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A B S T R A C T

Tropical forests play a significant role in the global carbon cycle, but the lack of long-term in-situ datasets renders 
our understanding of the specific carbon dynamics in tropical forests uncertain. This study investigated the long- 
term trends (from 2003 to 2022) in gross primary productivity (GPP), ecosystem respiration (Reco), and net 
ecosystem productivity (NEP) at a primary tropical rainforest reserve in Xishuangbanna, southwest China based 
on the eddy covariance technique. Our study found this protected tropical seasonal rainforest to be a modest 
carbon sink (annual mean NEP = 157.9 ± 56.7 g C m− 2 year− 1), with a NEP growth rate of 3.4 % year− 1 and a 
similar upward trend of annual mean carbon use efficiency (CUE) (annual mean CUE = 5.9 % ± 1.8 %, growth 
rate = 2.4 % year− 1). The increase in NEP was mainly due to the rising trend in GPP, which averaged 2658.1 ±
254.5 g C m− 2 year− 1 and grew at 1.0 % year− 1. With the same 6-month duration, the tropical seasonal rainforest 
exhibited a stronger carbon sink during the dry season (148.3 g C m− 2 season− 1) than during the rainy season, 
with the dry season accounting for 93.9 % of the annual carbon sink. The enhanced dry season radiation and 
precipitation throughout the two decades positively affected the upward trend of the carbon sink. These findings 
underscore the potential of well-protected primary tropical rainforests to act as carbon sinks in the long run, 
contributing to future carbon budget predictions for the tropical region.

1. Introduction

Terrestrial carbon sinks have increased in the past few decades, 
partially mitigating climate change (Fernández-Martínez et al., 2019; 
Pan et al., 2024; Ruehr et al., 2023; Ueyama et al., 2024). However, 
under the threat of future climate change, uncertainties in the assess
ment of terrestrial carbon sinks may increase, posing challenges to 
achieving nature-based solutions for climate change mitigation (NCS) 
(IPBES-IPCC, 2020; IPCC, 2023; Marvin et al., 2023; Mori et al., 2021). 
The tropical forest ecosystem as an integral part of the terrestrial 
ecosystem captures around 72 Pg C from the atmosphere through 
photosynthesis every year and stores approximately 471 ± 93 Pg C, 
accounting for 55 % of global forest carbon stocks (Beer et al., 2010; 
Malhi, 2012; Pan et al., 2011). Tropical forests have a potential 

biophysical feedback to the climate, and their carbon cycle is sensitive to 
climate change (Carvalhais et al., 2014; Lyu et al., 2021; Rodda et al., 
2021; Lawrence et al., 2022). Tropical forest carbon sinks are shaped by 
multiple factors, including climate change (Hubau et al., 2020; Mitch
ard, 2018), deforestation (Feng et al., 2022), and elevated carbon di
oxide (CO₂) concentration (Ruehr et al., 2023). However, their 
long-term trends exhibit continental variation due to differential re
sponses to these drivers (Hubau et al., 2020; Lewis et al., 2009; San
wangsri et al., 2018). To date, a definitive conclusion of CO2 exchange 
dynamics in various tropical forest ecosystems remains elusive.

Among all types of tropical forests, primary or old-growth tropical 
forests have unique value, as they store around 35 % more carbon than 
other tropical forests do, and they have various irreplaceable ecosystem 
functions (Mackey et al., 2020). Over the past few decades, the tropical 
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regions in Southeast Asia (SEA) have been heavily impacted by human 
activities, with large-scale deforestation for oil palm, rubber, and other 
crop plantations, leading to significant carbon loss and negative 
ecological effects (Clough et al., 2016; Feng et al., 2022). Therefore, 
long-term in-situ observation of CO2 exchange dynamics in these pri
mary forests of SEA provides valuable information on the long-term 
carbon balance within tropical forests, thereby informing research on 
the carbon cycle of terrestrial ecosystems and forest management pol
icies. Meteorological factors (e.g., temperature, air, and soil moisture) 
reportedly have significant influences on tropical rainforest ecosystem 
CO2 exchange (Peng et al., 2024; Wang et al., 2023). Previous studies 
have shown that the decline of the carbon sink in tropical forests for 
decades has mainly been attributed to the increased tree mortality rate 
caused by high temperatures and extreme water conditions in the 
Amazonian rainforest (Hubau et al., 2020), corroborating former 
research indicating a negative correlation between net primary pro
ductivity (NPP) and mean annual temperature, as well as annual pre
cipitation, in humid tropical forests (Schuur, 2003). The increase in 
atmospheric vapor pressure deficit under water stress was also believed 
to limit the productivity of tropical forests by reducing stomatal 
conductance, thereby reducing transpiration and photosynthesis, lead
ing to a decrease in carbon uptake (Chayawat et al., 2019; Law et al., 
2001). In addition, radiation was considered an important factor in 
controlling plant photosynthetic activity in tropical forests through 
radiative transfer in the forest canopy, and it also has the possibility to 
influence forest carbon uptake by influencing canopy structure (Aguilos 
et al., 2018; Wolf et al., 2011). Large and intact primary tropical rain
forests are distributed in Xishuangbanna, southwestern China, which are 
on the northern edge of tropical Asia and have developed under con
ditions of relatively lesser precipitation and lower temperatures than the 
central area of tropical Asia (Zhu et al., 1998). Influenced by the Indian 
monsoon, climate seasonality shapes the species composition, commu
nity structure, and phenology of our study rainforest, which is therefore 
classified as a tropical seasonal rainforest (Zhu, 1992). Previous studies 
based on eddy covariance observation have proved the protected pri
mary rainforest in Xishuangbanna to be a weak carbon sink with an 
annual mean value of 125 g C m− 2 year− 1, and the carbon dynamic 
showed strong seasonality and low carbon use efficiency due to strong 
respiration during the rainy season (Tan et al., 2010; Yao et al., 2012; 
Zhang et al., 2006b). Due to the special location, which lies in the 
transition zone between tropical and sub-tropical regions, this tropical 
seasonal rainforest is highly susceptible to critical transitions and acts as 
an amplifier of disturbances (Seddon et al., 2016; Scheffer et al., 2009), 
making it sensitive to changes in biophysical factors. Therefore, the CO2 
exchange dynamic in the rainforests of Xishuangbanna largely reflect 
the sensitivity of tropical and sub-tropical forest response to global 
change. For the protected primary rainforest in Xishuangbanna, tem
perature conditions were more important than water conditions in 
affecting its carbon sink at the annual scale (Fei et al., 2018). At the 
seasonal scale, a distinct seasonal carbon exchange pattern occurred 
because of the strong seasonality of ecosystem respiration (Reco), which 
was associated with the local phenology of "intensive leaf change" 
(upper layer canopy (30–40 m) defoliation (March–April) and leaf 
flushing (May)) and the changes in environmental conditions (Tan et al., 
2014; Zhang et al., 2010). The long-term trend of CO2 exchange of the 
Xishuangbanna primary tropical rainforest and its driving forces have 
been scarcely reported.

Regarding the inadequate knowledge of the long-term CO2 exchange 
dynamic due to the lack of in-situ observations, this study analyzed the 
20-year CO2 flux data based on the eddy covariance (EC) technique and 
evaluated the impact of biophysical drivers (meteorological and physi
ological indicators) on CO2 flux exchanges in the northern edge of 
tropical Asia in the Xishuangbanna tropical rainforest ecosystem. For 
this well-protected seasonal rainforest without disturbance from human 
activity, which was previously reported as a weak carbon sink (Zhang 
et al., 2006b) based on two-year EC observations, we hypothesize that 

(1) there is a stable or even increasing trend of inter-annual carbon sink 
during the two decades; (2) CO2 exchange during the rainy and dry 
seasons is regulated by biophysical drivers that have varied over the past 
two decades. Among them, temperature has been shown to affect NEP 
(Fei et al., 2018) significantly, motivating our hypothesis that it also 
regulates its inter-annual trend.

2. Materials and methods

2.1. Study site

The study site is located in a tropical seasonal rainforest natural 
reserve in Xishuangbanna, southwestern China (21◦55′39″N, 
101◦15′55″E, elevation 750 m) (Fig. 1). Affected by the Indian monsoon, 
this area has a rainy (May–October) and a dry (November–April) season. 
The dry season of this seasonal rainforest is dominated by two sub- 
seasons, the early stage is the foggy–cool period from November to 
February of the following year, with the average number of monthly 
foggy days exceeding 23 days (Zhang et al., 2018). During the fog
gy–cool period, fog events usually occur in the second half of the night 
(0–6 am) and completely dissipate around 11 am, with a maximum daily 
duration of 10.5 h (Zhang et al., 2018). Fog water also contributes to 
precipitation inputs in this period. The annual average and average daily 
fog drip was 89.4 ± 13.5 mm (mean ± 1 SD) and 0.38 ± 0.27 mm d− 1 

respectively for all days when fog drip occurred. Fog drip contributes 
around 5 % of the annual rainfall (Liu et al., 2004). The second stage is 
the clear period from March to April before the rainy season, when there 
are usually less moisture and higher temperatures than the foggy–cool 
period. The clear period is also recognized as “dry-hot” period in pre
vious study (Zhang et al., 2010). The mean annual temperature is 21.2 
◦C, and the mean annual precipitation is around 1417.7 mm. This forest 
has a lower soil moisture level compared to other typical tropical rain
forests (Kupers et al., 2019; Takamura et al., 2023). The forest is old 
growth (>180 years) (Yan et al., 2013) and well protected. The mean 
canopy height ranges from 30 to 35 m with uneven canopy layers, while 
the mean canopy height and density of trees with a diameter at breast 
height greater than 10 cm are 35 m and 386 ha− 1. This forest is 
composed by three general tree layers. Layer 1 contains more than 70 % 
of all individual trees (below 16 m), including small evergreen trees and 
juveniles of species from the upper tree layers (above 16 m). Layer 2 
consists of a mixture of evergreen and deciduous species, such as Bar
ringtonia macrostachya, Gironniera subaequalis, and Sloanea cheliensis 
(16− 30 m). Layer 3, is dominated by Pometia tomentosa and Terminalia 
myriocarpa (over 30 m) (Zhou et al., 2017; Zhang et al., 2006b). The 
Xishuangbanna ecological observation and research station (site code 
BNS in FluxNet), built in 2002, has already accumulated 20 years of 
carbon flux and meteorological data based on the EC system. Such a long 
time series dataset enables us to explore the long-term dynamics of the 
tropical forest carbon sink and its biophysical regulation mechanisms 
(Baldocchi, 2020).

2.2. Data collection and processing

2.2.1. Meteorological data and flux data
A flux tower was set up at a height of 74 m on a permanent sample 

plot of 1 ha in the tropical seasonal rainforest natural reserve with the EC 
flux system (at 48.8 m, based on an average canopy height of 32.5 m) 
and the routine meteorological measurement system (RMMS) installed. 
The study plot is located in a typical valley for tropical seasonal rain 
forest (Zhang et al., 2010; Tan et al., 2010), which covers a flat area 
approximately 40 m wide between two hills extending from east to west. 
The slopes to the south and north of the site are about 20◦ The length of 
the valley is about 2 km. The EC flux system consists of a 3D sonic 
anemometer (CSAT3, Campbell, USA) and an open-path infrared gas 
analyzer (Li-7500, Li-Cor, USA). The eddy flux footprint ranges from 50 
m to 350 m in the upwind direction, and the average range 
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perpendicular to the main wind direction is between − 100 m and 100 m. 
The fetch can satisfy the request of footprint and more than 70 percent 
fluxes comes from the seasonal rainforest ecosystem that we concern 
(Zhang, 2009; Mi et al., 2006). Our preliminary research has proved that 
the power spectra and co-spectra in our site obeyed the − 2/3 and − 4/3 
power law by using FFT method (Tan, 2010). The well-developed tur
bulence and negligible high- and low-frequency flux loss demonstrated 
by the spectral analysis was also stated in several relating studies of this 
ecosystem (e.g., Mi et al., 2006; Zhang et al., 2006b; Tan et al., 2010; Li 
et al., 2010; Yan et al., 2013).

Raw meteorological and flux data were recorded into a data logger 
(CR1000 and CR5000, Campbell, USA). The CO2 fluxes were calculated 
as the covariance between the instantaneous deviation of the gas mixing 
ratio and the vertical component of wind velocity (Baldocchi, 2003). 
Seven levels of instruments (at 2.2, 8.7, 16.8, 21.3, 28.9, 37.8, and 56.6 
m) were installed on the tower to obtain profiles of wind speed (A100R, 
Vector Instruments, UK), air temperature (Tair), and relative humidity 
(RH) (HMP45C, Vaisala, Finland). Vapor pressure deficit (VPD) was 
calculated using the comprehensive expression of Tair and RH (Monteith 
and Unsworth, 2013). Instruments for measuring wind direction 
(W200P, Vector Instruments, UK) and precipitation (P) (Rain Gauge 
52203, R. M. Young, USA) were installed at the top of the tower (69.8 
m). Solar radiation (Rs) was measured using a pyranometer (CM11, Kipp 
& Zonen, Netherlands) from heights of 41.6 m and 69.8 m. Photosyn
thetically active radiation (PAR) was measured using linear sensors 
(LQS70–10, Apogee, USA) at five heights (3.9, 10.2, 21.0, 31.2, 36.2, 
69.7 m). Soil temperature (Tsoil) profiles were monitored at nine depths 
(0, 5, 10, 15, 20, 40, 60, 80, 100 cm) (105/107 L, Campbell, USA). Soil 
moisture (Volumetric water content, VWC) profiles were monitored at 

three depths (5, 20, 40 cm) (CS615-L, Campbell, USA).
Data quality control was performed before using the flux data. After 

performing spikes exclusion, coordination correction (natural wind 
system triple rotation method), and WPL (Webb, Peaman, and Leung’s 
calibration method) calibration in EddyPro software (Li-Cor, USA), the 
flux data with rainfall were excluded. To eliminate the potential 
advective flux loss due to the complex terrain of this site, the coordinate 
system rotation for the three-dimensional wind speed was applied ac
cording to Tanner and Thurtell (1969) (Li et al., 2010). Nighttime data 
with friction velocity (u*) below 0.1 m s− 1 were excluded, based on the 
u* threshold approach (Zhang et al., 2006a), to ensure flux data quality 
under weak turbulence conditions. Therefore, outlier exclusion and the 
u* filtering method were applied next (u*<0.1m/s, − 60<NEE<45 μmol 
m− 2 s− 1), followed by energy closure evaluation and canopy storage flux 
measurement.

Excluding missing and filtered values, the proportion of effective flux 
data is approximately 60 % annually, which was 57 % in rainy season 
and 62 % in dry season. There is an energy balance closure of 70 % at 
this site. Besides the effect of rainfall, fog droplets severely interfere with 
the gas analyzer and the sonic anemometer, causing data spikes (Yu 
et al., 2006). Then, NEE values were gap-filled utilizing the marginal 
distribution sampling approach and partitioned into Reco (Eq. (2)) and 
GPP (Eq. (3)) using the nighttime-based algorithm (Reichstein et al., 
2005). Online gap filling of flux data, NEE calculation (Eq. (1)), and 
partition were performed by the REddyProc online tool (https://www. 
bgc-jena.mpg.de/5622399/REddyProc). Thus, we ensured that the 
gap-filled data for further analysis were evenly distributed across the 
seasons and representative of typical meteorological and ecological 
conditions.

Fig. 1. (a) Geographical location of Xishuangbanna seasonal rainforest natural reserve, (b) topographical features around the flux tower, (c) the eddy covariance 
(EC) flux system, and (d) flux tower.
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Forest net ecosystem carbon exchange (NEE) is the turbulence CO2 
flux (Fc) and canopy CO2 storage (Fs) observed in EC systems. 

NEE = FC + FS = ρwʹć +
Δc
Δt

zr (1) 

where Fc represents the turbulent eddy flux exchanged between the at
mosphere and the measurement height (zr) of the EC system (48.8 m) 
while Fs denotes the storage flux in the air layer below the measurement 
height. Fs was estimated from the rate of change in CO2 concentration at 
the EC measurement height over each 30-minute interval, assuming a 
well-mixed canopy layer (Zhang et al., 2010). ρ, w, and c stand for air 
density, vertical wind velocity, and CO2 concentration fluctuations from 
the respective means, respectively. The primes indicate deviations from 
the mean, and the over-bar represents the time-averaged value (30 min 
in this scenario). Δc refers to the change in concentration over the 
30-minute period at height zr, and Δt denotes the time interval. Negative 
and positive values of NEE represent the carbon sink and carbon source 
of the forest ecosystem, respectively.

Ecosystem respiration (Reco) includes nighttime (Rn) and daytime 
respiration (Rd), as shown in Eq. (2). Due to the lack of photosynthesis 
that absorbs CO2 in the ecosystem at night, NEE at night is the value of 
respiration (Rn). Therefore, the effective data of NEE at night and the 
concurrent surface soil temperature data were fitted into the 
Lloyd–Taylor equation (Lloyd and Taylor, 1994) to obtain relevant pa
rameters, and the daytime ecosystem respiration (Rd) was calculated 
using this equation. Gross primary productivity (GPP) was calculated by 
the difference between Reco and NEE. 

Reco = Rn + Rd (2) 

GPP = Reco − NEE (3) 

The light response curve of vegetation was fitted using the Michae
lis–Menten equation (Eq. (4)) to obtain (Falge et al., 2001): 

NEE =
α × PAR × Pmax

α × PAR + Pmax
− Rd (4) 

where α represents the apparent quantum yield of the ecosystem, PAR 
represents photosynthetically active radiation, Pmax represents the 
maximum photosynthesis rate, and Rd represents the daytime respira
tion of the ecosystem.

Light use efficiency (LUE) is applied to evaluate vegetation carbon 
uptake (Fei et al., 2019) and radiation utilization. Ecosystem LUE was 
calculated with the ratio of GPP to incident PAR at the ecosystem level 
(Austin et al., 1978; Gilmanov et al., 2007; Pangle et al., 2009; Shi et al., 
2014) (Eq. (5)). 

LUE =
GPP
PAR

(5) 

Water Use Efficiency (WUE) is a key parameter for evaluating the 
coupling between carbon and water cycles in terrestrial ecosystems. It is 
commonly defined as the ratio of gross primary productivity (GPP) to 
evapotranspiration (ET) (Knauer et al., 2017). 

WUE =
GPP
ET

(6) 

The inter-annual standardized precipitation evapotranspiration 
index (SPEI) based on monthly data was estimated to present the 
moisture condition each year using Climate Indices (2.0.1) in Python 3.9 
(Adams, 2017).

2.2.2. Leaf area index data
To measure the leaf area index (LAI) at the site, we randomly 

selected four sample points within the 1-ha sample area within the 
dominant flux contribution zone and conducted repeated measurements 
on each of them every month from 2005 to 2022. LAI was measured 
using a canopy analyzer (Model LAI-2200, Li-Cor, USA) around the 25th 

day of each month. Due to the relatively even sunlight in the morning, 
measurements were usually recorded in the morning. After acquiring the 
data, we calculated the mean and standard deviation of LAI over the four 
plots for each month. Then, we used FV2200 software (Li-Cor, USA) to 
apply leaf angle distribution to obtain total LAI. From 2003 to 2004, due 
to a lack of measured LAI data, we downloaded MODIS data 
(MOD15A2H) for the same measurement date from the website 
(https://modis.gsfc.nasa.gov/), then processed the image utilizing MRT 
tools, and extracted the total LAI value using the geographic coordinates 
of the flux station in ArcGIS Software (Esri, USA).

2.3. Statistical analysis

The value of NEE is negative when the ecosystem is a net carbon sink. 
To better recognize the positive or negative correlation between bio
physical drivers and carbon sink, NEP was estimated as “-NEE” to 
evaluate the CO2 exchange in this study. It should be noted that this EC- 
based NEP (Baldocchi et al., 1988; Aubinet et al., 1999) did not in
corporates carbon losses from advection, erosion, and aquatic export. 
Given the widespread use of the Mann–Kendall test and Sen’s slope test 
in time series analysis (Chen et al., 2016), we employed the ’trend’ 
package in RStudio 4.1.1 to analyze long-term trends in biophysical 
factors (including meteorological data, LAI, and CO2 concentration 
data) and flux data (NEP, Reco, GPP). This approach allowed us to 
calculate the significance of linear trends and determine the annual 
average rate of change (slope/mean value). To understand the impact of 
biophysical factors on the carbon sinks over 20 years, we performed 
convergent cross-mapping (CCM) (Sugihara et al., 2012) using the R 
package ‘rEDM’. The CCM method is a non-parametric method based on 
empirical dynamics and Takens’ theorem to capture causal relationships 
in complex ecosystems (Sugihara et al., 2012; Ye et al., 2015). Cross Map 
Skill (ρ) indicates the Pearson correlation coefficient between NEP 
predicted by various biophysical factors and observed NEP. An increase 
in ρ with time series length indicates a causal relationship between the 
factor and NEP. The Fisher’ Z test and Kendall’s τ test were performed to 
test the significance of the causal relationships (Chang et al., 2017). 
Since the CCM analysis was conducted using monthly-scale biophysical 
data and NEP, the results primarily capture the seasonal influences of 
biophysical factors on NEP. As the time series length increases, the 
analysis incorporates longer-term variations, allowing for insights into 
both seasonal and inter-annual dynamics. Moving window correlation 
analysis was applied utilizing the ’TTR’ R package and the results were 
visualized with the ’pheatmap’ R package to examine the long-term 
correlation between biophysical factors and NEP in different seasons. 
To minimize the influence of seasonal patterns and highlight the 
inter-annual effects, a 12-month window size was used. All statistical 
figures were created using Origin 2023b (OriginLab, USA).

3. Results

3.1. Seasonal variation and long-term dynamics of biophysical factors

The biophysical factors in our site from 2003 to 2022 exhibited 
consistent seasonal and inter-annual patterns (Fig. 2). Tair and Tsoil rose 
from the start of the year, peaked in June, and declined afterward (Fig. 2
(a)). Tsoil lagged slightly behind Tair, with ranges of 15.9–23.5 ◦C and 
16.0–24.3 ◦C, respectively. Daily Tair differences were highest in March 
(14.5 ◦C) and lowest in July (5.2 ◦C). P decreased early in the year, 
reaching a low in February (23.7 mm), then increased sharply after May, 
peaking in July (309.6 mm) (Fig. 2(b)). VWC mirrored P, ranging from 
0.16 to 0.27 m³ m⁻³. which is lower than some lowland tropical rain
forests (Aguilos et al., 2018; Kosugi et al., 2012). VPD peaked in April 
(0.68 kPa) during warm, dry conditions (Fig. 2(c)). PAR and Rs followed 
similar patterns, peaking in April (522.9 MJ m− ⁻² month⁻¹ and 745.2 mol 
m− ⁻² month⁻¹) (Fig. 2(d)). LAI decreased early in the year, reaching a 
low in April (4.90 m² m− ⁻²), before recovering to a peak around October 
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Fig. 2. (a)–(d): Temporal variation in monthly mean air temperature (Tair) and soil temperature (Tsoil); mean precipitation (P) and volumetric water content 
(VWC); mean relative humidity (RH) and vapor pressure deficit (VPD); and cumulative solar radiation (Rs) and photosynthetically active radiation (PAR); (e)–(j): 
Temporal variation in annual mean air temperature (Tair) and soil temperature (Tsoil), mean precipitation (P) and volumetric water content (VWC), mean relative 
humidity (RH) and vapor pressure deficit (VPD) and cumulative solar radiation (Rs) and photosynthetically active radiation (PAR). “CL”, “R” and “FC” indicate clear 
period of dry season, rainy season and foggy–cool period of dry season respectively. Error bars indicate the interannual standard errors of monthly values for each 
factor. The solid line represents the significant trend. Vertical grey lines mark the shifting time from wet to dry conditions based on SPEI.
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(5.8 m² m− ⁻²) (Fig. 2(e)).
During the rainy season, favorable temperatures (Tair = 23.4 ◦C, 

Tsoil = 22.9 ◦C) (Fig. 2(a)) and moisture (P = 190.7 mm month− 1) 
supported maximum LAI (5.6 m² m− ⁻²) (Fig. 2(b), 2(e)). The foggy–cool 
period of dry season had lower temperatures (Tair = 17.4 ◦C, Tsoil =
18.7 ◦C), scarce precipitation (P = 38.1 mm month− 1), and stable 
moisture (VPD = 0.29 kPa, VWC = 0.19 m³ m⁻³) (Fig. 2(a), 2(b), 2(c)). 
The clear period of the dry season was characterized by relatively low 
precipitation (P = 60.4 mm month− 1), strong solar radiation (Rs = 502.6 
MJ m− 2 month− 1, PAR = 720.6 mol m− 2 month− 1), and moderate air 
and soil temperatures (Tair = 22.1 ◦C, Tsoil = 19.5 ◦C) (Fig. 2(a), 2(b), 2
(d)). This period also coincided with the lowest LAI (4.9 m² m− 2), pri
marily due to seasonal leaf shedding in the upper canopy (Fig. 2(e)).

Inter-annual trends were stable over 20 years. Mean annual Tair and 
Tsoil were 21.2 ◦C and 20.1 ◦C, respectively (Fig. 2(f)), with Tsoil 
increasing slightly during the rainy season (Slope = 0.03 ◦C year− 1) 
(Figure S1(f)). Mean annual P was 1417.7 mm, with extremes of 913.8 
mm (2009) and 1801.1 mm (2008) (Table S1, Fig. 2(g)). Dry season P 
and VWC increased significantly (Slopes = 10.2 mm year− 1 and 0.004 
m3 m− 3 year− 1), while PAR rose notably (Slope = 3.17 mol m− 2 year− 1) 
(Figure S1(b), S1(d)). LAI averaged 5.46 m² m− ⁻², reflecting high 
vegetation coverage without significant inter-annual variation (Fig. 2
(j)).

3.2. Seasonal variation and long-term dynamics of CO2 exchange

NEP, Reco, and GPP exhibited distinct seasonal patterns (Fig. 3). NEP 
was positive at the start of the year, declined continuously, turned 
negative in April, and reached a minimum in June (− 8.6 g C m− ⁻² 
month⁻¹) before rebounding to positive values by September or October 

(Fig. 3(a)). The highest monthly mean NEP occurred in December (32.7 
g C m− ⁻² month⁻¹). GPP and Reco followed similar trends, peaking in 
June (GPP = 294.0 g C m− ⁻² month⁻¹, Reco = 302.6 g C m− ⁻² month⁻¹) 
before declining (Fig. 3(b), 3(c)). From April onward, Reco increased 
faster than GPP, and after September, Reco declined more rapidly. The 
dry season NEP (148.3 g C m− ⁻² season⁻¹) accounted for 93.9 % of annual 
NEP, significantly exceeding the rainy season NEP (9.6 g C m− ⁻² sea
son⁻¹, 6.1 %). During the dry season, NEP was higher in the foggy–cool 
period (58.3 g C m− ⁻² month⁻¹) than in the clear period (15.8 g C m− ⁻² 
month⁻¹).

Over the 20-year period, the ecosystem remained a continuous 
modest carbon sink, with NEP ranging from 51.0 to 260.5 g C m− ⁻² year⁻¹ 
(Table S1). NEP showed a significant upward trend (Slope = 5.30 g C 
m− 2 year− 1, growth rate = 3.4 % year⁻¹; Fig. 3(d)). GPP (Slope = 26.95 g 
C m− 2 year− 1, growth rate = 1.0 % year⁻¹) and Reco (Slope = 22.08 g C 
m− 2 year− 1, growth rate = 0.9 % year⁻¹) also increased significantly 
(Fig. 3(e), 3(f)). Maximum GPP and Reco values occurred in 2021 
(3074.8 and 2803.5 g C m− ⁻² year⁻¹, respectively), while minimum 
values were in 2008 (2052.6 and 2146.4 g C m− ⁻² year⁻¹, respectively). 
Annual mean NEP, Reco, and GPP were 157.9, 2500.2, and 2658.1 g C 
m− ⁻² year⁻¹, respectively.

Both GPP and Reco increased during the rainy and dry seasons 
(Fig. 3). Dry season GPP increased significantly (Slope = 12.34 g C m− 2 

year− 1, growth rate = 1.2 % year⁻¹; Fig. 3h), while Reco showed insig
nificant growth (Slope = 8.69 g C m− 2 year − 1, growth rate = 1.0 % 
year⁻¹; Fig. 3(i)), leading to substantial NEP accumulation (Slope = 3.55 
g C m− 2 year − 1, growth rate = 2.4 % year⁻¹; Fig. 3(g)). During the rainy 
season, GPP (Slope = 16.01 g C m− 2 year − 1, growth rate = 1.0 % year⁻¹) 
increased slightly more than Reco (Slope = 11.25 g C m− 2 year− 1, 
growth rate = 0.7 % year⁻¹; Fig. 3(k), 3(l)), resulting in modest NEP 

Fig. 3. Temporal variation in monthly (a) NEP, (b) GPP, and (c) Reco, annual (d) NEP, (e) GPP, and (f) Reco, dry season (g) NEP, (h) GPP, and (i) Reco, rainy season 
(j) NEP, (k) GPP, and (l) Reco from 2003 to 2022. The solid lines denote significant trends, the dashed lines denote insignificant trends. “CL”, “R” and “FC” indicate 
clear period of dry season, rainy season and foggy–cool period of dry season respectively. Vertical grey lines mark the shifting time from wet to dry conditions based 
on SPEI.
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accumulation (Slope = 1.32 g C m− 2 year− 1, growth rate = 4.5 % year⁻¹; 
Fig. 3(j)).

3.3. Long-term correlation between biophysical factors and CO2 fluxes

Convergence cross-mapping revealed that temperature (Tair and 
Tsoil) had the strongest and most robust impacts on NEP over the 20- 
year period, consistent with previous findings (Fei et al., 2018). In 
contrast, radiation (Rs and PAR) had minimal direct effects (low ρ 
values), though these may reflect cumulative or long-term processes 
(high slopes) (Fig. 4(a)). Moving window correlation analysis showed 
that none of the biophysical factors consistently exhibited either positive 
or negative correlations with NEP over the 20 years (Fig. 4(b), 4(c)). 
Notably, between 2009 and 2016, several factors, including tempera
ture, moisture, and radiation, shifted to reversed correlation coefficients 
in both seasons. In the dry season, most factors (except LAI and VWC) 
showed no significant positive correlation with NEP before 2013. From 
2014 to 2016, temperature (Tair and Tsoil) and radiation (Rs and PAR) 
exhibited positive or slightly negative correlations with NEP. After 
2016, temperature and radiation factors again showed negative corre
lations with NEP. LAI had a significant positive correlation with NEP 
before 2013 but showed non-significant or negative influences after
ward. In the rainy season, VPD and radiation (Rs and PAR) displayed 
strong positive correlations with NEP in most years. However, this 
relationship shifts to a negative correlation in one or two years after 
2009 and 2014. During this period, rainfall and VWC exhibited slight 
opposite trends to radiation factors. Over the 20 years, VPD and radia
tion maintained the most stable correlations with NEP in the dry season, 
while LAI showed a stable correlation in the rainy season. These shifts in 
driver–NEP correlations typically occurred 2–3 years after the transi
tions from wet to dry conditions (2009 and 2014) (Figure S2).

GPP generally increased with higher PAR, Tair, and VWC (Fig. 5(a), 
5(b), 5(c); Table S2). The slope of the linear correlation between PAR 
and GPP reflects changes in ecosystem light use efficiency (LUE), which 
ranged from 0.2 to 0.4, with higher LUE in the rainy season compared to 
the dry season (Fig. 5(a)). The effect of Tair on GPP varied across pe
riods, but higher temperatures generally corresponded to larger GPP. 
Lower Tair in earlier years was associated with smaller GPP during the 

rainy season and the foggy–cool period of the dry season. Similarly, 
lower VWC in earlier years coincided with reduced GPP in these periods. 
GPP increased with VPD during the foggy–cool period but decreased 
with VPD in the rainy season and clear period. However, the rainy 
season reached peak GPP within the same VPD range as the foggy–cool 
period. Additionally, the rainy season achieved higher GPP than the 
foggy–cool period at similar LAI levels. In most years, the clear period 
had lower LAI than the foggy–cool period but maintained comparable 
GPP levels.

Reco increased with stable or rising Tsoil and VWC throughout the 
year (Fig. 6(a), 6(b); Table S2). Although Reco was estimated from 
nighttime data using a Q10 model (Fang and Moncrieff, 2001; Reichstein 
et al., 2005), its seasonal and temperature-driven responses were 
examined across varying temperature ranges, and agree with soil 
chamber patterns, supporting the Q10-based estimates (Goldberg et al., 
2017; Zhang et al., 2015). Unlike the clear period, both Tsoil and Reco 
increased consistently over the 20 years during the foggy–cool seasons. 
Earlier foggy–cool seasons had lower Tsoil and smaller Reco compared 
to later years. The clear and rainy seasons generally exhibited higher 
Reco than the foggy–cool period in relation to VWC. The positive effect 
of VWC on Reco was most pronounced in the foggy–cool period (Table 
S2). The linear correlation between LAI and Reco was weak. At similar 
LAI levels, the rainy season and clear period had higher Reco than the 
foggy–cool period (Fig. 6(c)).

4. Discussion

4.1. Small, stable carbon sink during the rainy season

Different from the dry season, which always presented a non- 
negligible carbon sink, this forest sometimes behaved as a carbon 
source during the rainy season. The average NEP during the 20 years 
was only approximately 1.3 g C m− 2 month− 1 during the rainy season. 
Annual rainfall and Tair peaked during the rainy season, with GPP and 
Reco reaching their maximums throughout the year in the rainy season 
(Fig. 3). The synchronous levels and slight trends in GPP and Reco 
during the rainy season over a 20-year period (Fig. 3(k), 3(l)) led to an 
insignificant increasing or decreasing trend of NEP (Fig. 3(j)). Thus, a 

Fig. 4. Long-term correlation between biophysical factors and NEP. (a): Convergent cross-mapping analysis of biophysical forcing impacts on NEP from 2003 to 
2022. The correlation (cross map skill, ρ) between predicted and observed NEP strengthens with time series length, gradually stabilizing around 2007 (convergence), 
indicating the causal relationships between biophysical factors and NEP. (b)-(c): Moving window correlation analysis between biophysical factors and NEP during the 
dry season and rainy season. * indicates significant correlation (p < 0.05). Red lines mark the shifting time from wet to dry conditions based on SPEI. Blue and orange 
colors represent negative and positive Pearson correlation coefficients, respectively, with color intensity indicating correlation strength.
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mostly balanced CO2 exchange between the ecosystem and the atmo
sphere can be maintained during the rainy season during the 20 years.

This rainy season CO2 flux pattern is similar to tropical forests in SEA 
(Saigusa et al., 2008). During the rainy season, tropical seasonal rain
forest vegetation exhibited vigorous growth due to elevated tempera
tures and high moisture availability (Fei et al., 2018; Raich et al., 2006). 
This growth was further evidenced by the increase in LAI during the 

rainy season (Fig. 2(e)), which consequently enhanced GPP. The tem
perature and water conditions of the rainy season may concurrently also 
increase Reco by enhancing soil enzyme activity and promoting litterfall 
decomposition (Hikosaka et al., 2006; Zhang et al., 2006b). VPD, Rs, and 
PAR showed positive correlations with rainy season NEP (Fig. 4(c)), 
except for the one or two years after 2009 and 2014, when a temporary 
temperature peak was observed (Fig. 2(f)). The high temperature 

Fig. 5. Correlation between monthly average biophysical factors and GPP in the foggy–cool period and clear period in the dry season, as well as during the rainy 
season. Each dot represents the monthly average in the different seasons of each year. Dot diameter indicates the year (the smallest one is 2003 while the largest one 
is 2022). The regressions are based on all season data.

Fig. 6. Correlation between monthly average biophysical factors and Reco in the foggy–cool period and clear period in the dry season, as well as during the rainy 
season. Each dot represents the monthly average in the different seasons of each year. Dot diameter indicates the year (the smallest one is 2003 while the largest one 
is 2022). The regressions are based on all season data.
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coupled with reduced precipitation in 2010 and 2014 led to higher VPD 
and radiation in the rainy season than during the other years and 
resulted in a depression in NEP. This is also the reason why the corre
lation between precipitation and NEP showed a moderate increase after 
2013, when the annual precipitation input largely grew and mitigated 
the stress of high VPD and radiation on photosynthesis. In approxi
mately two years following 2009 and 2014, which are periods charac
terized by lower precipitation and warmer temperatures, the NEP 
transitioned from a carbon source to a carbon sink during the rainy 
season (Fig. 3(j)). This shift may be attributed to a reduction in 
ecosystem respiration driven by decreased precipitation and VWC, 
which outweighed the limitation effects high radiation and VPD on 
photosynthesis. Precipitation and soil moisture changed insignificantly 
during the rainy season, hence their effect on GPP and Reco was limited 
during the 20 years.

4.2. Significant role of carbon sinks during the dry season

Dry season NEP accounted for 93.9 % of the annual mean NEP. The 
mean GPP was 167.3 and 191.1 g C m− 2 month− 1, and the mean Reco 
was 138.3 and 176.1 g C m− 2 month− 1 in the foggy–cool and clear pe
riods, respectively, during the 20 years. Despite the larger GPP in the 
clear period than in the foggy–cool period, the foggy–cool period carbon 
sink basically accounted for over 60 % of the carbon sink during the dry 
season except in 2013, 2015, and 2021, with a 20-year mean NEP of 29.2 
g C m− 2 month− 1, while the 20-year mean NEP for the clear period was 
15.8 g C m− 2 month− 1 (Fig. 3). As suggested by Fig. 6(c), LAI remained 
low for more than 10 years only in the clear periods; for the same year, 
Reco levels in the clear period were scarcely less than in the foggy–cool 
period. The “intensive leaf change” phenomenon (suggested by the low 
LAI during the clear period, Fig. 2(e), Figure S3) resulted in great 
accumulation of litterfall and in the large Reco at this period (Zhang 
et al., 2006b; Zheng et al., 2005). This result suggests that the bio
physical conditions of the foggy–cool period were more beneficial for 
carbon accumulation (Fig. 5(a)). Hence, the larger contribution of the 
foggy–cool period to the dry season carbon sink was not only caused by 
its longer time occupation (four months) per year compared with clear 
period (two months) but was also largely decided by the higher CO2 
uptake capacity. The trend analysis results show that the increase in NEP 
occurred significantly during the dry season (Fig. 3(d)). The faster 
inter-annual growth rate of GPP compared with Reco had led to the 
accumulation of NEP during the dry season over time (Fig. 3(h), 3(i)).

Insolation was considered the main factor affecting the dry season 
CO2 uptake in tropical rainforests (Zhang et al., 2010). The foggy–cool 
period had lower radiation (Fig. 2(d)) due to the frequent occurrence of 
fog. The increasing LUE with the improved range of PAR can be found 
during the foggy–cool periods of the two decades (Fig. 5(a)). Especially 
LUE improvement (Figure S4(a)) during 2013 to 2016 corresponded 
well to the positive correlation coefficient between PAR and NEP during 
the dry season (Fig. 4(b)). The PAR level was getting close to the clear 
period and rainy season levels (Fig. 5(a)), leading to larger GPP 
compared with the early years. This increasing PAR in the foggy–cool 
period may be associated with reduced cloud cover and radiation fog 
levels, potentially caused by deforestation (mainly converting rainforest 
to rubber plantation) (Cheng and Xie, 2008; Liu et al., 2003; Qi et al., 
2014; Zhang et al., 2014) in Xishuangbanna (prefecture) region. This 
localized phenomenon also aligns with the broader positive trend in 
solar radiation observed across Southwest China (Jin et al., 2022; Wang 
et al., 2021). The promoting effect of PAR on NEP occurred with PAR 
values below approximately 2423.5 mol m− 2 period− 1 (Figure S4(b)). 
Despite PAR showing a slight increasing trend during the 20 years, its 
fluctuations during foggy–cool seasons have mostly remained under this 
threshold, primarily enhancing NEP in this period. Especially, along 
with the reduction of fog in this region, the PAR availability increased, 
which is beneficial to expand the promoting effect of PAR on NEP. The 
light-curve analysis (Figure S4(c), Table S3) suggests that the increase in 

LUE during the clear period was primarily driven by the enhanced ra
diation conditions. Also, the forest had the highest LAI during this period 
and notable diffuse radiation due to fog, which has been shown to 
enhance photosynthesis and GPP, and thereby contributing to higher 
NEP in the foggy–cool period (Rap et al., 2015; Rodrigues et al., 2024).

We also note that the elevated atmospheric CO2 concentration dur
ing the recent decades has been linked to the increasing carbon sink 
trend in the tropical forest region (Lewis et al., 2004a, 2004b; Ruehr 
et al., 2023; Figure S6(a)) due to the CO2 fertilization effect (Bala et al., 
2006; Tharammal et al., 2019). Elevated CO2 concentrations can 
enhance ecosystem LUE through several mechanisms, including stimu
lating photosynthetic carbon gain (Leakey et al., 2009), reducing pho
toinhibition (Tomimatsu et al., 2014) and influencing chlorophyll 
synthesis (Singh and Agrawal, 2015). A larger ecosystem LUE can be 
achieved with a lower contribution of Rubp-limited photosynthesis and 
a larger contribution of Rubisco-limited photosynthesis. Moreover, the 
observed increase in water use efficiency (WUE) further supports our 
inference that elevated CO2 and radiation jointly enhanced GPP, leading 
to disproportionate gains in carbon assimilation relative to evapo
transpiration—consistent with global WUE trends under rising CO2 
(Figure S8; Zhang et al., 2022; Walker et al., 2021). Such a mechanism 
requires further detailed investigation and analysis of the specific 
physiological process. Nevertheless, our results strongly proved the 
stimulating effect of increasing PAR on GPP and the long-term carbon 
sink for this rainforest at the ecosystem level.

Water limitation during the dry season severely restricts canopy 
carbon uptake in tropical forests (Lee et al., 2013; Morton et al., 2014; 
Restrepo-Coupe et al., 2013; Saleska et al., 2003). The clear period 
suffers more from drought stress due to its higher temperature and ra
diation than the foggy–cool period (Fig. 2(a), (d)). Despite the two 
sub-seasons of dry season had similar extent of precipitation and soil 
moisture (Fig. 2(b)), the stable and notable carbon sink in the dry season 
can partly be attributed to the differing sensitivities of the foggy–cool 
and clear periods to the precipitation input change. During the 20 years, 
the foggy–cool period has generally maintained a larger NEP than the 
clear period has. But its NEP displayed a non-negligible decline in 2014 
and 2015, when the foggy–cool season showed declined precipitation 
partitioning (Fig. 7(a)). But for the clear period, a significantly enhanced 
NEP (even larger than the early years NEP of the foggy–cool periods) 
appeared in 2015 after the large precipitation partitioning to this period 
in 2014. Similar regulation can also be found in 2021 (Fig. 7(b)), which 
may have resulted from the growth in vegetation (LAI) with the 
increased precipitation input that mitigates the high temperature in the 
clear period (Figure S5, Ma et al., 2023). Different from the situation in 
2015, NEP in 2021 also had a decreased contribution to the whole dry 
season NEP, as shown by the percentage, but it remained at a stable 
level. Therefore, decreased precipitation in the dry season may impair 
the foggy–cool NEP, but this part can well be compensated if dry season 
rainfall partitioning to the clear period was increased. Enhanced NEP 
was also reported in other SEA rainforests under La Niña- induced moist 
conditions, frequently occurring after El Niño events (Takamura et al., 
2023). The increased precipitation during the clear period over the years 
(from around 2009 to 2018) not only allowed LAI to recover and pro
moted NEP but the simultaneously slight decrease of VPD caused by the 
increase in precipitation can promote NEP through increased stomatal 
conductance, which enhanced the process of CO2 uptake through leaf 
photosynthesis (Chayawat et al., 2019; Kwon et al., 2008; Law et al., 
2001) (Figure S5(a), S5(b)). However, some years had comparatively 
high LAI but with VPD- or VWC-restricted low NEP (Figure S5(c), S5(d)). 
Excessive VPD during the dry season will cause stomatal closure to 
prevent excessive water loss, inhibiting plant growth and, in severe 
cases, leading to leaf and branch loss (Yan et al., 2016). In the early 
years, mean VPD during the clear period exceeded 0.6 kPa. Beyond this 
threshold, NEP usually decreases with a VPD increase (Figure S5(c)). 
Besides the effect of atmosphere moisture, which is represented by VPD, 
the increase in soil moisture (VWC) caused by increased precipitation 
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also had a positive effect on NEP through photosynthesis in recent years 
(Figure S6(b)), which was controlled by physiological processes 
(Martínez-Vilalta et al., 2014; Sohel et al., 2021). This can be evidenced 
by the sensitive response of GPP to soil moisture across seasons and 
years (Fig. 5(c) due to the prevalent water stress experienced by vege
tation (Xiong et al., 2022). Meanwhile, the increase in dry season pre
cipitation stimulated litterfall decomposition and CO2 emission, thereby 
boosting Reco (Jarvis et al., 2007; Parsons et al., 2014; Sayer et al., 

2007; Waring and Powers, 2016; Wieder et al., 2009), especially in the 
clear period when a large amount of litterfall was present (Figure S7). 
Therefore, the increasing NEP throughout the years was more evident in 
the foggy–cool period because Reco increasement was slighter than 
during the clear period.

Fig. 7. Variation in the contribution of Reco and GPP to NEP in the dry season accompanied with rainfall partitioning. (a) Foggy–cool period; (b) Clear period. "NEP 
percentage in dry season" indicates the contribution of foggy–cool or clear period NEP to the whole dry season NEP. "ΔP (FC–Cl)/Annual P" indicate the difference in 
annual rainfall partitioning to the foggy–cool and clear periods.

Table 1 
Inter-annual trends of carbon sinks/stocks in tropical forests around the world.

Continent Region Vegetation Type Annual 
Rainfall (mm)

Trends Reference

South 
America

Muti-stations Tropical forests ​ Decrease 
1985–2015

Hubau et al., 2020

French Guiana Tropical humid rainforest 3041 Increase 
2007–2009 
Decrease 
2010–2011

Aguilos et al., 2018

Brazil Tropical 
seasonal rainforest

1872 Increase 
2004–2010

Zeri et al., 2014

Brazil Tropical seasonal forests ~1600 Decrease 
1987–2020

Maia et al., 2020

Africa Muti-stations Tropical forests ​ Increase 
1985–2015

Hubau et al., 2020

Muti-stations Tropical forests ​ Increase 
1968–2007

Lewis et al., 2009

All of Africa Tropical 
forests

​ Increase 
1901–2002

Ciais et al., 2009

Asia Xishuangbanna Tropical 
seasonal rainforest

1418 Increase 
2003–2022

This study

Malaysia Tropical 
humid rainforest

1804 Increase 
2003–2010

Kosugi et al., 2012

Thailand Dry dipterocarp forest 985 Stable 
2013–2017

Sanwangsri et al., 2018
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4.3. Implications for the carbon uptake potential of protected tropical 
rainforests

Over the past two decades, the Xishuangbanna tropical seasonal 
rainforest significantly enhanced its carbon sink compared to previous 
measurement before 2010 (Zhang et al., 2010; Zhang et al., 2006b), 
contrasting with declining or balanced trends in South America but 
aligning with stable or increasing sinks in Africa and Asia (Table 1). For 
instance, South American seasonal and humid tropical forests exhibit 
relatively large carbon sinks, such as 335 g C m− 2 year− 1 in French 
Guiana—a humid forest on the Guiana Shield with a short dry season 
(Aguilos et al., 2018)—and 500 g C m− 2 year− 1 in a more seasonal 
southwestern Amazonian forest (Zeri et al., 2014), while a semi
deciduous tropical forest in the southern Amazon Basin was found to be 
nearly carbon-neutral (Vourlitis et al., 2011); while tropical forests in 
Africa and Asia show weaker carbon uptake (e.g., ~22 g C m− ⁻² year⁻¹ in 
Africa (Hubau et al., 2020) and ~21 g C m− ⁻² year⁻¹ in Malaysia (Kosugi 
et al., 2012) and 71 g C m− ⁻² year⁻¹ in Hainan, China (Li et al., 2018). 
These differences are likely due to variations in altitude, seasonality, and 
soil nutrient availability (Malhi, 2012). Also, these listed sites usually 
had a higher soil moisture level than Xishuangbanna. For example, in 
Paosh in Malaysia, which is a lowland tropical rainforest located in the 
center of Tropical Asia, the VWC varied around 0.2 to 0.4, and corre
spondingly there was a larger Reco and GPP over 3000 g C m− 2 year− 1 

(Kosugi et al., 2008, Kosugi et al., 2012). The generally lower VWC over 
years at this site compared to the other tropical forests limited the range 
of dry season Reco and wet season GPP (Fig. 6(b)), which contribute to 
the larger carbon sink in dry season than rainy season. The dry–season 
drought stress (a cumulative precipitation of approximately 273.4 mm 
from November to April) limits carbon uptake, highlighting the eco
system’s sensitivity to precipitation changes (Zhang et al., 2010). 
Comparing with other dry forests had similar average level of soil 
moisture, nearly 84 % of CO2 uptake was achieved during the rainy 
season in a savanna ecosystem with higher temperature and radiation, 
which is opposite to our site (Fei et al., 2018); while in a tropical dry 
dipterocarp forest with similar annual averages of temperature and 
precipitation also showed the similar declined activities of carbon ex
change due to the decreased precipitation and soil moisture as our sites 
did (Kaewthongrach et al., 2020). Although shifts in dry and rainy 
season durations were not evident during the study period, future 
changes in rainfall patterns and rising temperatures could further 
constrain carbon sink capacity.

The rainforest’s carbon use efficiency (CUE) mirrored the seasonal 
pattern of NEP, peaking in the dry month of December (20.4 %) and 
reaching its lowest in the rainy month of August (− 2.8 %; Fig. 8). This 
reflects greater carbon retention during the dry season and higher res
piratory losses during the rainy season. Over the study period, CUE 
showed a significant upward trend (annual mean: 5.9 % ± 1.8 %), 
driven by faster growth in GPP compared to Reco. Concurrent increases 
in above- and belowground biomass further underscore the ecosystem’s 
potential for carbon accumulation. However, the annual carbon sink 
declined temporarily around 2 years post-drought (e.g., after 2009 and 
2014, Fig. 3(d)), which suggested that even a small long-term decrease 
in soil moisture (Fig. 2(g) causes a decrease in carbon sequestration in 
subsequent years. Hence, if there were increasingly severe and frequent 
droughts in the future, the carbon sequestration function of this forest 
may be threatened. Recent studies also demonstrated that repeated and 
severe droughts can lead to significant reductions in forest carbon up
take, increased tree mortality, and shifts in ecosystem respiration pat
terns, thereby compromising the long-term carbon sink capacity of 
tropical forests (Feldpausch et al., 2016; O’Connell et al., 2018; van der 
Molen et al., 2011). Despite regional carbon losses from deforestation, 
land-use change, and expanding rubber plantations (Achard et al., 2014; 
Clough et al., 2016; Tan et al., 2010; Yao et al., 2020)—which reduced 
Xishuangbanna’s biomass carbon stock from 212.6 ± 8.7 Tg C in 1976 to 
86.9 ± 3.7 Tg C in 2003 (Li et al., 2008)—protected primary forests 
demonstrate resilience and capacity to enhance carbon sinks under 
changing environmental conditions.

5. Conclusion

This study applied the EC technique to verify the increasing carbon 
sink and the related inter-annual and seasonal effect by biophysical 
factors in a protected primary tropical forest ecosystem in Xishuang
banna, the northern edge of SEA, from 2003 to 2022. Over the 20 years, 
the tropical seasonal rainforest ecosystem in Xishuangbanna was a 
continuous carbon sink, with an annual mean NEP of 157.9 ± 56.7 g C 
m− 2 year− 1 (larger than some reported carbon sinks in SEA rainforests). 
NEP showed a significant upward trend during the study period, with a 
growth rate of 3.4 % year− 1. The increase in NEP was caused by a higher 
growth rate in GPP (1.2 % year− 1) than in Reco (1.0 % year− 1). 
Nevertheless, in the years following drought (in 2009 and 2014, when 
SPEI was lower than − 1), the annual carbon sink slightly declined, as 
carbon uptake in the rainy season (temporary shifting from source to 

Fig. 8. The carbon use efficiency (CUE) in Xishuangbanna tropical seasonal rainforest. (a) seasonal pattern of CUE and (b) the inter-annual variations in CUE and 
biomass. CUE was calculated using NEP/GPP (Chen et al., 2019). Biomass data at 5-year intervals were provided by the Xishuangbanna Tropical Rainforest 
Ecosystem Station (http://bnf.cern.ac.cn/). Estimates were based on tree census data and allometric equations developed from harvested trees across DBH classes. 
Grey shadow indicates the duration of rainy season.
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sink) could not offset the dry season decrease. Agreeing with previous 
studies, this forest usually presented as a carbon sink in the dry season 
and as a weak carbon source or a carbon neutral in the rainy season. The 
CO2 exchange was dominantly driven by changes in the distinctive 
factors during the different seasons and sub-seasons. Dry season inso
lation became higher and water stress was alleviated by more rainfall 
input, while the rainy season climate remained mostly stable, aside from 
a minor rise in soil temperature during the 20-year period. The dry 
season NEP accounted for up to 93.9 % of the annual mean carbon sink 
and was responsible for the upward trend of the inter-annual carbon sink 
because the stable temperature and moisture cause the forest to remain 
largely carbon neutral without distinct fluctuations of the sink or source 
during the rainy season throughout the 20 years. Enhanced PAR in the 
moderate range helped this forest maintain an increasing NEP level 
during the foggy–cool period of the dry season over the years, while the 
increased precipitation during the clear period over the years is 
considered the main reason for promoting NEP in the clear period of the 
dry season. Along with the growth in inter-annual NEP, an increasing 
CUE based on EC flux and above- and underground biomass can also be 
found at this site during the two decades, which suggests that the carbon 
sequestration potential of this forest corresponds to its CO2 uptake ca
pacity. The positive carbon accumulation trend in Xishuangbanna 
tropical rainforest resembled that of other tropical forests in SEA and 
Africa but contrasted with the negative trend in South America. These 
results indicated the continuous carbon sink potential of the protected 
tropical rainforests, along with emphasizing the role of rainfall season
ality in regulating the CO2 exchange in rainforests. Therefore, despite 
the shifts in the duration of dry and rainy seasons not being evident 
during the study period, potential changes in the rainfall regime and 
seasonality, along with the rising temperature in this area should cause 
concern in the future. Our study highlights the value of a long-term 
ecosystem CO2 flux in primary forests at the northern edge of the tro
pics, which is helpful for improving our understanding of the tropical 
forest carbon cycle. Future studies still need to build on larger spatial 
scales and integrate ecosystem process models to better predict 
ecosystem responses to ongoing climate change.
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