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Abstract: Tropical forests are frequently disturbed by extreme weather events including tropical
cyclones and cold waves, which can not only yield direct impact on hydrological processes but
also produce indirect effect on hydrology by disturbing growth and structures of tropical forests.
However, the hydrological response to extreme weather-induced forest disturbances especially in
tropical forested watersheds has been less evaluated. In this study, a tropical experimental watershed
in Hainan Province, China, was selected to investigate the hydrological responses to extreme
weather-induced forest disturbances by use of a single watershed approach and the paired-year
approach. Key results are: (1) extreme weather-induced forest disturbances (e.g., typhoon and cold
wave) generally had a positive effect on streamflow in the study watershed, while climate variability
either yielded a negative effect or a positive effect in different periods; (2) the response of low flows
to forest discussion was more pronounced; (3) the relative contribution of forest disturbances to
annual streamflow (48.6%) was higher than that of climate variability (43.0%) from 1995 to 2005.
Given the increasing extreme weather with climate change and their possible catastrophic effects
on tropical forests and hydrology in recent decades, these findings are essential for future adaptive
water resources and forest management in the tropical forested watersheds.

Keywords: forest disturbances; climate variability; extreme weather events; streamflow; low flows

1. Introduction

The past decades witnessed numerous studies on the hydrological impact of forest disturbances [1–8].
Most studies focus on anthropogenic disturbances (e.g., logging, road construction, dams, afforestation
and reforestation) while the effect of natural disturbances (e.g., extreme weather events, wildfire, and
insect infestation) on hydrology has been studied less [9–12]. In recent decades, natural disturbances

Forests 2018, 9, 734; doi:10.3390/f9120734 www.mdpi.com/journal/forests

http://www.mdpi.com/journal/forests
http://www.mdpi.com
https://orcid.org/0000-0003-0129-3741
https://orcid.org/0000-0003-2221-6905
https://orcid.org/0000-0003-2711-5636
http://www.mdpi.com/1999-4907/9/12/734?type=check_update&version=1
http://dx.doi.org/10.3390/f9120734
http://www.mdpi.com/journal/forests


Forests 2018, 9, 734 2 of 21

including extreme weather events (e.g., cyclone, typhoon, hurricane, heat wave and cold wave),
drought, flood, insect infestation and wildfire are intensified by climate change [13–18]. The large-scale
outbreak of the mountain pine beetle around the year 2003 in the BC (British Columbia) interior of
Canada is a good example of global warming-induced widespread insect infestation since warm
winters are more favorable for the survival of beetles [19–22]. Therefore, in view of intensified natural
disturbances due to climate change and their associated catastrophic effects on water, more studies on
quantifying hydrological responses to natural disturbances are necessary for water resources and forest
management to mitigate negative effects of climate change on both the ecosystem and human society.

Tropical forests are frequently disturbed by extreme weather including typhoons, hurricanes,
droughts, and cold waves. These extreme weather events can not only yield impact on hydrological
processes but also on forest growth, structure and species composition [23]. Changes of tropical forests
due to extreme weather events can further affect hydrology mainly by altering evapotranspiration and
canopy interception [24–27]. For example, short-term extreme weather events such as hurricanes and
typhoons can lead to downed, snapped and dead trees and productivity loss in coastal forests, which
consequently cause a reduction in evapotranspiration and canopy interception and an increase in
streamflow [26,28–31]. However, rapid hydrological recovery may be observed several years later since
the disturbed tropical forests can recover quickly due to the rapid regrowth of understory vegetation [5].
Although the effects of extreme weather events on either hydrological or ecological processes have
often been studied [32,33], the indirect hydrological responses to extreme weather-induced forest
disturbances especially the cold wave have been less examined [27,34]. This is mainly due to the
great challenge in separating hydrological changes attributed to extreme weather induced-forest
disturbances and climate variability. The traditional paired watershed experiment may fail to
work since both control and treated watershed always experience disturbances such as hurricanes,
droughts or cold waves simultaneously [27]. The hydrological modelling can also be used to quantify
hydrological impact of extreme weather-induced forest disturbances [26,35]. However, the difficulties
in collecting long-term detailed data on hydrology, climate, vegetation, soil and disturbance history as
well as time-consuming model calibration impede the application of hydrological modelling [36,37].
This calls for the development of more efficient methods to quantify hydrological response to extreme
weather-induced forest disturbances.

In this study, LAI (Leaf area index) was used as an integrated indicator of forest disturbance level.
LAI as an important biophysical variable relating to photosynthesis, transpiration and energy balance
can be a better indicator than disturbed area or forest coverage to express extreme weather-induced
forest change [38,39]. Here, the No.1 experimental watershed in the Jianfengling National Forest Park,
Hainan Province, China that perennially disturbed by extreme weather such as typhoon and cold wave,
was used as an example. The major objectives of this study were: (1) to assess annual and seasonal
streamflow responses to extreme weather-induced forest disturbances by adopting an improved single
watershed approach combining modified double mass curve (MDMC) and multivariate Autoregressive
Integrated Moving Average (ARIMAX), climate variability and other factors; (2) to quantify the effect
of extreme weather-induced forest disturbances on low flows and high flows by the paired-year
approach. Given the increasing extreme weather with climate change and their possible catastrophic
effects on tropical forests and hydrology in recent decades, studies on hydrological response to
extreme weather-induced forest disturbances are essential for future adaptive water resources and
forest management.

2. Materials and Methods

2.1. Study Watersheds

This study was conducted in the No.1 experimental watershed located within the Jianfengling
National Forest Park (452.67 km2, latitude: 18◦40′ N–18◦57′ N, longitude: 108◦41′ E–109◦12′ E) in the
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Southwest of Hainan Province, China (Figure 1). The drainage area of the study watershed is 3.01 ha,
which is fully covered with secondary tropical forests.Forests 2018, 9, x FOR PEER REVIEW  3 of 21 
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Figure 1. Location of the No.1 experimental watershed.

The No.1 experimental watershed lies in the tropical monsoon climate zone with distinct wet
and dry seasons [40]. The wet season starts from May to October influenced by frequent cyclones or
typhoons with high intensity rainfall [41]. The long-term mean annual precipitation is 2541 mm, of
which 87% (2207 mm) falls in the wet season (May to October) and 13% (334 mm) in the dry season
(November to April), respectively (Figure 2). The annual mean temperature in this watershed is 19.8 ◦C,
and the maximum mean temperature reaches 23.3 ◦C (June), while the minimum mean temperature is
14.8 ◦C (January).
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Figure 2. The averages of monthly mean precipitation, flow, and temperature from 1990 to 2005 in the
No.1 experimental watershed.

The No.1 experimental watershed was originally covered by natural tropical montane rainforests
which were gradually replaced by naturally regenerated secondary tropical rainforests after a
clear-cut in 1965 [25]. The commercial harvesting in this experimental watershed stopped in 1993
when the Jianfengling National Forest Park was established. The No.1 experimental watershed
as a part of the Jianfengling Park experienced human activities including infrastructure or road
construction and recreation since then. The dominant vegetation types include Clerodendrum canescens
Wall., Litsea glutinosa (Lour.) C.B.Rob., Cyclobalanopsis kerrii (Craib) Hu, Eurya nitida Korthals,
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Mallotus paniculatus (Lamb.) Muell. Arg., Trema orientalis (L.) Bl., Microcos paniculata L.,
Sterculia lanceolata Cav., Litsea monopetala (Roxb.) Pers., Schima superba Gardn. et Champ. and
Machilus bombycina King ex Hook.f. [42].

As a tropical coastal watershed, forests in this area are frequently disturbed by typhoons, tropical
cyclones and cold waves. Typhoons or tropical cyclones are associated with heavy rain, leading to more
than 1000 mm rainfall (one third of annual precipitation) in a few days [43]. During the study period,
the most severe typhoon was Lewis occurred in July 1993. It struck the South Hainan Island Coast
with its eye passing through the Jianfengling National Forest Park at a wind speed of 41 m/s. The No.1
experimental watershed, located 20 km from the coast, was in close proximity to the path taken by
the storm’s eye and received severe damage. The tropical forests in the experimental watershed also
suffered from a severe cold wave in December 1999, the strongest cold wave in recent 50 years. The
extreme low temperature in the No.1 experimental watershed was 6.4 ◦C in December 1999 (Figure 3),
5.0 ◦C below the long-term average extreme low temperature of December (11.7 ◦C).
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Figure 3. Extreme low temperature in December from 1990 to 2005 in the study watershed.

2.2. Data

One weir was built in 1989 at the outlet of the No.1 experimental watershed (latitude: 18◦44′ N,
longitude: 108◦51′ E). Hydrological records including flow velocity and water table were continuously
measured for a period from 1990 to 2005 in the No.1 experimental watershed [44]. Annual and seasonal
(dry and wet season) streamflow, high flows and low flows, and precipitation were calculated based
on daily flow records. The hydrological year (November–October) was divided into dry season
(November–April) and wet season (May–October).

Climate data were obtained from the Tianchi weather station established near the Tianchi Lake
(latitude: 18◦43′ N, longitude: 108◦52′ E, elevation: 880 m) in 1980, which is 1 km away from the study
watershed (latitude: 18◦44′ N, longitude: 108◦51′ E). Daily temperature data from this station were used
in this study. From 1980 to 1988, temperature was measured manually at 2:00 a.m., 8:00 a.m., 14:00 p.m.
and 20:00 p.m. every day. The original weather station was then replaced by an automatic one in 1989,
and climate data were recorded every 30 min since then. In this study, monthly temperature data from
1990 to 2005 were used.

Forest data used in this study mainly include LAI (Leaf area index, defined as one half of the
total green leaf area per unit of horizontal ground surface area) data from the Global Land Surface
Satellite Products (GLASS: http://glass-product.bnu.edu.cn/) between 1990 and 2005 [45]. The GLASS
LAI product generated from Advanced Very High Resolution Radiometer (AVHRR) reflectance data
is available with a temporal resolution of eight days and a spatial resolution of 0.05◦ from 1982 to
2015 [46–49]. By use of the GLASS LAI product, we generated two data series of LAI: dry season LAI
(mean value of the 1st to 177th day in a year) and wet season LAI (mean value of the 185th to 361th
day in a year) from 1990 to 2005 for the No.1 experimental watershed.

http://glass-product.bnu.edu.cn/
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2.3. Methods

2.3.1. Quantification of Forest Disturbances

Forest disturbances such as logging can be simply described by logged area or forest coverage
change since trees are normally removed out of forests. However, such an indicator is inappropriate for
extreme weather-induced forest disturbances given that downed, snapped and dead trees remaining in
the disturbed forests as well as a large number of trees with loss of branches and leaves. In this study,
we selected LAI as an indicator for forest disturbances. LAI is considered to be an important biophysical
variable influencing vegetation photosynthesis, transpiration, and land surface energy balance, and
thus a good indicator of canopy structure and biomass to reflect vegetation change [38,39,50]. Figure 4
shows annual and seasonal LAI from 1990 to 2005 in the No.1 experimental watershed. The annual
LAI varied between 3.965 m2/m2 (2000) and 4.928 m2/m2 (2003), with an average of 4.733 m2/m2.
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Figure 4. Annual and seasonal LAI in the (a) No.1 experimental watershed and (b) Jianfengling
National Forest Park from 1990 to 2005.

2.3.2. Trend Analysis

Trend analysis was used in this study to detect whether the climate, hydrological and forest
disturbance data have statistical significant upward or downward trends on multiple temporal scales
(annual, dry season, wet season) [51,52]. Non-parametric tests, Kendall tau and Spearman rho tests
were widely used for trend detection in climate and hydrology due to their fewer assumptions and the
ability to eliminate the influences of outliers. For example, Kendall tau and Spearman rho tests are
available for both normal and non-normal distribution data series [52].

2.3.3. Quantifying the Effects of Climate Variability, Forest Disturbances and Other Factors
on Streamflow

The No.1 experimental watershed was perennially affected by extreme weather events and
other factors such as human activities. An improved single watershed approach combining the
modified double mass curve (MDMC) and time series ARIMAX model was applied to quantify the
annual/seasonal streamflow responses to climate variability, forest disturbances and other factors [53].

Wei and Zhang (2010) developed the MDMC to exclude the influence of climate variability on
streamflow, which has been successfully applied in many watersheds in Canada and China [22,54–57].
The MDMC was designed for a single watershed study with fewer data requirements in comparison
with the traditional DMC used in the paired watershed studies. In a MDMC, accumulated
annual/seasonal effective precipitation was plotted versus accumulated annual/seasonal streamflow,
where annual/seasonal effective precipitation (Pe) was the difference between annual/seasonal
precipitation (P) and annual/seasonal evapotranspiration (E). Since the effective precipitation indicates
available water for streamflow generation, a consistent relationship between streamflow and effective
precipitation can be observed in a watershed during a period with limited disturbances. Thus the
MDMC is normally a straight line if the effect of non-climate factors (e.g., forest disturbances induced
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by extreme weather events and other factors) on streamflow is insignificant. In other words, streamflow
variation is only determined by climate variability during undisturbed or less disturbed period. Once
non-climatic factors such as forest disturbances and human activities produce noticeable impact
on streamflow, a breakpoint in the modified double mass curve can be found [22]. Statistical tests,
including ARIMA (Autoregressive Integrate Moving Average) Intervention and non-parametric tests
(Wilcoxon test and Sign test) were applied to confirm the statistical significance of the breakpoint [58,59].
The period before the breakpoint is defined as the reference period (a period without significant
hydrological alteration) when streamflow variation has a consistent linear relation with climate
variability. And the period after the breakpoint is named as the disturbed period, a period with
significant hydrological alteration. Then, the predicted accumulated seasonal streamflow were
estimated by a linear regression model established by observed accumulated seasonal streamflow and
accumulated seasonal effective precipitation during the reference period. In this way, the difference
between the observed line and predicted line after the breakpoint (disturbed period) can be attributed
to accumulated streamflow variation attributed to non-climate factors (∆Qanc), and the effect of climate
variability on accumulated streamflow (∆Qac) can be estimated accordingly (Equations (1) and (2)).

∆Qanc = ∆Qa − ∆Qa0 (1)

∆Qan = ∆Qa − ∆Qanc (2)

where Qa and Qa0 are observed accumulated seasonal streamflow, and predicted accumulated seasonal
streamflow by the linear regression model after breakpoint, respectively; ∆Qanc stands for accumulated
seasonal streamflow variation attributed to non-climate factors; ∆Qac and ∆Qa represent accumulated
seasonal streamflow variation attributed to climate variability and streamflow variation, respectively.

We then applied the Multivariate ARIMA (ARIMAX) model to quantify streamflow responses
to extreme weather-induced forest disturbances by establishing a quantitative relationship between
accumulated seasonal streamflow variation attributed to non-climatic factors (∆Qanc) and seasonal
∆LAIa (accumulated seasonal LAI variation) during the disturbed period. The ARIMAX model
is a typical ARIMA model with one or multiple external variables to improve the accuracy of
simulation [60], which was widely used in analyzing auto-correlated data series [61]. This method
was successfully applied to identify streamflow variation attributed to vegetation change and other
factors from non-climate factor in a comparative study in China [53]. An ARIMAX model fitting
∆Qanc with accumulated seasonal LAI variation (∆LAIa) as regressor during the disturbed period
was established using SAS version 9.4 (SAS Institute, Inc., Cary, NC, USA). If all parameters in the
established ARIMAX model were significant, we can obtain the predicted accumulated streamflow
variation attributed to seasonal non-climatic factors (∆Qanc0) from the selected ARIMAX model. The
differences between ∆Qanc and ∆Qanc0 (∆Qad) can be viewed as accumulated seasonal streamflow
variation attributed to other factors and statistical errors (Equation (3)). Here, the 95% confidence
interval (CI) of ∆Qd (seasonal differences of observed and predicted values in the selected ARIMAX
model) was used to represent the margins of statistical errors (∆Qse) (Equation (4)). If data points are
located within 95% CI, ∆Qd only indicates statistical errors and other factors yield an insignificant
effect on seasonal streamflow. However, for those data points distributed beyond 95% CI, other
factors produced significant impact on seasonal streamflow. In this way, seasonal streamflow variation
attributed to other factors (∆Qo) can be estimated and the response due to extreme weather-induced
forest disturbances (∆Qf) can be computed accordingly (Equation (5)).

∆Qad = ∆Qanc − ∆Qanc0 (3)

∆Qo = ∆Qd − ∆Qse (4)

∆Q f = ∆Qnc − ∆Qo (5)
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where ∆Qanc, and ∆Qanc0 stand for observed and predicted accumulated seasonal streamflow variation
attributed to non-climatic factors, ∆Qad is accumulated seasonal streamflow variation from others.
∆Qd, ∆Qf and ∆Qo represent seasonal streamflow variations attributed to others, forest disturbances
and other factors; ∆Qse is statistical errors from the ARIMAX model.

2.3.4. Quantifying the Effect of Forest Disturbances on High Flows and Low Flows

Flow duration curve (FDC), a widely used hydrograph, shows the percentage of time that
streamflow equals or exceeds a given amount over a time interval, for example, annually or monthly [6].
Flows at a given percentile (denoted as Qp%) can be derived from FDC. In this study, high flows (Qh)
refer to flows equal to or beyond Q5%, and low flows (Ql) are defined as flows equal to or below Q95%,
where Q5% and Q95% are flow exceeded at 5% and 95% of the time in a given year. According to
definitions above, annual data series of high and low flows were generated.

The paired-year approach was then used to assess the changes of magnitude in high flows and
low flows [62]. In the paired-year approach, a reference year (before the breakpoint of MDMC) was
paired with a disturbed year (after the breakpoint of MDMC) according to their similarities in annual
mean temperature and precipitation, where the effect of climate variability on streamflow can be
eliminated [62]. To precisely assess the effect of extreme weather-induced forest disturbances on high
flows and low flows, we also consider if extreme weather events happened around selected disturbed
years. Based on the criteria above, we identified two pairs in this study (Table 1). Mann–Whitney U
test was performed to detect the statistical significance of differences in the medians of high flows/low
flows between the reference year and disturbed year for each pair. In this way, the effects of forest
disturbances on high flows/low flows were eventually quantified.

Table 1. Selected pairs by paired-year approach. LAI: Leaf area index.

Pair Year Type T (◦C) P (mm) LAI (m2/m2) 4LAI (%) Disturbed Type

1992 Reference 19.6 2581.2 4.93
# 1 1995 Disturbed 19.9 2471.2 4.74 3.85 Typhoon
# 2 2000 Disturbed 19.8 2341.2 3.97 19.47 Cold wave

3. Results

3.1. Trend Analysis of Hydrological, Climatic and Forest Disturbance Variables

From 1990 to 2005, annual streamflow ranged from 477 mm to 2516 mm, with an average of
1465 mm. Mean annual precipitation reached 2524 mm (1252–3948 mm). Calculated by Thornthwaite
method and Zhang’s equation (a modification of Budyko’s evaporation), annual evapotranspiration
is much lower than annual streamflow, varied from 432 mm to 570 mm, with an average value of
503 mm, suggesting the No.1 experimental watershed a high water yield ecosystem. According to
the trend analysis (Table 2), a significant downward trend (α = 0.05) was detected in wet season
evapotranspiration, whilst significant upward tendency in temperature (annual, dry season and wet
season) was identified due to global warming [63,64]. In addition, no significant trend in other variables
were found.

Table 2. Trend analysis of climate, hydrological and forest disturbance variable from 1990 to 2005.

Variables Kendall Tau Spearman Rho

Annual precipitation 0.17 0.22
Dry season precipitation −0.10 −0.19
Wet season precipitation 0.10 0.14

Annual temperature 0.44 * 0.62 *
Dry season temperature 0.40 * 0.59 *
Wet season temperature 0.34 * 0.44 *
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Table 2. Cont.

Variables Kendall Tau Spearman Rho

Annual evapotranspiration −0.25 −0.36
Dry season evapotranspiration −0.50 −0.09
Wet season evapotranspiration −0.45 * −0.56 *

Annual streamflow 0.23 0.31
Dry season streamflow 0.13 0.17
Wet season streamflow 0.07 0.09

Annual LAI −0.05 −0.12
Dry season LAI −0.12 −0.16
wet season LAI 0.01 −0.06

* Significant at α = 0.05.

3.2. Effects of Forest Disturbances on Annual and Seasonal Streamflow

3.2.1. Annual and Seasonal Streamflow Variations Attributed to Non-Climatic Factors

A breakpoint occurred in 1995 was found in modified double mass curve (Figure 5). The
ARIMA intervention test of the MDMC slopes and non-parametric tests (Wilcoxon test and Sign
test) both confirmed statistical significance of the breakpoint (α = 0.05) (Tables 3 and 4). As estimated,
accumulated seasonal streamflow variation attributed to non-climatic factors were from 145.7 mm to
3270.5 mm while accumulated seasonal streamflow variation attributed to climate variability varied
from −210.3 mm to −2468.7 mm during 1995–2005.
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seasonal effective precipitation (Pae).

Table 3. ARIMA Intervention for slope of MDMC (modified double mass curve).

AR Part Int Part MA Part
Intervention Part

Model Structure MS
Change Type

CP (1995)

p(1) d(1) q(1) Ω(1) 4(1)

0 1 0.78
(p = 0.000) GP 1.12

(p = 0.011)
−1.00

(p = 0.000) Ln(x)(0,1,1) 0.42

Note: AR, Int and MA part refer to autoregressive, integrated and moving average part, respectively; p, d, and q are
parameters for autoregression, differencing, and moving average; Ω and4 are parameters for intervention; CP, GP
and MS refer to the change point, gradual permanent change, and model residual, respectively.
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Table 4. Wilcoxon test and Sign test for predicted and observed accumulated streamflow in reference
and disturbed periods.

Period Wilcoxon Test Sign Test

Reference period (1990–1994) 0.46 (p = 0.65) −0.32 (p = 0.75)
Disturbed period (1995–2005) 4.11 * (p = 0.00) 4.48 * (p = 0.00)

* Significant at α = 0.05.

3.2.2. Annual and Seasonal Streamflow Variations Attributed to Forest Disturbances

Table 5 showed the model structure and parameters of the best fitted ARIMAX model. The
significant differences between observed accumulated seasonal streamflow variation attributed to
non-climatic factors and its predicted values are associated with statistical errors and other factors
(Figure 6). As shown in Figure 7, 17 data points falling outside the 95% CI (statistical errors) of
predicted seasonal streamflow variation to non-climatic factors were identified as seasonal streamflow.
This indicated that seasonal flows in these seasons were significantly affected by other factors and forest
disturbances. On the contrary, the remaining five data points (1995 dry season and wet season, 1999
dry season, 2004 wet season and 2005 dry season) fell within the 95% CI, suggesting that streamflow
variation attributed to other factors in these seasons is minor.

Table 5. ARIMAX (Autoregressive Integrated Moving Average) model structure and parameters.

Model Input
Parameter Estimation

c q(1) Q(1) LAI (lag(2))

ln ∆Qanc: 7.208 −0.652 −0.601 −0.273
ARIMA (0,0,1) (0,0,1) + ∆LAIa (lag(2)) (p < 0.0001) (p = 0.0073) (p = 0.0347) (p = 0.0401)

Note: ∆LAIa represents accumulated LAI variation; c, q and Q are constant, moving average parameter and seasonal
moving average parameter.
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According to the final analysis, forest disturbances mainly increased annual/dry/wet season
streamflow while climate variability decreased annual/dry/wet season streamflow during 1995–2005
(Figure 8). Average annual/dry/wet season streamflow variations attributed to forest disturbances
over the disturbed period were 126.7 mm, 127.0 mm, and 126.3 mm, respectively, and the relative
contributions of forest disturbances to annual/dry/wet season streamflow were 48.6%, 44.7%, and
50.0%. Average annual/dry/wet season streamflow variations attributed to climate variability from
1995 to 2005 were−112.2 mm, −105.5 mm, and−118.9 mm, respectively, and the relative contributions
of climate variability to annual/dry/wet season streamflow were 43.0%, 37.2%, and 47.1%. Other
factors were less influential on streamflow in the study watershed. Average annual/dry/wet season
streamflow variations attributed to other factors from 1995–2005 were only 22.0 mm, 51.4 mm, and
−7.4 mm, respectively and the relative contributions of other factors to annual/dry/wet season
streamflow were 8.4%, 18.1%, and 2.9% (Table 6).

From 1995–1999, forest disturbances led to a greater increment of streamflow in dry season while
during 2000–2005 wet season streamflow response to forest disturbances was higher. Average dry
season streamflow variation attributed to forest disturbances was 184.6 mm and wet season streamflow
response was 95.9 mm from 1995–1999 (Table 6). On the contrary, average dry season streamflow
variation attributed to forest disturbances was 79.0 mm and wet season streamflow response was up to
151.7 mm from 2000 to 2005. Unlike forest disturbances, climate variability can yield different effects
on streamflow in different periods. From 1995–1999, climate variability produced negative effects on
streamflow and average annual/dry/wet season streamflow variations attributed to climate variability
were −259.8 mm, −159.1 mm, and −360.4 mm, respectively. However, climate variability had positive
influence on annual and wet season streamflow during 2000–2005. Average annual and wet season
streamflow variations attributed to climate variability were 10.8 mm and 82.4 mm then (Table 6).
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Figure 8. Streamflow variation attributed to forest disturbances (4Qf) and climate variability (4Qc) in (a) annual; (b) dry season and (c) wet season.

Table 6. Annual and seasonal streamflow variations to climate variability, forest disturbances and other factors in different phases.

Phase 4Q (mm) 4Qc (mm) 4Qf (mm) 4Qo (mm) 4Qc (%) 4Qf (%) 4Qo (%) 4Q (%) Rc (%) Rf (%) Ro (%) LAI
(m2/m2)

P
(mm) DI T

(◦C)

Dry season
1995–1999 −24.2 ± 19.3 −159.1 ± 26.8 184.6 ± 89.5 −49.6 ± 95.1 −54.9 ± 9.2 63.6 ± 30.9 −17.1 ± 32.8 −8.3 ± 6.7 40.5 ± 10.5 46.9 ± 7.0 12.6 ± 10.2 4.7 231.6 1.00 17.8

Dry season
2000–2005 153.7 ± 105.0 −60.9 ± 86.3 79.0 ± 68.1 135.6 ± 63.5 −21.0 ± 29.8 27.2 ± 23.5 46.7 ± 21.9 53.0 ± 36.2 22.1 ± 8.8 28.7 ± 10.5 49.2 ± 11.4 4.6 409.2 0.73 17.6

Dry season
1995–2005 72.8 ± 62.1 −105.5 ± 49.0 127.0 ± 54.8 51.4 ± 60.0 −36.4 ± 16.9 43.8 ± 18.9 17.7 ± 20.7 25.1 ± 21.4 37.2 ± 6.4 44.7 ± 6.4 18.1 ± 7.4 4.6 328.4 0.83 17.7

Wet season
1995–1999 −269.12 ± 272.0 −360.4 ± 154.0 95.9 ± 133.4 −4.6 ± 165.7 −30.7 ± 10.4 8.2 ± 11.4 −0.4 ± 14.1 −22.9 ± 23.1 78.2 ± 12.4 20.8 ± 9.8 1.0 ± 16.3 4.8 1880.3 0.22 22.4

Wet season
2000–2005 224.3 ± 237.4 82.4 ± 122.7 151.7 ± 66.7 −9.7 ± 34.1 7.0 ± 13.1 12.9 ± 5.7 −0.8 ± 2.9 19.1 ± 20.2 33.8 ± 4.5 62.2 ± 4.2 4.0 ± 5.3 4.8 2404.9 0.16 22.3

Wet season
1995–2005 0.0 ± 186.7 −118.9 ± 118.6 126.3 ± 67.3 −7.4 ± 72.9 −10.1 ± 10.1 10.8 ± 5.7 −0.6 ± 6.2 0.0 ± 15.9 47.1 ± 5.9 50.0 ± 5.3 2.9 ± 8.3 4.8 2166.5 0.19 22.4

Annual
1995–1999 −146.7 ± 134.9 −259.8 ± 68.1 140.3 ± 77.1 −27.1 ± 90.4 −35.4 ± 9.4 19.2 ± 10.9 −3.8 ± 10.7 −20.0 ± 19.1 60.8 ± 9.1 32.8 ± 8.1 6.4 ± 7.8 4.8 2111.9 0.29 20.1

Annual
2000–2005 189.0 ± 124.2 10.8 ± 86.9 115.3 ± 46.8 62.9 ± 40.7 1.4 ± 8.2 15.8 ± 7.9 8.6 ± 4.2 25.8 ± 13.8 5.7 ± 4.7 61.0 ± 0.1 33.3 ± 10.6 4.7 2814.1 0.20 20.0

Annual
1995–2005 36.4 ± 96.3 −112.2 ± 62.6 126.7 ± 42.3 22.0 ± 46.5 −15.4 ± 8.3 17.2 ± 6.3 3.0 ± 5.4 5.0 ± 13.1 43.0 ± 5.0 48.6 ± 6.5 8.4 ± 6.5 4.7 2494.9 0.24 20.1

Note: ∆Q%, ∆Qf%, ∆Qc% and ∆Qo% are relative annual/seasonal streamflow variation, relative annual/seasonal streamflow variation attributed to forest disturbances, climate variability
and other factors, respectively (∆Q% = ∆Q/Q × 100%, ∆Qc% = ∆Qc/Q × 100%, ∆Qf% = ∆Qf/Q × 100%, ∆Qo% = ∆Qo/Q × 100%, Q is average annual/seasonal streamflow from 1990 to
2005). Rf = |∆Qf|/(|∆Qf|+|∆Qc|+|∆Qo|) × 100%; Rc = 100 × |∆Qc|/(|∆Qf|+|∆Qc|+|∆Qo|) × 100%; Ro = |∆Qo|/(|∆Qf|+|∆Qc|+|∆Qo|) × 100%.
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3.3. Effects of Forest Disturbances on High Flows and Low Flows

Figure 9 shows flow duration curves (FDCs) for the two paired years. As suggested by Box-plot
and Mann–Whitney U test (Figure 10 and Table 7), for the # 2 pair the median of low flows in 2000
(the disturbed year) was significantly higher than that in 1992 (the reference year) at α = 0.05 while
insignificant differences in the median of high flows were detected between them. The median of low
flows in the reference year (1992) was 9.8 m3/s, ranging from 0.7 m3/s to 11.9 m3/s, while in the year
2000, the median of low flows reached 13.1 m3/s (from 0.0 m3/s to 15.6 m3/s). The differences in the
medians of high flows or low flows between the disturbed year 1995 and the reference year 1992 were
statistically insignificant at α = 0.05.
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Figure 10. Comparison on the magnitude of low flows and high flows in selected pairs: (a) 1992 vs.
1995; and (b) 1992 vs. 2000.

Table 7. Statistical tests for the effect of forest disturbances on the low flows and high flows

Pair Year Variables
Mann-Whitney U Test

Z p-Value

# 1 1992 vs. 1995
Low flow 0.53 0.65
High flow 0.61 0.50

# 2 1992 vs. 2000
Low flow −2.97 <0.01 *
High flow 0.58 0.11

* Significant at α = 0.05.
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4. Discussion

4.1. Forest Changes Due to Typhoon and Cold Wave

Sharp reductions of LAI saw in 1994 and 2000 in the No.1 experimental watershed (Figure 4). The
sharp decline of LAI in 1994 was associated with the typhoon Lewis which happened in July 1993.
After the pass of the storm, mean LAI during the dry season of 1994 (November 1993 to April 1994)
was greatly decreased by 12.4% as compared to the mean for dry season of 1993. Storm, typhoon or
hurricane associated damage on forests normally include uprooting, trunk breakage, branch snapping
and defoliation, resulting in more forest gaps, lower canopy density, and even tree mortality and
eventually lower LAI [27,30,31,65,66]. For example, in the 22-year-old community-managed secondary
forest at Manobo near Tacloban on Leyte Island in the central Philippines, Zhang et al. (2015) found
LAI dropped by 27.5% after Typhoon Haiyan on 8 November 2013 [67]. Similarly, the subtropical
forests of Puerto Rico hit by Hurricane Hugo in September 1989 were found with about a quarter of
the trees destroyed, and 9% tree mortality [68].

However, the impact of cold wave on forests can be more pronounced than typhoon in the study
watershed. According to our analysis, mean LAI during the dry season of 2000 (November 1999 to
April 2000) and the wet season of 2000 (May 2000 to October 2000) greatly decreased by 21.3% and
15.5% as compared to their means in 1999. Given the absence of large typhoons from 1997 to 1999,
the sharp decline in LAI was due to the cold wave in December 1999, the strongest one in recent
50 years. This cold wave with long-lasting extreme low temperature below the long-term average
inhibited the growth of vegetation and led to high mortality of trees, resulting in a sharp drop in
LAI. As documented by many studies, the growth of tropical vegetation is very sensitive to winter
temperature [69–72]. Extreme low temperature can slow down photosynthesis, transpiration, and
translocation of the starch of tropical trees, leading to lower biomass accumulation [73–75]. A similar
study by Hilliard and West (1970) also found the growth of Digitaria decumbens (Gramineae) (a tropical
plant) was severely reduced when the temperature is 10 ◦C or below. Therefore, according to the
above analysis, typhoon disturbances and cold waves yielded significant negative impact on forest
growth [76].

4.2. Annual/Seasonal Streamflow Response to Forest Disturbances

According to the modified double mass curve and quantification analysis, forest disturbances
produced significant positive effects on dry season, wet season, and annual streamflow in the No.1
experimental watershed from 1995 to 2005. Dry season, wet season, and annual streamflow were
increased by 43.8% (127.0 mm), 10.8% (126.3 mm), and 17.2% (126.7 mm), respectively as a result of
LAI reduction ascribed to forest disturbances including cold wave and typhoon. This is in accordance
with some findings from tropical watershed studies that deforestation (e.g., harvesting, urbanization,
and wildfire) can increase streamflow. For example, Costa et al. (2003) denoted that a 19% forest
loss produced a significant increase in annual streamflow in Tocaintins River watershed in Southeast
Asia [77]. On one hand, forest disturbance induced by typhoon, cold wave, and logging can lead to
reduced canopy interception of rainfall and less transpiration, and consequently more water available
for streamflow generation. On the other hand, these forest disturbances can lead to a decline in
growth rate of tree due to less active photosynthesis, lower transpiration rate and less evaporation,
and eventually with less water consumption and more streamflow [65,78].

It is well known that climatic conditions are crucial for hydrological processes in forest
watersheds [59,79]. Our analysis showed that during the dry period (1995–1999), annual streamflow is
more sensitive to forest disturbances than during the wet period (2000–2005). The average increment
in annual streamflow was 140.3 mm (19.2%) from 1995–1999 (P = 2111.9 mm) while the increment was
only 115.3 mm (15.8%) from 2000–2005 (P = 2814.1 mm) in this watershed. These results are similar to
a global review, which indicates that the sensitivity of annual streamflow to forest change is closely
related to dryness index [80]. In drier areas or drier years, forest change can produce a noticeable effect
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on streamflow. In dry season, water availability is the limiting factor for vegetation growth, while
energy input in terms of temperature and radiation become the dominant factor given that saturated
soils are prevalent in wet season [80]. Consequently, forest change tends to generate more pronounced
hydrological impacts in dry season or drier years.

4.3. The Effect of Forest Disturbances on High Flow and Low Flow

The impact of typhoon-induced forest change on hydrological extremes tended to be less than
that of cold wave-induced forest change. The differences in both high flows and low flows between
1995 (the year after the typhoon Liews) and 1992 (the reference year) were insignificant. Similarly, the
response of high flows to cold wave-induced forest change in 2000 was insignificant. High flows in
the study watershed often occur in the typhoon season, which are mainly caused by typhoon related
heavy rain or storms. The effect of tropical forests in the generation of high flows is believed to be less
than climate such as storms or typhoon associated heavy rain [81]. However, the magnitude of low
flows was significantly increased by cold wave-induced forest disturbances. As mentioned before,
the cold wave with long-lasting extreme low temperature can lead to a slow-down of photosynthesis
and transpiration of tropical trees and losses of leaves, resulting in less water consumption and more
water available for streamflow generation especially during the low flow season. In addition, this
study watershed is classified as an energy-limited watershed (Budyko dryness index (DI) < 0.76),
where forest growth tends to be less dependent on water availability but responds more strongly to
temperature [59,79,80,82,83]. Therefore, lower temperature can lead to more pronounced hydrological
responses in the study watershed.

4.4. Implications for Watershed Management

In forested watersheds, forest disturbances and climate variability are two major drivers for
hydrological changes. Understanding their interactive, dynamic effects is important for sustainable
water supply and flood control. Forest disturbances and climate variability can influence streamflow
in the same or opposite (offsetting) directions with different strengths.

According to the analysis in the No.1 experimental watershed, forest disturbances and climate
variability produced opposite impacts on dry season, wet season and annual streamflow during 1995
and 1999. During that dry period (1995–1999), forest disturbances increased dry/wet season and annual
streamflow by 184.6 mm, 95.9 mm and 140.3 mm, respectively, while climate variability decreased
dry/wet season and annual flow by 159.1 mm, 360.4 mm and 259.8 mm, respectively. The counteracting
or cancelling effects of forest disturbances and climate variability eventually reduced annual variations
of streamflow over the period of 1995 to 1999 in the study watershed, which can benefit water resources
management by providing a stable water supply especially in dry years [55,57,84]. However, from 2000
to 2005 both forest disturbances and climate variability produced positive effects on streamflow. During
the wet period (2000–2005), forest disturbances averagely yielded 151.7 mm and 115.3 mm increments
in wet season and annual streamflow, respectively, and climate variability also contributed to 82.4 mm
and 10.8 mm increments in the wet season and annual streamflow, respectively. The additive effects
of forest disturbances and climate variability on wet season streamflow can lead to potential risks
of larger floods, and greater challenges for flood control and eventually threatening downstream
public safety [22]. As forests and climate continue to change in the future, their combined effects
(offsetting or additive) on streamflow will have significant implications for watershed management
and public safety.

In addition to the impact directions of climate variability and forest disturbances, their strength
or relative contributions to streamflow variations are also important and meaningful. Over the whole
disturbed period, forest disturbances accounted for a 48.6% change in annual streamflow while the
relative contribution of climate variability is 43.0%, further suggesting that both forest disturbances
and climate variability are important drivers for streamflow variations and forest disturbances are
relatively more influential [55,85]. Contrarily, there are studies that found climate variability produced
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greater impact on streamflow than forest disturbances. In the Heihe River watershed of China, climate
variability accounted for up to 95.8% of changes in streamflow while forest disturbance only explained
9.6% [86]. Another study in the central interior of British Columbia, Canada also found relative
contributions from climate variability on annual streamflow (55%) was greater than forest harvesting
(45%) in the Willow River Watershed [54]. These differences indicate the impact strength of different
forests on water cycle. Tropical forests with higher evapotransipration may have greater impact on
water cycle than temperate forests.

The relative contributions of forest disturbances and climate variability to streamflow variations
may change over time especially in the context of global warming. During 1995–1999, climate
variability was more influential on streamflow than forest disturbances. The relative contributions of
climate variability on annual streamflow variation reaches 60.8% while the contribution from forest
disturbances after the typhoon Lewis (1994) was only 32.8%. However, after the strong cold wave
in December 1999, forest disturbances became a dominating factor on streamflow variation during
2000–2005. The relative contributions of forest disturbances on annual streamflow variation was 61.0%,
while the contributions from climate variability were only 5.7%.

Forests play an important role in water balance in tropical regions to keep sustainable water
supply. As is known, tropical forest ecosystem is very complex. Once the “sponge effect” of tropical
forests is damaged, it will take a long time (more than 30 years) to reach a full hydrological recovery [5].
Moreover, Hainan Island is surrounded by ocean, frequently suffered from extreme weather events
due to the monsoon from the Indian Ocean and Pacific Ocean. At the same time, tropical coastal
ecosystems can experience frequent extreme weather events caused by El Niño southern oscillation [87].
As suggested by this study, forest disturbances especially cold wave-induced forest changes also
generated greater influence on low flows, reducing the risks of drought. In addition, the offsetting
effects of forest disturbances and climate variability on dry season streamflow can benefit water
resources management especially in dry years, while the additive effects of forest disturbances and
climate variability on wet season streamflow will increase the risk of floods. Obviously, the frequency
of extreme weather events are increasing with climate change, which are expected to yield more
significant impact on forest ecosystem and hydrological cycle even in the coastal headwaters such as
the No.1 experimental watershed.

4.5. Uncertainties Assciated with LAI Data

The LAI data we used is GLASS product with a spatial resolution of 0.05◦, but the drainage area
of the study watershed is only 3.01 ha. The mismatched spatial resolution may lead to a concern about
the representation of forest conditions by the LAI data used in the study watershed. In fact, LAI was
used to indicate the average status of vegetation at a watershed scale rather than showing the spatial
patterns or variations of disturbed patches in the forests. Since the study watershed and Jianfengling
National Forest Park have similarities in topography, climate and forest conditions including age,
species and structures, the changes in the average status of vegetation can be similar after typhoon
or cold wave. In order to validate the LAI data in the study watershed, we also collected the LAI
data of the Jianfengling National Forest Park (452.67 km2) and compared the changes in the LAI of
study watershed and the Jianfengling National Forest Park from 1990–2005 (Figure 4b). We found
the change patterns in the dry, wet and annual LAI of the study watershed were in accordance with
those in the Jianfengling National Forest Park. The linear correlation and Kendall tau correlation
analysis confirmed that dry, wet and annual LAI of the study watershed were significantly correlated
with those in the Jianfengling National Forest Park (Table 8). In addition, we actually used ∆LAIa

that indicated temporal variations in LAI as the regressor for ARIMAX modelling. Thus, we believe
the bias associated with the use of GLASS product in the study watershed can be minor. However,
ground measurements of LAI in the study watershed are suggested to perform in the future for a
better validation of remote-sensed vegetation data.
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Table 8. Statistical tests of LAI in the study watershed and Jianfengling National Forest Park.

R2 Kendall Tau

Dry season 0.70 ** 0.53 **
Wet season 0.80 ** 0.62 **

Annual 0.86 ** 0.52 **

** Significant at α = 0.01.

5. Conclusions

Forest disturbances were more influential on streamflow variation than climate variability in the
No.1 experimental watershed from 1995 to 2005. Forest disturbances generally produced significant
positive effects on dry season, wet season, and annual streamflow over the study period, while climate
variability yielded negative or positive effects on streamflow in different periods. In addition, forest
disturbances especially cold wave-induced forest change also generated greater influence on low
flows, reducing the risks of drought. In addition, the offsetting effects of forest disturbances and
climate variability on streamflow, in particular, on dry season streamflow can benefit water resources
management, while the additive effects of forest disturbances and climate variability on wet season
streamflow will lead to potential risks of larger floods and greater challenges for flood control. These
findings are of great importance for water resource and forest management in the tropical forested
watersheds in the context of global warming.
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