity. Major drivers for variations in TKE have been identified in intraspecific
comparisons [32] and could be tested for their interspecific validity. However, literature report-
ing on TKE distribution under forest canopies remains scarce (both generally and in
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subtropical regions), underlining the need to further investigate TKE variation below broad-
leaved tree species.

We set out to close this knowledge gap by quantifying relationships between TKE and leaf
and tree architectural traits of 11 different tree species typical of subtropical broad-leaved forest
ecosystems of China. Trees were grown in monocultures that were established in the context of
a large-scale biodiversity-ecosystem functioning experiment (henceforth referred to as BEF--
China; [33]). Specifically, we tested the following hypotheses:

H1: TKE below forest canopies is highly species-specific.

H2: Leaf and tree architectural traits mediate species-specific effects on TKE.

Materials and Methods
Study site

The BEF-China experiment is located near Xingangshan Township, Jiangxi Province (N29°08-
11, E117°90-93), P.R. China. The mean annual temperature is 17.4°C and mean annual rainfall
is 1635 mm. The climate of the study area is characterized by subtropical summer monsoon
with a wet season from May to July and a dry winter. After the clear-cut of a Cunninghamia
lanceolata plantation in 2008, an experimental forest was planted on a plot-level based ap-
proach with 400 tree individuals per plot (25.8 m x 25.8 m; planted in 20 rows of 20 tree indi-
viduals each), using a planting distance of 1.29 m and including a total of 24 tree species on 261
plots to investigate biodiversity effects on ecosystem functions (see [33] and [34] for detailed
explanations). This study focuses only on monoculture plots of trees that ranged in mean
height from 1.10 m to 5.76 m in 2013. At the time of study, the trees were five years old. No
specific permissions were required for these locations and activities. The field studies did not
involve endangered or protected species.

Experimental design and data sampling

TKE was measured during five rainfall events with an event-based approach for a total of 11
species in 17 monoculture plots in 2013. Within the central part of each plot (including 6 x 6
trees), eight randomly assigned positions with distinct distances to the tree stems were used to
measure TKE (1) 15 cm away from tree stem, (2) in the middle of two tree individuals, (3) in
the middle of four individuals, (4) 45 cm away from tree stem, (5) at the 45 cm x 120 cm inter-
section between two individuals, (6) below the first branch of a tree individual, (7) at the 75 cm
x 75 cm intersection between two individuals, and (8) 30 cm away from tree stem). TKE was
measured using splash cups [35] and representative values of ]/m* were obtained by using a
modified version of the function provided by [35]. Next to each splash cup, a rainfall collector
was installed to quantify throughfall with a high spatial resolution. Rainfall events were regis-
tered by the BEF-China climate stations and classified by rainfall intensity, duration and total
amount (S3 Table). A total of eight leaf traits and six architectural traits were analyzed. Leaf
traits included leaf area (LA), specific leaf area (SLA), leaf pinnation (simple or pinnate), leaf
margin (entire or dentate), trichome cover of upper leaf surface, leaf thickness, leaf toughness
and leaf habit (deciduous or evergreen). These traits were measured on individuals planted in
the experiment [36,37]. Architectural traits examined at each tree individual were total height,
elliptic crown area, number of branches, stem diameter at ground level (GD) and crown base
height (CBH) [38]. Leaf area index (LAI) was registered at each TKE measuring point under
diffuse radiation conditions, using a Nikon D100 with a Nikon AF G DX 180° and HemiView
V8 (Delta-T) [39]. Table 1 gives an overview of all tree species with leaf and architectural traits
influencing TKE.
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Data analyses

Species-specific variation of TKE was investigated using linear mixed-effect models fitted by re-
stricted maximum likelihood. Rainfall event, species identity and the interaction of species
identity with rainfall event were included as fixed factors. The interaction of species identity
with rainfall event allowed detecting whether differences among species only played a role at
certain rainfall events. Plot, measurement position within each plot, interaction of plot with
rainfall event and interaction of plot with position entered the model as random effects. For
testing effects within each rainfall event, rainfall event was not used as fixed factor. Contrasts
were fitted before species identity to detect species which had significantly higher or lower TKE
than mean of all others. Significant effects were detected using Wald Test statistics with Type I
SS ANOVAs. In total, 625 data points entered the analyses (5 events x 17 plots x 8 positions—
55 failed measurements).

To specify possible effects of species identity, mediation analysis were constructed by fitting
mediation trait variables before the species identity term. Mediation variables were detected as
such, if significance of species identity was changed from significance to non-significance and if
the mediation variable itself significantly influenced TKE. To identify the most important media-
tion variable, categorical levels were predicted and ranked by their magnitude of TKE differences
(effect size). For continuous mediation variables, the difference in TKE was evaluated when in-
creasing mediation variable by one standard deviation. Each model was only fitted with a single
mediation variable to avoid multicollinearity among traits and overparameterization.

Additionally, a model was constructed consisting only of leaf traits (fitted first to avoid
underrepresentation by larger effects), tree architectural traits and throughfall to test for their
influences on TKE. In this model, plot and rainfall event were considered as random effects.
Model simplification was done using step-wise backward selection with the maximum likeli-
hood approach [40]. Hence, the final model only contained significant effects (P<0.05). Prior
to the analyses, all covariates have been checked for collinearity (correlations were not allowed
to exceed R = + 0.7). Hence, leaf toughness, leaf thickness and crown area were omitted in the
final model due to multicollinearity. Predictions were used to identify the effect size according
to the method described above.

If a measuring position was influenced by more than one tree individuals, mean values of
leaf and tree architectural traits of surrounding individuals have been calculated.

TKE data was log-transformed to ensure normal distribution. Model residuals did not show
violation of model assumptions (normality and homogeneity of variances). Analyses were con-
ducted using R 2.14.1 [41]. Linear mixed effects models were analyzed with R package “asreml”
[42] and “Ime4” [43].

Results

Across all rainfall events, species and plots, TKE was highly variable ranging from 7 J/m? to
2882 J/m?. Mean TKE was 494 + 536 J/m? and differences between rainfall events were consid-
erable. Rainfall event 4 and 5 yielded the lowest (74 + 54 J/m?) and the highest mean TKE
(1247 + 617 J/m?), respectively. In all models, TKE was strongly positively correlated with rain-
fall event (F,,, = 731, P < 0.001).

TKE was species-specific but independent of a specific rainfall event. However, the species-
specific effect size strongly depended on the rainfall event (Fig 1, S1 Table). Species identity sig-
nificantly affected TKE at rainfall events 1 and 2 (F; ¢ = 6.3, P < 0.05 and F; s = 4.6, P < 0.05,
respectively), whereas it was not significantly related to TKE at rainfall events 3, 4, and 5. TKE
below the canopy of Choerospondias axillaris and Sapindus saponaria were significantly higher
(58%, F; s =11.89, P=0.013, and 62%, F; ¢ = 10.11, P = 0.019, respectively) and TKE below the
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Table 1. Leaf and tree architectural traits of the tree species included in the present study according to a significant influence on throughfall kinet-

ic energy.

Species name

Castanea henryi
Rhed. & Wils.

Choerospondias
axillaris (Roxb.) Burtt
& Hill

Cyclobalanopsis

glauca (Thunb.) Oerst.

Koelreuteria bipinnata
Franch.

Liquidambar
formosana Hance

Lithocarpus glaber
(Thunb.) Nakai

Quercus fabri Hance

Quercus serrata
Murray

Sapindus saponaria
Linn.

Triadlica sebifera
Small

Schima superba
Garder & Champion

Abbrev. of
species
name

cah

cha

cyg
kob
lif
lig

quf
qus

sas
trs

SCSs

Leaf
area
index
(LAI)

2.77

2.31

0.29
0.27
1.06
0.77

0.55
0.41

1.13
1.20

3.06

Leaf area Leaf Leaf Leaf Tree Number of Crown Mean
(LA) habit pinnation margin height branches base Through-fall
[mm?] [m] height [mm)]
(CBH) [m]

3,128 D S D 4.88 19 0.82 55.7
35,484 D P D 5.76 12 2.69 74.6
2,474 E S D 1.43 16 0.29 66.7
30,727 D P D 1.19 1 0.59 78.3
5,051 D S D 2.25 32 0.24 69.8
1,956 E S E 1.92 27 0.30 50.4
1,912 D S D 1.66 24 0.36 65.7
1,972 D S D 1.10 23 0.16 78.2
42,231 D S E 2.33 5 0.68 751
2,108 D S E 2.65 19 0.33 70.5
3,230 E S D 3.38 47 0.42 39.8

Values represent means of the variables measured. Abbreviations: D = deciduous, E = evergreen, S = simple, P = pinnate, D = dentate, E = entire. Mean
throughfall refers to the mean across all rainfall events.

doi:10.1371/journal.pone.0128084.t001

canopy of Schima superba was significantly lower (42%, F; ¢ = 8.63, P = 0.026) than the mean
TKE of all other species.

The effect of species identity on TKE was mediated by leaf habit, leaf pinnation, LA, tree
height, LAI, SLA, throughfall, CBH, GD, crown area and number of branches (Table 2). Re-
garding categorical traits, the highest difference between factor levels occurred between differ-
ent leaf habits (with a 92% increase of mean TKE from evergreen to deciduous). Increase of
mean TKE for pinnated leaves was 60%. Considering vegetation continuous traits, high effect
sizes were found for LA (+ 92%), tree height (+ 33%), LAI (- 25%), SLA (+ 17%), throughfall
and CBH (each + 16%). Effect sizes were small for GD and the number of branches (all < 7%).

In general, TKE was significantly positively related to LA, CBH, height, and throughfall
but negatively influenced by LAI and the number of branches. Moreover, deciduous species
(+ 13 J/m?), species with pinnate (+ 32 J/m?) and entire margined (20 J/m?) leaves displayed
higher TKE than evergreen species, species with simple leaves and species with dentate leave
margins, respectively (Fig 2, S2 Table).

Discussion

This study compared TKE of 11 tree species in monocultures typical of subtropical forest eco-
systems in China. Further, it complemented former analyses by deepening our understanding
of leaf traits and tree architecture effects on TKE [5,27]. Mediation analyses linked leaf and tree
architectural traits to varying TKE induced by different tree species, and major biotic drivers of
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Fig 1. Throughfall kinetic energy (TKE, log-transformed) of the 11 species analyzed. Dotted line represents the total mean TKE. Inside the boxplots
white rectangles represent mean and white bars standard deviation. For abbreviations of species names see Table 1.

doi:10.1371/journal.pone.0128084.g001

TKE variability were detected by comparing effect sizes. Finally, this study aimed to support
the selection of appropriate tree species for tree plantation in order to minimize TKE and thus
to counteract soil erosion in subtropical regions resulting from high monsoon precipitation
(particularly in areas with steep terrain).

Species-specific TKE variation (H1)

Our first hypothesis was confirmed by the significant influence of species identity on TKE.
However, only three out of 11 species showed distinct differences in TKE compared to overall
means. Among these, two species positively (Choerospondias axillaris and Sapindus saponaria)
and one species negatively (Schima superba) aftected TKE (Fig 1). Species-specific differences
of throughfall amount or interception have been frequently reported [18,44]. Moreover, drop
size distribution as an important driver of TKE has been found to be species-specific [27]. Nev-
ertheless, preceding studies found no significant difference in TKE among certain species
[5,16,21,44,45], which is in line with our findings. Furthermore, the highly significant interac-
tion of species identity with rainfall event emphasizes the importance of abiotic characteristics
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Table 2. Effect sizes of mediation variables (leaf and tree architectural traits).

Change in TKE [J/m?] by changing mediation variable by

one SD
Mediation Leaf area + 199 **
variables
Leaf habit + 146 **
Leaf pinnation + 141 *
Height + 91 ***
Leaf area index - 65 **

Crown base height  + 46 **
Throughfall amount  + 42 ***
Ground diameter + 16

Number of -13 **
branches

Values are predicted from mixed effect models for throughfall kinetic energy (TKE) with basic design
structure (not shown, see S1 Table). For abbreviations of traits see Table 1.

**¥p < 0.001

**p < 0.01

*p <0.05;. p<0.1.

doi:10.1371/journal.pone.0128084.t002

in TKE distribution [18]. An influence of species identity on TKE was found at low-peak inten-
sity rainfall events, whereas TKE at high rainfall intensities was not species-specific. An excep-
tion occurred at rainfall event 4 where species identity did not affect TKE although rainfall
intensity was low. Higher intensity rainfall usually results in considerable canopy vibration,
through which the drop sizes are reduced [20]. Therefore, the variation of TKE at high intensity
rainfall could be much less than that at low intensity rainfall leading to no species-specific dif-
ferences. However, this effect often is superimposed by an increase of total throughfall amount
with higher rainfall intensities.

The species-specific effects of canopies of Choerospondias axillaris, Sapindus saponaria and
Schima superba have strong implication for managing TKE. Planting Schima superba, which
negatively affected TKE, has the potential to decrease soil erosion in early successional stages.
Schima superba is also well-known for high values of canopy interception during rainfall [46].
This could be partially attributed to the high LAI and re-interception of rainfall by lower cano-
py layers [25,30]. Low TKE below Schima superba was also reported by [5]. These findings are
as much more relevant as Schima superba represents one of the dominant tree species in the re-
gional species pool [47,48]. Choerospondias axillaris increased TKE which is consistent with
high runoff volumes found for this species in comparison to peanut crops [49]. However, de-
spite a TKE increase, higher soil loss with Choerospondias axillaris can be counteracted by an
intact litter cover [29].

Leaf and tree architectural traits mediate species-specific variation (H2)

First, the strong impact of rainfall event on TKE suggests that the TKE variation is pre-deter-
mined by the characteristics of rainfall events, such as duration, total rain amount, wind speed
and rainfall intensity [18]. However, our study could not confirm a significant effect of rainfall
duration and wind speed on TKE. Within a specific rainfall event, TKE differed among tree
species as species responded differently to different rainfall intensities [50]. Independent of a
specific rainfall event, the species identity effects on TKE were mediated by leaf and tree archi-
tectural traits. LA, leaf habit, leaf pinnation, GD, CBH, tree height, number of branches and
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LAI as biotic factors were found to be responsible in mediating species-specific TKE (Table 2).
Moreover, the significant effect of throughfall measured at each splash cup position on TKE

showed the influence of biotic and abiotic factors on TKE [18].

area can increase the gathering of rain water and thus may cause larger drops resulting in

In our study, species-specific changes of TKE were induced most by leaf area. A higher leaf

higher TKE [13,20,26]. In contrast, many studies have reported on the positive influence of leaf
area on interception [44], which leads to decreasing throughfall amount and decreasing TKE.
Therefore, in our study variation of interception might only play a minor role in explaining
species-specific differences in TKE, since all rain events lasted long enough to compensate the
effect of canopy storage at the beginning of each event. However, the high effect size of LA in
our study might be an overestimation, since leaf areas of Choerospondias axillaris and Sapindus
saponaria, both with largest TKE, were almost twice of the standard deviation above the mean.
This is due to the fact that for measurements of leaf area, the leaflets of pinnate leaves are tradi-
tionally added up to a total value per pinnate leaf [51]. Furthermore, water might gather at the
branch, where each leaflet splits, which in turn may result in increased drop size and thus TKE.
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TKE varied second-most between deciduous and evergreen species where deciduous species
showed higher TKE. Similarly, [5] found that Castanea henryi and Quercus serrata as examples
of deciduous species yielded higher TKE than the evergreen species Schima superba. Leaf habit
represents a dominant segregation for many leaf traits and has been found to influence core
functional and physiological processes specifically in the study species [47] as well as globally
[52-54]. Deciduous species tend to have leaves with higher SLA [55], which we found to posi-
tively affect TKE. In addition, evergreen species tended to have a larger crown length ratio
(ratio of crown length to the total tree height). Two mechanisms might elucidate the great vari-
ation between deciduous and evergreen species: (i) A lower tree height decreases falling height
of raindrops and thus, results in lower TKE; (ii) a larger crown area with lower tree height
(higher crown length ration) may increase LAI which results in higher interception, leading to
decreasing throughfall. Moreover, leaf pinnation (pinnate or simple) can alter drop sizes. On
the basis of higher margin circumference in relation to total leaf area [56], pinnate leaves create
more dripping points. In addition, pinnate leaves showed the highest leaf area (see Table 1)
with the exception of Sapindus saponaria. Corresponding to the above, a higher leaf area in-
creases TKE. However, different leaf margins contributed only marginally to species-specific
changes in TKE. As demonstrated in former studies [13,28], tree height was the most impor-
tant tree architectural parameter to describe species-specific differences in TKE. Increasing tree
height can contribute to higher TKE by several processes: (i) higher drop velocity due to higher
falling heights [57], (ii) larger crown width [38] that increases drop size through increased con-
fluence, and (iii) larger crown width is associated with higher LAI, which creates more dripping
points [26,28]. The species-specific differences in TKE were mediated by LAI which negatively
affected TKE. It is known that high canopy thickness increases drop splitting by dripping on
branches and leaves [20,25], which in turn may decrease raindrop sizes. Moreover, higher can-
opy thickness in young forest stands might decrease space between vegetation and surface re-
sulting in lower rain drop velocities [5]. Additionally, with denser and thicker crown cover
water storage in the canopy increases, but this effect can be neglected with regard to rainfall du-
rations longer than a day.

CBH (with half of the effect size of tree height) contributed to species variances as indirect
factor, as it is usually related to tree height. CBH may constitute “the last barrier” in releasing
throughfall drops, determines the falling height and thus drop velocity. Yet, our data showed
that CBH contributed to interspecific TKE much less as compared to tree height. One reason
might be that the same CBH might occur at trees along a large range of tree height.

GD positively and branch number negatively mediated species identity of TKE, but only to
a smaller extent (< 7% difference). This suggests that GD mediated species-specific changes as
an indirect effect of tree growth characteristics (tree height and LAI). Furthermore, the number
of branches might affect TKE through an indirect effect via LAI Branches gather throughfall
and release it at any random position or transfer it directly to the stem, which decreases
throughfall and increases stemflow [26]. However, our results indicated that this was a weak ef-
fect and water might both, be distributed along the branches and transferred to the stem in
equal proportions [26]. Moreover, the greater effect size of LAI demonstrated that leaves are
much more important than the branches as regards the impacts of species-specific TKE.

Besides the significant effect of plant traits on TKE, throughfall amount was also highly cor-
related with TKE, but showed smaller effect sizes than the findings from other studies [19]. In
most studies, throughfall amount was found to be the major driver of spatial variability of TKE
[16,35]. However, our species comparison revealed that shifts in drop formation and drop ve-
locity within a specific rainfall event might have a higher impact on TKE than the total
amounts of rainfall. Thus higher throughfall amounts do not necessarily lead to higher TKE at
rainfall event level.
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Conclusion

This study aimed to contribute to a better understanding of mechanisms underlying the rela-
tionships between TKE and leaf and tree architectural traits, taking 11 tree species of subtropi-
cal forests in China as example. In conclusion, the optimal trait combination a tree should have
to minimize TKE would be a low leaf area index and leaf area, simple pinnated leaves, dentated
leaf margins, low tree height, high number of branches and a low crown base height. Further-
more, evergreen species showed lower TKE than deciduous ones. However, traits such as tree
height, stem diameter and LAI will change with growing tree individuals while other traits such
as SLA and all binary leaf morphological traits are believed not to change drastically during
tree growth. These implications need to be considered when transferring our results to other
systems with a fully developed crown cover.

Our results showed that TKE distribution among different species is much more complex
than throughfall distribution solely. TKE sensitively responded to the amount of throughfall,
but also to the transformation of throughfall amount (in terms of drop size and drop velocity)
by leaf and tree architectural traits (Fig 2). Thus, this study helps to understand the interaction
between these vegetation characteristics, species identity and TKE as a basis for erosion model-
ing and the mitigation of soil erosion by means of an optimized selection of appropriate tree
species in the context of afforestation programs.

Supporting Information

S1 Table. Results from the basic mixed-effects model for throughfall kinetic energy re-
sponse.
(DOCX)

S2 Table. Effect sizes of leaf and tree architectural traits. Values are predicted from the full
multivariate mixed effect models for throughfall kinetic energy (TKE) with basic design struc-
ture (not shown, see S1 Table). For abbreviations of traits see Table 1.

(DOCX)

S3 Table. Characteristics of the five rainfall events.
(DOCX)

Acknowledgments

We are indebted to Susan Obst, Thomas Heinz, Kathrin Képpeler, Chen Lin and all the Chi-
nese field workers for their assistance during field and lab work. We are also very grateful for
the general support of the whole BEF-China research group.

Author Contributions

Conceived and designed the experiments: PG HB PK GVO TS. Performed the experiments:
PG SS WK YL. Analyzed the data: PG HB. Wrote the paper: PG HB WH WK PK YL SS GVO
TS.

References

1. WangK, Shi X, Yu D, ShiD, Chen J, Xu B, et al. Environmental factors affecting temporal and spatial
dynamics of soil erosion in Xingguo County, South China. PEDOSPHERE (1 #&). 2005; 15: 620—
627.

2. Pimentel D. Soil Erosion: A Food and Environmental Threat. Environ Dev Sustain. 2006; 8: 119-137.
doi: 10.1007/s10668-005-1262-8

PLOS ONE | DOI:10.1371/journal.pone.0128084 June 16,2015 10/13


http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0128084.s001
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0128084.s002
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0128084.s003
http://dx.doi.org/10.1007/s10668-005-1262-8

@’PLOS ‘ ONE

Throughfall Kinetic Energy Is Species-Specific

10.

11.

12

13.

14.

15.

16.

17.

18.

19.

20.

21,

22,

23.

24,

Lal R. Drop size distribution and energy load of rain storms at Ibadan, western Nigeria. Soil and Tillage
Research. 1998; 48: 103—-114. doi: 10.1016/S0167-1987(98)00109-3

Montgomery DR. Soil erosion and agricultural sustainability. Proceedings of the National Academy of
Sciences. 2007; 104: 13268-13272. doi: 10.1073/pnas.0611508104 PMID: 17686990

GeiBler C, Lang AC, von Oheimb G, Hardtle W, Baruffol M, Scholten T. Impact of tree saplings on the ki-
netic energy of rainfall—The importance of stand density, species identity and tree architecture in sub-
tropical forests in China. Agricultural and Forest Meteorology. 2012; 156: 31—40. doi: 10.1016/j.
agrformet.2011.12.005

Zhang P, Shao G, Zhao G, Le Master Dennis C, Parker GR, et al. China's Forest Policy for the 21st
Century. Science. 2000; 288: 2135-2136. doi: 10.1126/science.288.5474.2135 PMID: 10896587

Hill RD, Peart MR. Land use, runoff, erosion and their control: a review for southern China: John Wiley
& Sons; 1998.

Dixon R, Wisniewski J. Global forest systems: An uncertain response to atmospheric pollutants and
global climate change. Water Air Soil Pollut. 1995; 85: 101—110. doi: 10.1007/BF00483692

Kelty MJ. The role of species mixtures in plantation forestry. Improving Productivity in Mixed-Species
Plantations. 2006; 233: 195-204. doi: 10.1016/j.foreco.2006.05.011

Bauhus J, Van der Meer P, Kanninen M. Ecosystem goods and services from plantation forests: Rout-
ledge; 2010.

Renard KG, Freimund JR. Using monthly precipitation data to estimate the R-factor in the revised
USLE. Journal of Hydrology. 1994; 157:287-306. doi: 10.1016/0022-1694(94)90110-4

GeiBler C, Kiihn P, Shi X, Scholten T. Estimation of throughfall erosivity in a highly diverse forest eco-
system using sand-filled splash cups. J. Earth Sci. 2010; 21: 897-900. doi: 10.1007/s12583-010-0132-

y

GeiBler C, Nadrowski K, Kiihn P, Baruffol M, Bruelheide H, Schmid B, et al. Kinetic Energy of Through-
fall in Subtropical Forests of SE China—Effects of Tree Canopy Structure, Functional Traits, and Biodi-
versity. PLoS ONE. 2013; 8: e49618 EP—. doi: 10.1371/journal.pone.0049618 PMID: 23457440

Staelens J, de Schrijver A, Verheyen K, Verhoest Niko EC. Rainfall partitioning into throughfall, stem-
flow, and interception within a single beech (Fagus sylvatica L.) canopy: influence of foliation, rain
event characteristics, and meteorology. Hydrol. Process. 2008; 22: 33—45. doi: 10.1002/hyp.6610

André F, Jonard M, Jonard F, Ponette Q. Spatial and temporal patterns of throughfall volume in a decid-
uous mixed-species stand. Journal of Hydrology. 2011; 400: 244—254. doi: 10.1016/j.jhydrol.2011.01.
037

GeiB3ler C, Kiihn P, Béhnke M, Bruelheide H, Shi X, Scholten T. Splash erosion potential under tree
canopies in subtropical SE China. Experiments in Earth surface process research. 2012; 91: 85-93.
doi: 10.1016/j.catena.2010.10.009

Nanko K, Hotta N, Suzuki M. Assessing raindrop impact energy at the forest floor in a mature Japanese
cypress plantation using continuous raindrop-sizing instruments. J For Res. 2004; 9: 157—-164. doi: 10.
1007/s10310-003-0067-6

Levia DF, Frost EE. Variability of throughfall volume and solute inputs in wooded ecosystems. Progress
in Physical Geography. 2006; 30: 605—632. doi: 10.1177/0309133306071145

Tanaka N, Levia D, Igarashi Y, Nanko K, Yoshifuji N, Tanaka K, et al. Throughfall under a teak planta-
tion in Thailand: a multifactorial analysis on the effects of canopy phenology and meteorological condi-
tions. Int J Biometeorol. 2014: 1-12. doi: 10.1007/s00484-014-0926-1

Nanko K, Hotta N, Suzuki M. Evaluating the influence of canopy species and meteorological factors on
throughfall drop size distribution. Journal of Hydrology. 2006; 329: 422—431. doi: 10.1016/j.jhydrol.
2006.02.036

Park A, Cameron JL. The influence of canopy traits on throughfall and stemflow in five tropical trees
growing in a Panamanian plantation. Forest Ecology and Management. 2008; 255: 1915-1925. doi:
10.1016/j.foreco.2007.12.025

Hall RL, Calder IR. Drop size modification by forest canopies: measurements using a disdrometer.
Journal of Geophysical Research: Atmospheres (1984-2012). 1993; 98: 18465-18470. PMID:
11539801

Xu X, Ma K, Fu B, Liu W, Song C. Soil and water erosion under different plant species in a semiarid
river valley, SW China: the effects of plant morphology. Ecol Res. 2009; 24: 37—46. doi: 10.1007/
5$11284-008-0479-z

Gomez JA, Giraldez JV, Fereres E. Rainfall interception by olive trees in relation to leaf area. Agricultur-
al Water Management. 2001; 49: 65-76. doi: 10.1016/S0378-3774(00)00116-5

PLOS ONE | DOI:10.1371/journal.pone.0128084 June 16,2015 11/183


http://dx.doi.org/10.1016/S0167-1987(98)00109-3
http://dx.doi.org/10.1073/pnas.0611508104
http://www.ncbi.nlm.nih.gov/pubmed/17686990
http://dx.doi.org/10.1016/j.agrformet.2011.12.005
http://dx.doi.org/10.1016/j.agrformet.2011.12.005
http://dx.doi.org/10.1126/science.288.5474.2135
http://www.ncbi.nlm.nih.gov/pubmed/10896587
http://dx.doi.org/10.1007/BF00483692
http://dx.doi.org/10.1016/j.foreco.2006.05.011
http://dx.doi.org/10.1016/0022-1694(94)90110-4
http://dx.doi.org/10.1007/s12583-010-0132-y
http://dx.doi.org/10.1007/s12583-010-0132-y
http://dx.doi.org/10.1371/journal.pone.0049618
http://www.ncbi.nlm.nih.gov/pubmed/23457440
http://dx.doi.org/10.1002/hyp.6610
http://dx.doi.org/10.1016/j.jhydrol.2011.01.037
http://dx.doi.org/10.1016/j.jhydrol.2011.01.037
http://dx.doi.org/10.1016/j.catena.2010.10.009
http://dx.doi.org/10.1007/s10310-003-0067-6
http://dx.doi.org/10.1007/s10310-003-0067-6
http://dx.doi.org/10.1177/0309133306071145
http://dx.doi.org/10.1007/s00484-014-0926-1
http://dx.doi.org/10.1016/j.jhydrol.2006.02.036
http://dx.doi.org/10.1016/j.jhydrol.2006.02.036
http://dx.doi.org/10.1016/j.foreco.2007.12.025
http://www.ncbi.nlm.nih.gov/pubmed/11539801
http://dx.doi.org/10.1007/s11284-008-0479-z
http://dx.doi.org/10.1007/s11284-008-0479-z
http://dx.doi.org/10.1016/S0378-3774(00)00116-5

@’PLOS ‘ ONE

Throughfall Kinetic Energy Is Species-Specific

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42,
43.
44.

45.

46.

47.

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

Herwitz SR. Raindrop impact and water flow on the vegetative surfaces of trees and the effects on
stemflow and throughfall generation. Earth Surf. Process. Landforms. 1987; 12: 425—432. doi: 10.
1002/esp.3290120408

Nanko K, Watanabe A, Hotta N, Suzuki M. Physical interpretation of the difference in drop size distribu-
tions of leaf drips among tree species. Agricultural and Forest Meteorology. 2013; 169: 74-84. doi: 10.
1016/j.agrformet.2012.09.018

Foot K, Morgan RPC. The role of leaf inclination, leaf orientation and plant canopy architecture in soil
particle detachment by raindrops. Earth Surf. Process. Landforms. 2005; 30: 1509-1520. doi: 10.1002/
esp.1207

Vis M. Interception, drop size distributions and rainfall kinetic energy in four colombian forest ecosys-
tems. Earth Surf. Process. Landforms. 1986; 11: 591-603. doi: 10.1002/esp.3290110603

Brandt J. The transformation of rainfall energy by a tropical rain forest canopy in relation to soil erosion.
Journal of Biogeography. 1988: 41—48.

Brandt CJ. The size distribution of throughfall drops under vegetation canopies. Selected papers of the
Fourth Benelux Colloquium on Geomorphological Processes. 1989; 16: 507-524. doi: 10.1016/0341-
8162(89)90032-5

Mosley MP. The effect of a new zealand beech forest canopy on the kinetic energy of water drops and
on surface erosion. Earth Surf. Process. Landforms. 1982; 7: 103—107. doi: 10.1002/esp.3290070204

Bruelheide H, Nadrowski K, Assmann T, Bauhus J, Both S, Buscot F, et al. Designing forest biodiversity
experiments: general considerations illustrated by a new large experiment in subtropical China. Meth-
ods Ecol Evol. 2014; 5: 74-89. doi: 10.1111/2041-210X.12126

Yang X, Bauhus J, Both S, Fang T, Hardtle W, Kréber W, et al. Establishment success in a forest biodi-
versity and ecosystem functioning experiment in subtropical China (BEF-China). Eur J Forest Res.
2013; 132:593-606. doi: 10.1007/s10342-013-0696-z

Scholten T, GeiBler C, Goc J, Kiihn P, Wiegand C. A new splash cup to measure the kinetic energy of
rainfall. Z. Pflanzenernéhr. Bodenk. 2011; 174:596-601. doi: 10.1002/jpIn.201000349 PMID:
12287983

Kréber W, Bruelheide H. Transpiration and stomatal control: a cross-species study of leaf traits in 39 ev-
ergreen and deciduous broadleaved subtropical tree species. Trees. 2014; 28: 901-914. doi: 10.1007/
s00468-014-1004-3

Kréber W, Heklau H, Bruelheide H. Leaf morphology of 40 evergreen and deciduous broadleaved sub-
tropical tree species and relationships to functional ecophysiological traits. Plant Biol J. 2014: n/a. doi:
10.1111/plb.12250

Li 'Y, Hardtle W, Bruelheide H, Nadrowski K, Scholten T, von Wehrden H, et al. Site and neighborhood
effects on growth of tree saplings in subtropical plantations (China). Forest Ecology and Management.
2014; 327:118-127. doi: 10.1016/j.foreco.2014.04.039

Kundela A. Leaf Area Index estimation and radiation interception measurements in Chinese subtropical
forests: assessment of methods in heterogeneous topography. Master thesis. University of Zurich, In-
stitute of Evolutionary Biology and Enviromental Studies; 2009.

Zuur A, leno EN, Walker N, Saveliev AA, Smith GM. Mixed effects models and extensions in ecology
with R: Springer; 2009.

R Core Team. R: A Language and Environment for Statistical Computing: R Foundation for Statistical
Computing; 2013. doi: 10.3758/s13428-013-0330-5 PMID: 23519455

Butler D. asreml: asreml fits the linear mixed model; 2009.

Bates B, Maechler M., Bolker B. Ime4: Linear mixed-effects models using S4 classes.; 2013.

Aston AR. Rainfall interception by eight small trees. Journal of Hydrology. 1979; 42: 383-396. doi: 10.
1016/0022-1694(79)90057-X

Cao Y, Ouyang ZY, Zheng H, Huang ZG, Wang XK, Miao H. Effects of forest plantations on rainfall re-
distribution and erosion in the red soil region of Southern China. Land Degrad. Dev. 2008; 19: 321—
330. doi: 10.1002/Idr.812

Guo J, Yang Y, Lin P. Eco-hydrological Function of Forest Floors in Schima Superba and Cunningha-
mia lanceolata Plantations. Journal of Northeast Forestry University. 2006.
Kréber W, Béhnke M, Welk E, Wirth C, Bruelheide H. Leaf Trait-Environment Relationships in a Sub-

tropical Broadleaved Forest in South-East China. PLoS ONE. 2012; 7: 35742 EP—. doi: 10.1371/
journal.pone.0035742

PLOS ONE | DOI:10.1371/journal.pone.0128084 June 16,2015 12/183


http://dx.doi.org/10.1029/2007GL033010
http://dx.doi.org/10.1002/esp.3290120408
http://dx.doi.org/10.1002/esp.3290120408
http://dx.doi.org/10.1016/j.agrformet.2012.09.018
http://dx.doi.org/10.1016/j.agrformet.2012.09.018
http://dx.doi.org/10.1002/esp.1207
http://dx.doi.org/10.1002/esp.1207
http://dx.doi.org/10.1002/esp.3290110603
http://dx.doi.org/10.1016/0341-8162(89)90032-5
http://dx.doi.org/10.1016/0341-8162(89)90032-5
http://dx.doi.org/10.1002/esp.3290070204
http://dx.doi.org/10.1111/2041-210X.12126
http://dx.doi.org/10.1007/s10342-013-0696-z
http://dx.doi.org/10.1002/jpln.201000349
http://www.ncbi.nlm.nih.gov/pubmed/12287983
http://dx.doi.org/10.1007/s00468-014-1004-3
http://dx.doi.org/10.1007/s00468-014-1004-3
http://dx.doi.org/10.1111/plb.12250
http://dx.doi.org/10.1016/j.foreco.2014.04.039
http://dx.doi.org/10.3758/s13428-013-0330-5
http://www.ncbi.nlm.nih.gov/pubmed/23519455
http://dx.doi.org/10.1016/0022-1694(79)90057-X
http://dx.doi.org/10.1016/0022-1694(79)90057-X
http://dx.doi.org/10.1002/ldr.812
http://dx.doi.org/10.1371/journal.pone.0035742
http://dx.doi.org/10.1371/journal.pone.0035742

@’PLOS ‘ ONE

Throughfall Kinetic Energy Is Species-Specific

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

Bruelheide H, Bdhnke M, Both S, Fang T, Assmann T, Baruffol M, et al. Community assembly during
secondary forest succession in a Chinese subtropical forest. Ecological Monographs. 2011; 81: 25—
41.doi: 10.1890/09-2172.1

Wei L, Zhang B, Wang M. Effects of antecedent soil moisture on runoff and soil erosion in alley cropping
systems. Agricultural Water Management. 2007; 94: 54—62. doi: 10.1016/j.agwat.2007.08.007

Loescher HW, Powers JS, Oberbauer SF. Spatial variation of throughfall volume in an old-growth tropi-
cal wet forest, Costa Rica. Journal of Tropical Ecology. 2002; 18: 397—-407. doi: 10.1017/
S0266467402002274

Pérez-Harguindeguy N, Diaz S, Garnier E, Lavorel S, Poorter H, Jaureguiberry P, et al. New handbook
for standardised measurement of plant functional traits worldwide. Aust. J. Bot. 2013; 61: 167-234.

Aerts R. The advantages of being evergreen. Trends in Ecology & Evolution. 1995; 10: 402—407. doi:
10.1016/S0169-5347(00)89156-9

Bugmann H. Functional types of trees in temperate and boreal forests: classification and testing. Jour-
nal of Vegetation Science. 1996; 7: 359-370. doi: 10.2307/3236279

Wright IJ, Reich PB, Cornelissen Johannes HC, Falster DS, Groom PK, et al. Modulation of leaf eco-
nomic traits and trait relationships by climate. Global Ecology and Biogeography. 2005; 14: 411-421.
doi: 10.1111/1.1466-822x.2005.00172.x

Reich PB, Walters MB, Ellsworth DS. Leaf Life-Span in Relation to Leaf, Plant, and Stand Characteris-
tics among Diverse Ecosystems. Ecological Monographs. 1992; 62: 365—-392. doi: 10.2307/2937116

Givnish TJ. On the adaptive significance of compound leaves, with particular reference to tropical trees:
Tomlinson P, B,, Zimmerman M, H ed (s). Tropical trees as living systems. Cambridge Univ. Press;
1978.

Gunn R, Kinzer GD. The terminal velocity of fall for water droplets in stagnant air. J. Meteor. 1949; 6:
243-248. doi: 10.1175/1520-0469(1949)006<0243:TTVOFF>2.0.CO;2

PLOS ONE | DOI:10.1371/journal.pone.0128084 June 16,2015 13/13


http://dx.doi.org/10.1890/09-2172.1
http://dx.doi.org/10.1016/j.agwat.2007.08.007
http://dx.doi.org/10.1017/S0266467402002274
http://dx.doi.org/10.1017/S0266467402002274
http://dx.doi.org/10.1016/S0169-5347(00)89156-9
http://dx.doi.org/10.2307/3236279
http://dx.doi.org/10.1111/j.1466-822x.2005.00172.x
http://dx.doi.org/10.2307/2937116
http://dx.doi.org/10.1175/1520-0469(1949)006&lt;0243:TTVOFF&gt;2.0.CO;2

