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How does a rubber plantation affect the spatial variability
and temporal stability of throughfall?
Jiaqing Liu, Wenjie Liu, Weixia Li and Huanhuan Zeng

ABSTRACT
In Xishuangbanna, southwest China, the large-scale monoculture rubber plantation replaced the
primary tropical forest, which changed the regional hydrology processes and biogeochemical cycles.
As throughfall was an important component of the forest ecosystem water input, we researched the
spatial variability and temporal stability of throughfall in the rubber plantation. We recorded 30
rainfall events by using 90 rain gauges during 2015–2016. We found a highly signiﬁcant linear
relationship between rainfall and throughfall, and a strong power correlation between the peak
30 min rainfall intensity and throughfall. The coefﬁcient of variation for throughfall was signiﬁcant
and negatively correlated with rainfall and rainfall intensity. We also observed that throughfall had a
strong spatial autocorrelation that would decrease during heavy rainfall events. The results indicate
that the leaf area index did not have a signiﬁcant relationship with throughfall. However, the lateral
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translocation of the throughfall in the canopy signiﬁcantly affected the spatial distribution of the
throughfall. Generally, the lower throughfall positions were close to the nearest rubber trunk, and the
higher throughfall positions were mostly below the slope. This study contributes to the knowledge of
the spatiotemporal heterogeneity of throughfall and helps elucidate the interception processes in the
rubber plantation.
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INTRODUCTION
Throughfall (TF) is known as an important component of

composition of the underground (Möttönen et al. )

rainfall partitioning in forest ecosystems; it reaches to the

and nutrient cycling (Laclau et al. ) in forest ecosystems.

forest ﬂoor and affects the eco-hydrology processes and bio-

This variability also has an effect on localized hydrological

geochemical cycles in forested watersheds (Levia & Frost

processes, such as groundwater recharge (Guswa &

). In addition, many results have conﬁrmed that TF

Spence ), surface runoff and splash erosion (Vega

has apparently spatial and temporal variations (e.g. Keim

et al. ; Nanko et al. ). Therefore, research on the

et al. ; Staelens et al. ; Zimmermann et al. ;

spatial variability and temporal stability of TF is necessary

Kowalska et al. ). Moreover, this variability can inﬂu-

for improving the understanding of forest hydrological and

ence the heterogeneity of both soil physicochemical

biogeochemical cycling processes and forest ecosystems

properties, such as soil moisture content (Raat et al. ),

water management (Levia et al. ).

soil solution composition (Návar et al. ), and the soil

In the past decades, many studies on the spatial variabil-

microbial community (Rosier et al. ), and plant physio-

ity of TF have been conducted in different regions, under

logical processes, such as roots (Li et al. ), vegetation

different rainfall conditions and below different forest
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types (Gómez et al. ; Keim et al. ; Staelens et al.

implications for management strategies for soil protection

; Zimmermann et al. ; Shachnovich et al. ;

in rubber plantations.

Zhang et al. ). The variability of TF has been reported

In this study, we focused on the spatial variability and

to be inﬂuenced by climatic conditions, such as gross rain-

temporal stability of the TF in a rubber plantation. Speciﬁ-

fall, rainfall intensity and wind direction and speed

cally, the objectives were to: (1) evaluate the effects of

(Gómez et al. ; Fan et al. ; Tanaka et al. ); and

canopy structure and rainfall characteristics on the TF varia-

by forest stand factors, such as canopy architecture (Levia

bility, (2) describe the spatial distribution of the TF under the

& Frost ). However, due to the diversity of tree species

rubber canopy, and (3) identify spatial heterogeneities and

and various geographic locations with complicated meteor-

temporal stability patterns of the TF.

ological conditions, previous studies on the spatial
variability of TF found inconsistent relationships. For
example, Sun et al. () found that the spatial patterns of

MATERIAL AND METHODS

TF were highly related to gross rainfall and did not have a
signiﬁcant relationship with canopy cover or the distance

Study area

to the nearest trunk in a Japanese cypress plantation.
Wullaert et al. () demonstrated that excluding the

The study site was located in the Xishuangbanna Tropical

canopy inﬂuence, meteorological factors had no signiﬁcant

Botanical Gardens (XTBG, 21 550 39″ N, 101 150 55″ E) in

effect on the spatial variability of throughfall. Zimmermann

the Yunnan Province in southwest China. The rubber planta-

et al. () commented and considered that the combination

tion was established on a small catchment (19.3 ha), where

of rainfall and canopies affected the spatial variability of TF.

logging of the tropical rainforest began in 1989. The elevation

Additionally, there is little consideration of the spatial

of the small catchment ranges from 550 to 680 m, with an

variability of the TF in artiﬁcial forests and for associated

average slope of 15 (Figure 1(a)). The local climate can be

controlling factors in tropical plantation ecosystems.

divided into two obvious seasons: the rainy season, from

In

Xishuangbanna

(Yunnan

southwest

May to October, and the dry season, from November to

China), the substantial expansion of rubber plantations

April (Zhang ). According to the meteorological record

replaced the primary tropical forest and induced excessive

over the past 40 years, the average annual air temperature

water loss and soil erosion (Liu et al. ). The rubber

was 21.7  C and that the average annual rainfall was

monoculture plantation canopy has changed the redistribu-

1,487 mm. Most of the precipitation (87%) occurred during

tion of rainfall to the ground. With daily trampling from

the rainy season, and only 13% of precipitation occurred

latex tapping, the spraying of herbicides and rapid litter

during the dry season (Liu et al. ). In the rubber planta-

decomposition, the surface of the rubber forest became

tion, rubber trees were planted at 2 m × 4 m spacing on the

bare. Therefore, splash erosion caused by throughfall is the

bench terraces. There was a 16 m wide gap separating

main focus of soil conservation. In addition, the spatial dis-

the two rows that did not have understory vegetation

tribution of TF in the rubber plantation is important for

(Figure A1, supplementary material, available with the

understanding soil erosion and the distribution of soil nutri-

online version of this paper). A 16 m × 22.5 m research plot

ents in this region; however, there have not been systematic

was established at the centre of the rubber plantation. The

studies on this topic so far (Liu et al. ). As an irreplace-

plot contained 24 rubber trees. The mean rubber tree height

able economic tree species, there is a clear need for the

was 17.4 ± 1.5 m above the ground, and the diameter at

improved knowledge of key factors contributing to soil ero-

breast height (DBH) was 21.2 ± 3.1 cm. The canopy open-

sion in this area. Thus, evaluating the spatial variability and

ness was approximately 77 ± 11%, and the height of the

temporal stability of the TF is essential for understanding

ﬁrst branch was 6.5 ± 0.8 m. The canopy thickness was

potential soil water dynamics in artiﬁcial forest ecosystems.

approximately 6.5 ± 0.5 m, and the mean leaf area index

This will promote the understanding of interception pro-

(LAI) was 3.9 ± 0.9 (i.e. mean ± SD). Tree height was

cesses in the rubber canopy. Such studies may provide

measured using a measuring pole as the length from stem
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(a) location of the study site (21 550 390 0 N, 101 150 550 0 E) in Yunnan Province, southwest China. (b) Schematic design showing throughfall measurement positions in the ﬁeld. The
green cover is just a schematic of the rubber canopy, which is not based on LAI measurements.

base to apical meristem. DBH was measured using a tapeline

the open ﬁeld with a resolution of 0.2 mm and a tipping

and ﬁrst branch height was measured with tape as the height

time of 10 minutes (3554WD, Spectrum Technologies

from the ground to the ﬁrst branch. The canopy thickness and

Inc., USA). The rain gauge in the open ﬁeld was next to

the canopy openness were visually estimated.

the rubber plantation. Rainfall characteristics are shown
in the supplementary material (Table A1, available with

Experimental design

the online version of this paper). To evaluate the inﬂuence
of rainfall characteristics on TF, the maximum 10 min rain-

A total of 90 positions were used to measure TF from July

fall intensity (I10, mm 10 min1), maximum 30 min rainfall

2015 to September 2016. TF was collected using cylindrical

intensity (I30, mm 30 min1), maximum 60 min rainfall

plastic rainfall gauges that had collecting areas of

intensity (I60, mm h1), antecedent precipitation index

40.15 cm2. The throughfall collectors can collect a maxi-

(API), 3-day antecedent wetness index (Index 3) and the 7-

mum of 500 ml of precipitation and even the strongest
rain event during the measuring period did not exceed

day antecedent wetness index (Index 7) were all calculated
P
as co-variables. API is deﬁned by API ¼ 30
i¼1 Pi =i, where

this. The experimental plot was divided into 10 rows (i.e.

Pi is total gross precipitation on the ith day beforehand

from Row 1 to Row 10) and 9 ranks (i.e. from A to I),

(Mizugaki et al. ). Index 3 and Index 7 are the sum of

and the TF collectors were formed on 2 × 2.5 m grids

precipitation for the previous three and seven days, respect-

(Figure 1(b)). All TF collectors remained in the same pos-

ively (Zimmermann et al. ). The LAI was measured

ition during the entire experiment, and they were ﬁrmly

once a month as the canopy structure. Because the LAI

tied to steel bars, which were inserted into the ground ver-

was measured once a month, we selected an appropriate

tically. Therefore, the rainfall gauges were level to the

day to measure the LAI and avoid the convection rainfall.

ground surface. TF was measured immediately after every

These values were determined above every TF position in

rainfall event to reduce evaporation loss. Two different

the late evening by using the LAI-2200 plant canopy analyser

rainfall events had at least 12 h without rainfall. TF

with 90 view caps (Li-Cor Inc., USA). We measured the

volumes were converted to an equivalent depth by dividing

background A value outside the rubber plantation. Then we

by the horizontal cross-sectional area of the rainfall gauges.

went into the forest quickly to measure B. The position of

A tipping-bucket, self-recording rain gauge was installed in

the background A value was near the rubber plantation and
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we could arrive at the position of the B value in about one

the mean, standard error of the mean, coefﬁcient of vari-

minute. This would reduce the sky brightness change.

ation (CV, the standard deviation as a proportion of the
mean), skewness, and kurtosis were calculated for all
groups (Table 1). In addition, the Spearman rank corre-

Statistical analysis and calculations

lation coefﬁcient (rs) was calculated with different
By reviewing the literature, the spatial variability of TF had

cumulative TF classiﬁcations.

a relationship with the rainfall amount (Gómez et al. )

To describe the temporal stability of TF, TF was normal-

and the rainfall intensity (Levia & Frost ). Therefore,

ized by using the following equation which has been used by

we classiﬁed individual rainfall events by the gross rainfall

many authors (Keim et al. ; Fang et al. ; Zhang et al.

amount into six different categories (i.e. 5 to <15, 15 to

):

<30, 30 to <40, 40 to <50, 50 to <60, and 60 mm) and
by the peak 30 min rainfall intensity into four different categories (i.e. 0 to <4, 4 to <8, 8 to <20 and 20 mm

Tij  T j
T~ ij ¼
SDj

(1)

30 min1) to analyse the spatial variability of TF. The rainfall event classes were further expressed as Gr 1, Gr 2, Gr

where T~ ij is the normalized TF at sampling point i for event

3, Gr 4, Gr 5 and Gr 6 for the six gross rainfall classes and

j, Tij is the TF at sampling point i for event j, and Tj and SDj

as GI 1, GI 2, GI 3 and GI 4 for the four rainfall intensity

are the mean TF and the standard deviation of the TF during

classes. To maintain the minimum variability in the

that rainfall event, respectively. The normalized TF was

interclass, clustering analysis was used. We used the

arranged from the minimum to the maximum. This type of

Hierarchical Cluster with the nearest neighbour method.

graph explained two types of temporal stability. First, the

Squared Euclidean distance was used to calculate the

extreme persistence was deﬁned as the deviation of the nor-

distance between data points and cluster centre points

malized mean TF in the lower and upper quartiles of the

according to equal variance and statistical independence.

arranged positions. Second, the general persistence was

In each group, we accumulated the TF of all the

deﬁned as the deviation of the normalized mean TF in the

individual rainfall events. Descriptive statistics including

interquartile range (Keim et al. ).

Table 1

|

Cumulative throughfall (TF), and median spatial variation coefﬁcient (CV) per rainfall class for 30 events during rainy season of 2015–2016

TF
Precipitation class

No. of events

Mean ± SD (mm, n ¼ 90)

CV (%)

Skewness

Kurtosis

Rainfall (mm)
Gr 1

5–15

6

38.85 ± 4.14

10.67

–0.70

0.69

Gr 2

15–30

9

155.38 ± 16.88

10.86

–0.36

0.47

Gr 3

30–40

3

80.77 ± 8.50

10.53

–0.08

–0.48

Gr 4

40–50

5

169.95 ± 18.70

11.00

–0.12

0.75

Gr 5

50–60

3

151.82 ± 15.75

10.37

0.23

0.64

Gr 6

>60

4

312.77 ± 23.73

7.59

–0.27

0.07

I30 (mm 30 min1)
GI 1

0–4

5

54.50 ± 6.73

12.34

–0.03

0.00

GI 2

4–8

12

253.52 ± 26.17

10.32

–0.22

0.07

GI 3

8–20

6

221.40 ± 18.45

8.33

–0.40

0.37

GI 4

>20

7

380.11 ± 33.80

8.89

–0.02

0.21

Gr, groups of rainfall, GI, groups of I30.
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Semivariogram analysis is an important method for

redistribution. To analyse the lateral ﬂow of the tree

reﬂecting spatial variability. This analysis expresses spatial

canopy, we calculated the parameter c of each sample

autocorrelation at different positions. To analyse the spatial

point. First, we analysed scatterplots of throughfall and

characteristics of TF, we also calculate the semivariogram

gross rainfall to ﬁnd a value for the saturation of canopy sto-

γ(h). The model is as follows:

rage capacity, and we found the gross rainfall exceeded this
in all 30 rainfall events. Then we used the following

γ(h) ¼

1
2n(h)

n(h)
X

[Z(xi )  Z(xiþh )]2

(2)

i¼1

where n(h) is the number of sample pairs at each distance

equation to calculate the parameter c (Frischbier &
Wagner ):
TF ¼ cGR þ ε

(3)

interval h, and Z(xi) and Z(xi þ h) are the values of the variable at any two positions that are separated by a lag distance

where c is an additional parameter which describes the

h. The experimental variogram is calculated for several lag

relationship between lateral ﬂow and gross rainfall (GR). ε

distances. The lag h is deﬁned as a vector with both distance

is an error term. If c < 1, then a lateral water discharge

and direction. An appropriate semivariogram for the cumu-

ﬂow occurred, and if c > 1, then a lateral water inﬂow

lative TF is computed by adjusting active lag distances until

occurred. For further information regarding this theory

the minimum residual sum of squares (RSS) and the pre-

and calibration, see Frischbier & Wagner ().

dicted maximum coefﬁcient of determination (R 2) are both
obtained. The parameters of the model include the model
type, nugget (C0), sill (C þ C0), Partial Sill (C ), Partial Sill/

RESULTS

Sill and fractural D. If the Partial Sill/Sill was larger than
75%, this indicated a strong spatial autocorrelation. If the

Throughfall and rainfall characteristics

Partial Sill/Sill was smaller than 25%, this indicated a
weak spatial autocorrelation. If the Partial Sill/Sill was

Between July 2015 and September 2016, a total of

between 25% and 75%, this indicated a moderate spatial

1,112.9 mm of rainfall was collected from 30 individual rain-

autocorrelation. Fractural D indicated the change of

fall events; 13 rainfall events occurred in July, 11 rainfall

throughfall in a different direction.

events occurred in August and six rainfall events occurred

The contour maps in this paper were drawn using

in September. The gross rainfall ranged from 6.5 mm to

Golden Software Surfer 10 (Golden Software Inc.) based

108.4 mm. Other rainfall characteristics for each event in

on a kriging interpolation. The cumulative TF in different

the rubber plantation are provided in Table A1 (available

categories are calculated with GSþ 9.0 (Gamma Design Soft-

with the online version of this paper). Cumulative TF was

ware) for semivariograms analysis. All other statistical

909.5 mm with an 81.7% average (SD ¼ 10.1%). For all

analyses were conducted using IBM SPSS statistics 22.0

events, we found a strong linear correlation (P < 0.01)

(IBM Inc.). The normality of the TF was tested using the Kol-

between gross rainfall (RG) and TF for each event

mogorov-Smirnov test. A principal component analysis

(Figure 2(a)), and there was also a strong power correlation

(PCA) was performed to analyse the effects of rainfall

(P < 0.01) between the maximum 30 min rainfall intensity

characteristics and canopy traits on TF, including rainfall,

and TF (Figure 2(b)). The coefﬁcients of variation for TF

LAI, API, Index 3, Index 7, I10, I30 and I60 during the 30

(CVTF) were calculated using data for each event. CVTF

rainfall events. The PCA was calculated using Canoco ver-

ranged from 8.56% to 22.87%, with a 15.03% average and

sion 4.5. The relationship between rainfall characteristics

decreased with increasing gross rainfall (Figure 2(c)) and

and throughfall was determined using the linear and the

I30 (Figure 2(d)). There was a strong linear correlation (P <

power functions, and the coefﬁcient of determination was

0.01) between the gross rainfall and CVTF for each event,

used. The lateral translocation of the throughfall in tree

and there was also a strong power correlation (P < 0.01)

crowns is an important parameter of the canopy water

between I30 and CVTF. The TF ratio ranged from 60.75% to
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(a) Throughfall (TF) plotted against gross rainfall (GR) and (b) peak 30 min rainfall intensity (I30) to determine the canopy interception capacity for the rubber monoculture
plantation. (c) The relationship between the gross rainfall and the coefﬁcient of variation for throughfall (CVTF). (d) The relationship between I30 and the CVTF. (e) The relationship
between the gross rainfall and the throughfall ratio (TF ratio). (f) The relationship between I30 and the TF ratio. **P <0.01.

103.06% and increased at ﬁrst with gross rainfall less than

the second axis explained 25.9% of the variance. The TF

25 mm. When the gross rainfall was more than 25 mm, the

under the rubber monoculture plantation was strongly

TF ratio trended to be stabilized while gross rainfall increased

affected by the rainfall characteristics, especially gross rainfall.

(Figure 2(e)). Furthermore, the TF ratio also had a large ﬂuc-

The TF was less affected by the antecedent rainfall parameters.

tuation when the I30 was less than 8 mm 30 min1. In
addition, it was nearly stable when I30 was >8 mm

Spatial heterogeneity of throughfall under the canopy

30 min1 (Figure 2(f)). To describe the integrated effects of
the rainfall characteristics (i.e. gross rainfall, I10, I30, I60,

The coefﬁcients of variation for the cumulative TF ranged

Index 3, Index 7 and API) in response to TF, a principal com-

from 7.59% to 11.00% in the rainfall classiﬁcation and

ponent analysis of the rainfall parameters was performed

from 8.33% to 12.34% in the rainfall intensity classiﬁcation

(Figure 3). The PCA showed signiﬁcant effects of the rainfall

(Table 1). Moreover, we used geostatistical methods to ana-

amount and the rainfall intensity on TF. The ﬁrst axis of the

lyse the spatial differences of the cumulative TF. Table 2

PCA explained 59.2% of the variance in the TF data, and

summarizes the semivariance parameters of the two
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>60 mm. The heavy gross rainfall may be a result of moderate

spatial

autocorrelation.

In

the

rainfall

intensity

classiﬁcation, the values of the Partial Sill/Sill for GI 1
and GI 2 were 84.7% and 85.3%, respectively. They also
belonged to the strong spatial autocorrelation category.
However, in the GI 3 and GI 4 groups, there was also a moderate amount of spatial autocorrelation. This may be
because of the rainfall intensity. A maximum 30 min rainfall
intensity that was more than 8 mm 30 min1 caused moderate spatial autocorrelation. The fractural D of the TF was not
signiﬁcantly different in each direction for different rainfall
and rainfall intensities, indicating that the degree of spatial
heterogeneity was stable under the entire rubber canopy
(Figure 4(a) and 4(b)). The sill (C0 þ C ) represents the largest
variation in the regionalized variables. The sill of the TF percentage of rainfall decreased with an increase in rainfall
(Figure 4(c)). Furthermore, the sill had large ﬂuctuations
Figure 3

|

Correlation biplot based on a PCA of the rainfall characteristics and leaf area
index (LAI) in the rubber monoculture plantation. The eigenvalues of the ﬁrst
four axes are 0.592, 0.259, 0.076, and 0.055, respectively. Hollow circles


represent all 30 rainfall events. I10 (mm 10 min 1), I30 (mm 30 min 1) and I60
1

(mm h

when I30 was less than 8 mm 30 min1 and was nearly
stable when I30 was more than 8 mm 30 min1 (Figure 4(d)).

) are the maximum 10, 30 and 60 min rainfall intensities, respectively.

API is antecedent precipitation index. Index 3 and Index 7 are the 3- and 7-day
antecedent wetness indices, respectively.

Spatial distribution of throughfall under the canopy

different classiﬁcations. In the gross rainfall classiﬁcation,

There was no signiﬁcant correlation between the TF and the

the Partial Sill/Sill for the ﬁrst ﬁve groups was in the

LAI in all the rainfall events in the same position with raw

range of 82.9–88.6%, belonging to the strong spatial autocor-

measurements from different months (P > 0.05). However,

relation category (>75%). However, in the Gr 6 group, the

there was a signiﬁcant correlation between the TF and the

value was 55.5%. In Gr 6, there were four rainfall events

parameter c (R 2 ¼ 0.868, P < 0.01), which exhibited similar

recorded, and the gross rainfall of each event was

trends in each row (Figure 5). In addition, the parameter c

Table 2

Event

|

Parameters of semivariogram models for the cumulative throughfall in different groups

Theoretical model

Nugget

Sill

R2

C/(C0 þ C )

RSS*
06

Gr 1

Exp

0.00188

0.01386

0.860

1.14 × 10

0.864

Gr 2

Exp

0.00219

0.01428

0.987

1.38 × 1007

0.847

07

Gr 3

Exp

0.00159

0.01238

0.751

5.26 × 10

0.872

Gr 4

Exp

0.00247

0.01444

0.769

3.12 × 1006

0.829

06

Gr 5

Exp

0.00131

0.01152

0.842

1.09 × 10

0.886

Gr 6

Exp

0.00319

0.00717

0.926

2.32 × 1007

0.555

06

GI 1

Exp

0.00269

0.01758

0.848

2.12 × 10

0.847

GI 2

Exp

0.00183

0.01246

0.959

3.26 × 1007

0.853

08

GI 3

Exp

0.00514

0.01029

0.985

5.60 × 10

0.500

GI 4

Exp

0.00463

0.00963

0.909

4.64 × 1007

0.519

Exp, exponential theoretical variogram model. *Residual sums of squares that provide a measure of how well the model ﬁts the variogram data. Gr, groups of rainfall, GI, groups of I30.
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Change of fractural D of throughfall with rainfall (a) and I30 (b). Change of the sill (C þ C0) of throughfall ratio with rainfall (c) and I30 (d). The sill refers to the maximum variance of
throughfall in different rainfall events.

rainfall classiﬁcations for each group (Figure 6). In every
group, a belt with low TF appeared from Row 3 to Row
5. This belt was close to the nearest rubber trunk. The belt
with low TF became larger as rainfall increased from Gr 1
to Gr 3. When the rainfall amount ranged from 50 to
60 mm (Gr 4), the spatial distribution of TF was the most
homogeneous in the plot. The spatial distribution of TF in
Gr 4 and Gr 6 was similar, and showed large variability.
The results indicated that the spatial distribution of TF was
more even and homogeneous when the rainfall amount
ranged from 5 to 40 mm. The 40 mm rainfall was used as
a threshold that affected the spatial distribution of TF. The
Figure 5

|

The cumulative throughfall and the parameter c of the lateral translocation of

spatial distribution of the cumulative TF was also different

the throughfall in different rows.

in the different groups depending on rainfall intensity
(Figure 7). In every group, a belt with a low TF also appeared

was all smaller than 1 at each position. The canopy intercep-

from Row 3 to Row 5, which was close to the nearest rubber

tion effectively affected the spatial distribution of TF, but the

trunk. From GI 1 to GI 3, with the rainfall intensity increas-

LAI had no obvious relationship with the spatial distribution

ing, the spatial distribution of low TF decreased. In GI 4, low

of TF. The cumulative TF showed some differences in gross

TF was largest, indicating that when the maximum 30 min
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Spatial distribution of the cumulative throughfall of different gross rainfall groups in the rubber monoculture plantation. Gr 1, Gr 2, Gr 3, Gr 4, Gr 5 and Gr 6 represent Group 1,
Group 2, Group 3, Group 4, Group 5 and Group 6, respectively.

rainfall intensity was more than 20 mm 30 min1, the spatial

map. Only a few collector positions were extremely wet

distribution of TF was more even and homogeneous.

and extremely dry. For example, 9G was in Row 9 and 4A
and 4D were in Row 4. The dry positions were mostly in

Temporal persistence of throughfall

Row 4, and the wet positions were likely near to Row 9.

The Spearman correlation analysis showed signiﬁcant positive results (P < 0.01) in six rainfall classes and four rainfall

DISCUSSION

intensity classes (Table 3). In this regard, we calculated the
cumulative TF for 30 rainfall events to analyse the temporal

Effects of rainfall characteristics on throughfall

stability of spatial TF. Figure 8 shows temporal stability plots
for mean TF in each collector position and for different

The relationship between TF and gross rainfall has already

rows. The temporal stability of spatial TF was stable with a

been studied in many countries and regions, and most of

moderate general persistence under the rubber plantation.

the results conﬁrmed that there was a strong and signiﬁcant

The mean normalized TF was signiﬁcantly different than

linear correlation between the two (Kato et al. ; Zhang

zero for only 1.6% of the samples (t-test; a ¼ 0.05). The tem-

et al. ). Our results were also consistent with these

poral stability of TF in different rows was also stable and

studies. However, there was no consensus regarding the

revealed a consistent distribution of TF with the counter

relationship between TF and rainfall intensity. In the

Downloaded from https://iwaponline.com/hr/article-pdf/524254/nh0500060.pdf
by guest

69

J. Liu et al.

|

Figure 7

Table 3

|

|

Throughfall in a rubber plantation

Hydrology Research

|

50.1

|

2019

Spatial distribution of the cumulative throughfall of different peak 30 min rainfall intensity groups in the rubber monoculture plantation. GI 1, GI 2, GI 3 and GI 4 represent Group 1,
Group 2, Group 3 and Group 4, respectively.

Spearman rank correlation coefﬁcients (n ¼ 90) between the cumulative throughfall (TF) of rain events within different rainfall classes
Summed TF with I30 class (mm 30 min1)

Summed TF with rainfall class (mm)

5 –< 15
15 –< 30

15 –< 30

30 –< 40

40 –< 50

50 –< 60

 60

0.761**

0.618**

0.642**

0.599**

0.655**

0 –< 4

0.774**

0.663**

0.777**

0.684**

4 –< 8

0.659**

0.786**

0.687**

8 –< 20

0.673**

0.828**

30 –< 40
40 –< 50
50 –< 60

4 –< 8

8 –< 20

 20

0.736**

0.716**

0.594**

0.723**

0.789**
0.746**

0.735**

**P < 0.01.

rubber plantation, there was a signiﬁcant power correlation

geographic locations. Therefore, both rainfall and rainfall

between TF and I30, which was different from other studies

intensity (i.e. I30) were important indicators for the evalu-

(Levia & Frost ; Zhang et al. ). The reason for this

ation of water input in the tropical rubber plantation forest

may be due to different types of rainfall in various

ﬂoor. In addition, we found there was a signiﬁcant linear
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~ Error bars
Time stability plots of throughfall water normalized to zero mean and unit variance. The collectors are plotted along the horizontal axis and ranked by their means, T.
represent ± SD. The names in the ﬁgure are the rainfall collectors in the plot. The time stability plots of throughfall normalized in each row are shown in the middle of this ﬁgure.

positive correlation between throughfall kinetic energy and

plantation and rainforest in this region, as the rainforest is

TF (Liu et al. ). So rainfall amount may be a critical

a little far away from the rubber plantation and there were

factor for prediction of soil detachment in rubber planta-

some differences in rainfall characteristics and geological

tions, which would provide implications for management

properties. Sometimes, it was raining in the rubber planta-

strategies for soil protection in this region.

tion but in the rainforest it was not. Therefore it was not

Generally, the TF ratio is an important indicator of the

appropriate to compare TF for a rainfall event. We will con-

canopy saturation process and how much rainfall would

duct long observation periods (such as weekly periods) to

fall to the forest ground (Carlyle-Moses et al. ). The

analyse the spatial distribution differences of TF between

average value of TF ratio was 82% in this study. This was

rainforest and artiﬁcial forest in future studies.

also similar to other ﬁndings in tropical forests (Zimmer-

The CVTF has been reported in numerous studies (Shen

mann et al. ; Teale et al. ). The higher TF

et al. ; Kato et al. ; Zhang et al. ). The average

percentage in the tropics may be due to the higher rainfall

CVTF (15%) in this study plot for the rubber plantation

intensity, producing larger raindrops (Levia et al. ).

was lower and more stable than that in most studies. Kato

When the rainfall is small or rainfall intensity is low, most

et al. () reported that the CVTF was 52% (from 10% to

of the rainfall is ﬁrst intercepted by the canopy; as the rain-

447%) in a Japanese cypress plantation, and Shen et al.

fall or rainfall intensity exceeds a certain threshold, the

() found that CVTF ranged from 25% to 39% in an ever-

canopy saturates quickly and generates a great deal of free

green broad-leaved forest in eastern China. With different

throughfall, which helps make the TF ratio stable. In this

forest types, meteorological conditions and experimental

study, we did not compare the TF between the rubber

designs, it was difﬁcult to compare our results with earlier
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studies. Nevertheless, a relationship between rainfall charac-

Some studies regarding the spatial correlation of TF had

teristics and CVTF was likely under different conditions.

different results. Some studies have shown that TF had a

Most studies conﬁrmed that the CVTF decreased with an

spatial autocorrelation at a certain distance (Gómez et al.

increase in rainfall (Loustau et al. ; Teale et al. ;

; Staelens et al. ), and other studies found no spatial

Fan et al. ; Zhang et al. ). In many studies, the

autocorrelation at different TF sample positions (Loustau

relationship between rainfall and CVTF was a power func-

et al. ). These different results may be explained by

tion (Shen et al. ; Kato et al. ; Zhang et al. ).

differences in canopy architecture and meteorological

However, a linear regression was more suitable in this

phenomena (Keim et al. ). A large number of samples

study, and similar results were found in other tropical

were needed to attain spatial variability patterns for TF

places (Teale et al. ; Fan et al. ). Currently, the

with low gross rainfall (Zimmermann et al. ). Moreover,

effect of rainfall intensity on CVTF has been investigated in

variograms of TF appeared to be unstable and required more

few studies. Some studies found that there was signiﬁcant

calibration and mathematical simulations (Keim et al. ).

negative correlation, following power functions, between

The sill of the TF ratio decreased as the gross rainfall

rainfall intensity and CVTF (Fan et al. ; Zhang et al.

increased, indicating that a heavy rainfall event caused the

), which was consistent with our result. The key

spatial heterogeneity of the TF ratio to be uniform. The frac-

reason for this was the process of canopy interactions and

tural D of the TF had no signiﬁcant change for every

saturation. When rainfall was small, canopy interception

direction and was not affected by rainfall or rainfall inten-

led to a large variability in TF; when rainfall was heavy, a

sity. The reason for this may be due to the combination of

rapidly saturated canopy produced free TF (Carlyle-Moses

rainfall, wind speed, rainfall intensity and other factors

et al. ). The PCA analysis also conﬁrmed that rainfall

(Shi et al. ; Fang et al. ). Therefore, the spatial direc-

and rainfall intensity were the main factors affecting the

tionality of TF requires more rainfall events for future

TF. However, the effect of antecedent rainfall index on TF

studies.

was weak, possibly due to the rainfall in the canopy evapor-

The temporal stability results showed that the TF was

ating very quickly and the antecedent canopy wetness does

generally persistent, and the results were consistent with

not have a signiﬁcant impact on TF.

the low CVTF. Furthermore, some positions in Row 4 exhibited persistent dry conditions. The dry positions may be due

The spatial heterogeneity and temporal stability of

to the branches above them; and moss and other epiphytes

throughfall

were attached to the branches, which can store much
water and act as a TF shelters. In addition, the wet positions

In this study, we found that both rainfall and rainfall inten-

may have been just below the drop tips from the branches

sity have a signiﬁcant correlation with TF, so we classiﬁed

and leaves (Zimmermann et al. ). The summed TF of

rainfall and I30 into different categories to analyse the spatial

each rainfall and rainfall intensity class had signiﬁcant

distribution of the TF. The structure of the spatial variability

relationships with each other (with the Spearman’s rank

of TF showed that spatial variations relied on a suitable dis-

correlation test), which was consistent with results from

tance. TF under the rubber plantation was spatially

different time periods (Staelens et al. ; Fathizadeh

autocorrelated at a range of approximately 4–6 m and had

et al. ; Kowalska et al. ).

a meaningful nugget effect for the gross rainfall classiﬁcation
(except for Gr 6). In Gr 6, the gross rainfall from each rain-

The spatial distribution characteristics of throughfall

fall event was more than 60 mm, and both rainfall ratios and
CVTF values were fairly conservative. More random factors

Some studies have found that monoculture plantations alter

affected the spatial heterogeneity of Gr 6, creating a moder-

stand structures and play an important role in changing the

ate spatial autocorrelation. Furthermore, in the rainfall

spatial distribution of TF (Teale et al. ; Sun et al. ;

intensity classiﬁcation, when I30 was more than 8 mm

Tanaka et al. ). Many studies have researched the

30 min1, the spatial autocorrelation also became moderate.

relationship between TF and LAI, which is an important
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index of the canopy. In our study, TF had no clear relation-

speed increases because the wind-induced vibration of the

ship with LAI, which was consistent with previous studies

leaves changes the water ﬂow and storage in the canopy

(Teale et al. ; Kowalska et al. ). As Fang et al.

(Hörmann et al. ; Llorens & Gallart ). Additionally,

() demonstrated, when the rainfall was low, TF and

wind alters the incident angles of rainfall and changes the

LAI had a strong linear correlation. However, when the

effective interception area, thus changing the amount of

rainfall became heavy, this relationship was weak. In the

rainfall intercepted by the tree crown (Kato et al. ).

Xishuangbanna rubber plantation, which had heavy rainfall

This is why the TF was high below the slope. Our results

and strong rainfall intensity, our results suggested that LAI

suggested that we need more careful measurements to con-

was not sufﬁcient to analyse the canopy effect on TF. How-

ﬁrm the biotic and abiotic factors affecting the spatial

ever, we conﬁrmed the lateral water translocation in the

distribution of TF.

canopy was important for the spatial distribution of TF.
The spatial distribution patterns of TF were a little different depending on the different rainfall amounts and rainfall

CONCLUSION

intensity classes. Furthermore, the spatial distribution of TF
was highly heterogeneous and was not correlated with the

In this study, we analysed the spatial variability of TF and

distance to the tree trunk. Many studies observed similar

its temporal stability in a rubber plantation. Speciﬁcally, we

results for different types of forests (Loustau et al. ;

evaluated the effect of rainfall characteristics and canopy

Shachnovich et al. ; Sun et al. ; Nanko et al.

architecture on the variability of TF and described the

). However, the TF was concentrated at certain points,

spatial distribution of TF. The results indicated that there

and the same positions were observed for different rainfall

was a strong linear correlation between gross rainfall and

and rainfall intensity classes. The lowest concentration of

TF for each event and a strong power correlation between

TF was close to the nearest rubber trunk (Row 4). The

peak 30 min rainfall intensity and TF. We also found that

highest TF positions were primarily below the slope (Row 9).

CVTF decreased with increasing gross rainfall and rainfall

Temporal stability results also supported this result.

intensity. We also observed that TF had a strong spatial

The spatial distribution patterns of TF may be explained

autocorrelation that would decrease during heavy rainfall

by the canopy cover (i.e. the branches and leaves) and the

events. The results indicated that the LAI had no signiﬁ-

wind combined (Carlyle-Moses et al. ; Keim et al.

cant inﬂuence on the spatial distribution of TF. We

; Staelens et al. ; Zimmermann et al. ). The

interpreted this spatial dependence to be caused by the

canopy redistributed the rainfall due to the angle of the

rainfall drop redistribution, which was caused by rubber

branches, which determined the drip points (Gerrits et al.

leaves and branches, complex meteorological factors, and,

). Therefore, branches would store more rainfall than

in particular, the wind. However, the lateral translocation

leaves (Llorens & Gallart ); in addition, the effect of

of the TF in the canopy signiﬁcantly affected the spatial dis-

leaves on the distribution of TF decreased sharply when

tribution of the TF. The TF was concentrated at certain

completely wetted (Carlyle-Moses et al. ). Another

similar points in different rainfall and rainfall intensity

reason for the spatial distribution patterns of TF was the

classes. The lowest TF positions were close to the nearest

angle of the branches; the funnel-shaped branch structure

rubber trunk, and the highest TF positions were mostly

allowed the rainfall to form a stemﬂow, which reduced the

below the slope. Temporal stability analyses also conﬁrmed

TF below the covered branch positions (Herwitz ;

this result. Future studies need to quantify the effect of

Levia & Frost ). Close to the nearest rubber trunk,

other factors on the spatial distribution of TF, as well as

more branches and leaves intercepted the TF, which

the spatiotemporal patterns of solute deposition in the

resulted in a lower value at this position. Wind conditions

rubber plantation. Such studies are essential to help us

were also key factors when considering the spatial patterns

understand the distribution of soil moisture and nutrients,

of TF under the rubber canopy. One reasonable hypothesis

the water cycle and interception processes in the artiﬁcial

is that the slope of the regression line decreases as wind

forest ecosystem.
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