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Introduction:On Hainan Island, a rubber plantation that occupies a large swath of

land plays an important role in the regional carbon budget. However, the carbon

exchange of the rubber plantation is poorly understood.

Methods: In this study, using the eddy covariance methods we measured carbon

metrics in the rubber plantation for 13 years from 2010 to 2022.

Results: We clarified that the rubber plantation is a carbon sink and the annual net

ecosystem exchange (NEE), ecosystem respiration, and gross primary production

were −911.89 ± 135.37, 1,528.04 ± 253.50, and 2,439.93 ± 259.63 gC·m−2·a−1,

respectively. Carbon fluxes di�ered between interannual years; specifically, rainy

season fluxes were nearly double dry season fluxes. Radiation explained 46%

of the variation for NEE in rainy season, and temperature explained 36% of the

variation for NEE in the dry season. LAI explained the highest proportion of the

monthly variation in NEE (R2 = 0.72, p< 0.001), indicating that when hydrothermal

conditions are su�cient phenology may be the primary factor controlling carbon

sequestration of rubber plantation. Due to climate change, there is an increasing

probability of extreme climate events, such as typhoons, heat waves, and drought.

Thus, we compared NEE before and after such events and results show extreme

climate events reduce carbon uptake in the rubber plantation. We found that

typhoons reduced NEE to varying degrees on di�erent timescales. Heat waves

generally decreased NEE during the day but recovered quickly and increased

carbon uptake if therewas su�cient precipitation. Drought reduced carbon uptake

and continued to decrease even after precipitation.

Discussion: Estimating the carbon sink capacity of the rubber plantation and

studying the response to regional environmental changes are important for both

applied research (carbon sink research and market trading, sink enhancement,

and emission reduction, etc.) and basic research (land use change, phenology

change, etc.).

KEYWORDS
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1. Introduction

In light of the growing concerns around global climate change
related to CO2 emissions, carbon exchange is receiving increased
attention (IPCC, 2021). Forests are important natural carbon sinks,
and in China, forest ecosystems captured about 80% of the carbon
in terrestrial ecosystems (Fang et al., 2018; Cai et al., 2021; Tang
et al., 2022). Forestation enhances terrestrial carbon storage, which
can be considered an important climate change mitigation strategy,
and occupies an increasingly important position in the ecosystem
(Bonan, 2008; FAO, 2020).

Carbon sink and source relate to the processes of storing
or removing CO2 from the atmosphere. The eddy covariance
(EC) is widely used to investigate carbon exchange between the
atmosphere and vegetation. EC can continuously monitor carbon
exchange and meteorological factors in an ecosystem at a high
temporal resolution (Baldocchi, 2003, 2014). This method provides
a way to study the temporal dynamics of net ecosystem exchange
(NEE), ecosystem respiration (Reco), gross primary productivity
(GPP), and their responses to environmental change at different
timescales. NEE is defined as the difference between the carbon
fixed by photosynthesis in an ecosystem (GPP) and total respiration
released by an ecosystem (Reco). Tropical forests, including
rainforests, deciduous forests, wetlands, and mangroves, have a
high CO2 uptake (Aguilos et al., 2018; Rodda et al., 2021; Sun
et al., 2021; Dalmagro et al., 2022). Most of the studies that have
been done on plantation carbon exchange have been conducted in
subtropical and temperate regions, bamboo plantations (Song et al.,
2017; Chen et al., 2018), hilly tea plantations (Pang et al., 2019), and
Pinaceae plantations (Han et al., 2022).

The rubber tree (Hevea brasiliensis) is native to the Amazon
River basin of Brazil. The demand for natural rubber drives the
continued expansion of rubber plantations across tropical regions,
including Southeast Asia and tropical Africa (Ahrends et al., 2015;
Singh et al., 2021). The area of rubber plantations in Hainan
has increased significantly over the past 30 years, from 3.4 ×

105 hectares in 1990 to 5.85 × 105 hectares in 2020, with a net
increase of 70.11%. Rubber plantations account for approximately
one-quarter of the total vegetation type and are becoming the
main vegetation type on Hainan Island (Lan et al., 2017; Li et al.,
2023a). As a prevailing cash crop, there is a tradeoff between
the economic benefits of rubber and ecosystem biodiversity. For
past decades, many scholars believe that the conversion of natural
forests to rubber plantations has a negative impact on the ecological
environment. For example, rubber plantations can increase soil and
water nutrient loss, soil degradation, and biodiversity reduction
(Tan et al., 2011; Ahrends et al., 2015; Singh et al., 2021; Zhu
et al., 2021). Some scholars suggest that disturbances via rubber
plantations are a result of poor management practices of some
producers (Xie et al., 2013; Lan et al., 2017).

There have been studies that used EC methods to look at
carbon in rubber plantations on an ecosystem scale, but the studies
were conducted for <5 years (Song et al., 2014; Chayawat et al.,
2019; Satakhun et al., 2019; Wang et al., 2022). However, results
between studies are inconsistent in the ecosystem responses to
climate variability and differences in biotic factors such as tree
ages or phenology. Previous studies show GPP was governed by

soil water content (Wang et al., 2022) but was also closely related
to rubber phenology (Chayawat et al., 2019). Reco is regulated
by temperature and the age of the rubber tree (Gao et al., 2019),
and daytime NEE can be explained by the change in net solar
radiation and ambient atmospheric CO2 concentration (Wu et al.,
2014; Chayawat et al., 2019). Previous studies also show carbon
fluxes were highly sensitive to various parameters when used in
a model simulation, such as the average specific leaf area of the
canopy and canopy light extinction coefficient (Liu et al., 2022;
Yang et al., 2022). In general, the NEE impact factors of rubber
plantation at different stages and scales are dynamic, and the
dominant factors may change. More studies about carbon exchange
in rubber plantations are needed to better understand the factors
and mechanisms influencing carbon balance.

Due to climate change, there is an increased probability of
extreme weather events, such as typhoons, heat waves, and drought.
Typhoons usually form on the sea surface in the North and South
Pacific, North Atlantic, and Indian Ocean. Therefore, most of
the studies related to typhoons and carbon fluxes are conducted
in oceans, lakes, bays, or coastal areas (Lin Y. et al., 2019; Lin
et al., 2022; Wang et al., 2021). In Hainan, typhoons cause serious
economic losses and casualties every year, and typhoon research
related to rubber plantations usually focuses on the impact on latex
yield, assessment loss, and improving defense capabilities (Huang
et al., 2019; Liu et al., 2020). Studies using EC data to explore the
impact of typhoons on rubber plantations are limited. In recent
years, heat waves caused by global warming and extremely high-
temperature events have become more frequent in some regions
in China and studies indicated that the frequency of heat waves
in Hainan Island has significantly increased (Xing et al., 2017; Li
et al., 2023b). Reichstein et al. (2007) reported that the 2003 heat
wave event in Europe reduced carbon fluxes overall and inhibited
carbon fluxes in subtropical urban ecosystems in China (Reichstein
et al., 2007; Xiang et al., 2020). Droughts suppress photosynthesis,
reduce the decomposition of plant biomass, and reduce growth
reduction in subsequent growing seasons; rubber plantation has
a high vulnerability in short-term flash drought (Granier et al.,
2007; Doughty et al., 2015; Cui et al., 2022). Ultimately, drought
can increase rubber tree morbidity and reduces latex yield (He and
Huang, 1987). Determining the rubber plantation carbon fluxes by
EC data is needed to understand the impact of extreme events.

This study measured carbon fluxes from a 20-year-old rubber
plantation in Danzhou, Hainan Island, to comprehensively assess
the carbon flux characteristics and response to meteorological
factors, phenology, and extreme events. We hypothesize that
(1) rubber plantation is a carbon sink, (2) abiotic factors such
as radiation, temperature, and some extreme weather will affect
carbon fluxes, and (3) biotic factors (phenology) will also affect
carbon fluxes. Therefore, using a long-time series (2010–2022) of
micrometeorology EC data, this study aimed to (1) evaluate the
seasonal and interannual carbon budget of a rubber plantation;
(2) analyze how phenology affects the carbon exchange; (3) identify
the dominant abiotic factors controlling the variation of carbon
fluxes; and (4) investigate how extreme events affect carbon
exchange. Here, this study assesses the influence of a rubber
plantation in a regional carbon cycle and provides a basis for further
assessment of the carbon sink capacity.
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2. Materials and methods

2.1. Study site

The study area is located in Danzhou (Figure 1A) in the
northwestern quarter of Hainan Island (109◦28′30′′ E, 19◦32′47′′

N). The average altitude is 144m with a tropical island monsoon
climate with abundant water and heat conditions. The average
annual sunshine duration is more than 2,000 h with an annual
average temperature is 21.5–28.5◦C. There are two seasons during
the year. The rainy season is from May to October, and the
rest of the year constitutes the dry season. The average annual
precipitation is about 1,607mm, and the annual average relative
humidity is above 80%.

The micrometeorology observation tower is in the Hainan
Danzhou Tropical Agro-ecosystem National Observation
and Research Station (Danzhou City, Hainan Province) and
continuously measures carbon fluxes. The tower is 50m high and
is equipped with a flux and gradient system (Wu et al., 2012).
The slope of the area is <25◦, and the average annual wind
speed is 2–2.5 m/s. The soil texture is sandy clay loam with a pH
range of 4.59–5.93. Rubber plantations were widely distributed
in this area. The rubber trees (clone Reyan 73397 and PR107)
were planted in an area across 5 ha. During the study period,
the canopy height ranged from 11.4m (2010) to 15.2m (2020),
breast diameter ranged from 18.5 cm (2010) to 20.8 cm (2020),
stand density was 476 (stems/ha), tree ages were 20–22 years, and
leaf area index ranged from 2.5 to 6.9 m2·m−2 (2020). The plant
community structure of the rubber plantation is divided into the
rubber tree layer and the herbal layer and is intercropped with
Strelitzia reginae. Other plants present included annual herbs
such as Cyrtococcum patens, Alchornea rugosa, Ottochloa nodosa,
Chrysopogon aciculatus, Cyathula prostrata, and Mimosa pudica.
Rubber trees were planted with a row spacing of 3m and a column
spacing of 7m. The rubber plantation was tapped for latex from
April to December each year and from December to February
of the following year. There was inter-forest management that
included the following: green mature, fertilization, and weed
removal. The mowed green manure was covered around the
rubber tree with maintaining a distance of 20 cm from the tree. The
average amount of fertilizer applied was 2 kg per tree, divided into
three applications per year.

2.2. Flux observation methods and data
measurement

The EC system was installed at 25m in height and consisted
of a three-dimensional sonic anemometer (CSAT3, Campbell) to
measure the three components of wind velocity vectors and sonic
temperature. The system also included an open-path infrared gas
analyzer (Li-7500, Li-COR) for acquiring CO2, water flux, latent
heat flux, and sensible heat flux. There was also a meteorology
system to collect environmental data. Air temperature, relative
humidity (HMP45C, Vaisala), wind speed, and wind direction
(Met 010C-1, Met One) were measured at 33m. Canopy and
average surface temperature (IRR-P, Apogee) were measured at

30m, and atmospheric pressure (CS106, Vaisala) and radiation
(Li-190SB, Li-COR) were measured at the same height of the
EC system (25m). The soil temperature (109L, Campbell) and
soil water content (CS616-L, Campbell) analyzers were installed
at the 5 cm depth. Precipitation was measured with a rain gauge
(TE525MM, Texas) mounted at the top of the tower. All the
micrometeorology variables, including fluxes and environmental
factors, were measured at 10Hz. The raw data were automatically
recorded and stored by the data collector (CR3000, Campbell) and
calculated by the system software LoggerNet. EC system outputs
were 10Hz real-time data, whereas the meteorology system outputs
were 10-min, half-hour, and daily data.

2.3. Data processing

2.3.1. Eddy covariance data
Half-hourly fluxes were calculated from raw EC (10Hz) data

using the method improved by Wu et al. (2014), including
coordinate rotation, Webb–Pearman–Leuning correction, outlier
filtering, and nighttime CO2 flux correction. Raw EC data
were processed by the software EdiRe written by the University
of Edinburgh (www.geos.ed.ac.uk/abs/research/micromet/EdiRe/).
The rubber forest ecosystem is a closed canopy, and part of
the CO2 is stored in the atmosphere below the canopy and the
observation height. Therefore, the NEE calculation formula is as
follows: NEE = Fc + Fs, where Fc is the observed vertical eddy
flux and Fs is the carbon stock flux. The specific algorithm of
Fs can be found in Wu et al. (2014). Postprocessing of the data
includes filling the gaps in half-hourly EC data and partitioning
NEE into Reco and GPP. Gap filling refers to the improved
marginal distribution sampling (MDS) method (Reichstein et al.,
2005; Wutzler et al., 2018). This method combines the look-
up table method and the average diurnal variation method and
considers the covariation of fluxes with meteorological variables
and the temporal autocorrelation of the fluxes. Net flux partition
into Reco and GPP used the nighttime-based flux partitioning
algorithm (Reichstein et al., 2005). The respiration is estimated
from nighttime and is extrapolated to daytime. Postprocessing
was conducted using the R package “ReddyProc (1.3.1)” from
the Max Planck Institute for Biogeochemistry (Wutzler et al.,
2018).

Data with a friction velocity (u∗) <0.12 m·s−1 were eliminated
as the average value test method is used to determine the
threshold as 0.12. As the obverse system is an open-path EC
system, the data in the period with precipitation were eliminated
to consider the influence of precipitation with 15 days as
the limit. The triple standard difference method was used to
eliminate outliers outside the threshold (x ± 3 σ ; x and σ

were the mean and standard deviation of 15 days of data,
respectively). We removed data that exceed the normal range and
data with equal values for a period of time. For environmental
data, we removed the following outliers: air temperature and
soil temperature <0◦C; humidity <0 or >100%; wind speed
>20 m·s−1; total radiation <0 or >2,000 W·m−2; net radiation
<-150 or >1,500 W·m−2; photosynthetically active radiation <0
or 2,500 µmol·m−2·s−1.
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FIGURE 1

Overview of the study area. (A) Location of rubber sites (red star): x-axis is longitude and y-axis is latitude. (B) Corresponding flux footprint

climatology at the observation site in 2019. Cumulative flux footprint contour lines are shown in 10% increment, and the outermost circle is 90%; x-

and y-axis is the length range of footprint.

2.3.2. Quality control and assessment
A footprint model is usually used to explain the flux tower

measurement and estimate the position and size of the source area
and the relative contribution to measured fluxes. The footprint
climatology in 2019 was calculated based on the half-hour required
input data using the Flux Footprint Prediction R code developed
by Kljun et al. (2015), code can be downloaded at https://footprint.
kljun.net/. The results showed that almost 80% of the cumulative
turbulent flux footprint was covered by the corresponding rubber
plantation (Figure 1B).

For the assessment of turbulence data quality, we used the
turbulence stability test and overall turbulence characteristic test
to obtain the steady-state test index (SST) and overall turbulence
characteristic index (ITC). Next, we combined SST and ITC to
get the overall signal to control the final data level distribution
(Wu et al., 2013), the overall signal ranged from 0 to 2, where 0
and 1 were available for flux analysis and 2 is considered invalid
data. On the half-hour scale, the proportion of valid net ecosystem
carbon exchange (NEE), latent heat flux (LE), and sensible heat flux
(Hs) after quality control from 2010 to 2022 was 56.1%−83.5%,
53.2%−82.6%, and 59.0%−87.6%, respectively, except for 2017 and
2018 (mainly due to instruments failure). The valid fluxes reached
more than 50% in the study years (Figure 2).

The energy balance ratio (EBR) can be used to check the energy
balance closure, ratio of the directly observed turbulent energy (Hs
+ LE), and effective energy (Rn-G-S) obtained frommeteorological
observations. Hs is sensible heat flux, LE is latent heat flux, Rn is
net radiation, G is soil heat flux, and S is canopy heat storage. The
Bowen ratio (β) was expressed as the ratio of H to LE and shows
the characteristics of energy partitioning across ecosystems. The
energy partitioning items also include LE/Rn and H/Rn to analyze
the proportion of energy components. G and S were not considered

because a previous study showed that they accounted for a small
percentage (<3%) (Zhang et al., 2016). The energy balance ratio of
rubber plantation ecosystems at different timescales is above 72.0%,
the annual closure is at an intermediate level, and the data quality
meets the research requirements (Figure 3).

2.3.3. Vapor pressure deficit
The vapor pressure deficit (VPD) indicates the distance

between saturated water vapor pressure and the actual water vapor
pressure in the air at a certain temperature. VPD cannot be
observed directly and is calculated by the measurements of air
temperature (Ta) and relative humidity (RH) (Howell and Dusek,
1995):

VPD = 0.611× e
17.27 × Ta
Ta + 237.3 × (1− RH)

We selected the surface temperature and humidity of the rubber
plantation to calculate VPD. Thus, data were observed at 33
m height.

2.3.4. LAI measurement
The leaf area index (LAI) was partly obtained from the

published articles of Chen et al. (2015). Chen used LAI-2000 to
measure the monthly LAI of 30 rubber plantations in Danzhou
from March 2012 to March 2013. The measurement time was
around the end of eachmonth on a cloud-free morning (before 8:30
am) and afternoon (after 4:30 pm) or on a completely cloudy day.
Raw data were processed by FV-2200 analysis software. We used
the same measurement method as Chen et al. (2015) to measure
LAI from January 2019 to December 2020. A time series ofMODIS-
based LAI products (MOD15A2H), acquired fromEarthObserving

Frontiers in Ecology andEvolution 04 frontiersin.org

https://doi.org/10.3389/fevo.2023.1194147
https://footprint.kljun.net/
https://footprint.kljun.net/
https://www.frontiersin.org/journals/ecology-and-evolution
https://www.frontiersin.org


Yang et al. 10.3389/fevo.2023.1194147

FIGURE 2

Proportion of valid fluxes after quality control in di�erent years on the half-hour scale (%); x-axis is year.

FIGURE 3

Variation in energy balance ratio and energy partitioning of rubber plantation in di�erent years; x-axis is year.

SystemData Gateway, temporal resolution was 8 days. In this study,
we take the monthly average value.

2.3.5. Standard of high-temperature days, heat
waves, and extreme water condition

We referred to the “Hainan Provincial Meteorological Disaster
Plan” and defined the daily maximum temperature ≥35◦C as
a high-temperature day and a heat wave were defined when
there are consecutive days of high temperature. Heat waves
are classified into three grades: light, moderate, and severe
regarding relevant studies (Xing et al., 2017). Light heat waves
are high temperatures for 3–4 consecutive days. Moderate
heat waves are high temperatures for 5–7 consecutive days.
Severe heat waves are high temperatures for more than eight
consecutive days.

Most studies use a frequency of 10% as a relative threshold
for extreme environmental conditions (Gong et al., 2018).
This study also uses this threshold to classify extreme water
conditions in rubber plantations. Specifically, the volumetric
water content (VWC) on the half-hour scale was sorted from
small to large. The value with the occurrence frequency of

VWC at <10% was selected as the threshold value of extreme
water conditions.

3. Results

3.1. The dynamics of climatic factors

The variations of the daily air temperature (Tair), soil
temperature (Tsoil), VWC, precipitation, relative humidity (RH),
VPD, net radiation (Rn), photosynthetically active radiation (PAR),
and LAI showed strong seasonality (Figure 4) and exhibited
approximate unimodal tends and peaked in May, June, or July. The
variation in VWC was closely related to precipitation patterns. As
VPD is related to temperature, the trend was consistent with Ta
and Ts (Figures 4A, C). Rn is relatively stable while PAR gradually
decreased (Figures 4B, D). The RH trend is not as evident as the
other water-related environmental factors, such as VPD, VWC, and
precipitation. Overall, the RH value was high (Figures 4C, E). LAI
increased fromMarch and peaked in summer (Figure 4F).

A time series of mean annual Tair, Tsoil, RH, VPD, VWC,
precipitation, and LAI is shown in Figure 5. During 2010–2022, the
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FIGURE 4

The temporal variation in environmental variables during 2010–2022: x-axis was year; y-axis was as follows: (A) air temperature (Tair, ◦C) and soil

temperature at 5 cm depth (Tsoil, ◦C), (B) net radiation (W·m−2), (C) volumetric water content at 5 cm depth (VWC,%) and precipitation (mm),

(D) photosynthetically active radiation (PAR, umol·m−2·s−1), (E) relative humidity (RH,%) and vapor pressure deficit (VPD, kPa), (F) leaf area index (LAI,

m−2·m−2).

average Tair, Tsoil, RH, VPD, VWC, precipitation, LAI, PAR, and
Rn were 24.10◦C, 24.01◦C, 75.56%, 0.95 kPa, 20.45%, 1,817.79mm,
2.47 m−2·m−2, 0.79, 236.70 µmol·m−2·s−1, and 119.32 W·m−2,
respectively (Figure 5). The interannual patterns of Tair and Tsoil
are consistent (Figure 5A), while the patterns of RH and VPD are
not (Figure 5B). VWC and Rn provided a significant increasing
trend over the 14-year study period (p < 0.01), increasing about
1.56%, 1.77%, and 0.85% per year, respectively (Figures 5C–E). PAR
significantly decreased by 3.78% per year (Figure 5E).

3.2. The dynamics of carbon fluxes

Daily NEE, Reco, and GPP showed distinct seasonal patterns
and were consistent over 13 years. Reco and GPP followed an
obvious sinusoidal dynamic. NEE showed an upward first and
then a downward trend. At the beginning of the year, NEE was
positive and increased, reaching a peak in March or April and
then decreasing to negative (Figure 6A). Reco and GPP are low
at the beginning of each year, then increased and reached their
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FIGURE 5

Interannual variation in environmental variables during 2010–2022: x-axis was year; y-axis was as follows: (A) air temperature (Ta, ◦C) and soil

temperature at 5 cm depth (Ts, ◦C), (B) relative humidity (RH,%) and vapor pressure deficit (VPD, kPa), (C) volumetric water content at 5 cm depth

(VWC,%) and precipitation (mm), (D) leaf area index (LAI, m−2·m−2), (E) photosynthetically active radiation (PAR, umol·m−2·s−1) and net radiation

(W·m−2). The horizontal lines represent the long-term average, dotted line represents the trend, and values in parentheses give the rate of change

(slope) divided by their corresponding long-term annual means.

peak value during July or August and decreased to the end of the
year (Figures 6B, C). The dynamic of the Reco trend paralleled
temperature. During the first 3 months of each year, GPP decreased
and then rapidly increased after April, reaching a peak during July
or August.

Figure 7 demonstrates the time series of annual NEE, Reco,
and GPP. From 2011 to 2015, NEE was higher than the average,
indicating that less carbon was sequestered (Figure 7A). The GPP
pattern was comparable to Reco (Figures 7B, C). Overall, the
annual difference in carbon fluxes was not significant and the
values remained high throughout the study period. The yearly
mean cumulative NEE, Reco, and GPP were 911.89 gC·m−2,
1,528.04 gC·m−2, and 2,439.93 gC·m−2, respectively (Figure 7).

3.3. Meteorological factors a�ect NEE

The co-relationship between NEE with environmental factors
is presented in Supplementary Table S1. Only the significant
environmental factors related to NEE were added to multiple
stepwise regression models. The results of multiple stepwise
regression are shown in Supplementary Table S2. Regardless of
biological factors, these environmental factors could only explain
∼24% of the variation in NEE generally, while 14% in the rainy
season and 26% in the dry season, although these regressions were
significant (p < 0.05). In addition, the degree of NEE variation
explained in different yearly regressions was equal to or less than
individual variables (i.e., Ta, Ts, and Vaporp). The environmental
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FIGURE 6

The seasonal variation during 2010–2022 for the rubber plantation; x-axis represents year and y-axis was as follows: (A) net ecosystem exchange

(NEE, gC·m−2·d−1), (B) respiration (Reco, gC·m−2·d−1), and (C) gross primary productivity (GPP, gC·m−2·d−1); red dotted line indicates zero value.

FIGURE 7

Interannual variation in carbon fluxes during 2010–2022: x-axis was year, and y-axis was as follows: (A) net ecosystem exchange (NEE, gC·m−2·d−1),

(B) respiration (Reco, gC·m−2·d−1), and (C) gross primary productivity (GPP, gC·m−2·d−1). The horizontal lines represent the long-term average.
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factors were divided into three categories: temperature (Ta, Ts),
water factor (RH, Vaporp, VWC, precipitation, and VPD), and
radiation (PAR). The stepwise regression equation showed that
water factors were taken into account regardless of the rainy season
or dry season. However, radiation entered the regression model
more than the temperature in the rainy season and dry season.
Temperature occurs more than radiation, which suggests that
radiation affected NEE in the rainy season and temperature in the
dry season. On amonthly scale, NEE showed a significant parabolic
relationship with PAR (p < 0.001) in the rainy season, with a
coefficient of determination of R2 = 0.46 (Figure 8A). BetweenNEE
and Ta in the dry season, the coefficients of determination were
lower with R2 = 0.23 (p < 0.001; Figure 8B).

3.4. Phenology drivers of carbon fluxes

When biological factors were considered, NEE decreased with
increasing LAI and showed a strong relationship with a coefficient
of determination of R2 = 0.72 (p < 0.001). NEE decreased slowly
when LAI < 4 m2·m−2 and decreased rapidly after 4 m2·m−2. This
suggests that carbon exchange is faster as leaves grow (Figure 9A).
Reco increased with LAI and showed a significant relationship but
explains little of the variation (R2 = 0.15, p < 0.05) (Figure 9B).
GPP is between Reco and NEE and exhibited a linear relationship
with LAI, explaining 39% of the variation (p < 0.001) (Figure 9C).
This indicates NEE was more sensitive to LAI than Reco and
GPP. Reco offsets the correlation cause GPP is calculated by NEE
and Reco.

3.5. Extreme meteorological factors a�ect
carbon fluxes

3.5.1. Typhoon e�ects on carbon fluxes
To study the effects of NEE after the typhoon, we selected three

typhoons with the greatest impact on the study site during the study
time. The typhoons were Rammasun (landfall on July 18, 2014),
Kalmaegi (landfall on September 16, 2014), and Sarika (landfall on
October 18, 2016). We compared 7 and 30 days of daily NEE before
and after typhoon landfall. The results show daily NEE is reduced
after the three different typhoons on different timescales. On a 7-
day timescale, Rammasun reduced daily NEE by 4.6%, followed
by Sarika at 8.7%, and Kalmaegi at 26% (Figure 10A). On a 30-
day timescale, Rammasun reduced daily NEE the least with 0.3%,
followed by Kalmaegi at 8.4%, and the greatest reduction was Sarika
at 56% (Figure 10D). After typhoon Sarika landed, NEE did not
decrease much in 7 days but decreased to a greater extent after 30
days. Respiration increased after typhoons Rammasun and Sarika
landfall on two different timescales (Figures 10B, E). The GPP of
Rammasun and Sarika increased in 7 days (Figure 10C), while the
GPP of Sarika decreased after 30 days (Figure 10F).

3.5.2. Heat wave e�ects on carbon fluxes
Through analyzing the meteorological data of rubber

plantations from 2010 to 2022, a total of 382 high-temperature

days were screened out, with 51 heat waves. The heat waves
occurred from February to August, and 60% of the heat waves
occurred in May and June. The longest heat wave lasted for 25
days and occurred in May 2021. There was no heat wave in 2018,
although the frequency of heat waves did not change significantly
in the past 3 years the duration of heat waves increased significantly
(Supplementary Table S3). The high-temperature days were highest
in 2020 (55 days), and the fewest high-temperature days occurred
in 2018 (9 days). The highest heat wave frequency was in 2015 with
five light heat waves and four moderate heat waves. The lowest
heat wave frequency was in 2015 (no heat wave). Severe heat waves
in 2019–2021 accounted for more than half of the entire study
year, indicating an increase in the high-temperature heat waves
(Supplementary Figure S1).

We analyzed the NEE variation during the period of heat
waves (Figure 12) and found that the heat wave affects the NEE
of the rubber plantation ecosystem. Although the intensity of
the heat waves is different, heat waves reduced the NEE of
the rubber plantation. The NEE diurnal cycle during the heat
wave period shows that the influence of heat waves on the
rubber plantation is mainly concentrated during the daytime
(Figures 11A–C). The decline was not expressed on the first day
of the heat waves. Precipitation ended the heat waves, and the
NEE level quickly returned to similar conditions as before the
heat wave (Figures 11D–F). An exception was found during our
study, where NEE instead increased after the end of the heat wave
(Supplementary Figure S2).

3.5.3. Impacts of extreme water conditions on
carbon fluxes

Because the dry and rainy seasons were evident in Hainan
Island, our classification results show that the period of low VWC
is more in the dry season and rarely occurs in the rainy season.
Therefore, the drought in the dry season was not affected by
high temperatures. However, the drought in the rainy season was
accompanied by high temperatures as described above. We selected
the periods before and after the occurrence of drought without
high temperatures in the dry and rainy seasons. We found that
in different seasons, NEE decreased during the drought period
and continued to affect NEE after the drought period even with
precipitation (Figures 12A, B). The NEE of the rubber plantation
decreased by 40% after the drought (from −2.06 to −1.34 gC m−2

d−1; Figure 12C).

4. Discussion

4.1. Seasonal variations of C fluxes

Rubber plantation was always a carbon sink throughout the
year except for the deciduous period from January to March
(Supplementary Figure S3) (Yang et al., 2022), which was different
from other systems. Due to the evergreen rubber tree being able
to uptake carbon in winter, the rubber plantation is a carbon sink
even in winter. NEE and GPP did not exhibit a perfect parabolic
trend thought the year, and Reco exhibited the same parabolic trend
and the same environmental factors (Supplementary Figure S3).
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FIGURE 8

Relationship between net ecosystem exchange (NEE) and environmental factors in di�erent periods on a monthly timescale during 2010–2022.

(A) Photosynthetically active radiation (PAR) in rainy season and (B) air temperature (Ta) in dry season.

FIGURE 9

Relationships between leaf area index (LAI) and (A) net ecosystem exchange (NEE), (B) respiration (Reco), and (C) gross primary productivity (GPP) on

a monthly timescale.

Different seasonal variation of carbon fluxes and environmental
factors shows there is hysteresis. Previous studies confirmed
that interactions between NEE and the surrounding environment
are hysteretic at different temporal scales, both diurnal and
annual hysteresis. The magnitude of hysteresis was larger in
the warmer sites (Niu et al., 2011). Similarly, there are diurnal
hysteresis patterns in GPP. GPP is higher before the highest
potential incoming shortwave with less water stress (Lin C.
et al., 2019). The hysteresis in seasonal variation should be
considered when modeling the dynamics of carbon cycling in
rubber plantations.

Correlation and multiple stepwise regression methods were
used to assess how environmental factors affect NEE. The results
showed that NEE is jointly affected by multiple environmental
factors. Thus, it is difficult to determine the specific impact of
a single factor on NEE. Further, it could be better explained by
the joint effect of two or three factors. A similar study on rubber
plantations also showed this result (Chayawat et al., 2019). The
regression analysis shows that the NEE variation could be better

explained by the joint effects of water and radiation in the rainy
season and the joint effects of water and temperature in the dry
season. The correlations corroborated this (Figure 8). Due to the
ample supply of water, the soil water content of rubber plantations
remained largely stable and there is no evident pattern of water use
efficiency in rubber plantations (Lin et al., 2018). The rainy season
is from May to October and has a favorable thermal environment.
Temperature is not the limiting factor while radiation is, because
precipitation needs dense cloud cover and leads to corresponding
low radiation.More clouds decrease the available light duration and
result in a decrease in photosynthesis. As in the equatorial tropics,
radiation was a growth-limiting factor in the rubber plantation
rainy season (Nemani et al., 2003; Aguilos et al., 2018). The dry
season was from November to the next year in April. Although
precipitation was not as abundant as in the rainy season, it was not
enough to be a limiting condition and the water use efficiency was
even higher than in the rainy season. Seasonally, the dry season is in
winter and spring with lower temperatures. Temperature is related
to enzyme kinetics. This result was inconsistent with Aguilos et al.
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FIGURE 10

Average daily NEE, Reco, and GPP changes before and after the typhoon arrives. (A–C) 7 days before and after typhoon, (D–F) 30 days before and

after typhoon, x-axis represents each typhoon.

FIGURE 11

Average diurnal pattern of net ecosystem exchange (NEE) and daily NEE before heat waves (before HW), during heat waves (HW), and after heat

waves (after HW) in di�erent intensities. (A, D) Light heat wave, (B, E) Moderate heat wave, and (C, F) Severe heat wave. The gray-shaded area

indicates the heat waves period; x-axis is the date.

Frontiers in Ecology andEvolution 11 frontiersin.org

https://doi.org/10.3389/fevo.2023.1194147
https://www.frontiersin.org/journals/ecology-and-evolution
https://www.frontiersin.org


Yang et al. 10.3389/fevo.2023.1194147

FIGURE 12

Daily trend of NEE before, during, and after drought: (A) rainy season, (B) dry season, and (C) total change. The mauve-shaded area indicates the

drought period; x-axis in (A) and (B) is year; and (C) BD, before drought, DR, during drought, and AD, after drought.

(2018) where the hypothesized water limit was the main driver of
NEE during the dry season. The difference is the dry season from
August to November, and this period is the rainy season and the
transition periods from rainy to dry season in our study. A previous
study showed that the environmental factors of NEE were different
in the rubber growth stage (Chayawat et al., 2019). Our research is
only divided into dry season and rainy season to study the influence
of environmental factors. Foliation and defoliation of rubber trees
could be considered in future.

Plant biotic traits, such as LAI, can also directly affect carbon
fluxes, and investigating the extent of LAI changes can deepen
our understanding of rubber plantation carbon cycling. LAI is
an important indicator of plant growth and reflects changes in
plant phenology. Our study confirmed that NEE is related to
phenology (Figure 9A). Interestingly, the phenological trend of
rubber plantation is not like the usual evergreen broad-leaved
forest, which shows a parabolic trend throughout the year. The
trend first declines and then rises from December to February
of the following year. When the rubber plantation reaches the
peak of the deciduous period, which is the same as the trend
of NEE, there is a downward trend in January and February
every year (Figures 4F, 6A). The same correlation analysis was also
performed on Reco and GPP, but the correlation is weaker. This
may be due to soil respiration being part of the respiration of
the rubber plantation ecosystem, which can result in significant
changes in atmospheric CO2 levels (Zhao et al., 2018; Gao et al.,
2019). Our study found that LAI effects on carbon fluxes are
stronger than environmental factors, but LAI is also a result of
environmental factors. Furthermore, studies showed wind speed or
nitrogen application can also influence LAI (Moinet et al., 2017;
Zhang et al., 2022), and subsequent studies may also appropriately
consider these factors. Nonetheless, our results solidify the fact that
LAI positively affects NEE.

4.2. Interannual variations of C fluxes

Annual NEE reflects the carbon source/sink of an
ecosystem, which is critical for assessing the carbon balance
of regional ecosystems. Our overall average annual NEE was
−911.89 gC·m−2·a−1 with a strong interannual variation (SE =

135.36 gC·m−2·a−1), which suggests that the rubber plantation
ecosystem is indeed a long-term carbon sink. Compared with other
forest vegetation types in the tropical region, the magnitude of
the rubber plantation NEE is higher than the wetland (16◦22

′

S,
−337 gC·m−2·a−1) (Dalmagro et al., 2022), deciduous forest
(21◦51

′

N,−524± 40 gC·m−2·a−1) (Rodda et al., 2021), rainforest
(5◦16

′

N,−334.7 gC·m−2·a−1) (Aguilos et al., 2018), andmangrove
(21◦27

′

N,−386.68 gC·m−2·a−1) (Sun et al., 2021). Related studies
on other plantations (bamboo and Pinus) have shown high NEE
similar to rubber plantations (Song et al., 2017; Chen et al., 2018;
Han et al., 2022). At times, NEE is higher than the rubber plantation
but not much (602.7 gC·m−2·a−1, 835.58 gC·m−2·a−1 for bamboo
plantation and 853.28 gC·m−2·a−1, 903.91 gC·m−2·a−1 for Pinus
plantation). This is likely due to the biennial routine thinning of
trees aged 5 years or older in bamboo and no human disturbance
and management on the Pinus plantation. We also compared
our study with other rubber plantations. In this study, NEE
was lower than a Thailand rubber plantation (Chayawat et al.,
2019; Satakhun et al., 2019), which was reported as 715.21
and 1,000.91 gC·m−2·a−1 and was higher than Xishuangbanna
rubber plantation (−543.35 gC·m−2·a−1) (Yu et al., 2021).
Differences may be caused by different tree ages and abiotic
drivers as they are not influencing NEE in the same way. These
results suggest that the rubber plantation has the carbon uptake
capacity as other tropical sites or plantations and emphasizes
the important positive roles of rubber plantations in the regional
carbon cycle.
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Hainan Island has a tropical monsoon climate, with long
summer and no winter, short spring and autumn, abundant
precipitation, and a distinct dry and rainy season (Wu et al., 2022).
High temperature, humidity, and radiation conditions indicate the
area is suitable for a rubber plantation. Interannual variation in
most environmental factors was not significant except for VWC
and Rn, which had a significant increasing trend (Figure 5). PAR
exhibited a significant decreasing trend over the same period.
The decrease in PAR is unexpected as the net radiation was not
reduced. However, we can rule out instrumentation problems
and we replaced the instruments with new ones in 2016. Also,
maintenance was performed every year during the dry season.
However, it is doubtful whether this is a real decrease. A recent
study showed an overall decreasing trend of PAR values in the
Guangxi region and over mainland China, which may be due to the
growing aerosol radiative forcing effect (Qin et al., 2019; Tan et al.,
2022).

To explore the influence of typhoons on rubber plantation
carbon fluxes, we selected the typhoons Rammasun, Kalmaegi,
and Sarika as the time point and compared the daily flux changes
of 7 and 30 days before and after the typhoon’s landfall. Due
to the typhoon destroying the tree canopy, the percentage of
broken and fallen trees was high. For example, a survey showed
that 100% of tapping rubber trees were hit in the Leizhou
Peninsula after Rammasun made landfall (He et al., 2015). The
photosynthesis and NEE were reduced. Research on mangrove
forests also reported a decrease in NEE because of the reduction
in LAI after typhoon disturbance (Chen et al., 2014). As for Reco,
typhoons always coincide with heavy rainfall (Lu et al., 2015) and
there was a local heating effect following typhoon disturbance,
both can lead to high respiration (Jordan, 2012). Previous studies
on rubber plantations verified that high temperatures and high
humidity can promote soil respiration in rubber forests (Zhao
et al., 2018). In this study, typhoon Rammasun (category 17,
wind speed 70 m/s) landfalls in July 2014, there are additional
typhoon Kalmaegi (category 13, wind speed 40 m/s) landfalls in
September 2014 and typhoon Sarika (category 14, wind speed
45 m/s) landfalls in October 2016. Considering the landfall time,
30 days after Sarika’s landfall, phenology of rubber trees enters the
deciduous stage. Thus, it is unlikely that the typhoon caused a
significant decrease in NEE (Figure 10D). Even though Danzhou
is not a high-risk area for typhoons, the occurrence of typhoons
showed decreasing frequency and increasing intensity. Methods
for mitigating destruction from typhoons in rubber plantations are
still needed.

Heat waves, causing higher temperatures, increase plant stress
and can reduce the amount of carbon dioxide fixed by plants
by affecting the Rubisco activities in the Calvin cycle (Berry
and Bjorkman, 1980). This study also provides evidence that
heat waves and droughts have an inhibitory effect on carbon
fluxes. The heat waves occurred mainly from February to August.
After experiencing different intensities of heat waves, the NEE
of rubber plantation showed a downward trend (Figure 11).
Interestingly, severe heat waves cause less NEE reduction than
moderate. This may be due to the high temperature resistance
of plants during long heat waves and that the sudden high
temperature and sudden drop make rubber less adaptable and

more sensitive. Although there were carbon sequestration losses
at specific time points, the rubber plantation still showed a net
carbon absorption. After the heat wave, the NEE of the rubber
plantation will quickly return to the same state as before the
heat wave (Figures 11D–F). We also found that sufficient water
conditions after a heat wave allows the rubber plantation to recover
quickly with NEE possibly even higher than before the heat wave
(Supplementary Figure S2).

Many of the previous studies on heat waves concluded that
drought was the main effect of heat waves on ecosystems (De
Boeck et al., 2011; Ameye et al., 2012; Bauweraerts et al., 2013).
We found that there was no heat wave from winter to early spring
and that drought occurs more frequently. Heat waves are more
frequent from late spring to summer and autumn, and when
the precipitation is relatively sufficient, there is little drought.
When investigating the impact of heat waves and drought on the
rubber plantation ecosystem carbon fluxes, we selected relatively
independent periods. In other words, there was no heat wave
when a drought occurred and no drought when a heat wave
occurred. The results show that NEE is affected even if no drought
occurs after the heat wave. The maximum daily leaf temperature
exceeded the photosynthetic temperature optimum. This resulted
in a suboptimal carbon assimilation rate for most of the day, which
affected photosynthesis (Mau et al., 2018) and drought-reduced
photosynthetic activity at both leaf and plot scales (Doughty et al.,
2015).

5. Conclusion

Taking advantage of the comprehensive measurements on
the long-time series eddy flux data and phenology at a rubber
plantation for 13 years, we characterized: daily, seasonal, and
interannual variation in carbon fluxes and meteorological factors.
We also discussed how meteorological factors, phenology, and
extreme events influenced the carbon fluxes in rubber plantations.
Our study solidified the conclusion that the rubber plantation was a
net carbon sink and the annual NEE scales ranged from−720.19 to
−1,129.79 gC·m−2·a−1. Carbon fluxes exhibited seasonal variation,
and carbon uptake is higher in the rainy season compared with
the dry season and the environmental drivers are different between
the rainy and dry seasons. Radiation and water explained the
variation of NEE in the rainy season, while temperature and water
explained the variation in the dry season. LAI explained the higher
proportion of the variation in NEE relative to GPP and Reco.
This indicated that when the hydrothermal conditions are sufficient
none of these environmental were limiting in rubber plantation
and phenology may be the primary factor controlling carbon
sequestration of rubber plantation. Rubber plantations are affected
by extreme events, and on different timescales (7 and 30 days),
typhoons reduce the NEE to varying degrees. After a heat wave,
the NEE will recover quickly and possibly be higher than before
if there is sufficient water. Drought will also lead to a decrease in
carbon uptake and will continue even if rubber plantation recovers
from drought due to precipitation. Estimating the carbon sink
capacity of rubber plantations and studying the response to regional
environmental changes are important for both applied research

Frontiers in Ecology andEvolution 13 frontiersin.org

https://doi.org/10.3389/fevo.2023.1194147
https://www.frontiersin.org/journals/ecology-and-evolution
https://www.frontiersin.org


Yang et al. 10.3389/fevo.2023.1194147

(carbon sink research and market trading, sink enhancement and
emission reduction, etc.) and basic research (land use change,
phenology change, etc.).
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