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Carbon dioxide and water vapor exchanges between tropical forest canopies and the
atmosphere through photosynthesis, respiration, and evapotranspiration (ET) influence
carbon and water cycling at the regional and global scales. Their inter- and intra-annual
variations are sensitive to seasonal rhythms and longer-timescale tropical climatic events.
In the present study, we assessed the El Nifio-Southern Oscillation (ENSO) influence on
ET and on the net ecosystem exchange (NEE), using eddy-covariance flux observations
in a Bornean rainforest over a 10-y period (2010-2019) that included several El Nifio
and La Nifa events. From flux model inversions, we inferred ecophysiological properties,
notably the canopy stomatal conductance and “big-leaf” maximum carboxylation rate
(Vemaxzs.gr)- Mean ET values were similar between ENSO phases (El Nifio, La Nifa,
and neutral conditions). Conversely, the mean net ecosystem productivity was highest
during La Nina events and lowest during El Nifio events. Combining Shapley additive
explanation calculations for nine controlling factors with a machine-learning algorithm,
we determined that the primary factors for ET and NEE in the La Nifia and neutral
phases were incoming shortwave solar radiation and Vs g1, respectively, but that
canopy stomatal conductance was the most significant factor for both ET and NEE
in the El Nino phase. A combined stomatal-photosynthesis model approach further
indicated that Vs 5 differences between ENSO phases were the most significant
controlling factor for canopy photosynthesis, emphasizing the strong need to account for
ENSO-induced ecophysiological factor variations in model projections of the long-term
carbon balance in Southeast Asian tropical rainforests.

Southeast Asian tropics | eddy covariance | photosynthesis | transpiration | two-big-leaf model

Tropical forests play an essential role in the global carbon cycle (1, 2) and generate major
hydrological fluxes that influence the climate and the water cycle at the regional and global
scales (3, 4). Exchanges of carbon dioxide (CO,) and water vapor (H,0) between the
forest canopy and the atmosphere through photosynthesis, respiration, and evapotranspi-
ration (ET) contribute strongly to carbon and water cycling in a forest ecosystem. Inter-
and intra-annual variations of meteorological drivers and ecophysiological traits control
such exchanges, thereby regulating the forest ecosystem productivity and water use.
Bornean tropical rainforests in the Southeast Asian tropics are among the moistest world
biomes, with abundant rainfall and high temperatures throughout the year (5), and intense
CO, and H,O exchanges that exhibit limited seasonality in such climatic conditions.
However, the warm (El Nino) and cold (La Nina) phases of the El Nifio-Southern
Oscillation (ENSO) induce droughts and periods of increased humidity, respectively,
causing interannual meteorological variations in the western Pacific (6, 7). Furthermore,
climate models project an increase in the frequency and intensity of future El Nifio and
La Nifa events in response to global warming (8). This will likely induce severe droughts
and devastating floods in the Southeast Asian tropics (8). Because tropical rainforests are
crucial for climate mitigation through carbon sequestration and ET (9, 10), the relation-
ship between ENSO-induced climatic conditions and CO, and H,O canopy exchanges
in Southeast Asian rainforests must be characterized. The limited availability of long-term,
large-scale field measurements explains the considerable remaining uncertainty in current
assessments of the carbon and water cycles in Southeast Asia. The analysis of such meas-
urements is the purpose of this study.

Previous studies established a connection between severe El Nifio-induced droughts
and reduced terrestrial carbon uptake, using observations from multiple satellites (11) or
combining satellite-based remote-sensing data and diagnostic modeling (12, 13).
Additional studies characterized the relationship between El Nifio events and the carbon
balance by combining model simulations, remote-sensing data, and ground-based obser-
vations such as eddy flux tower data (14, 15). Moreover, detailed investigations of
leaf-to-individual-level physiology demonstrated stomatal closure under severe El
Nifio-induced drought conditions (16, 17), resulting in carbon uptake reduction (17).
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To improve terrestrial ecosystem model projections of the carbon
and water cycle response to climate-change-induced extreme con-
ditions in Southeast Asian tropical forests, continuous long-term
field tower measurements of eddy flux and micrometeorological
variables are necessary. Using such measurements, the mechanistic
relationships between meteorological drivers, ecophysiological
traits, and the resulting canopy exchanges can be characterized
during both El Nino and La Nifa events.

Here, we report on an eddy-covariance flux observation cam-
paign (SI Appendix, Fig. S1) in a natural tropical rainforest of the
Lambir Hills National Park, Sarawak, Malaysia (5). The campaign
lasted approximately 10 y (late 2009-2019) and included several
El Nifio and La Nifa events, defined from monthly values of the
multivariate ENSO index (MELv2, retrieved from hteps://psl.
noaa.gov/enso/mei/; SI Appendix, Fig. S2). Eddy-covariance meas-
urements were acquired using a 90-m-tall canopy crane over a
forest canopy with an approximate height of 40 m. Continuous
data for ET and the net ecosystem CO, exchange (NEE) were
derived from the eddy-covariance data. In this study, we first assess
the influence of ENSO events on meteorological drivers (e.g.,
precipitation or incoming shortwave solar radiation), ecosystem
fluxes (e.g., ET), net ecosystem productivity (NEP, with NEP =
-NEE), and ecophysiological traits (e.g., canopy stomatal con-
ductance or “big-leaf” maximum carboxylation rate) calculated
with an inverse eddy-covariance flux model [(18); see Materials
and Methods and SI Appendix). Then, we infer the dependence of
ET and NEE on meteorological drivers and ecophysiological traits
under El Nifio, La Nifia, and neutral conditions by using Shapley
additive explanation [SHAP; (19); Materials and Methods) values,
calculated for nine controlling factors, as input for a
machine-learning prediction algorithm [“gradient-boosted regres-
sion trees”; (20)]. Such analyses, rarely available for tropical forests,
are enabled by the duration, continuity, and high temporal reso-
lution of the collected field data. Finally, on the basis of the SHAP
analysis results, we apply a combined stomatal-photosynthesis
model approach (21) to the field data, which allows us to establish
that ENSO-induced changes in ecophysiological traits exerted the
strongest influence on long-term ecosystem flux variations.
Therefore, our study demonstrates that understanding the ENSO
control mechanisms of ET and NEE is essential to refine terrestrial
model projections of carbon and water cycling in Southeast Asian
tropical rainforests.

Comparison of ET, NEE, and NEP in the El Nifo,
La Nifa, and Neutral Phases

We classified ecosystem fluxes, meteorological drivers, and eco-
physiological traits into subsets representative of El Nino, La Nifa,
or neutral ENSO conditions as defined with the MEI.v2
(SI Appendix, Fig. S2). Monthly mean values calculated for mete-
orological variables over the study period (SI Appendix, Fig. S3)
were lower for precipitation (2) and higher for incoming short-
wave solar radiation (R), air temperature (7,), and atmospheric
humidity deficit (D) during El Nifio events than under neutral
conditions. Conversely, monthly means were higher for P and
lower for R, 7, and D during La Nina events than under neutral
conditions. We also analyzed mean diurnal variations for NEE
and ET over the study period (87 Appendix, Fig. S4). Midday
means (10:00-14:00 local time) in the El Nifo, neutral, and La
Nina phases were -20.3 pmol m?s?, -23.8 pmol m2s!, and
-23.8 pmol m™ 57, respectively, for NEE, and 7.60 mmol m™
s, 7.90 mmol m™s™', and 7.96 mmol m™ s, respectively, for
ET. Differences in meteorological conditions between the ENSO
phases likely caused the differences in NEE and ET. An R, increase,
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Fig. 1. Comparison of meteorological variables under La Nifia (Left), neutral
(Center), and EI Nifio (Right) conditions. Mean values (bars) and SD (thin vertical
lines) are shown in Panel (A) for precipitation (P). Violin plots are shown
for (B) incoming shortwave solar radiation (R,), (C) air temperature (T,), (D)
atmospheric humidity deficit (D), and (E) volumetric soil moisture content in the
0-50 cm soil layer (®). The shaded area indicates the population distribution.
The box-and-whisker plot within the shaded area represents the interquartile
range (white box), the median value (horizontal bar within the white box),
and the rest of the distribution after outlier removal (whisker). The mean
value (open circle) is also indicated. Letters (a, b, or ¢) near each vertical line
indicate significant population distribution differences between the ENSO
phases (Steel-Dwass test; P < 0.05).

resulting from an increased occurrence of clear-sky conditions in
the El Nifio phase, would enhance NEE and ET. Conversely,
drought conditions during El Nifio events, i.e., a soil moisture
content (@) decrease caused by decreasing P and increasing D,
would induce a decrease in canopy stomatal conductance (G.) and
other ecophysiological functions, subsequently reducing ET and
NEE (87 Appendix, Fig. S3). Such effects, opposite but with com-
parable magnitude, would decrease in the order La Nifia > neutral
> El Nifio (8 Appendix, Fig. S4), in contradiction with previous
results in Amazonian tropical rainforests (22) where the photo-
synthetic flux, not limited by water availability but driven by
incident radiative energy, exhibited higher values in the dry season
than in the wet season (22).

Subsequently, we investigated interannual variations of mete-
orological drivers (Fig. 1) and ecophysiological traits under dis-
tinct ENSO conditions and their influence on ET, NEP, and NEP
components (Fig. 2). As a reference, we calculated annual values
of ET, NEP, gross primary productivity (GPP), and ecosystem
respiration (R, ) over the study period (2010-2019; SI Appendix,

€co.

Fig. S5). Mean annual values and associated SD were 1,412 + 86
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Fig. 2. Comparison of eddy-covariance fluxes and ecophysiological traits under La Nifia (Left), neutral (Center), and El Nifio (Right) conditions. Violin plots are
shown for (A) evapotranspiration (ET), (B) net ecosystem productivity (NEP), (C) gross primary productivity (GPP), (D) ecosystem respiration (R.c), (E) canopy
stomatal conductance (G,), (F) decoupling factor (Q), (G) Ball-Berry model slope (mgg), and (H) big-leaf maximum carboxylation rate at 25 °C (V05 g1)- Graphical
representation is the same as in Fig. 1. Letters (a, b, or c) near the top of each violin plot indicate significant population distribution differences between the

ENSO phases (Steel-Dwass test; P < 0.05).

mmy " for ET, 8.6 + 1.6 «C ha™' y forNEP 34.0 +2.7 tCha'
y~! for GPP, and 25.6 + 1.8 tC ha 'y for R..,. These were com-
parable to, or higher than, values reported in Amazonian tropical
rainforests (22, 23), possibly because of the presence of markedly
larger trees at our study site. In particular, the Bornean tropical
rainforest functioned as a large carbon sink (consistently positive
NEP) over the study period, with nearly constant annual mean
ET, whereas Amazonian tropical rainforests were net small carbon
sink with negligible or negative NEP, but also with constant
annual-mean ET values in 2002-2005 (23). Although there was
no clear correspondence between annual-mean values and ENSO
phases because the duration of ENSO events varied markedly
during the study period (from a few days to nearly 2 y), NEP
decreased notably at shorter timescales, occasionally becoming
negative during El Nifio events (e.g., in 2015, 2016, and 2019;
SI Appendix, Fig. S5).

Mean Pand @ values (Fig. 1 A and E, respectively) were highest
during La Nifa events, intermediate under neutral conditions,
and lowest during El Nifo events. These differences did not induce
significant variations of the population distribution of the Ball-
Berry stomatal conductance model slope [m2555 (24); Steel-Dwass
test; P < 0.005 and P = 0.367, respectively; Fig. 2G]. Similarly,
gross canopy photosynthesis, representing GPD, also exhibited
decreasing values in the order La Nina > neutral > El Nifo (Steel-
Dwass test; P < 0.01; Fig. 2C). Moreover, a slight decrease in

PNAS 2023 Vol.120 No.42 e2301596120

atmospheric humidity (S7 Appendix, Relative Humidity (4, in
Eq. S8) in the neutral and El Nifio phases, negatively correlated
with D (Fig. 1D), was associated with decreasing G (Steel-Dwass
test; P < 0.05; Fig. 2E), possibly because of the stomatal regulation
required to balance carbon gain and water consumption (25). In
the general case, a GPP decrease can either result from, or cause,
a G. reduction. In this study, results indicate that the GPP decrease
associated with a lower big-leaf maximum carboxylation rate at
25 °C [V jnaxas_s1s (26); Fig. 2 Cand H] primarily caused a decrease
in G_ (Fig. 2F), which illustrated the close coupling between can-
opy stomatal behavior and atmospheric conditions in the El Nifio
phase [(27); Fig. 2F]. Furthermore, in the El Nifio phase, the slight
increase in atmospheric evaporation demand, represented by D
(Fig. 1D), did not increase ET but on the contrary, a slight ET
decrease was observed (Steel-Dwass test; P < 0.05; Fig. 24).
Finally, the small ET variations between ENSO phases (Fig. 24)
might be attributed to a decoupling between the canopy and the
atmosphere [(27); Fig. 2F], inducing an increased dependence of
ET on R, and corresponding slight decrease in R, (Fig. 1B) during
La Nina events.

The marked NEP decrease in the order of La Nifa > neutral >
El Nino (Steel-Dwass test; 2 < 0.00001; Fig. 2B) was caused by
the combined effect of decreasing GPP (Fig 2() and increasing

R, (Steel-Dwass test; P < 0.05; Fig. 2D) in the El Nifio phase.
As mentioned previously, the GPP decrease between ENSO phases

https://doi.org/10.1073/pnas.2301596120 3 of 8
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was associated with decreasing V. -5 g values, in the order La
Nifa > neutral > El Nifio (Steel-Dwass test; P < 0.0001; Fig. 2H).
Lower G_ values, explained by stomatal closure under El
Nino-induced drought stress, limit CO, diffusion to the substo-
matal cavity and its subsequent assimilation (28). Concurrently,
stomatal closure reduces intercellular CO, concentration and
limits leaf evaporative cooling, thus damaging the leaf photosyn-
thetic infrastructure and causing V.05 g to decrease (28).
Although we could not demonstrate a significant effect of soil
moisture depletion (® decrease) on soil CO, efflux in a previous
study at the same site (29), there remains a possibility for soil CO,
efflux to increase with increasing temperature during El Nifo
events (Fig. 1C). Additionally, leaf respiration, a potentially sig-
nificant contributor to R, might increase in response to drier

conditions (30, 31). Therefore, we postulate that El Nifio-induced
drought caused the noted R, increase.

Major Controlling Factors for ET and NEE
Projections in the El Nifio, La Niila, and Neutral
Phases

In this section, we first evaluate the contribution of meteorological
drivers and ecophysiological traits to ET and NEE variations by
calculating the mean SHAP value for each controlling factor.
Mean SHAP values for ET (Fig. 34) were nearly negligible for
most parameters except for R, G, and D. By order of decreasing
importance, the main prediction factors for ET in the neutral and
La Nifa phases were R, G_, and D, possibly because sufficient

Mean absolute SHAP value
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Fig. 3. Contribution of meteorological drivers and ecophysiological traits to the eddy-covariance fluxes under La Nifia (blue curves and symbols), neutral
(gray), and El Nifio (red) conditions. Panels (A) and (B) indicate the mean Shapley additive explanation (SHAP) values over the observation period for ET and NEE,
respectively. Input parameters for the tree-based machine-learning model were R,, G, D, T,, wind speed (u), Vnaxzs s P. Mgg, and ©. Panel (C) represents the
hypothetical A-C; operating points (filled circles) for the model, determined at the intersections of the CO, supply and demand functions in each ENSO phase.
(A) is the big-leaf photosynthesis rate and C; is the CO, concentration within the big-leaf stomatal cavity. Input parameters for the supply and demand functions

are given in Table 1.
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stomatal opening initiated the equilibrium evaporation process
that occurs theoretically at the leaf surface in water-saturated
ambient air or under higher decoupling conditions [(5); Fig. 2 £
and F]. Increasing G. could not enhance ET much during equi-
librium evaporation, although decreasing R, caused an ET
decrease. Conversely, the mean SHAP values in the El Nifo phase
were comparable for R, and G, demonstrating the effect of
drought on stomatal closure (Fig. 2 £ and F). Consequently, the
impact of the decreasing G and increasing R, and D canceled out
one another during El Nifio events, yielding similar ET values in
all ENSO phases (Figs. 1 B and D and 2 A, E, and F and
SI Appendix, Fig. $4).

For NEE, mean SHAP values indicated notable differences
between ENSO phases (Fig. 3B). Specifically, the mean SHAP
value for V.5 pr in the neutral phase was considerably higher
than for other factors. By order of decreasing importance, the
following factors were R, m,, D, and G (Fig. 3B). In the La Nina
phase, the most important factors, in order of decreasing mean
SHAP values, were V. s 51, R, with similar values, and G_. The
mean G. value was higher in the La Nifia phase than in the neutral
or El Nifo phases (Fig. 2E). This could indicate its importance
for NEE model projections. The moister La Nifa environment
also likely contributed to the high mean SHAP values calculated
for G_and Vs 5. In the El Nifio phase, the mean G. SHAP
value was highest (Fig. 3B), implying that El Nifio-induced
drought had a considerable impact on stomatal closure, thus on
NEP reduction (Fig. 2 B and E). Because mean SHAP values for
Vemaxas s Were consistently among highest in all ENSO phases,
we postulate that realistic evaluation of interannual V_ »s g var-
fations is essential for terrestrial ecosystem models to produce
accurate projections of interannual NEE variations. We describe
our mechanistic analysis of NEE variations hereafter.

The big-leaf photosynthesis rate (4; pmol m2sh, equal to the
GPP, can be expressed as:

Gch
A= —17 _(¢,-c), 1)
1.6(G, + G.)

where G is the aerodynamic conductance of sensible heat
(SI Appendix), 1.6 is the ratio of CO, to H,O diffusivity in air,
and C, and C, are the CO, concentrations in air (C, = 400 pmol
mol™") and within the big-leaf stomatal cavity, respectively.
Additionally, A is given by the Farquhar biochemical model [(26);
SI Appendix] as

A = min (AV,Aj ) — Ry pr- (2]

The term “min(4,, 4)” in Eq. 2 represents the minimum of 4,
and 4;. 4, and 4, are the gross photosynthesis rates limited, respec-
tively, by ribulose 1,5-bisphosphate (RuBP) carboxylase-oxygenase
activity and by the rate of RuBP regeneration through electron
transport. Ry g is the big-leaf daytime respiration rate excluding
photorespiration. Egs. 1 and 2 characterize the supply of CO, by
diffusion from the air into the big-leaf stomatal cavity (CO, supply
function) and the net photosynthetic demand for CO, within the
big-leaf stomatal cavity (CO, demand function), respectively (21).

For specific values (Table 1) of G, G, V.05 g, maximum
big-leaf potential rate of whole-chain electron transport at 25 °C
(/max25_s1)> big-leaf temperature (7}), and photosynthetically active
radiation (Q), the big-leaf model is characterized by specific 4 and
C. values determined at the intersection of the CO, supply and
demand functions (21). Despite a slightly gentler CO, supply

PNAS 2023 Vol.120 No.42 e2301596120

Table 1. Input meteorological drivers and ecophysio-
logical traits for the CO, supply (Eq. 1) and demand (Eq. 2)
functions plotted in Fig. 3C

Units La Nifia® Neutral®  El Nifio"
Gy molm2s™ 2.30 2.65 2.78
G mol m™2s™ 0.588 0.572 0.531
C
Vi o pmolm™s™ 1554 134.2 119.8
cmax25_|
Jroos oL pmol m?s™ 3085 257.9 222.7
max25_|
- °C 26.4 26.6 26.8
C
0 pmolm™s™ 8633 890.4 906.4

“Input represents the mean value over the La Nifia, neutral, and El Nifio phases.

function slope in the El Nifio phase explained by the low G, there
were no significant differences in the CO, supply functions
between the ENSO phases. The CO, demand functions were
characterized by consistently higher A values in the order La Nifia
> neutral > El Nino (Fig. 3C). This order resulted from the com-
peting effects of, on the one hand, 7, and Q, increasing in the
order El Nifio > neutral > La Nifia and causing a shift of the CO,
demand function toward higher A values, and, on the other hand,
of V., 05 srand /.05 pi» increasing in the inverse order (La Nifa
> neutral > El Nifio) and causing a stronger shift toward lower A
values. A clear global relationship between V.5 g and /.05 51
has been reported previously (32). As stated in the previous sec-
tion, GPP (equal to A) was the primary controlling factor for G..
Thus, we conclude that a detailed evaluation of Vs g is critical
to understand carbon and water cycling in the studied tropical
rainforest ecosystem.

Finally, we discuss why, interestingly, G and V. o5 p; maxi-
mized in the La Nifia phase, which does not represent ordinary
climatic conditions (Fig. 2 £and H). From separate biometric and
hydrological observations, we estimated that the 10% largest tree
individuals accounted for approximately 73% and 55% of the
total biomass and water use, respectively, at the studied forest
stand. The stomatal opening behavior of large trees is mainly
patchy, which limits leaf stomatal aperture and restricts leaf tran-
spiration in strong sunlight, even under intermediate soil moisture
conditions (33). Thus, we postulate that, during La Nina events,
the observed G increase was caused by enhanced stomatal opening
when ecosystem water resources were abundant, while the observed
Vimaxas_ L, increase was likely induced by an increased nutrient
investment in the leaf photosynthetic infrastructure conditioned
by the concurrent G. increase.

Conclusions

In the western Pacific, an extreme El Nifo event induces severe
drought. It is frequently followed by an extreme La Nifa event
inducing heavy rainfall. Climate model projections indicate that
the occurrence frequency of El Nifio and La Nina events will
increase under global warming conditions (6, 7). In this study, we
characterized the response of ET and NEE to ENSO events and
their interannual variations in a Southeast Asian tropical rainforest
by analyzing 10 y of eddy-covariance flux observation data.
Previous studies established that, at intraannual timescales, ET
in Amazonian tropical rainforests was not limited by water avail-
ability even in the dry season (22, 23). However, an intense
drought that occurred in Amazonia in 2005 induced a strong
decrease in forest biomass carbon associated with a notable increase
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in tree mortality, even with very small GPP variations (34), pos-
sibly from hydraulic failure with excessive xylem cavitation (35).
These results indicated that Amazonian tropical rainforests are less
sensitive to moderately dry periods, but susceptible to hydraulic
failure caused by persistent ET during severe droughts. At our
study site in a Bornean tropical rainforest, similar ET values were
measured throughout the study period, despite notable precipita-
tion differences between the La Nifia (more precipitation), El Nifio
(less precipitation), and neutral phases. However, an increase in
tree mortality, observed during a past El Nifio-induced severe
drought in Borneo, was attributed to hydraulic failure (36). The
ecosystem drought behavior at our study site, characterized by
consistently high ET like in Amazonian tropical rainforests,
regardless of the El Nifio phase, could exacerbate the water deficit
during prolonged drought periods.

In the absence of water limitations, Amazonian tropical rainforests
exhibit the highest GPP in the dry season, when long periods of
strong sunlight enhance the canopy photosynthetic capacity (22).
Similarly, at our study site, interannual variation in canopy photo-
synthetic capacity, illustrated by V..»s 51 variations and controlled
by water availability in each ENSO phase, was an important factor
in determining GPP. Moreover, at the leaf scale, drought stress
reduces the net assimilation rate by reducing stomatal conductance
or the maximum carboxylation rate (28). The resulting decrease in
G, or V.05 g would induce a GPP reduction during droughts.
Stomatal conductance generally reverts to its normal value after the
drought period (28). Conversely, a decrease in the maximum car-
boxylation rate indicates an alteration of leaf biochemistry,
longer-lasting and resource-intensive to repair (28). Therefore, char-
acterizing the relationship between El Nifo-induced drought severity
and GPP reduction processes, by analyzing V_..»s g variations, is
essential to optimize dedicated submodels within terrestrial ecosys-
tem models, thus to produce realistic projections of the long-term
carbon balance in Southeast Asian tropical rainforests.

Furthermore, this study indicated higher mean NEP values under
La Nifa-induced moist conditions, frequently occurring after El
Nifo events. We believe that higher productivity in the La Nina
phase compensated for the lower El Nifio productivity. La Nifa or
El Nifio events, whose duration varies from a few days to 2 y, occur
every 2 to 7 y in the tropical Pacific Ocean. Thus, without
decadal-scale observations, several long ENSO events that signifi-
cantly influence the carbon cycle, water cycle, and ecosystem regu-
lation mechanisms in Southeast Asian tropical rainforests would be
excluded from analyses similar to those presented in this study.

Materials and Methods

site Description. The experiment was conducted in a natural forest (4°12'N,
114°02’E, 200 masl) within the Lambir Hills National Park, 30 km south of Miri
City in Sarawak, Malaysia, on the island of Borneo. The Lambir rainforest consists
of two types of vegetation native to Borneo: mixed dipterocarp forest, containing
various genera of the Dipterocarpaceae family and covering 85% of the Lambir
Hills National Park, and tropical heath forest. The mean canopy height at the
study site is approximately 40 m, but emer%ent treetop height can reach 50 m.
The leaf area index is within 4.8-6.8 m?> m~, with a mean value of 6.2 m’ m™.
The monthly amount of litterfall is comparable throughout the year, suggesting
limited seasonal variations of the leaf area index.

Soils consist mainly of red-yellow podzolic soils (Malaysian classification), also
known as Ultisols (soil taxonomy of the United States Department of Agriculture),
with high sand content (62-72%), accumulation of nutrients at the surface hori-
zon, low pH (4.0-4.3), and high porosity (54-68%). Ultisols, classified as argillic
soil, are representative of the Southeast Asian tropics, contrary to Oxisols, primarily
distributed in the African and South American tropics.

Mean annual rainfall was approximately 2,740 mm (5) at Miri Airport (20 km
from the Lambir study site) in 1968-2001 and 2,751 mm at the Lambir study site
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in 2010-2019.The long-term record at Miri Airport exhibited large interannual
variations, with a maximum annual rainfall of 3,499 mmin 1988 and a minimum
of 2,125 mm in 1976.The seasonal rainfall cycle was similar at Miri Airport and
at the Lambir study site: The drier months were February to September, and the
wetter months were October to January. The mean annual temperature at the
Lambir study site in 2010-2019 was 26.2 °C, with limited seasonal variations.

Measurements of Eddy-Covariance Flux and Environmental Variables. A
4-ha (200 m x 200 m) square experimental plot was established in the Lambir
Hills National Park on a north-south gentle slope (inclination of 5° or less) with
an approximate length of 2,000 m. The experimental plot was gridded into 400
(20 x 20) subplots of 10 m x 10 m.A 90-m-tall canopy crane with a 75-m-long
rotating jib was constructed in 2000 at the center of the plot to access tree crowns.
Observational floors of the canopy crane were dedicated to eddy-covariance flux
and above-canopy meteorological measurements. A solar radiometer (MS401,
EKO Instruments, Japan) for R, measurements and a tipping-bucket rain gauge
(RS102, Ogasawara Keiki, Japan) for P collection were installed on the top floor
of the crane, 85.8 m above the forest floor. Atemperature and relative humidity
sensor (HMP35A, Vaisala, Finland) with a passive ventilation shield was installed
at a height of 60.0 m to measure T, and derive D. A set of identical ventilated
sensors (HOBO Pro v2 U23-002 data loggers, Onset, United States of America)
was also used for additional T, and relative humidity measurements at heights
of 44.0 m,32.0 m,25.0 m, 13.0 m, 5.0 m, and 0.5 m. Volumetric soil moisture
content was measured in three subplots using time-domain reflectometry (TDR)
sensors (CS616, Campbell Scientific) inserted at depths of 0.1 m, 0.3 m, 0.6 m,
and 1.0 m below the forest floor, and © was calculated as the weighted mean soil
moisture content in the 0.0-0.5 m soil layer using data from the 0.1 m, 0.3 m,
and 0.6 m sensors.

Three-dimensional wind speeds (u) and CO, and H,0 concentrations were
sampled at 10 Hz using a three-dimensional sonic anemometer (CSAT3, Campbell
Scientific) for wind speed and an open-path CO,/H,0 analyzer (LI-7500, Li-Cor)
for gas concentrations, both installed at a height of 60.2 m, approximately 20 m
above the mean canopy height. The canopy crane fetches along the slope are
approximately 1,500 and 500 m in the north and south directions, respectively.
The annual-mean dominant wind flows from the north, with minimum fetches
required to cover 80% of the source area of approximately 1,000 m in the north
direction and 500 m in the south direction (37). The forest canopy is deep, with
asource, i.e., a leaf-scale photosynthesis and evapotranspiration position, in its
vertical upper part. Resultantly, because the sampling height was approximately
1.5 times the canopy height, the effect of topography on eddy covariance meas-
urements at the studied forest stand could be neglected (38).

Time series were constructed from these measurements. Variances and covari-
ances required for eddy-covariance flux estimates were calculated over a 30-min
averaging interval with the EddyPro software (version 7.0.6, Li-Cor). Spikes identi-
fied inthe vertical wind speed and gas concentration time series were considered
out-of-range data points and were replaced with values linearly interpolated from
the adjacent data points (39). Coordinate correction with the double-rotation
method (40) was applied to orient the mean wind direction along the x-axis and
setthe mean vertical wind speed to zero. Detrending was performed using block
averaging. A frequency-response loss correction was applied to compensate for
flux losses at high frequencies (41). A correction for the air density fluctuation
effect caused by air temperature and atmospheric H,0 concentration was applied
using the Webb-Pearman-Leuning method (42). To eliminate aberrant eddy-
covariance flux values, occurring mainly during rainfall events, outlier detection
was conducted by identifying instrumental issues, poorly developed turbulent
regimes, and nonstationary conditions (43). Additionally, 30-min rolling mean
eddy-covariance flux values were calculated over each monthly-mean diumnal
cycle; results smaller than 1Q—1.51QR or larger than 3Q+1.5IQR (where 1Q,
3Q, and IQR represent the first and third quartiles and the interquartile range,
respectively) were considered outliers.

Air samples were collected with gas inlets placed at 44.0 m, 32.0 m, 25.0 m,
13.0m, 5.0 m, and 0.5 m above ground. CO, concentrations in the samples were
measured with an infrared gas analyzer (LI-820, Li-Cor). In-canopy CO, storage
flux was determined by quantifying the rate of change of the CO, concentration
in the canopy air column with the Integrated Carbon Observation System (ICOS)
methodology (44). The median of absolute deviation about the median (MAD)
was applied to identify and eliminate in-canopy CO, storage flux outliers (45).
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The NEE was then derived as the sum of the in-canopy CO, storage flux
and the above-canopy CO, eddy-covariance flux. Energy balance correction
(S1Appendix, Fig. S7), low-turbulence NEE filtering with multiple friction veloc-
ity thresholds, and reference NEE determination followed the data processing
steps developed for the FLUXNET2015 dataset (46). Additionally, NEE was sep-
arated into GPP and R,, for this analysis, using a flux-partitioning algorithm
that defines the R,., temperature sensitivity at the half-hour timescale (47).
The marginal distribution sampling method [MDS; (47)] was used to fill the
temporal gapsin the ETand NEE data and to select observation days for which
eddy-covariance flux values, classified (46) as "measured” (quality control flag
of 0) or "filling value with high confidence level” (quality control flag of 1),
would account for more than 50% of the total daily data. To validate the MDS,
artificial gaps were generated within the ET and NEE datasets by randomly
removing 25% of the complete half-hourly data. Three different gap lengths
were defined (48): 30 d (50% of the generated gaps), 7 d (30% of the total),
and 1d(20% of the total). The artificially gap-filled MDS data were then com-
pared with the observations. We identified significant uncertainties but limited
biases in the half-hourly data, with a rmse of 2.46 mmol m~?s™" and 7.90
umol m™?s™" for ETand NEE, respectively, and linear regression line slopes of
0.843 (Pearson's correlation coefficient, R% = 0.817) and 0.846 (R = 0.736)
for ETand NEE, respectively. Thus, we only used data with a quality control flag
of 0 to analyze diurnal variations (S/ Appendix, Fig. S5). For annual-timescale
analyses, we relaxed the selection criterion to include data with quality control
flags of 0 and 1.The resulting number of days with available eddy-covariance
flux data was 578 for both NEE and ET during El Nifio events; 737 and 717 d
for ETand NEE, respectively, during La Nifia events; and 1,468 and 1,435 d
for ETand NEE, respectively, under neutral conditions.

Inverse Eddy-Covariance Flux Model. In this study, we used the inverse eddy-
covariance flux model of Ueyama et al. (18) and adopted a sun/shade radiative
transfer scheme, the "two-big-leaf” model (49), for the ecophysiological traits
analysis. The model structure, submodels, and model application to actual eddy-
covariance flux data are described in S Appendix.
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SHAP Value Determination. We used the SHAP metric (19) to identify the main
factors contributing to ET and NEE in the different ENSO phases (El Nifio, La Nifia,
and neutral conditions). The SHAP method, developed for cooperative game theory,
assigns a value to all input parameters for a specific model prediction, representing
ameasure of their contribution to the model output. In this study, ETand NEE were
predicted separately in the El Nifio, La Nifia, and neutral phases with a tree-based
machine-learning algorithm, the gradient-boosted regression trees model (20). We
setdailyvalues of R;, G, D, T,, U, Viyayas._pi P, Mg and © as input parameters. Tenfold
cross-validation was applied during the model training process to optimize model
parameters. Mean absolute SHAP values for the input parameters (Fig. 3 A and B)
indicated the main controlling factors for ETand NEE in each ENSO phase.

Data, Materials, and Software Availability. MS Excel file has been deposited
in AsiaFlux Database (http://asiaflux.net/index.php?page_id=76) (50).
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