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1  | INTRODUC TION

With recent findings of peatlands in Amazon and Congo basins 
(Dargie et al., 2017; Draper et al., 2014), known tropical peatlands 
are distributed over 1.7 Mkm2 (Gumbricht et al., 2017) and comprise 
40% of the global peatland area (Xu, Morris, Liu, & Holden, 2018).  

The new discoveries reveal that the carbon pool of tropical 
peatland is four- to fivefold higher (Gumbricht et al., 2017) than 
the previous estimates (Maltby & Immirzi, 1993). While cov-
ering for only some 15% of the total area of tropical peatlands, 
Southeast Asian peatlands are a critical carbon reservoir with 
their extensive and thick deposits of peat. There remain con-
siderable uncertainties about their present role in global carbon 
cycle. Tropical forests are now thought to represent a global net  
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Abstract
Tropical peat forests are a globally important reservoir of carbon, but little is known 
about CO2 exchange on an annual basis. We measured CO2 exchange between the 
atmosphere and tropical peat swamp forest in Sarawak, Malaysia using the eddy co-
variance technique over 4 years from 2011 to 2014. The CO2 fluxes varied between 
seasons and years. A small carbon uptake took place during the rainy season at the 
beginning of 2011, while a substantial net efflux of >600 g C/m2 occurred over a 
2 month period in the middle of the dry season. Conversely, the peat ecosystem was 
a source of carbon during both the dry and rainy seasons in subsequent years and 
more carbon was lost during the rainy season relative to the dry season. Our results 
demonstrate that the forest was a net source of CO2 to the atmosphere during every 
year of measurement with annual efflux ranging from 183 to 632 g C m−2 year−1, not-
ing that annual flux values were sensitive to gap filling methodology. This is in con-
trast to the typical view of tropical peat forests which must have acted as net C sinks 
over time scales of centuries to millennia to create the peat deposits. Path analyses 
revealed that the gross primary productivity (GPP) and ecosystem respiration (RE) 
were primarily affected by vapour pressure deficit (VPD). Results suggest that future 
increases in VPD could further reduce the C sink strength and result in additional net 
CO2 losses from this tropical peat swamp forest in the absence of plant acclimation 
to such changes in atmospheric dryness.
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C source (Baccini et al., 2017; Mitchard, 2018) but the role of trop-
ical peat ecosystems to the carbon cycle remain unclear.

Previous studies in Southeast Asian peat forests have quan-
tified soil CO2 flux rates (Inubushi, Furukawa, Hadi, Purnomo, & 
Tsuruta, 2003; Jauhiainen, Takahashi, Heikkinen, Martikainen, & 
Vasander, 2005; Melling, Hatano, & Goh, 2005) with estimated 
emissions on the order of 950–2,100 g C m−2 year−1. Higher emis-
sions are intermittently observed during the dry season (Jauhiainen  
et al., 2005) but other studies find no distinct seasonal variabil-
ity in soil CO2 efflux (Inubushi et al., 2003; Melling et al., 2005). 
The role of seasonality in determining the net ecosystem CO2 
exchange (NEE) and gross primary productivity (GPP) of tropical 
peat ecosystems still needs to be ascertained. Because of the re-
moteness of locations and difficulty of measurements, there are 
to our knowledge only six tropical peatland sites with published 
NEE measurements. Among these six sites, three sites were lo-
cated in Central Kalimantan, Indonesian Borneo (Palangkaraya, 
hereafter ‘CK’) with altered hydrology including clearcutting 
(Hirano et al., 2012), one was of a secondary forest in Sarawak, 
Malaysian Borneo (hereafter ‘SF’; Kiew et al., 2018), and the other 
two were in primary and secondary forest in Thailand that em-
ployed a concentration gradient approach for CO2 flux measure-
ment (Suzuki, Ishida, Nagano, & Waijaroen, 1999). From these 
observations, the NEE in tropical peatlands was found to vary 
substantially at seasonal and interannual time scales, suggesting 
a high sensitivity to climate variability. The 4 year mean annual 
NEE for a relatively intact peat forest with minimal drainage in 
CK—including two El Niño years—was 174 ± 203 g C m−2 year−1, 
varying year-to-year from a carbon sink (−27 g C m−2 year−1) to 
a carbon source (443 g C m−2 year−1; Hirano et al., 2012). Three 
years of NEE measurements at a peat forest disturbed by drain-
age exhibited higher seasonal variation such that the forest was a 
small CO2 sink or approximately C neutral in the early dry season 
and emitted most CO2 in the late dry season and/or early rainy 
season (Hirano et al., 2007). In contrast, a large amount of C was 
accumulated over 1 year in both primary (−532 g C m−2 year−1) and 
secondary peat swamp forest (−522 g C m−2 year−1) in Thailand 
(Suzuki et al., 1999) estimated using gradient techniques. The 
primary forest absorbed more carbon in the dry season than the 
rainy season, whereas the opposite was held for the secondary 
forest (Suzuki et al., 1999).

The role of a tropical peat forest as a net sink or source of CO2 
often depends on its response to climate and disturbance. Hirano 
et al. (2012) found that the CO2 balance of three peat ecosystems in 
CK was principally controlled by groundwater level (GWL), in which 
the NEE increased (i.e. the ecosystems became a stronger C source 
or weaker C sink) when GWL decreased on an annual basis, and sug-
gested that a lowering of 0.1 m of GWL increased the CO2 efflux 
rates by 79–238 g C m−2 year−1. Carbon uptake at the CK sites was 
also constrained by decreases in photosynthetic photon flux density 
(PPFD) caused by atmospheric ozone production from nearby peat 
fires and high values of the vapour pressure deficit (VPD), consis-
tent with findings that plant stomata respond to VPD values greater 

than c. 1 kPa (Fu et al., 2019; Körner, 1995; Oren et al., 1999). The 
seasonal effects on carbon cycling were also observed in South 
America's tropical ecosystems, where water availability via rainfall 
imposes a major ecophysiological constraint on photosynthesis or/
and respiration (Goulden et al., 2004; Malhi et al., 1998; Vourlitis 
et al., 2001) such that the annual C balance is particularly sensitive to 
climate anomalies (Cavaleri et al., 2017; Hutyra et al., 2007).

The interannual variability of NEE in undrained tropical peat for-
ests has not been measured to date. A functional and mechanistic 
understanding of the response of ecosystem-scale CO2 flux to hy-
drological and meteorological changes will improve models used to 
estimate the regional and global C budgets and to predict ecosystem 
responses to global climate change. Such results can also contribute 
to global CO2 mitigation efforts. The aim of this paper is to improve 
the state of current knowledge of tropical peat forests with respect 
to the seasonal and interannual variability in NEE and its compo-
nents, GPP and ecosystem respiration (RE) and the role played by 
environmental factors including changes in atmospheric radiation 
and ozone that may result from peat fires elsewhere in Southeast 
Asia in controlling CO2 exchange.

2  | MATERIAL S AND METHODS

2.1 | Site description

The study was carried out in tropical peat swamp forest in Maludam 
National Park in the Betong Division of Sarawak, Malaysia. Maludam 
National Park is situated on the Maludam Peninsula between the 
Saribas River to the north and the Lupar River to the south—both 
draining into South China Sea—and consists entirely of low-lying 
flat peat swamp with uneven microrelief and a hummocky surface 
(Melling & Hatano, 2004; Figure 1). The Park was officially gazetted 
in 2000 with an areal extent of 43,200 ha. It was further protected 
with an extension of 10,421 ha in 2015, making it the largest tract 
of protected peat swamp in Northern Borneo. The forests were se-
lectively logged before it was declared a National Park in 2000. The 
peatland exhibits domed profiles. When the peat is saturated, excess 
water flows radially across the surface of the peat dome into the sur-
rounding waterways. Such phenomenon divides the peat swamp into 
several catchments. Because of the low relief and interlinked catch-
ments in the coastal lowlands, their boundaries are not fixed nor well 
defined (Kselik & Tie, 2004). Under natural condition, the catchment 
areas vary over time due to extreme weather (Kselik & Tie, 2004) or/
and changes in the peat surface elevation (Melling & Hatano, 2004). 
The water table is close to or above the peat surface throughout the 
year and fluctuates with rainfall intensity and duration.

Peat in Sarawak is generally classified as the ombrogenous peat 
(rain fed) and therefore poor in nutrients (oligotrophic). Depending 
on the floristic composition and structure which are strongly af-
fected by topographic and hydrologic gradients, six different forest 
types (or phasic communities, PC) generally occur in a concentric se-
quence on the peat dome in Sarawak (Anderson, 1963). These range 
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from mixed swamp forest with structure and physiognomy similar 
to lowland dipterocarp rainforest on the more fertile periphery of 
the dome, to stunted with xeromorphic features in the centre of the 
dome with increasing peat thickness, acidity and lower fertility.

The flux tower was established in Alan Batu forest (PC2; 
1°27′13″N, 111°8′58″E) which has an uneven and irregular canopy 
with an average height of 35 m. The Alan Batu forest is dominated by 
large, scattered trees of Alan (Shorea albida) with girth greater than 
3.5 m. Most of these large trees have hollow stems and staghead 
crowns. This forest is found on the edge of the dome with abiotic 
stresses. Therefore, S. albida has adapted to develop large buttresses 
that are almost invariably hollow and extensive root systems which 
commonly creates vacant layers of about 20–30 cm within the top 
100 cm of peat soil. Other dominant tree species include Lithocarpus 
sp., Litsea sp. and Stemonurus sp. while the lower canopy mainly con-
sists of young trees, shrubs, ferns, sedges, pandanus and pitcher 
plants. The forest floor was covered with a layer of organic tree de-
bris, consisting mainly of decaying tree leaves. Plant area index (PAI) 
was measured monthly from January 2014 to December 2014 using a 
LI-2200 plant canopy analyser (LI-COR Inc.). Average PAI was 6.2 m2/
m2 with no significant seasonal changes in 2014 (p = .674). The terrain 
in the vicinity of the tower is relatively flat (slope < 2°) with an eleva-
tion of 8 m above mean sea level and peat thickness of c. 9 m.

2.2 | Measurements of fluxes and 
micrometeorological variables

NEE was measured continuously using the eddy covariance (EC) tech-
nique over 4 years from 2011 to 2014. The EC system was mounted 

at the tip of a long boom with an extension of 1 m from the 40 m 
tower and consisted of a LI-7500A open-path CO2/H2O analyser (LI-
COR), which measured the concentrations of CO2 and water vapour, 
coupled to a CSAT3 three-dimensional sonic anemometer (Campbell 
Scientific Inc.) facing the direction of the prevailing wind (southeast, 
Figure S1a), which measured the three components of wind velocity 
at 10 Hz that were logged using a CR3000 Datalogger (Campbell 
Scientific) as described in Tang et al., (2019). A LI-820 closed-path 
CO2 analyser (LI-COR) was deployed to measure the vertical profile 
of CO2 concentration at six levels within the canopy at 0.5, 1, 3, 11, 
21 m and above the canopy at 41 m. Air was drawn from each inlet 
at the tower and the sampling path was rotated every minute. Thus, 
the measurement for six levels took 6 min and the concentration was 
averaged over 30 min.

Net radiation was measured at 41 m using a CNR4 net radiometer 
(Kipp & Zonen). Two LI-190SB quantum sensors (LI-COR) were likewise 
mounted at 41 m and pointed downwards and upwards to measure in-
coming and outgoing PPFD. Air temperature (Tair) and relative humidity 
were measured at 11 and 41 m using CS215 temperature and relative 
humidity probes (Campbell Scientific). The tower was also equipped 
with a three-cup anemometer and wind vane (01003-5, R.M. Young 
Co.) at 41 m to measure wind speeds and wind directions in addition 
to the sonic anemometer. Rainfall was measured by a TE525MM tip-
ping-bucket rain gauge (Texas Electronics) 1 m above the ground sur-
face in an open area located c. 5 m from the tower. Soil temperature 
was measured about 20 m from the tower with platinum resistance 
thermocouples at 5 cm below the ground surface. Volumetric soil 
water content was measured at a depth of 30 cm at two locations (flat 
area and hummocky terrain) using CS616 time domain reflectometry 
(Campbell Scientific). The readings from two locations were averaged 

F I G U R E  1   A map of the study site in Maludam National Park, Sarawak, Malaysian Borneo
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to represent the overall moisture of the measurement area. All me-
teorological variables were continuously recorded using CR3000 and 
CR1000 data loggers at a sampling frequency of 5 min and averaged 
over each 30 min period except GWL, which was monitored 20 m away 
from the tower on a half-hourly basis using a water level logger (DL/N 
70 STS Sensor, Technik Sirnach AG).

2.3 | Data processing, gap filling and 
uncertainty analysis

Postprocessing calculations were performed using Flux Calculator 
(Ueyama et al., 2012), and included spike removal, double rotation 
(Wilczak, Oncley, & Stage, 2001), time-lag corrections, frequency 
response corrections (Massman, 2000, 2001) and density fluctua-
tion corrections (Webb, Pearman, & Leuning, 1980) to calculate the 
EC flux, Fc.

NEE was calculated as the sum of Fc and the storage flux (Fs). 
The Fs was calculated using vertical CO2 concentration (c) profiles 
(Aubinet et al., 2001):

where Pa, R and Tair are respectively the ambient pressure (N/m2), 
molar constant (N m mol−1 K−1) and air temperature (K), and h, c(z), 
t and z represent the measurement height of Fc (m), the CO2 mix-
ing ratio (µmol/mol), time (s), and vertical distance from ground 
surface (m).

We used the atmospheric stability threshold (Novick et al., 2004), 
which requires near-neutral atmospheric stability for night-time 
(PPFD < 5 µmol m−2 s−1) data acceptance. Atmospheric stability is de-
fined as ζ = (z − d)/L, where z is the measurement height of the sonic 
anemometer, d is the zero-plane displacement and L is the Obukhov 
length. An additional u* threshold value of 0.1 m/s was included to 
ensure that observations with insufficient turbulence were excluded 
from the analysis, which is infrequently observed after applying the 
u* filter. We tested the sensitivity of our results using a u* threshold 
alone, which was calculated as 0.177, 0.191, 0.201 and 0.196 m/s for 
2011, 2012, 2013 and 2014 respectively using Flux Analysis Tool soft-
ware (Ueyama et al., 2012). In a similar study of CO2 exchange, a u* 
threshold value of 0.15 m/s was applied for the SF site that is located 
approximately 25 km from the studied site (Kiew et al., 2018) whereas 
0.17 m/s threshold value was implemented for a case study for meth-
ane flux at the same site (Wong et al., 2018). Observations that ex-
ceeded logical upper bounds of 50 µmol m−2 s−1 and lower bounds of 
50 µmol m−2 s−1 were also excluded from data records. Before quality 
control, the rate of missing due to power failure, instruments malfunc-
tion and program error was 31.3%. There was a continuous long gap of 
observations for about 50 days in 2011 from August 20 until October 
10, and 46 days in 2014 from November 15 until December 31. After 
quality-filtering, 36% of NEE data remained between January 2011 
and December 2014. Specifically, the data gaps are 64.1%, 62.1%, 
61.9% and 62.4% for 2011, 2012, 2013 and 2014 respectively.

The use of night-time methods for gap filling these missing data 
struggled to adequately sample night-time RE as implemented in the 
REddyProc package and REddyProc online tool (Reichstein, Moffat, 
Wutzler, & Sickel, 2014) due in part to the intermittent nature of noc-
turnal turbulence in tropical forest canopies in which low-frequency 
perturbations impact canopy flows more readily than turbulence 
(e.g. Santos et al., 2016). Furthermore, the relatively low variabil-
ity of air and soil temperatures across the year make it a challenge 
to model the response of RE to temperature. Using daytime-based 
methods avoids these problems. We chose the Mitscherlich model 
(Aubinet et al., 2001; Reichstein, Stoy, Desai, Lasslop, & Richardson, 
2012) because of its improvement in estimating GPP at light satu-
ration versus the rectangular hyperbola as discussed in Reichstein 
et al. (2012).

where �M is the initial slope of the light response curve, �M is 
the GPP at light saturation and �M is the intercept parameter at 
PPFD = 0 µmol m−2 s−1, representing RE. Parameters were esti-
mated using least squares regression for observations within a 
7 day moving window of NEE and PPFD observations. Parameter 
sets during periods for which the parameter estimation routine did 
not converge to an optimal solution or for which observations were 
not available were estimated using the values from the preceding 
period. GPP was calculated as the difference between the estimated 
RE and the observed NEE: GPP = RE − NEE, thereby combining the 
meteorological convention that negative NEE indicates ecosystem 
CO2 uptake and the physiological convention that GPP is positive. 
We also tested this approach against the Marginal Distribution 
Sampling approach for data gap filling in Table S1 and Figure S2 to 
provide a conservative estimate of net CO2 fluxes given that annual 
flux values are subject to uncertainty due to calculation technique 
(Stoy et al., 2006).

We applied the paired daily-difference approach (Hollinger & 
Richardson, 2005; Richardson et al., 2006) to estimate the random 
uncertainty of NEE. Random uncertainty was quantified using mea-
surement pairs that were selected if the mean half-hourly PPFD for 
two successive days differed by less than 75 µmol m−2 s−1, air tem-
perature differed by less than 3°C and wind speed differed by less 
than 1 m/s. Random uncertainty was then propagated through the 
gap filling routines by perturbing the input flux observations with 
a random value drawn from a normal distribution multiplied by the 
previously calculated random errors (Motulsky & Ransnas, 1987). 
This procedure was iterated for 100 times such that 100 gap filling 
models were fit for each day using least squares regressions. Missing 
NEE data were filled using the mean of the 100 models. Gap filling 
uncertainty was determined as the standard deviation of the annual 
sums. Total uncertainty for each annual period attributable to ran-
dom uncertainty and gap filling uncertainty was calculated using 
the root-sum-square method. The uncertainty procedure is similar 
to that described in Vick, Stoy, Tang, and Gerken (2016). The mean 
annual uncertainty in NEE was 96.6 ± 3.4 g C m−2 year−1, random 
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uncertainty of which dominates about 92%–97% of the total un-
certainty for 2011–2014. A flux source area analysis is presented in 
Figure S1b.

2.4 | Path analysis

To understand the effects of environmental controls on ecosys-
tem carbon exchange, we performed path analysis for monthly 
means of data using the lavaan’ package in R (Rosseel, 2012). We 
first constructed two separate conceptual models assuming (a) GPP 
was mainly controlled by PPFD, VPD and volumetric water content 
(VWC) which were related to Tair (i.e. clear skies with more radiation 
increase Tair which is itself used in the VPD calculation) and rainfall; 
and (b) RE was mainly controlled by GWL and VPD that were associ-
ated with Tair, VWC and rainfall. The final path diagrams were derived 
after adding or removing paths based on the overall fit of the path 
analysis model that was assessed using χ2 test (p > .05), root mean 
square error of approximation (RMSEA < 0.08) and comparative fit 
index (CFI > 0.95; Schreiber, Nora, Stage, Barlow, & King, 2006).

2.5 | Inferred variables

We estimated the diffuse radiation fraction (Kd) using the clearness 
index (Kt)—the ratio of global solar radiation (Rg) to the extra-ter-
restrial solar radiation (Ro; Spitters, Toussaint, & Goudriaan, 1986)—
related to atmospheric transmissivity. This approach provides the 
basis for models that perform well in Kd model intercomparisons 
(Oliphant & Stoy, 2018). We also used the tropospheric ozone prod-
uct from the NASA Global Modelling Initiative that was calculated 
on an hourly basis by combining inference from remote sensing 
and a three-dimensional (3-D) chemistry and transport model as 
described by Wargan et al. (2017). We use these data products to 
explore the sensitivity of carbon fluxes of the tropical peat swamp 
forest to variability in diffuse radiation and atmospheric ozone 
concentrations.

3  | RESULTS

3.1 | Seasonal and annual patterns in climatic 
variables

The annual pattern of rainfall in Sarawak is characterized by a dry 
season, which typically lasts from April to September, and a rainy 
season, which typically lasts from October to March. We used the 
median (246 mm) as the threshold to separate the dry and rainy peri-
ods for the 16 year rainfall collected at Lingga meteorological station. 
Thus, the dry season for 16 year rainfall was determined for April to 
September with average monthly rainfall less than 246 mm, whereas 
the rainy season from October to March with rainfall greater than 
246 mm, noting that the southwest monsoon generally occurs from 

May to September, and the northeast monsoon from November to 
March. Annual rainfall during the study period was 3,289, 3,072, 
2,691 and 2,091 mm in 2011, 2012, 2013 and 2014, respectively 
(Figure 2a; Table 1). Rainfall during the October–March rainy season 
accounted for 69%, 74%, 59% and 54% of the annual sum, respec-
tively, during 2011, 2012, 2013 and 2014. The annual cumulative 
PPFD was 4.7% greater in 2013 (6,152 MJ m−2 year−1) than in 2011 
(5,877 MJ m−2 year−1), whereas comparable cumulative PPFD was 
observed in 2012 and 2014 (6,015 and 6,017 MJ m−2 year−1, respec-
tively; Figure 2b; Table 1). Tair increased sequentially over the 4 year 
study period with annual means of 26.6, 26.9, 27 and 27.1°C in 2011, 
2012, 2013 and 2014, respectively (Figure 2c; Table 1). May was 
the warmest month during 2011 and 2012, whereas the maximum 
monthly Tair was recorded during June in 2013 and July in 2014. The 
average daytime VPD increased by 0.19, 0.27, 0.18 and 0.18 kPa, 
respectively during the dry seasons of 2011, 2012, 2013 and 2014 
compared with the rainy season (Figure 2d; Table 1). The monthly 
average of daytime VPD reached a maximum of 0.85, 0.98, 0.89 and 
0.99 kPa respectively in July 2011, June 2012, June 2013 and July 
2014. The observed soil moisture (Figure 2e) exhibited substantial 
seasonal and interannual variations during the entire study period 
and GWL frequently shifted from positive values (i.e. standing water) 
to negative values (Figure 2f).

F I G U R E  2   Seasonal variations in monthly sums of (a) rainfall and 
(b) photosynthetic photon flux density (PPFD), and monthly means 
of (c) air temperature (Tair), (d) daytime vapour pressure deficit 
(VPD), (e) volumetric water content (VWC) and (f) groundwater 
level (GWL) during the study period from 2011 to 2014. Vertical 
bars denote one standard deviation. The shaded areas represent 
the dry seasons
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3.2 | Seasonal and annual surface-atmosphere 
CO2 exchange

The annual course of cumulative NEE (Figure 3a) exhibited differ-
ent responses to climatic and hydrologic variability during the 4 year 
observation period. In 2011, approximately 76 g C/m2 was taken 
up during the rainy season in the early portion of the calendar year 
and the early dry season before mid-June. In other words, the forest 
was a net carbon sink from January until the middle of the dry sea-
son in mid-June, after which increasing RE (Figure 3b) and declining 
GPP (Figure 3c) resulted in a large carbon loss event of >600 g/m2  
over a 2 month period (Figure 3a). GPP then increased from 
50 g C m−2 month−1 in August to 222 g C m−2 month−1 in September 
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F I G U R E  3   The cumulative sum of (a) net ecosystem CO2 
exchange (NEE), (b) ecosystem respiration (RE) and (c) gross primary 
productivity (GPP) at a tropical peat swamp forest site in Maludam 
National Park, Sarawak, Malaysian Borneo for 2011, 2012, 2013 
and 2014. Error bars represent the uncertainty estimate. The 
shaded area represents the dry season
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2011 (Figure 4), almost enough to offset the respiration rates, lead-
ing to a small carbon source for the month. Despite the relatively 
large C sink during the first part of 2011, the forest exhibited the 
largest C source during the second part of the year such that meas-
ured NEE during 2011 was 632 ± 93 g C m−2 year−1, that is, a net 
C source to the atmosphere. Random uncertainty contributed more 
than 90% and gap filling uncertainty less than 10% of the total an-
nual NEE uncertainty estimates.

GPP averaged 198 g C m−2 month−1 during the rainy season and 
the early dry season of 2012, but began to decline in the middle of 
dry season to 125 g C m−2 month−1, and the forest lost 241 g C/m2  
to the atmosphere in June, July and August 2012. The seasonal 
trends of NEE in 2011 and 2012 were similar, except for the last 
quarter of 2012, where RE increased by 36% versus 2011, which 
resulted in large carbon loss despite an increased GPP during the 
October–December rainy season. Measured NEE during 2012 was 
509 ± 96 g C m−2 year−1.

Contrary to 2011 and 2012, ecosystem carbon uptake in 2013 
increased during the middle of the dry season, totalling 751 g C/m2  
from June to August, whereas only 144 g C/m2 and 391 g C/m2 
accumulated during this period in 2011 and 2012 respectively. 
Consequently, the forest released less carbon during the dry season 
in 2013. A small sink of 29 g C/m2 was observed in July of 2014; 
NEE in 2014 had a similar seasonal pattern but was less variable than 
during 2013.

Annual RE was not statistically significantly different from 2011 
to 2013 (p = .720) and took values of 2,563 ± 247, 2,782 ± 104 
and 2,637 ± 154 g C m−2 year−1, respectively (Table 1). Annual RE 

increased in 2014 to 3,199 ± 106 g C m−2 year−1, concomitant with 
an increase in annual GPP (Figure 3b,c; Table 1). In 2012, RE was 
significantly greater during the rainy season than during the dry sea-
son (p = .029), but no statistically significant difference was found 
between rainy and dry seasons during 2011, 2013 and 2014.

Annual GPP increased from year to year and took values of 
1,931 ± 285, 2,273 ± 246, 2,454 ± 288 and 2,843 ± 302 g C m−2 year−1 
for 2011, 2012, 2013 and 2014, respectively (Table 1). Monthly av-
eraged GPP was lower during the dry season than the rainy season 
in both 2011 (p = .014) and 2012 (p = .004), but the opposite was 
held for the following 2 years. Dry season GPP accounted for 35%, 
41%, 55% and 53% of annual GPP for 2011–2014, respectively. 
The maximum canopy photosynthesis rate (β) was lowest in 2011 
(30.5 µmol m−2 s−1; Figure 5a) and dry season β was lower during 
2011 (20.6 µmol m−2 s−1) and 2012 (21.2 µmol m−2 s−1) than 2013 
(33.7 µmol m−2 s−1) and 2014 (33.6 µmol m−2 s−1; Figure 5b). GPP oc-
curred at similar rates during the early part of each year but differed 
during the dry season among years (Figures 3 and 4c). GPP took its 
highest monthly value during the rainy season in 2011 (November) 
and 2012 (December), but during the dry season in 2013 (July) and 
2014 (August). Minimum monthly GPP was observed during the 
middle of the dry season in July during 2011 and 2012, but during 

F I G U R E  4   Monthly time series of cumulative (a) net ecosystem 
CO2 exchange (NEE), (b) ecosystem respiration (RE) and (c) gross 
primary production (GPP) at a tropical peat swamp forest site in 
Maludam National Park, Sarawak, Malaysian Borneo from 2011 to 
2014. Uncertainties about annual sums are presented in Figure 3
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F I G U R E  5   The function decreasing the maximum CO2 uptake 
parameter βM as a function of VPD following the formulation 
of Lasslop et al. (2010) during DOY (a) 1–365 and (b) 165–234 
corresponding to the dry season
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the rainy season in February and January during 2013 and 2014 
respectively.

3.3 | Effects of VPD on GPP and NEE

GPP was limited by higher VPD (greater than ~1 kPa), which caused an 
increase in NEE (indicating less ecosystem CO2 uptake, Figure 6), as 
also revealed by the path analysis (Figure S3a). NEE tended to increase 
(become less negative) under high VPD conditions regardless of PPFD 
(Figure 7). In 2011, under high atmospheric dryness with VPD greater 
than 1 kPa, NEE decreased linearly (i.e. ecosystem carbon uptake in-
creased) as PPFD increased, until approximately 1,100 µmol m−2 s−1, 
at which NEE started to increase from −5.5 µmol m−2 s−1 to 
−2.9 µmol m−2 s−1 at a PPFD of 1,580 µmol m−2 s−1. A similar but smaller 
effect on NEE was also observed in 2012 when VPD was greater than 
1 kPa. A mean positive slope of 0.0025 was observed for the NEE–
VPD relationship at high PPFD of 1,100–1,800 µmol m−2 s−1 during 

2011, but the slope was negative, as −0.0049, −0.008 and −0.0051 for 
2012, 2013 and 2014, respectively.

3.4 | Clearness index and diffuse radiation fraction

Using daytime data between 10 and 14 hr LST, the 3 month (June–
August) average clearness index (Kt) are not significantly different 
between measurement years (p = .475). The diffuse fraction (Kd) was 
lowest in 2013 (0.462), followed by 2014 (0.504), 2012 (0.509) and 
2011 (0.520). On an average annual basis, Kt in 2011 was lowest in 
2011 (0.505), which resulted in the highest Kd (0.593) among meas-
urement years (Figure S4).

The relationship between GPP, NEE with Kd was nearly constant 
at low Kd. GPP and NEE only became sensitive to change in Kd at high 
levels of Kd for 2012, 2013 and 2014 (Figure S5). In 2011, however, 
we observed an initial rapid increase in GPP and decrease in NEE 
with Kd but began to decline (increase) after the maximum at a dif-
fuse fraction of 0.65.

3.5 | Ozone

We investigated the potential effects of ozone on CO2 fluxes dur-
ing the measurement period (Figure S6). There were no significant 
seasonal differences in ozone (O3) concentration between measure-
ment years (paired t test, p > .05). However, the O3 concentration 
was generally slightly higher during the dry season (~23 ppb) than 
during the rainy season (~21 ppb) of 2011, 2012 and 2014.

4  | DISCUSSION

We focus our discussion on the mechanisms that underlie the unique 
features of the RE and GPP time series and their implications for 
NEE including the observation that monthly RE was higher in the 
rainy season of 2012 than other years, that monthly averaged GPP 
was higher in the rainy season than the dry season in both 2011 and 
2012 but not subsequent years, and the large net CO2 loss observed 
during the dry season of 2011 (Figures 3 and 4; Table 1).

4.1 | Ecosystem respiration

Annual sums of RE were not significantly different between 2011, 
2012 and 2013, but were higher in 2014 (Table 1) in parallel with the 
highest Tair and GPP, and lowest GWL and soil moisture observed 
during the measurement period. RE increased as the dry seasons of 
2011, 2013 and 2014 progressed (Figure 4b) and decreased during 
the rainy season. These observations are consistent with the notion 
that inadequate oxygen supplies in saturated conditions restrict 
aerobic decomposition of organic matter in tropical soils (Chambers 
et al., 2004), and the lowering of the water table enhances microbial 

F I G U R E  6   Effects of vapour pressure deficit (VPD) on (a) net 
ecosystem exchange (NEE) and (b) GPP for 2011–2014. Half-hourly 
NEE and GPP were sorted into deciles based on VPD. Each point 
represents the average of half-hourly NEE and GPP for each decile
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decomposition (Figure 2f). In 2012, however, the site received 26% 
of annual rainfall when it comprised 31%, 41% and 46% of the 2011, 
2013 and 2014 annual rainfall, respectively, during the dry season. 
GWL declined to 17–22 cm below the ground surface alongside low 
soil moisture content (0.09–0.2 m3/m3) in 2012 as a consequence. 
The unique hydrological conditions observed resulted in a pulse in-
crease in RE following rewetting; over the next 3 months (October–
December) of rainy season conditions, respiration was stimulated 
(Figure 4) following the increases in rainfall inputs and soil mois-
ture content despite a small decrease in temperature (Figure 2c). 
The rewetting of dry soil induced a flush of respiration during this 
period and thus the average respiration rate in the rainy season 
was 2.3 g C m−2 day−1 greater than that of the dry season in 2012. 
Likewise, the pulse following increased rainfall by 291 mm increased 
the respiration by 242 g C/m2 in August 2014 (Figures 2a and 4b).

The rewetting effect, consistent with the Birch effect (Jarvis 
et al., 2007), was observed at the same study site that the soil CO2 
fluxes measured using an automated chamber system were found 
after the rapid rise in GWL from −4 cm to 19 cm over 4 days in 
November 2015 (Ishikura et al., 2019). Lower GWL enhances soil aer-
ation, which promotes oxidative peat decomposition and gas diffu-
sion in the soil. The high CO2 flux due to rewetting effect might result 
from the following phenomena as discussed in Ishikura et al. (2019): 
(a) soil microbes that are killed during GWL drawdown are eas-
ily decomposed during subsequent rewetting (Fraser et al., 2016; 
Marumoto, Kai, Yoshida, & Harada, 1977), (b) soil microbial activity 
is enhanced by the rewetting despite the unchanging population size 
(Fraser et al., 2016; Placella, Brodie, & Firestone, 2012) and (c) the 
rise in GWL and soil moisture can physically displace CO2 that are 
accumulated in soil air during the dry period (Huxman et al., 2004). 
The rewetting effect can last for from a few hours to a few weeks 

(Borken & Matzner, 2009; Bowling, Grote, & Belnap, 2011). A simi-
lar observation was found at an old-growth tropical forest in Brazil 
(Goulden et al., 2004), where the rapid increase in RE following in-
creased rainfall released microbes from water stress within the litter 
layer after dry season desiccation..

Otherwise, monthly averaged RE was similar but slightly greater 
during dry seasons (0.37–0.58 g C m−2 day−1) and coincided with a 
small increase in Tair (Figure 2c). In other words, the seasonal vari-
ation in RE was related to Tair as well as water supply when re-
duced rainfall caused GWL drawdown and a decline in soil moisture 
with a stimulation of RE following the very dry 2012 dry season. 
Relationships between RE and GPP were less clear, in part due to 
the strong suppression of GPP observed during the 2011 dry season.

4.2 | Gross primary productivity

GPP was reduced by VPD values above ~1 kPa during all measure-
ment years (Figure 6b), consistent with leaf and ecosystem-level 
syntheses (Körner, 1995; Lasslop et al., 2010; Oren et al., 1999; 
Reichstein et al., 2012) as well as recent studies of tropical forest 
ecosystems (Fu et al., 2018; Kiew et al., 2018; Wu et al., 2017). 
However, our findings are consistent with a decrease in GPP with 
VPD ~1 kPa, Fu et al. (2018) found that GPP was sensitive to VPD 
at values lower than 1 kPa across tropical forests. The decay rate 
parameter k (Lasslop et al., 2010) was lowest (i.e. GPP was less sensi-
tive to VPD) during the dry season of 2011, followed by 2012, 2014 
and 2013 (Figure 5b), consistent with the notion that stomatal sen-
sitivity to VPD increases as a function of canopy conductance in the 
absence of VPD limitations (Oren et al., 1999). When all days of each 
year were included, the photosynthetic rate declined fastest with 

F I G U R E  7   Effects of photosynthetic 
photon flux density (PPFD) on net 
ecosystem exchange (NEE) at different 
levels of vapour pressure deficit (VPD) 
at (a) <0.25 kPa, (b) 0.25–0.5 kPa, (c) 
0.5–1 kPa and (d) >1 kPa, for 2011–2014. 
Half-hourly NEE were sorted into deciles 
based on the PPFD. Each point represents 
the average of half-hourly NEE for each 
decile
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VPD at 1.73 kPa in 2012, followed by 2011 at 1.54 kPa, suggesting 
seasonal variability in the sensitivity of GPP to VPD needs to be ex-
plored further using species-level observations of plant hydraulics. 
Based on these results, we infer that the decrease in GPP during 
June–August of 2011 and 2012 as well as the seasonal variation in 
GPP for these 2 years was affected by VPD and of course PPFD 
(Figure 7) rather than differences in diffuse radiation fraction (Kd; 
Figure S4b), ozone (Figure S6) or GWL given that GWL was lowest 
during the 2014 dry season (Figure 2f) when GPP was at its highest 
on a monthly basis (Figure 4c). What is less clear for the case of the 
present study is why GPP in 2011 was more sensitive to VPD at high 
levels of PPFD (Figure 7d), especially during periods when Kd was 
low (Fig. S4b), which resulted in the strong suppression of GPP dur-
ing the 2011 dry season.

The 2011 dry season reduction in GPP might in part attributed to 
the relative clearness indices (Kt) and resulting Kd (Figure 4; Figures 
S4 and S5; Knohl & Baldocchi, 2008). Hirano et al. (2012) also found 
that smoke in an El Niño year reduced annual net CO2 uptake by 
17% at a relatively intact peat forest with little drainage in Indonesia. 
Low Kt at the study site is largely due to aerosols from massive fires, 
largely in Indonesia, that occur during fire season from early June to 
late October (Yulianti & Hayasaka, 2013). Total PPFD, however, was 
not anomalously low during the 2011 dry season (Figure 2b), and in-
creases in diffuse radiation tend to increase canopy photosynthesis 
due to enhanced canopy radiation penetration if PPFD itself is not 
decreased (Gu et al., 2003). Changes in total or diffuse PPFD are 
therefore unlikely to have caused low GPP during the 2011 dry sea-
son, which largely occurred under conditions of direct radiation. As 
noted above, ozone concentrations are not estimated to have been 
anomalously high during the 2011 dry season (Figure S6).

Tropical forests may reduce canopy conductance more strongly 
to increase VPD than other terrestrial ecosystems because they 
are often more isohydric than other ecosystems (Fisher, Williams, 
Do Vale, Da Costa, & Meir, 2006). But tropical trees exist along the 
isohydric to anisohydric hydraulic continuum (Klein, 2014) and aniso-
hydricity may be preferred in tropical systems with low risk of water 
stress (Kumagai & Porporato, 2012). The area surrounding the flux 
tower may be dominated by species or individuals that may reside in 
different spots along the isohydricity continuum and the spatial vari-
ability of isohydricity should be explored across global ecosystems, 
but the wind rose analysis does not suggest that the flux source area 
was different during the 2011 dry season which excludes a source 
area explanation for the 2011 anomaly (Figure S1b).

The annual GPP, unlike RE, increased between all measurement 
years and took the values 1,931 ± 285, 2,273 ± 246, 2,454 ± 288 and 
2,843 ± 302 g C m−2 year−1, for 2011, 2012, 2013 and 2014, respec-
tively (p < .01; Table 1). While the lowest VPD was observed in 2014, 
we found that the forest productivity was more affected by atmo-
spheric dryness than soil water stress, noting that the site received 
the least rainfall concomitant with lowest soil moisture and GWL in 
2014 among all measurement years (Table 1). A similar result was 
described by Sulman et al. (2016) who found that VPD fluctuations 
accounted for significant reductions of GPP regardless of changes 

in soil moisture content in a temperate hardwood forest. Several 
studies also highlight the increasing importance of atmospheric 
constraint for ecosystem fluxes as the rising VPD under warming 
climate could limit stomatal conductance and evapotranspiration 
and thus reduce ecosystem CO2 uptake (Novick et al., 2016; Sulman 
et al., 2016). Pau, Detto, Kim, and Still (2018), and on the other hand, 
demonstrated that GPP was more strongly correlated with radio-
metric canopy temperature (Tcan) than Tair or VPD in which the GPP 
increased with warming Tcan but declined at Tcan above 31–32°C 
during the afternoon in line with long-term observations (Sullivan 
et al., 2020). Therefore, a warming climate may reduce tropical for-
est productivity as Tcan may reach a temperature threshold earlier 
in the day unless plants are able to acclimate to this temperature 
stress. We tested the impacts of radiometric surface temperature 
(Tsurf) on GPP in Figure S7. Tsurf, dominated by canopy temperature 
(Tcan) varied little across the measurement years (p > .05). The rate 
of photosynthesis in 2011 was relatively low with rising temperature 
and declined faster at high temperature threshold (Figure S7). From 
these results, the decline in photosynthesis at the study site appears 
to be driven by high VPD and temperature (Figure 6; Figure S7), not-
ing that Pau et al. (2018) deployed thermal cameras and were able 
to explore differences in stem and canopy temperatures, whereas 
our radiometric observations integrate these over the field of view 
of the radiometer. From these observations, we cannot exclude the 
notion that the large 2011 CO2 loss may be due to lagged response 
to anomalously warm years and also disturbances that may have 
occurred before the observation period as has been found in other 
tropical rainforests (Hayek et al., 2018; Saleska et al., 2003) including 
the 2010 dipterocarp masting event. We also note the impacts of 
the strong El Niño event of 2015–16 on NEE in a tropical rainforest 
in central Sulawesi, Indonesia (Gushchina et al., 2019); the magni-
tude of NEE decreased because of the strong RE increase and muted 
GPP increase to the warmer and sunnier conditions, emphasizing the 
importance of long-term flux records for understanding ecosystem 
response to the full range of potential climate conditions.

4.3 | Comparison with other tropical forests

The annual NEE of 420 ± 194 g C m−2 year−1 for this study site, re-
sulting from a balance between RE of 2,795 ± 284 g C m−2 year−1 
and GPP of 2,375 ± 380 g C m−2 year−1, is higher than that of two 
other Bornean peat swamp forests (Hirano et al., 2012; Kiew 
et al., 2018). In Palangkaraya, Central Kalimantan of Indonesia, a 
relatively undrained peat swamp forest (CK) was a small carbon sink 
(−27 g C m−2 year−1) or carbon source (72 g C m−2 year−1) during La 
Niña years but turned into a large source of 20–443 g C m−2 year−1 
in El Niño years due to declining GWL or/and dense smoke from 
peat fires (Hirano et al., 2012). Similarly, the drought associated 
with El Niño events switched the Amazonian forests from carbon 
sink to carbon source of about 100 g C m−2 year−1, with decom-
position of coarse woody debris making a major contribution to 
carbon loss (Hutyra et al., 2007; Saleska et al., 2003). In contrast, a 
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secondary peat swamp forest (SF), located c. 25 km from the study 
site took up 98–207 g C m−2 year−1 over the same measurement 
period (Kiew et al., 2018). The difference can be attributed in part 
to the higher PAI (7.9 m2/m2) and lower GWL (−19 cm) at the SF. 
A net carbon sink of >100 C m−2 year−1 has also been identified in 
several Amazonian and Asian rainforests (Fu et al., 2018; Goulden 
et al., 2004; Kosugi et al., 2008; Loescher, Oberbauer, Gholz, & 
Clark, 2003).

The RE and GPP at the study site are low relative to two 
Bornean peat swamp forests (RE: 3,642 g C m−2 year−1, GPP: 
3,468 g C m−2 year−1, Hirano et al., 2012; RE: 3,546 g C m−2 year−1, 
GPP: 3,682 g C m−2 year−1, Kiew et al., 2018). GWL at these sites 
is on average 49 cm (CK) and 15 cm (SF) lower than that of our 
study site. In addition to the lower PAI (5 m2/m2), the CK site 
was also drier with average annual rainfall of 2,452 mm and day-
time VPD that was often more than twice that of our study site 
(Hirano et al., 2012). Using automated chamber systems, the annual 
soil CO2 emission was less at our study site (Ishikura et al., 2019) 
than the CK site (Sundari, Hirano, Yamada, Kusin, & Limin, 2012) 
by 421 g C m−2 year−1. These results further imply that small de-
creases in GWL in tropical peatlands need not reduce water avail-
ability for the biochemical and physiological processes of trees, but 
rather enhance soil aeration, which leads to an increase in substrate 
availability and gas diffusion rates. Such hydrologic controls on 
microbial communities have been observed in tropical and boreal 
peatlands, of which oxygen constraints represent a pivotal factor 
on decomposition (Freeman, Ostle, Fenner, & Kang, 2004; Kwon, 
Haraguchi, & Kang, 2013). Increasing substrate supply from pho-
tosynthesis under low GWL condition also tends to increase leaf 
and below-ground respiration (Hartley et al., 2006). On the other 
hand, soil inundation depletes soil oxygen, which in turn, adversely 
affects plant growth by altering metabolic processes. The early de-
cline in the photosynthesis rate of flooded plants typically is asso-
ciated with stomatal closure (Kozlowski, 1982; Pezeshki, 1993) and 
prolonged flooding impedes photosynthetic capacity which may 
involve changes in carboxylation enzymes, loss of chlorophyll and 
reduced leaf area because of inhibition of leaf formation and expan-
sion as well as leaf abscission (Kozlowski & Pallardy, 1997).

In addition to vertical eddy fluxes, we cannot exclude methane 
flux and lateral carbon export through discharge—including car-
bon import to the flux footprint and subsequent outgassing—for a 
full ecosystem carbon balance. The methane contribution is, how-
ever, negligible to the overall carbon balance of the tropical peat 
forest; the study area was a net source of C-CH4 on the order of 
10 g C m−2 year−1 (Tang et al., 2018; Wong et al., 2018). Müller et al. 
(2015) estimated a dissolved organic carbon flux of 63 g C m−2 year−1 
from the Maludam catchment located c. 12–25 km from the tower 
site which accounts for more than 99% of the total organic carbon. 
When we include methane and fluvial carbon loss terms in carbon 
balance, the total carbon lost from the tropical peat forest in our 
study increases by 17% before accounting for other minor fluxes 
including volatile organic compound and animal-associated C trans-
port which were not measured in the present study.

5  | CONCLUSION

Nearly all studied peat forests in Borneo observed to date were net 
losses of CO2 to the atmosphere on an annual basis, on average, re-
gardless of large-scale climate oscillations and meteorological variabil-
ity. This is in contrast to the typical behaviour of tropical rainforests, 
which are often CO2 sinks but have the potential to turn into CO2 
sources under drought stress (Fu et al., 2018). Given that substantial 
peat deposits at peat forest study sites indicate long-term carbon up-
take on the time scales of soil development, it is unclear if multiyear 
net carbon losses to the atmosphere or low carbon sink capacity are 
a feature of peat forests, or if recent changes in ecosystem behav-
iour—perhaps in response to climate variability—have tipped these 
ecosystems to be net annual carbon sources over the long term. The 
latter seems more plausible as the peat forests must have acted as 
net C sinks over time scales of centuries to millennia to create the 
peat deposits while several studies corroborate that the unexpected 
strong carbon releases were driven by warmer temperature as a con-
sequence of declines in primary productivity (Arnone et al., 2008; 
Ciais et al., 2005; Hayek et al., 2018) and increased heterotrophic res-
piration (Arnone et al., 2008). Therefore, we cannot rule out the large 
carbon source observed in 2011 might be the lagged effects of warm-
ing climate which reverse centuries of carbon sequestration; we note 
that the measurement years were more than 0.6°C warmer than the 
1985–2015 average and more than 1°C warmer than the mid-1980s 
based on the CRU database (Figure S8a), noting that the study eco-
system was transitioning from a period of relatively wet years from 
2008 to 2010 to a drier period during 2014 and 2015. Longer term 
records are necessary to investigate the decadal responses of tropi-
cal peat forests to forest demography and climate variability. Future 
studies should seek to address the paradoxical result that tropical 
peat forests measurements indicate substantial CO2 sources to the 
atmosphere on an annual basis, an ‘emergent C source’ across tropi-
cal forests that may already be happening (Mitchard, 2018)and un-
derstand any potential acclimation of tropical tree species to ongoing 
increases in Tair and VPD (Fu et al., 2018; Novick et al., 2016).
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