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A B S T R A C T   

The rapid conversion of tropical rainforests into monoculture plantations of rubber (Hevea brasiliensis) in 
Southeast Asia (SEA) necessitates understanding of rubber tree physiology under local climatic conditions. 
Frequent fog immersion in the montane regions of SEA may affect the water and carbon budgets of the rubber 
trees and the plantation ecosystems. We studied the effect of fog on various plant physiological parameters in a 
mature rubber plantation in southwest China over 3 years. During the study period, an average of 141 fog events 
occurred every year, and the majority occurred during the dry season, when the temperature was relatively low. 
In addition to the low temperature, fog events were also associated with low vapor pressure deficit, atmospheric 
water potential, relative humidity and frequent wet-canopy conditions. We divided the dry season into cool dry 
(November-February) and hot dry (March-April) seasons and classified days into foggy (FG) and non-foggy (non- 
FG) days. During the FG days of the cool dry season, the physiological activities of the rubber trees were sup-
pressed where carbon assimilation and evapotranspiration showed reductions of 4% and 15%, respectively, 
compared to the cool dry non-FG days. Importantly, the unequal declines in carbon assimilation and evapo-
transpiration led to enhanced crop water productivity (WPc) on cool dry FG days but insignificant WPc values 
were found between FG and non-FG days of the hot dry season. Our results suggest that, by regulating plant 
physiology, fog events during the cool dry season significantly reduce water demand and alleviate water stress 
for the trees through improved WPc.   

1. Introduction 

The montane areas (>300 m elevation) of Southeast Asia (SEA) are 
rich in natural resources and considered to be one of the global biodi-
versity hotspots and important regions of primary forest carbon stock 
(Fox et al., 2014; Blagodatsky et al., 2016). However, in recent decades, 
these areas have been experiencing severe biodiversity loss and envi-
ronmental risks due to the conversion of natural tropical rainforests into 
monoculture plantations of rubber (Hevea brasiliensis) (Myers et al., 
2000; Tan et al., 2011; Zakari et al., 2020). For example, in the 

southwest edge of China (Xishuangbanna), rubber trees were first 
introduced in the late 1950s, and its land coverage reached 22% by 
2010, forming a new ‘non-traditional’ environmental area (Zhu et al., 
2004; Xu et al., 2014; Giambelluca et al., 2016). Such large-scale 
changes in land-use patterns in natural forests have led to serious 
environmental problems that have affected the regional and local forest 
carbon (Blagodatsky et al., 2016; Warren-Thomas et al., 2018) and 
water balances (Tan et al., 2011; Pfeifer et al., 2016). Predominantly, 
the rubber plantations reduce groundwater recharge due to the high 
rainwater runoff (Ma et al., 2019) and also introduce pollution due to 
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fertilizer and pesticide applications (Zakari et al., 2020). Further, owing 
to their larger xylem vessels and comprehensive root system, rubber 
trees consume more water than rainforest trees (Isarangkool Na Ayut-
thaya et al., 2011; Tan et al., 2011; Yang et al., 2020), making them 
more vulnerable to drought. Consequently, a much higher rate of canopy 
evapotranspiration (ETc) was found in rubber plantations than in the 
local natural ecosystems (Guardiola-Claramonte et al., 2010; Tan et al., 
2011; Giambelluca et al., 2016). The ETc was significantly lower during 
the dry season than in the wet season due to drought and defoliation 
patterns (Isarangkool Na Ayutthaya et al., 2011; Kobayashi et al., 2014; 
Niu et al., 2017; Hardanto et al., 2017; Lin et al., 2018a,b; Röll et al., 
2019). 

During the dry season, fog events occur frequently in Xishuangbanna 
as in many mountainous ecosystems (Bruijnzeel, 2001). The moisture 
input from the fog is believed to partially relieve the stresses from lower 
temperatures and drought of the dry season (Zhang et al., 2014; Fu et al., 
2016), thereby allowing high rubber production in this region (Priya-
darshan, 2011). These fog events can influence the carbon, water and 
energy budgets of the ecosystem in various ways. For example, the fog 
maintains water in plants and soils by reducing transpiration through 
frequent leaf wetting (Bruijnzeel, 2001; Alvarado-Barrientos et al., 
2014; Berry et al., 2014; Gerlein-Safdi et al., 2018a). At the same time, 
the foliar uptake of fog water can diminish the leaf water deficit and 
enhance leaf gas-exchange rates (Berry et al., 2014; Baguskas et al., 
2017), which in turn lead to ecosystem rehydration in a dry environ-
ment (Eller et al., 2013). The foggy (FG) days can enhance the ecosystem 
productivity because the fog-diffused light can be used by plants for 
photosynthesis (Mercado et al., 2009; Berry et al., 2014). However, 
some studies also reported that leaf wetting can weaken photosynthetic 
carbon assimilation during a dense fog event even under the presence of 
adequate sunlight (Zhang et al., 2014; Gerlein-Safdi et al., 2018b; Bit-
tencourt et al., 2019). Furthermore, changes in the environmental 
conditions, such as air temperature (Tair), net radiation (Rn), photo-
synthetically active radiation (PAR), relative humidity (RH) and vapor 
pressure deficit (VPD), during fog events can also have a substantial 
influence on ecosystem water use and productivity (Ritter et al., 2009, 
2017; Baguskas et al., 2018). Overall, the responses of both carbon 
uptake and evapotranspiration to fog can vary among ecosystems with 
different tree species. For rubber plantations, it is still not clear how 
changes in productivity and evapotranspiration during fog events affect 
the ecosystem water-use efficiency, which to a large extent defines their 
vulnerability to drought stress during the dry season. 

The importance of fog in forest ecosystems has been recognized and 
debated for centuries (Hales, 1757; Stone, 1957), but it is only in recent 
years that the development of new techniques, such as high-precision 
gas exchange measurements, xylem sap flow and stable isotopes, has 
allowed us to investigate the effect of fog on water and carbon processes 
in different ecosystems (Bruijnzeel et al., 2011; Zhang et al., 2014; 
Alvarado-Barrientos et al., 2014; Chu et al., 2014; Gotsch et al., 2014; 
Baguskas et al., 2018; Gerlein-Safdi et al., 2018a,b; Bittencourt et al., 
2019). However, the extent to which the leaves of rubber plants can 
maintain net CO2 assimilation in the fog season is not known. We need to 
study the degree of rubber plant physiology responses to different fog 
and cloud regimes, from FG to cloudy and non-foggy (non-FG) days, in a 
systematic manner. Therefore, our goal was to understand the effects of 
fog occurrence on net ecosystem CO2 exchange (NEE), gross primary 
production (GPP), ETc, ecosystem-level crop water productivity (WPc), 
canopy conductance (Gs) and stand-level tree transpiration rate (Tc) by 
analyzing carbon/water flux data during 2014–2016 in a rubber plan-
tation. The specific objectives of the study were to:  

• characterize the local fog occurrence in Xishuangbanna rubber 
plantations;  

• reveal changes in environmental conditions as the fog occurs; and  

• compare NEE, GPP, ETc, WPc, Gs and Tc under FG and non-FG days of 
cool and hot dry seasons to reveal the impact of fog on these carbon 
and water processes. 

The present study has great implications for the study of the effect of 
fog on water and carbon cycle in rubber plantations in wide areas of 
SEA. 

2. Materials and methods 

2.1. Site description 

The study site was located in the experimental area of the Xish-
uangbanna Tropical Botanical Garden (21◦55′30′ ′N, 101◦15′59′ ′E; size: 
~20 ha; elevation: 570 m a.s.L.), Xishuangbanna, Yunnan Province, 
southwest China (Fig. S1). It has a hilly terrain. This experimental 
rubber plantation site was established in 1982 by the Chinese Academy 
of Sciences (CAS) to study the impact of commercial expansion of rubber 
plantations on the local area. The tree density of the site was 346 trees/ 
ha with a mean canopy height of ~ 22 m and a mean diameter at breast 
height (DBH) of 31 cm (Zhao et al., 2014; Lin et al., 2016, 2018a, 
2018b). The main rubber-tapping period is May–November (Song et al., 
2014). Mineral fertilizer was applied twice in a year (April and July) 
with an application rate of 75 kg N ha− 1 yr− 1 (containing 15% N as 
(NH2)2CO, 15% P as NH4H2PO4 and 15% K as KCl) (Zhou et al., 2016). 
The climatic conditions of the study region are controlled by the 
monsoon regime, with tropical southern monsoon from the equatorial 
Indian Ocean during May–October forming the humid and hot-wet 
season. The dry season lasts from November to April of the following 
year, and it is divided into cool dry season (November–February) and 
hot dry season (March–April), with winds from the southeastern direc-
tion (Tan et al., 2010). The cold air from the southern edges of the 
subtropical jet streams dominates the dry season (Cao et al., 1996; Tan 
et al., 2010), causing frequent fog events particularly at night and in the 
early morning (Liu et al., 2004). Fog events are less frequent in the wet 
season due to deep orographic convection, which has been seen in 
several mountain ecosystems around the world (Eugster et al., 2006; 
García-Santos and Bruijnzeel, 2011; Alvarado-Barrientos et al., 2014). 
The mean annual rainfall was 1,492 mm over the past 50 years, and ~ 
87% of the rainfall occurred during the wet season (Tan et al., 2010). 
The soil texture is clay-loamy and belongs to the taxonomy group of 
latosol. The quantity of sand, silt and clay in the top 10 cm soil layer was 
40%, 31% and 28%, respectively. The top 10 cm of soil had a pH of 5.11 
and a bulk density of 1.42 g cm− 3 (Balasubramanian et al., 2020). At 
depths of 0–20, 20–60 and 60–120 cm, the soil moisture (SM, volu-
metric) at field capacity was 33%, 30% and 27%, respectively (Jiang 
et al., 2019). In the rubber plantations of this region, the SM during the 
dry season reaches close to permanent wilting point, and they face se-
vere soil drought in the subsoil layer, particularly during the late dry 
season (Vogel et al., 1995; Chen and Cao, 2008; Liu et al., 2014a). 

2.2. Fog detection 

Fog events were detected using a Present Weather Sensor (PWS100, 
Campbell Scientific Inc., Logan, UT, United States), which is a laser- 
based sensor capable of determining atmospheric visibility. Its visibil-
ity ranges from 0 m to a maximum saturating distance of 20,000 m. The 
data were recorded every minute by a CR1000 data logger (Campbell 
Scientific Inc., Logan, UT, United States). Following the National 
Oceanic and Atmospheric Administration (1995), fog events are defined 
as occasions when visibility is < 1,000 m, and mist or light fog event as 
occasions when visibility is between 1,000 and 2,000 m (Vautard et al., 
2009). Dense fog occurs when visibility is < 400 m (Witiw and LaDochy, 
2008). The identification of fog events was first introduced by Tardif and 
Rasmussen (2007), and fog events are defined as occasions during which 
atmospheric visibility of < 2,000 m is recorded for at least 3 h within 5 
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sequential h, with a visibility of < 1,000 m recorded at least once in this 
time period. Thus, occasions with visibilities < 2,000 m lasting<2 h 
were not included in our study as fog events. 

We compared the visibility data with precipitation data to distin-
guish rainfall from fog events. We excluded occasions when visibility 
was < 2,000 m with rainfall > 0.5 mm h− 1 as well as occasions when 
visibility was < 1,000 m while rainfall was > 0.1 mm h− 1. It is noted that 
fog events occurred mostly during the dry season when rainfall is rela-
tively scarce (Liu et al., 2004). 

2.3. Eddy covariance flux and meteorological data 

An open-path eddy covariance (EC) system comprising of an open- 
path infrared gas analyzer (Li-7500, Li-Cor Inc., Lincoln, NE, United 
States) with three-dimensional sonic anemometer (CSAT3, Campbell 
Scientific Inc., Logan, UT, United States) was installed at a height of 38 
m on a 55 m triangular meteorological observation tower (Fig. S2). 
Seven levels of sensors (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 (WS) 
(A100R, Vector Instruments, Denbighshire, United Kingdom), Tair and 
RH (HMP45C, Vaisala, Helsinki, Finland). Instruments for measuring 
wind direction (WD) (W200P, Vector Instruments, Denbighshire, United 
Kingdom) and rainfall (P) (Rain Gauge 52203, R. M. Young Co., Traverse 
City, MI, United States) were mounted at the top of the tower. Rn was 
calculated from the downward and upward (short- and long-wave) ra-
diations (CNR-1/CM11, Kipp and Zonen, Delft, the Netherlands) 
measured at a height of 28.6 m. PAR was monitored by line quantum 
sensors (LQS70-10, APOGEE, United States) at heights of 1.9 and 28.6 
m. SM and soil temperature (Tsoil) profiles at depth of 5 cm, 20 cm and 
100 cm were also recorded (CS616-L and 105/107 L, Campbell Scientific 
Inc., Logan, UT, United States, respectively). Two soil heat-flux plates 
(HFP01, Hukseflux, Netherlands) were used to monitor the average soil 
heat-flux. We also measured the leaf area index (LAI, m2 m− 2) (Plant 
Canopy Analyzer-LAI-2000, Li-Cor Inc., Lincoln, NE, United States) and 
DBH (cm) twice per month. Leaf wetness was monitored using a 
resistance-based sensor (237-L, Campbell Scientific Inc., Logan, UT, 
United States) installed at a height of 7.8 m within the canopy. The 
wet–dry transition occurred at about 0.15 MΩ (i.e., a leaf with wetness 
< 0.15 MΩ is considered as wet). EC and meteorological data were 
separately logged using a CR5000 datalogger (Campbell Scientific Inc., 
Logan, UT, United States) at a frequency of 10 Hz and a CR1000 data-
logger (Campbell Scientific Inc., Logan, UT, United States) every 30 min, 
respectively. To indicate the atmospheric water status, we calculated the 
atmospheric water potential (Ψatm, MPa) using Tair and RH following 
Vasey et al. (2012). The Ψatm was calculated as follows: 

Ψatm =

[
R⋅Tair
∂Vw

]

.

[

ln
RH
100

]

(1) 

where R is the universal gas constant, Tair is the air temperature (K), 
∂Vw is the partial molal volume of water (cm3/mol) and RH is the 
relative humidity. 

2.4. CO2 flux calculation 

The NEE was calculated as follows (Aubinet et al., 1999; Baldocchi 
et al., 1996; Burba, 2013): 

NEE = Fc+ Fs = ρdω′ s′ +
Δc
Δt

Zr, (2) 

where Fc represents the turbulent eddy flux that is transported above 
the EC flux monitoring sensors height (38 m) and the atmosphere, Fs 
indicates the storage flux under the EC flux sensors and ground surface, 
ρd is the mean air density, ω is the vertical wind velocity and s the dry 
mole fractions. The primes denote deviations from the mean, and the 
overbar indicates a time average. The Δc is the discrete dynamic of CO2 
concentration over 30 min at 38 m height and Δt is the period of 30 min. 

A single point EC method was employed to compute Fs at the mea-
surement height (zr) of the fluxes. Following the meteorological 
convention, negative NEE values indicate CO2 uptake by the ecosystem 
and positive flux denotes CO2 release into the atmosphere. 

We used standard methodologies from FLUXNET and ChinaFLUX to 
process the raw data and control data quality (Reichstein et al., 2005; Yu 
et al., 2006). Specifically, three-dimensional coordinate rotation was 
applied to remove the effects of instrument tilt or irregularities in the 
terrain (Tanner and Thurtell, 1969; Wilczak et al., 2001). The Webb- 
Pearman-Leuning (WPL) correction was applied to correct for air den-
sity variations arising from the transfer of heat and water vapor (Webb 
et al., 1980). Storage flux corrections and hard spike exclusion were also 
performed (Sabbatini et al., 2018). Flux data recorded during intense 
rain events were eliminated (Yu et al., 2006). The outliers (NEE values 
> 50 or <− 50 μmol m− 2s− 1) were identified and rejected (Reichstein 
et al., 2005). Negative nighttime NEE data were rejected if PAR was < 5 
μmol m− 2s− 1 (Wang et al., 2013). The flux data with friction velocities 
(u*) < 0.2 were filtered (Falge et al., 2001; Saleska et al., 2003; Reich-
stein et al., 2005). The surface energy balance showed a closure of 72% 
for the 30-min fluxes in the rubber plantations (Fig. S3). The average 
footprint (90%) reaches a radius of 244 m from the tower (Fig. S4). 
Finally, NEE values were gap filled using the marginal distribution 
sampling approach (Reichstein et al., 2005) and partitioned into GPP 
and ecosystem respiration (ER) using an online tool maintained by the 
Max Planck Institute, Jena, Germany (Wutzler et al., 2018). All the data 
processing methods were detailed in the earlier work of Fei et al. (2018). 

In our study, WPc (gC/kg H2O) was defined as the ratio of GPP or 
yield to ETc (Molden, 1997; Kijne et al., 2003; Zhou et al., 2015; and 
Fernández et al., 2020). Canopy conductance (Gs, mms− 1), which shows 
the efficiency of water exchange between the surface of ecosystem 
vegetation and the atmosphere, was estimated following empirical 
formulation by Noormets et al. (2010). 

Gs =
pETcRw

ρaVPDRd
(3) 

where p is atmospheric pressure (kPa), ETc is crop evapotranspira-
tion derived from EC (kgm− 2s− 1), Rw is universal gas constant specific 
for water vapor (461.495 J kg− 1K− 1), ρa is air density (kgm− 3), VPD is 
vapor pressure deficit (kPa) and Rd is universal gas constant specific for 
dry air (287.058 J kg− 1K− 1). Following Ewers and Oren (2000), Gs 
values were excluded in data analysis when VPD was ≤ 0.6 kPa. 

2.5. Measurement of sap flow density 

Around the EC flux tower, we randomly selected six rubber trees to 
measure the sap flow rate (Js) using the heat dissipation method 
following Granier (1985, 1987) (Fig. S2). Each sap flow probe setup 
consisted of two cylindrical metal needle probes (length: 20 mm; 
diameter: 2 mm). Sap flow probes were inserted radially into the 
outermost 2 cm of the stem at breast height (1.4 m) with a distance of 
approximately 10 cm between the two sensor probes to avoid thermal 
interference (Lin et al., 2018b). The probes of each unit were sealed with 
insulating silicone, and the whole system was covered with an 
aluminum reflector to protect it from solar radiation. Temperature dif-
ferences between the upper (0.2 W) and lower probes (not heated), ΔT 
(◦C), were measured and stored as 30-min averages using a data logger 
(CR10X, Campbell Sci., United States). Js (gm− 2s− 1) was calculated 
according to the Granier (1985) empirical equation: 

Js = α
(

ΔTmax
ΔT

− 1
)β

(4) 

where ΔTmax indicates the temperature difference for zero sap flow, 
approximated by the maximum ΔT during nighttime. Uncertainty may 
arise while calculating ΔTmax from predawn ΔT values, because sap 
flow may continue even during the nighttime (Regalado and Ritter, 
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2007). However, the nighttime sap flow is expected to be small (Ludwig 
et al., 2006), especially under low VPD in FG days (Dawson et al., 2007). 
The empirical parameter α was 119 g m− 2s− 1, and the dimensionless 
parameter β was set to 1.231, according to Granier (1985). 

Js was summed for each day to compute Jout in kg m− 2 d− 1. 
Following Isarangkool Na Ayutthaya et al. (2011), the transpiration (Tc, 
mm d− 1) is computed from average Jout of six trees as: 

Tc = 0.874 × Jout ×
s area
t area

(5) 

where s_area and t_area are the sapwood area and tree-spacing area 
of the ecosystem, respectively. In this study, we used the s_area (0.04 
m2) and t_area (28.9 m2) estimates from the same site by Zhao et al. 
(2014). 

2.6. Statistical analysis 

The turbulence regime is normally well developed between 06:00 
and 21:00 in hilly regions (Mildenberger et al., 2009). Since this study 
mainly focuses on processes that occur during the daytime (i.e., 
ecosystem CO2 uptake and WPc), only data between 06:00 and 21:00 
were used. Given that ecosystem respiration were not significantly 
different between FG and non-FG days during both the cool and hot dry 
seasons (Fig. S5), excluding nighttime data does not affect our com-
parison of CO2 fluxes between FG and non-FG days. The daily mean 
values of physiological (NEE, GPP, ETc, WPc, Gs and Tc) and microme-
teorological (Tair, VPD and PAR) variables were computed and 
compared between the FG and non-FG days during the cool and hot dry 

seasons. We performed one-way analysis of variance (ANOVA) to test 
the differences (alpha = 0.05) in ecosystem physiological responses and 
meteorological variables between FG and non-FG days only during the 
dry season, followed by the Tukey’s test using the ‘emmeans’ R package 
(Lenth et al., 2021). The monthly differences between P and ETc (P-ETc) 
were calculated to indicate the water deficit conditions of the rubber 
plantations during the entire study period. A multiple linear model was 
used to evaluate the physiological responses to the changes of the 
meteorological variables. Dominance analysis was carried out to deter-
mine the contribution of each predictor using the ‘dominance analysis’ R 
package (Navarrete, 2020). Further analyses included linear regressions 
to evaluate the relationships between ecosystem carbon/water fluxes (i. 
e., NEE, GPP, ETc, WPc, Tc and Gs) and micrometeorological variables 
(Tair and VPD) in cool dry FG and non-FG days. These analyses were 
performed using the ‘lm’ function in R (Version 3.6.0, R core Team 
2019). Graphs were made using the R package ‘ggplot2′ (Wickham, 
2016). 

3. Results 

3.1. Meteorological parameters and fog occurrences 

The mean monthly Tair was 22.3 ± 3.7 ◦C, with values ranging from 
6.6 ◦C (January 2016) to 31.5 ◦C (May 2014) (Fig. 1). The Tsoil at 5 cm 
was higher during the dry season than during the wet season. The 
highest (38.7%, 2015) and lowest (8.5%, 2014) SM values at a depth of 
5 cm were observed during the wet season and dry season, respectively. 
Similarly, the SM at 100 cm was higher during the wet season than 

Fig. 1. Continuous daily averaged meteorological data from 2014 to 2016 of (a) air temperature (Tair), soil temperature (Tsoil at depth of 5 cm); (b) precipitation 
(P), soil moisture content (SM) at depths of 5 cm (SM5cm) and 100 cm (SM100cm); (c) photosynthetically active radiation (PAR), global radiation (Rg) and net ra-
diation (Rn); (d) wind speed (WS), relative humidity (RH) and atmospheric water potential (Ψatm). The gray vertical columns in each panel represent the dry period 
across the cool dry and hot dry seasons, and the white areas characterize the wet season. 
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during the dry season. The annual P during the study period (January 
2014–December 2016) was 1,149 mm at the site and the mean global 
solar radiation (Rg), Rn and PAR at the site were 15.45 ± 4.8 MJ m− 2 

d− 1, 8.2 ± 3.3 MJ m− 2 d− 1 and 24.86 ± 9 mol m− 2 d− 1, respectively. 
The mean monthly RH was 71 ± 10%, the mean annual WS was 0.5 m 
s− 1 and the frequency of calm days was about 75%. The mean monthly 
Ψatm was − 41.1 ± 15.2 MPa, with values ranging from − 102 MPa 
(September 2016) to − 6.2 MPa (January 2015) (Fig. 1). 

A total of 423 fog events were identified over the 3-year study period. 
The year 2016 experienced the most fog events (150), whereas the 
lowest number of events (128) was recorded in 2015 (Fig. 2a). Season- 
wise, 75.7% of the total events occurred during the dry season and 
24.3% during the wet season (Table S1). January is the most fog-prone 
month (17%), whereas June is the least (1.3%). The mean duration of 
fog events is 3.2 ± 2.8 (SE) h, while 55% of the fog events lasted for 2–5 
h (Fig. 2b). On average over 2014–2016, the longest fog events were 8.3 
± 6.7, 5.2 ± 0.7, 4.1 ± 1.1 and 4.5 ± 3.3 h/day for December, January, 
February and March, respectively. About 72% of P occurred during the 
wet season of the study period (Fig. 2c). During the fog events, the 
minimum atmospheric visibility was within 100–400 m (dense fog), 
500–800 m and 900–1,000 m in 44%, 25% and 31% occasions, 
respectively (Fig. 3a). Fog occurred mostly in the early morning hours 
(02:00–10:00) and dissipated 1–2 h after sunrise (Fig. 3b). The leaf- 
wetting (i.e., leaf wetness drops below 0.15 MΩ) events due to fog 
were also frequent in the early morning hours, and dry seasonal canopy 
wet conditions lasted on average for 8.8 h/day in FG days (Fig. 3c). 

3.2. Changes in micrometeorological factors on foggy days 

Compared with non-FG days in the cool dry season, we observed an 
5% (p < 0.01) reduction in Tair on cool dry FG days. Particularly in the 

months of December and January, the average Tair was 16 ◦C and 
16.5 ◦C on cool dry FG and non-FG days, respectively (Fig. 4a). Whereas, 
average Tair was found to be similar level during the FG (22.6 ◦C) and 
non-FG (22.7 ◦C) days of hot dry season. Further, we observed no sig-
nificant changes in VPD, Ψatm and RH on FG days relative to non-FG 
days in both cool and hot dry seasons (Fig. 4 b,c,e). A 192% (p <
0.01) increases in leaf wetness were found on FG days when compared 
with non-FG days of both cool and hot dry seasons (Fig. 4d). We found 
17% increases in daytime PAR (p < 0.01) on FG days relative to non-FG 
days of cool dry season, however same level of PAR was noticed during 
the hot dry season of FG and non-FG days. (Fig. 4f). 

3.3. Physiological effects of fog on rubber plantations 

The NEE, GPP, ETc, WPc, Gs and Tc were generally higher in the wet 
season than during the dry season (Fig. 5a–f). In the middle of February, 
during the dry season, there was a brief but sharp drop in GPP and WPc 
due to leaf shedding of the rubber tree, which recovered after new leaves 
began to sprout in March. The NEE (cool dry, p = 0.47 and hot dry, p =
0.99), GPP (cool dry, p = 0.93 and hot dry, p = 0.78) and Tc (cool dry, p 
= 0.77 and hot dry, p = 0.47) showed no significant differences between 
FG and non-FG days in both cool and hot dry seasons (Fig. 6). The ETc 
and Gs reduced by 15%, and 38%, respectively, in FG days relative to 
non-FG days in the cool dry season (p < 0.01), but they were not 
different between the FG and non-FG days in the hot dry season. Inter-
estingly, WPc increased significantly by 12.3% during cool FG compared 
with cool non-FG days (p < 0.01) but insignificant during hot FG and hot 
non-FG days. 

We found that for most of the dry season (except January 2015), P- 
ETc was < 0 mm, which indicates water deficit (Fig. 7a). The SM in the 
top soil layer (5 cm) showed distinct seasonal variations with the values 

Fig. 2. Monthly number of fog events (a), total durations (h) of the fog events (b), and rainfall (P, mm) (c) during 2014–2016 at the study site. Gray backgrounds 
represent the dry seasons. 
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ranging from 22% (December 2014) to 34% (August 2014), and the 
values were generally lower during the dry season (27.7 ± 3%) than 
during the wet season (29.4 ± 2.8%) (Fig. 7b). Overall, the ecosystem 
was exposed to soil water stress from the beginning of October to the end 
of April. 

3.4. Dependence of physiology on meteorological variables 

Multiple linear regression models explained 40%, 48%, 30%, 26%, 
53% and 41% of the NEE, GPP, ETc, WPc, Gs and Tc variances, respec-
tively, during cool dry FG days (Table 1). The VPD (p < 0.001) was the 
most important factor in explaining the NEE (60%), GPP (75%) and WPc 
(60%) models, while Tair had the highest contributions in the ETc 
(86%), Gs (44%) and Tc (62%) models for cool dry FG days. Similar to 
cool dry FG days, the models for the cool dry non-FG days also explained 
35%, 33%, 33%, 12%, 54% and 10% of the variances for NEE, GPP, ETc, 
WPc, Gs and Tc, respectively. Similar to cool dry FG days, VPD (p <
0.001) also had significant contribution in the NEE (52%), GPP (51%), 
and WPc (55%) models, while Tair had the highest contributions in the 
ETc (71%), Gs (64%) and Tc (94%) models on cool dry non-FG days. 
Finally, on both cool dry FG and non-FG days, Tair and VPD were the 
significant factors in most models (Table 1). 

The VPD (p < 0.001) was the most important factor in explaining the 
NEE (60%), GPP (58%) and WPc (73%) models, while Tair had the 
highest contributions in the ETc (86%), and Tc (62%) models for hot dry 
FG days. The PAR had the highest influences in the Gs (65%) models for 
hot dry FG days. In contrast with hot dry FG days, Tair (p < 0.001) had 
significant contribution in the NEE (84%), GPP (89%), WPc (41%) and 
Tc (91%) models, while PAR and VPD had the highest contributions in 

the ETc (44%) and Gs (76%), respectively in hot dry non-FG days. 
Finally, we were not found any similar kind of most significant factors in 
both hot dry FG and non-FG days (Table.1). 

On both cool dry FG and non-FG days, the NEE increased linearly 
with VPD (slope: 0.69, R2 = 0.30, p < 0.001, and slope: 0.36, R2 = 0.14, 
p < 0.001), respectively (Fig. 8a), however cool dry FG days showed 
higher positive relationship than the cool dry non-FG days. The GPP 
generally decreased with increasing VPD (slope: − 0.77, R2 = 0.40, p <
0.001) on cool dry FG days, but on the cool dry non-FG days relation-
ships were significantly lower than the cool dry FG days (VPD: slope: 
− 0.42, R2 < 0.15, p < 0.001) (Fig. 8b). On both FG and non-FG days of 
cool dry season, WPc decreased with increasing VPD (slope = -0.33, R2 

= 0.22, p < 0.001 and slope = -0.18, R2 = 0.1, p < 0.001) (Fig. 8c), 
respectively. Further, a positive relationship was present between ETc 
and Tair (slope = 0.13, R2 = 0.25, p < 0.001) on FG days and also on 
non-FG days of cool dry season (slope = 0.13, R2 = 0. 27, p < 0.001) 
(Fig. 8d). Tc and Tair had a positive significant relationship (slope = 0.1, 
R2 = 0.23, p < 0.001) on cool dry FG and non-FG days (slope = 0.05, R2 

= 0.1, p = 0.003) (Fig. 8e). Gs was positively correlated with Tair on 
both FG (slope: 0.76, R2 = 0.18, p < 0.001) and non-FG days of cool dry 
season (slope: 0.86, R2 = 0.27, p < 0.001) (Fig. 8f). 

4. Discussion 

4.1. Variations in fog occurrence 

Seasonal fog is a common phenomenon in montane regions 
(Bruijnzeel et al., 2011). To monitor fog events with higher accuracy, 
laser-based sensor is an important first step in understanding how fog 

Fig. 3. (a) Minimum visibility distribution frequencies compiled for the totality of fog occurrence for the 2014–2016 period (gray color mark indicates the dense fog 
days, <400 m visibility); (b) total fog frequency distribution in a day on an hourly basis (gray color mark indicates the dissipation time of fog); (c) total leaf wetness 
frequency distribution in a day on an hourly basis for the 2014–2016 dry season only. (Due to a lack of continuous leaf wetness measurements in the rubber 
plantation site, the data was obtained from a tropical rainforest site, which is 5 km away in the same region.). 
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Fig. 4. Differences in micrometeorological variables between foggy and non-foggy days in the cool and hot dry seasons over 2014–2016. These variables include (a) 
air temperature (Tair), (b) vapor pressure deficit (VPD), (c) atmospheric water potential (Ψatm), (d) leaf wetness, (e) relative humidity (RH) and (f) photosyn-
thetically active radiation (PAR). For each boxplot, the horizontal line within the box indicates the median. The lower and upper edges of the box are the 25th and 
75th percentiles, respectively. The upper and lower whiskers are min/max values. Differences were determined using the Tukey’s test and the significant differences 
between cool and hot dry foggy and non-foggy days are shown by different letters (p < 0.01). Boxes containing the same letter are not significantly different (p 
> 0.05). 

Fig. 5. (a) Daily average net ecosystem exchange (NEE), (b) gross primary production (GPP), (c) evapotranspiration (ETc), (d) crop water productivity (WPc), (e) 
canopy conductance (Gs) and (f) tree transpiration (Tc) from 2014 to 2016. Red lines indicate the weekly moving average values. Clean and crossed gray backgrounds 
represent the cool dry and hot dry seasons, respectively. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of 
this article.) 
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Fig. 6. Differences in dry seasonal average values of (a) net ecosystem exchange (NEE), (b) gross primary production (GPP), (c) crop evapotranspiration (ETc), (d) 
crop water productivity (WPc), (e) canopy conductance (Gs) and (f) tree transpiration rate (Tc) between cool and hot dry foggy (black) and cool and hot dry non-foggy 
(red) days at the rubber plantations for the record spanning the period starting from 2014 to 2016. For each boxplot, the horizontal line within the box indicates the 
median. The lower and upper edges of the box are the 25th and 75th percentiles, respectively. The upper and lower whiskers are min/max values. Differences were 
determined using the Tukey’s test, and the significant differences between cool and hot dry foggy and non-foggy days are shown by different letters (p < 0.01). Boxes 
containing the same letter are not significantly different (p > 0.05). (For interpretation of the references to color in this figure legend, the reader is referred to the web 
version of this article.) 

Fig. 7. (a) Variations of monthly crop evapotranspiration (ETc), precipitation (P) and their differences (P-ETc); and (b) soil moisture (SM) at a depth of 5 cm from 
2014 to 2016. Gray backgrounds represent the dry season. 
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Table 1 
The summary of multiple linear regression models for NEE, GPP, ETc, WPc, Gs and Tc for foggy and non-foggy days during the cool and hot dry seasons.   

Cool Dry Foggy Cool Dry Non-Foggy Hot Dry Foggy Hot Dry Non-Foggy 

Model Predictor Coeff 
(SE) 

t-value Contribution R2 Coeff 
(SE) 

t-value Contribution R2 Coeff 
(SE) 

t-value Contribution R2 Coeff 
(SE) 

t-value Contribution R2 

NEE Intercept 2.43 
(1.04) 

2.33 
* 

– 0.4 4.2 
(1.35) 

3.1 
** 

– 0.35 8.1 
(4.2) 

2 –  0.4 10.3 
(3) 

3.63 
*** 

–  0.14 

Tair − 0.35 
(0.05) 

− 6.31 
*** 

22% − 0.35 (0.1) − 4.44 
*** 

41% − 0.7 
(0.2) 

− 4 
*** 

34%  − 0.5 
(0.1) 

− 3.88 
*** 

84%  

VPD 0.75 
(0.1) 

8.43 
*** 

60% 0.52 
(0.1) 

5.8 
*** 

52% 0.45 
(0.1) 

5 
*** 

62%  0.1 
(0.1) 

1.1 5%  

PAR − 0.01 
(0.03) 

− 0.36 18% − 0.1 
(0.03) 

− 1.8 
* 

7% 0.04 
(0.04) 

1.1 4%  − 0.04 
(0.04) 

− 1 11%  

GPP Intercept 3.71 
(0.92) 

4 
*** 

– 0.48 − 0.13 (1.5) − 0.1 – 0.33 − 7 
(4.1) 

− 1.72 –  0.5 − 9.55 
(2.72) 

− 3.5 
*** 

–  0.25 

Tair 0.26 
(0.05) 

5.24 
*** 

10%  0.43 
(0.1) 

4.8 
*** 

45%  1 
(0.2) 

5 
*** 

38%  0.73 
(0.12) 

5.75 
*** 

89%  

VPD − 0.96 
(0.08) 

− 12.04 
*** 

75% − 0.52 (0.1) − 5.14 
*** 

51%  − 0.54 
(0.1) 

− 6 
*** 

58%  − 0.18 (0.1) − 2 
* 

6%  

PAR 0.07 
(0.02) 

2.86 
** 

15% 0.02 
(0.04) 

0.5 4% − 0.05 
(0.04) 

− 1.2 4%  0.03 
(0.04) 

1 5%  

ETc Intercept − 0.47 
(0.26) 

− 1.84 
* 

– 0.3 − 0.2 
(0.4) 

− 0.53 – 0.33 − 2.6 
(1.1) 

− 2.33 
* 

–  0.25 − 1 
(0.7) 

− 1.23 –  0.4 

Tair 0.13 
(0.01) 

9.41 
*** 

86%  0.11 
(0.02) 

5.5 
*** 

71%  0.22 
(0.05) 

4.5 
*** 

92%  0.08 
(0.03) 

2.65 
** 

25%  

VPD − 0.1 
(0.02) 

− 3.9*** 11%  − 0.1 
(0.02) 

− 3.24 
** 

14%  − 0.003 
(0.02) 

− 0.13 1%  0.05 
(0.02) 

2.36 
* 

31%  

PAR 0.02 
(0.01) 

2.4 
* 

3%  0.02 
(0.01) 

2 
* 

15%  0.01 
(0.01) 

1 7%  0.04 
(0.01) 

3.78 
*** 

44%  

WPc Intercept 6.9 
(0.63) 

11 
*** 

– 0.26 4.7 
(1) 

5 
*** 

– 0.12 4.1 
(2) 

2.17 
* 

–  0.4 0.1 
(1.18) 

0.1 –  0.13 

Tair − 0.11 
(0.03) 

− 3.41 
*** 

17%  − 0.03 
(0.05) 

− 0.54 9%  0.1 
(0.1) 

1.1 2%  0.17 
(0.05) 

3.14 
** 

41%  

VPD − 0.31 
(0.05) 

− 5.58 
*** 

60%  − 0.13 
(0.1) 

− 2.1 
* 

55%  − 0.22 
(0.04) 

− 5.2 
*** 

73%  − 0.1 
(0.04) 

− 2.3 
* 

32%  

PAR − 0.004 
(0.02) 

− 0.25 23%  − 0.03 
(0.02) 

− 1.1 36%  − 0.05 
(0.02) 

− 2.6 
** 

25%  − 0.02 
(0.01) 

− 1.63 27%  

Gs Intercept − 2.25 
(1.44) 

− 1.56 – 0.53 − 5.5 
(2) 

− 3 
** 

– 0.54 7.4 
(4) 

1.86 
* 

–  0.25 7.32 
(2.71) 

2.7 
** 

–  0.01  

Tair 0.9 
(0.07) 

11.2 
*** 

44%  1.14 (0.11) 10 
*** 

64%  0.21 
(0.17) 

1.26 5%  0.01 (0.12) 0.15 14%   

VPD − 1.13 
(0.12) 

− 9.1 
*** 

41%  − 0.65 (0.13) − 5 
*** 

27%  − 0.2 
(0.1) 

− 2.23 
* 

31%  − 0.1 
(0.1) 

− 1 76%   

PAR − 0.03 
(0.04) 

− 0.8 15%  − 0.2 (0.05) − 3 
** 

9%  − 0.15 
(0.04) 

− 3.6 
*** 

64%  − 0.01 (0.04) − 0.25 10%  

Tc Intercept − 0.17 
(0.12) 

− 1.44 – 0.41 0.1 
(0.4) 

0.2 – 0.1 − 1 
(0.67) 

− 1.4 –  0.3 − 2 
(0.35) 

− 5.5 
*** 

–  0.48  

Tair 0.06 
(0.01) 

9.81 
*** 

62%  0.05 
(0.02) 

2.4 
* 

94%  0.11 
(0.02) 

4.05 
*** 

60%  0.15 
(0.01) 

9.2 
*** 

91%   

VPD 0.001 
(0.01) 

0.12 8%  − 0.001 
(0.02) 

− 0.04 1%  − 0.04 
(0.01) 

− 2.75 
** 

32%  − 0.01 
(0.01) 

− 1 5%   

PAR − 0.02 
(0.003) 

− 6 
** 

30%  − 0.001 
(0.01) 

− 0.12 5%  − 0.01 
(0.01) 

− 1.4 8%  − 0.01 
(0.005) 

− 2.06 
* 

4%  

ETc: crop evapotranspiration (mmd− 1); GPP: gross primary production (gCm− 2d− 1); Gs: canopy conductance (mm s− 1); NEE: net ecosystem exchange (gCm− 2d− 1); PAR: photosynthetically active radiation (molm− 2d− 1); 
Tair: air temperature (◦C); Tc: Tree transpiration (mmd− 1); VPD: vapor pressure deficit (hPa); WPc: crop water productivity (gC/kg H2O). *The coefficient is significant at p < 0.05; **The coefficient is significant at p <
0.01; ***The coefficient is significant at p < 0.001. 
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influences the tropical rubber tree’s function. The fog occurrence in 
Xishuangbanna region was more frequent during the dry season than 
during the wet season (Table S1). The fog mainly forms around 3:00 a.m. 
and dissipates 1–2 h after sunrise in most fog events (80%) of the year 
(Figs. 2–3). However, our data (141 ± 12 fog events annually) indicates 
that fog events were much fewer than the earlier reported values (258 ±
58 fog events annually) (Liu et al., 2004), and this could be due to the 
large-scale deforestation of tropical rainforests and conversion into 
monoculture rubber plantations in Xishuangbanna in the past decade 
(Zhang et al., 2014). The rubber plantations have a lower LAI than 
tropical rainforest (Rusli and Majid, 2014). Thus, canopy alteration in-
creases the albedo (higher radiation reflection ratio), which reduces the 
overall clouds/fog in the region (Hauser et al., 2015). Our results suggest 
that the highly frequent dense fog events were of the radiation fog type 
(Tardif and Rasmussen, 2007) and occurred in the cool dry season 
(November–February). The dense fog events reduce chilling damage to 
tropical plants, including rubber trees, and help maintain the tropical 
rainforests as well as agricultural crops of the region (Zongdao and 
Xueqin, 1983; Zhang et al., 2014). 

4.2. Fog events enhance crop water productivity 

We found significant improvement (12.3%) in ecosystem WPc in FG 
days in the cool dry season even with the deciduous nature of rubber 
trees (intense leaf shedding from January to February; Fig. S6), but not 
in the hot dry season (Fig. 6). This enhanced WPc was mainly induced by 

the reduction in ETc while NEE and GPP showed no significant changes 
on cool dry FG days when compared with cool dry non-FG days. The 
difference in ETc was mainly due to the decreased evaporation during 
cool dry FG days, whereas no significant changes of Tc was noticed as 
rubber trees are less active during this period due to leaf senescence. 
After the short, rubber trees started to actively transpire as new leaves 
grew in hot dry season, leading to no ETc difference between FG and 
non-FG days (Fig. 6). The low evapotranspiration during fog events is 
associated with low VPD, which reduces atmospheric water stress (Ritter 
et al., 2009; Alvarado-Barrientos et al., 2014). The enhanced WPc found 
on cool dry FG days in this study is consistent with other observations, 
for example, in a strawberry crop field (Baguskas et al., 2018, 2021). The 
water-stressed crops can also use dew as a water resource in semi-arid 
maize fields, resulting in greater WPc (Yokoyama et al., 2021). In 
contrast to our study, the WPc increase under FG conditions was driven 
by reductions in both ETc and NEE with sharper drops in ETc than in NEE 
(Gerlein-Safdi et al., 2018b; Baguskas et al., 2018), whereas we found no 
changes in NEE of the rubber plantation on cool dry FG days compared 
with cool dry non-FG days (Fig. 6). The dry season represents the driest 
period with little rainfall in Xishuangbanna. The net carbon uptake is the 
lowest during the cool dry season (Fig. 5), which could make the trees 
vulnerable to the drought stress. The foggy conditions in the cool dry 
season enhance ecosystem WPc via evaporation reduction and decrease 
water loss from the system, which could be an important mechanism to 
mitigate the plant physiological stress and impairment in response to the 
drought during the period. 

Fig. 8. Linear regression for daily net ecosystem exchange (NEE) (a), gross primary production (GPP) (b), crop water productivity (WPc) (c), daily crop evapo-
transpiration (ETc) (d), tree transpiration rate (Tc) (e) and canopy conductance (Gs) (f) as a function of the vapor pressure deficit (VPD) or air temperature (Tair) on 
cool dry foggy (cool FG) and cool dry non-foggy (cool non-FG) days of 2014–2016. The gray bands denote the 95% CI. 
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The high carbon uptake rates of the rubber plantation were mainly 
linked to the timing of the fog events, which can affect plant physio-
logical functions (Bittencourt et al., 2019). In most studies, the fog 
events occur from morning to afternoon, which limits the transpiration 
and plant productivity (Ritter et al., 2009; Baguskas et al., 2018, 2021). 
At our site, most of the fog events (80%) lasted from midnight to early 
morning, and fog usually dissipated within 2 h of sunrise. Consequently, 
the canopy remained wet for ~ 8.8 h till mid-day (Fig. 3c), driving leaf 
water uptake and the rehydration of plant tissues, which resulted in the 
overall reduction of transpiration (Eller et al., 2013; Chu et al., 2014; 
Alvarado-Barrientos et al., 2015). At the same time, dissipated fog did 
not significantly affect the light availability on FG days (Fig. 4f). 
Consequently, rubber trees can still maintain a high carbon uptake rate 
on FG days. Considering the trade-off between water loss and carbon 
uptake, our study suggests that fog events help increase the efficiency of 
plant water use, which enhances the tolerance of rubber trees to drought 
stress during the dry season. 

4.3. Foggy days suppress Tc and ETc 

We found insignificant changes in Tc over cool dry season are due to 
the intense defoliation and low temperature which suppressed the 
transpirations rate (January to February) (Fig. 6, S6), which is incon-
sistent with findings from other forests and crop fields with frequent fog 
occurrences. For example, tree transpiration was suppressed, which 
ranged from 25% to 40% under FG conditions when compared with non- 
FG conditions in various forest ecosystems (Hutley et al., 1997; Ritter 
et al., 2009; Gerlein-Safdi et al., 2018b). Similarly, several studies also 
highlighted that the presence of fog affects the microclimatic conditions 
and reduces evapotranspiration in tropical montane cloud forest eco-
systems (Hildebrandt et al., 2007; Bruijnzeel et al., 2011; Bittencourt 
et al., 2019), potato farm (Ramírez et al., 2018) and also in a strawberry 
farm (Baguskas et al., 2021), which is consistent with our findings that 
ETc (15%) rates (ecosystem water loss) were significantly suppressed 
during cool dry fog events (Fig. 6). Most of these studies suggest that the 
suppressed Tc and ETc during fog events is likely related to the associ-
ated changes in Tair, VPD, Ψatm, lower radiation and frequent canopy 
wetting (Ritter et al., 2009; Baguskas et al., 2018). We also obtained 
evidence that the fog reduced the Tair and VPD, which were signifi-
cantly (p < 0.001) correlated to Tc and ETc in FG days (Table 1; Fig. 8). 
This could be due to lower Tair and VPD which lead to a reduced 
evaporative demand (Fig. 4) and lower the water stress during the dry 
season (Fig. 7). The fog events subsequently should enhance the leaf and 
stem water potential that reduces the water demand in the dry season, 
which was also evidenced from the study of Fu et al. (2016), who 
demonstrated that fog is an important water source for woody plants in 
the Asian tropical karst forest of Xishuangbanna. Thus, it is likely that 
rubber trees utilize fog as additional source of water through foliar water 
uptake during leaf wetting events (Eller et al., 2013, 2016; Berry et al., 
2014). This pathway can be particularly important to alleviate drought 
stress during prolonged dry season (Elliott et al., 2006; Fu et al., 2016). 
At the same time, the increased Ψatm also facilitated rehydration for 
plants under conditions of soil water deficit (Baguskas et al., 2018). We 
suggest that leaf-wetting events, which enhance leaf surface vapor-
ization and minimize Tc rates, can be a major driver for the ETc for the 
rubber plantation and should be considered in future studies regarding 
tropical fog. Overall, frequent leaf wetting and reduced atmospheric 
water stress due to fog events could be important water sources for 
tropical crops, particularly in the dry season. 

The magnitude of transpiration largely depends on soil water status 
as well as atmospheric water demand (Teuling and Troch, 2005). The 
sharp SM decrease in the dry season was due to the shortage of rainfall 
(Fig. 7b). The high VPD in the dry season is expected to reduce soil water 
content through increased soil surface evaporation (Yang et al., 2020). 
The rubber plantations showed larger ETc than P during most of the dry 
season, indicating water deficit (Fig. 7a). Moreover, SM was not a key 

driver for ETc and Tc at our site (Fig. 7) and other rubber plantation sites 
around the world (Guardiola-Claramonte et al., 2008; George et al., 
2009; Gonkhamdee et al., 2010; Kobayashi et al., 2014; Niu et al., 2017). 
Several investigations revealed that rubber trees efficiently use the 
available water in the deep root zone to avoid severe water stress during 
the dry season (Guardiola-Claramonte et al., 2010; Liu et al., 2014a,b; 
Kumagai et al., 2015). Importantly, soil water is extracted from deep 
layers at the rubber site but is not released by transpiration until new 
foliage is grown. Therefore, we suggest that SM is not the main water 
source for trees during the dry season, but SM increase during the FG 
season can become crucial in extreme drought events when deep soil 
water is depleted and should be considered in future studies. 

5. Conclusion 

Fog events and meteorological parameters during FG and non-FG 
days of cool and hot dry seasons, as well as concurring Tc and WPc of 
mature rubber (H. brasiliensis) plantations, were studied in detail. The 
analysis of 3 years of continuous observation showed that fog occurred 
during 42% of the total study period. During the highly frequent dense 
fog events in the dry season, Tair often dropped below 5 ◦C, which 
triggered leaf shedding of rubber trees and thus they became physio-
logically less active. Compared with cool dry non-FG days, the presence 
of fog was associated with lower ETc rates (15% lower). In addition, net 
carbon uptake rate is generally low during cool dry season. The dense FG 
days did not affect GPP, but decreased ETc, leading to an enhanced WPc 
during the FG days compared with the non-FG days of the cool dry 
season, whereas no significant changes of WPc were noticed between FG 
and non-FG days of the hot dry season. Statistical analysis demonstrated 
that physiological parameters (NEE, GPP, ETc, WPc, Gs and Tc) were 
mainly regulated by the concomitant changes of Tair and VPD during 
cool dry FG days. The study suggests that low fog occurrence would 
cause greater dry season demand for groundwater in rubber plantations 
and decrease ecosystem WPc. These results highlight the importance of 
fog, and the relevant processes need to be included in ecosystem 
modeling. Long-term study is essential to understand local fog clima-
tology. Sustainable management plans should be balanced against the 
ecological as well as the socioeconomic benefits of rubber plantations, 
which provide livelihoods to smallholders and their employees. Tropical 
Asia, particularly SEA, is most likely to face water scarcity and water 
demand with future droughts linked to large-scale deforestation and 
global warming (Ismail and Go, 2021), which will increase vulnerability 
to water scarcity for rubber plantations as well as agricultural crops. In 
montane areas of SEA, drought in the dry season can be partially 
relieved by fog occurrence. Our study highlights that during FG days the 
rubber plantation utilized less water and thus increased the WPc; 
therefore, the rubber farmers should implement ETc-based adaptive 
irrigation management systems for better yield, particularly during the 
dry season of the non-FG season. Finally, we also suggest that the irri-
gation schedule be minimized for other agricultural crops of the region 
on FG days, which will also help in conserving water to sustain agri-
culture during the dry season. 
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