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A B S T R A C T

Global increase in night time as compared to day time temperatures results in an increased nocturnal VPD, which
possibly increases nocturnal transpiration of plants. However, there are few studies on nocturnal transpiration of
plantations in the tropics. Here, we investigated the ratio of nocturnal to daily transpiration and its seasonal dif-
ferences in timber plantations of tropical angiosperm tree species in low land seasonal tropical botanical garden in
southwest China. Wemeasured sap flow in 18 tree, comprising of nine evergreen and nine deciduous species, during
three months in the wet season and three months in the dry season between 2012 and 2013. We partitioned the
nocturnal sap flux density (SFD) into nocturnal transpiration and trunk water recharge. We also measured wood
density to investigate its relationship with nocturnal sap flux density. Our results showed that the mean nocturnal
(whole night-time) VPD was linearly correlated with mean nocturnal SFD (R2 > 0.41–0.73 across species) in both
the wet and dry seasons. During the wet season, the ratio of nocturnal SFD to daily SFD was 0.12–0.19 and 0.15–0.2
among evergreen and deciduous species, respectively. During the dry season, this ratio increased to 0.18–0.28 for
evergreen species. For evergreen species, the nocturnal trunk water recharge and nocturnal transpiration in the wet
season were between 11.37–59.80% and 40.20–88.62% of nocturnal SFD, respectively. For deciduous species, these
values were 18.10–66.26% and 81.90–33.73%, respectively. We found an inverse relationship between nocturnal
SFD and wood density (R2=0.24, P=≤0.05) across the 18 studied species. In conclusion, this study demonstrates
a substantia amount of nocturnal transpiration in a number of tropical tree species, even in the wet season and
increased nocturnal transpiration in evergreen species in dry season. However, there was not any significant dif-
ference of the nocturnal SFD between evergreen and deciduous species during the wet season. Nocturnal tran-
spiration is constrained by wood density across species. High nocturnal air temperature will result in increased
transpirational demand and hence water loss at night. Our findings revealed important implications for nocturnal
transpiration on soil-plant equilibrium and hydrology of forest ecosystems in the seasonal tropics.

1. Introduction

The first decade of the 21st century was recorded as the warmest
since 1850s and the predicted global average surface air temperature
rise is projected to be between 2 and 4 °C by 2040, with larger increases
observed at night, especially in the tropics (IPCC, 2007; Anderegg et al.,
2015; Davy et al., 2017; IPCC, 2014). Such a rise in nocturnal tem-
perature will result in the increase in nocturnal vapor pressure deficit
(VPD), which will inevitably affect the movement of water fluxes in
plants (Fu et al., 2016; Zeppel et al., 2014; Way and Oren, 2010).

Although complete stomatal closure is often assumed at night, in many
plants the stomata remain partially open, due to high nocturnal vapor
pressure deficit (VPD), ample water at the roots and high wind speed
(Oren and Pataki, 2001; Fisher et al., 2007). Incomplete stomata closure
results in nocturnal water loss in plants, and is considered maladaptive
in terms of carbon fixation (Alvarado-Barrientos et al., 2014). However,
nocturnal transpiration incurs other benefits for plants, such as im-
proving nutrient acquisition (Masle et al., 1992; McDonald et al., 2002),
nocturnal refilling of embolized conduits resulting from daytime tran-
spiration (Snyder et al., 2003), oxygen delivery to xylem parenchyma in
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the trunks of larger trees, prevention of excess leaf turgor at night and
enhanced carbon uptake in the early morning hours (Donovan et al.,
2001; Gansert, 2003; Daley and Phillips, 2006; Resco de Dios et al.,
2016). Despite the importance of nocturnal sap flow for plant func-
tioning, there is limited research on the nocturnal sap flow behavior of
trees from the seasonal tropics, where nocturnal VPD is greater than
1 kPa in most hours before mid-night during the dry season, thus in-
creasing transpirational demand.

Forest plantations with monoculture of fast-growing species consume
more water than the native forests, mainly due to the more responsive to
VPD, having larger sapwood conducting area and greater leaf area index
(Kupper et al., 2016; Kunert and Cardenas, 2015). Such plantations also
consume more water at night as well (Kagawa-Viviani et al., 2009).
Natural forests with a diverse species assembly demonstrated a more
dynamic response to climatic drivers in terms of transpiration, and vice
versa for monoculture plantations with trees of uniform age and size.
Hence, natural forests and monoculture plantations can differ in their
impact on the hydrology of watersheds (Kunert and Cardenas, 2015).

The reported contribution of nocturnal transpiration (En) to total
daily transpiration (24-h period) is highly variable, yet a growing body
of evidence have shown that En may constitute a significant, yet largely
unaccounted component of the water balance in different ecosystems
(Dawson et al., 2007; Fisher et al., 2007; Oishi et al., 2008). Global
syntheses have found that the percentage of nocturnal transpiration to
daily transpiration in woody plants to be 12%, although values up to
30–60% have also been observed (Field and Holbrook, 2000; Snyder
et al., 2003; Wallace and McJannet, 2010; Forster, 2014). High noc-
turnal transpiration was reported for wet areas such as rainforests
(Wallace and McJannet, 2010) or in species that were less prone to
atmospheric or soil water deficit. For example the ratio of night to day-
time transpiration was up to 25% in tropical ecosystems, while 15% in
Mediterranean ecosystems and 14% in neotropical savanna ecosystems
(Dawson et al., 2007). Irrespective of the species, significant amount of
nocturnal transpiration was observed in the plants immediately after a
rainfall event following a period of soil water deficit, which can affect
the daily water budget. Thus, nocturnal transpiration is an important
component in estimating the water budget of forest plantations.

Nocturnal transpiration can also be affected by the intra- and inter-
specific variation in physiological traits such as wood density, which
determines the water storage and transport (Meinzer et al., 2009; Chave
et al., 2009; Resco de Dios et al., 2013). Species with high wood density
have thick and small vessels and usually have low sap flux density
(SFD) (Zimmermann, 1983; Tyree and Ewers, 1991; Siddiq et al., 2017).
However, the relationship between wood density and nocturnal SFD
has not been well investigated in tropical tree species. Nocturnal tran-
spiration can also be affected by the species responses to seasonal
changes in climatic drivers such as VPD (Daley and Phillips, 2006;
Phillips et al., 2010; Rosado et al., 2012; Zeppel et al., 2010).

Nocturnal sap flux density does not necessarily indicate nocturnal
transpiration. The recharge of depleted water storage in the tree trunk is a
significant component of daily sap flux (Phillips et al., 2003). However,
the positive correlation between nocturnal SFD and VPD suggests that
nocturnal SFD can be mostly attributed to nocturnal transpiration (Green
et al., 1989; Hogg and Hurdle, 1997). The nature of the relationship be-
tween nocturnal SFD and nocturnal VPD (either linear or non-linear) can
indicate the control over nocturnal transpiration i.e, the threshold of the
nocturnal VPD contorting the nocturnal transpiration, depending upon
the soil water status of the particular site (Rosado et al., 2012). Benyon
(1999) observed that the nocturnal sap flux density in Eucalyptus was not
solely the result of recharge of trunk water storages, since the sap flux
rates increased during the night after several hours of zero flow rates.
Furthermore, high rates trunk water recharge followed days with high
cumulative sap flux, but night flux also occurred in nights preceded by
low daytime sap flux (Daley and Phillips, 2006).

The selective analysis of days with day-time mean VPD in the range
from 1.0 to 2.0 kPa (although this threshold can vary across

ecosystems), combined with evenings with rainfall (VPD less than
0.05 kPa), can be used to partition the nocturnal water recharge and
nocturnal transpiration (Fisher et al., 2007; Wang et al., 2011;
Alvarado-Barrientos et al., 2014). Wang et al. (2011) reported that
species with high day-time SFD had high nocturnal SFD as well. This
could be due to the increase in day-time SFD in the dry season when
VPD was higher and there was lack of water stress for plants as well
(Siddiq and Cao, 2016). Similarly they may also increase nocturnal SFD,
provided there is enough transpirational demand (VPD).

The seasonal tropics, with distinct wet and dry seasons, have wide
seasonal differences in temperature and VPD, and consequently could
result in different seasonal nocturnal sap flow behavior, which can
impact the water budget and soil-plant equilibrium of a particular site
(Bucci et al., 2004). At present, only a few studies (Fisher et al., 2007;
Wang et al., 2011; Rosado et al., 2012) have reported the seasonal
behavior of nocturnal sap flow of tropical trees. Here, we studied the
nocturnal transpiration and trunk water recharge of 18 timber species
plantations in tropical seasonal climate in Southwest China. Our pre-
vious study showed that the evergreen trees at the present study site can
access stable soil water resources near their root zones, even in the dry
season (Siddiq and Cao, 2016). Hence we hypothesized that the ever-
green tree species can meet the nocturnal transpirational demand due
to the availability of soil water even in the dry season. We addressed the
following questions.

1. What is the ratio of nocturnal transpiration in nocturnal sap flux
density of studied species?

2. Does the nocturnal transpiration increase in the dry season com-
pared to the wet season in the evergreen species?

3. Is nocturnal sap flux density constrained by wood density across
deciduous and evergreen species?

2. Materials and methods

2.1. Study site and species

This study was carried out in plantation stands in the
Xishuangbanna Tropical Botanical Garden (XTBG; 21° 54/ N, 101° 46/

E, 580m a.s.l.), in southern Yunnan Province, Southwestern China. This
region has a tropical seasonal climate and thus features a pronounced
dry season; that can be divided into a cool dry season (November to
February) and a warm dry season (March to April). The wet season is
from May to October. Mean annual precipitation is 1560mm, of which
∼80% occurs during the wet season. The mean annual temperature is
21.7 °C (Cao et al., 2006). We selected 18 timber tree species com-
prising nine evergreen and nine deciduous trees (Table 1) in plantation
stands located next to each other in the arboretum of XTBG, with an
average of three replicates per species, fewer than three individuals
were available in some species. The species name, wood density, dia-
meter at breast height (DBH), and the number of replicates are as
presented in Table 1. The plantation was established in 1980s, each
species was planted as monocultural stands with a distance of about
3–4m between the individuals and with the stand density of approxi-
mately 1100 trees ha−1. The present tree height ranged from 20 to 35m
(as measured with a laser range finder) and the DBH ranged from 10 to
65 cm. The canopy crown of the sampled trees was distinct and thus
they were not competing for solar radiation.

2.2. Sap flow and climatic data

The sap flow measurements were made at DBH, during three
months of the wet season (June - August) and three months of dry
season (mid-February to mid-May) in 2012–2013. Since the rain started
in the end of May, mid-May 2013 was still warm and dry. Each tree was
equipped with two sets of 2 cm long lab-made thermal dissipation sap
flow measuring sensors (Granier, 1987), which were installed at 90°
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angles to the stem and positioned directionally opposite to one another
along the same compass position. The sap flow sensors consisted of a
thermocouple surrounded by a heating coil and a reference sensor, and
all sensors were connected to four data loggers (CR-1000, Campbell
Scientific, Inc. Utah USA) with a multiplexer (AM 16/32, Campbell
Scientific, Inc. Utah USA) and supplied with a constant power of 0.2W
to heat the sensors. Aluminum foil was used to protect the sensors from
mechanical damage and solar radiation. Data were logged every 30 s
and averaged over 30min intervals. Sensors were monitored bi-weekly,
with malfunctioning sensors being immediately replaced.

Sap flux density (SFD, g m−2 s−1) was calculated using the cali-
brated Granier’s equation (Granier, 1987) following Bush et al. (2010)
method of calibration and developed our own equation for the study
species (Siddiq et al., 2017; Table S 3). For Dipterocarpus alatus, Mesua
ferrea, Shorea chinensis and Vatica guangxiensis species-specific equa-
tions were used while for the rest of species we used the generalized
equation was employed. The calibration detail is mentioned in Siddiq
et al. (2017). We selected the maximum temperature difference be-
tween heated and non-heated sensors for each night in our analysis to
avoid any possible error in estimating sap flux density. Zero sap flow
was observed after midnight, when the maximum temperature differ-
ence was recorded between heated and non-heated sensors (Lu et al.,
2004).

Climatic-data such as air temperature (°C), relative humidity (%),
photosynthetic active radiation (PAR; µ mol m−2 s−1), wind speed (m
s−1), and rainfall (mm) were obtained from the Tropical Rainforest
Ecosystem Station at XTBG, located at a distance of ∼900m from the
plantation stands. Vapor pressure deficit (VPD) was calculated from the
air temperature and humidity data for the duration of the study
(Campbell and Norman, 1998).

2.3. Determination of wood density

The trunk sapwood wood density (g cm−3) of the study species was
measured using a wood 5mm increment borer. Two cores were

extracted at DBH from each tree of a species, sealed in plastic vials, and
transported to the laboratory immediately. After removing the pith with
a razor blade, the cores were placed in a small graduated cylinder with
water to determine the volume. The samples were then oven-dried at
80 °C to a constant weight to obtain the dry mass. Density was then
determined by dividing the dry mass by the volume of the sample.

2.4. Data analysis

From the data of the daily sap flux density, night time was defined
as the PAR < 20 µ mol m−2 s−1 (Daley and Phillips, 2006; Wang et al.,
2011). To partition the nocturnal sap flow into nocturnal trunk water
recharge and nocturnal transpiration, we first selected 2–3 days in both
wet and dry seasons, when the daytime VPD and PAR were similar to a
sunny day with mid-day VPD > 2.5 kPa but rained in the evening for
2–3 h and consequently VPD was ≤0.05 kPa. We assumed no nocturnal
transpiration of canopy leaves after an evening rain of 2–3 h due to the
lack of VPD as a driving force for sap flux density. Therefore, the sap
flux density of that night was considered as trunk water recharge. This
amount of trunk water recharge was subtracted from the nocturnal sap
flux density of the evening without rain and the remaining amount of
sap flux density of that night was taken as the nocturnal transpiration
driven by the VPD > 0.5 kPa (Fisher et al., 2007; Rosado et al., 2012;
Alvarado-Barrientos et al., 2014). The seasonal and species-specific
percentage of nocturnal transpiration and trunk water recharge to daily
sap flux density were estimated for the three months in both the wet
and dry season. For deciduous species, only the nocturnal sap flux
density data of the wet season only was used, while for evergreen
species, the data of both wet and dry seasons were used. A T-test was
performed (1) for the ratio of nocturnal SFD to daily SFD, during the
wet season between evergreen and deciduous species, (2) for the ratio
of nocturnal SFD to daily SFD between wet and dry season in evergreen
species, (3) for the nocturnal VPD between wet and dry season. The T-
tests and the linear relationships of each night mean nocturnal SFD with
mean nocturnal VPD and with the day-time mean SFD for the wet and
dry season were analyzed using Sigma-plot v.12 (Systat Software Inc.
USA). The slopes of linear relationship between mean nocturnal SFD
and mean nocturnal VPD for evergreen species in the wet and dry
season were compared using SMART package of R programme version
3.23 (Warton et al., 2006).

3. Results

The mean night time VPD in the dry season (0.30 kPa ± 0.01) was
larger than the mean in the wet season (0.21 kPa ± 0.01) at the sig-
nificance level of P < .05. Across studied species, a significant amount
of nocturnal sap flow was observed (Figs. 1 and 2). The integrated day-
time sap flux density was not significantly different between the days
with rainy evening and the days preceding an evening without rain
(Fig. S 2). Significant correlation between mean nocturnal VPD and
nocturnal SFD was found for both wet and dry season across species
with R2 values of between 0.41 and 0.73 respectively (Fig. 3, Table S 1).
For most evergreen species, the relationship slope between mean noc-
turnal VPD and nocturnal SFD was significantly larger in the dry than
the wet season (Table S 2), indicating larger response to nocturnal VPD
in the dry season in most of these species. In both seasons, mean day-
time SFD was not significantly correlated with mean nocturnal SFD for
all but one species Shorea assamica (Fig. 4).

Nocturnal SFD was not correlated with nocturnal wind speed (Fig. S
1). During the wet season, the ratio of nocturnal SFD to daily SFD
ranged from 0.12 to 0.19 among evergreen species and from 0.15 to 0.2
among deciduous species, hence there was no significant difference in
the ratio of nocturnal SFD to daily SFD across evergreen and deciduous
species in the wet season. However, in the dry season, this ratio in-
creased significantly among six evergreen species, to between 0.18 and
0.28 (Fig. 5a and b). The partitioning of nocturnal sap flux density into

Table 1
Species, abbreviation (code), mean wood density, range of diameters at 1.3 m height
(DBH) and replicate number.

Scientific name Code Mean wood density (± SE) DBH
range
(cm)

No. of
trees

Evergreen trees
Anisoptera laevis Ridl. Al 0.60 (± 0.2) 31–37 3
Dipterocarpus alatus

Roxb. ex G.Don
Da 0.54 (± 0.01) 30–55 3

Hopea hainaniensis
Merr. & Chun

Hh 0.75 (± 0.01) 19–30 3

Hopea hongayensis
Tardieu

Hng 0.81 (± 0.01) 20 1

Shorea assamica Dyer Sa 0.76 (± 0.01) 17–20 2
Shorea chinensis Merr. Sc 0.66 (± 0.02) 16–25 3
Vatica guangxiensis

S.L. Mo
Vg 0.73 (± 0.09) 16–24 4

Mesua ferrea L. Mf 0.81 (± 0.02) 16–22 3
Phoebe puwenensis

W.C. Cheng
Pb 0.52 (± 0.02) 20–29 3

Deciduous trees
Albizia falactoria Af 0.6 (± 0.01) 43–48 2
Anogeisus acuminata Aa 0.83 (± 0.04) 21–37 5
Dalbergia odorifera Do 0.92 (± 0.02) 18–23 3
Dalbergia fusca Df 0.78 (± 0.01) 31–41 3
Dipterocarpus

tuberculatus
Dt 0.51 (± 0.02) 19–40 4

Leucaena leucocephyla Ll 0.53 (± 0.01) 21–23 2
Peltophorum

tonkinense
Pt 0.54 (± 0.01) 23–33 2

Pterocarpus indicus Pi 0.57 (± 0.02) 20–31 2
Swietenia mahogany Sm 0.55 (± 0.01) 31–55 3
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nocturnal trunk water recharge and nocturnal transpiration showed
that for evergreen species, the nocturnal trunk water recharge and
nocturnal transpiration in the wet season were 11.37–59.80% and
40.20–88.62% of nocturnal SFD, respectively. For the deciduous spe-
cies, nocturnal trunk water recharge and nocturnal transpiration were
18.10–66.26% and 33.73–81.90% of nocturnal SFD, respectively
(Fig. 5c and d). A significant and inverse correlation between nocturnal
SFD and wood density across 18 study species was found in the wet
season (R2=0.24, Fig. 6).

4. Discussion

Across all studied species, the nocturnal SFD was largely a separate
phenomenon between nocturnal water recharge and nocturnal tran-
spiration. Average nocturnal transpiration accounted for 3.0–6.8% of
daily SFD in the wet season and 4.5–14.7% of the daily SFD in the dry
season. Such nocturnal water usage in monoculture plantation can have
the consequences on the water economy, and thus is a useful estimate

for the selection of plantation species based upon their seasonal noc-
turnal transpiration behavior. Monoculture plantations with more re-
sponsive species to VPD and hence higher nocturnal transpiration can
lead to substantial nocturnal water loss in tropics, as shown by ever-
green species of this study in dry season. High levels of nocturnal
transpiration can affect the soil hydraulic redistribution of water; a
process critical for the maintenance of root viability (Domec et al.,
2012; Baurele et al., 2008). In addition it can create a disequilibrium
between predawn leaf water potential and the soil water status (Bucci
et al., 2004). The values of nocturnal transpiration reported in this
study are comparable to those reported in other species from other
ecosystems: the nocturnal transpiration was 5% of total daily water use
in Eucalyptus grandis (Benyon, 1999), 12.8% in Populus trichocarpa Torr.
& Gray× P. deltoids Bartr ex. Marsh (Kim, 2000), 6% in Malus sylvestris
L. and 19% in Actinidia deliciosa Chev. (Green et al., 1989).

In this study, VPD had the largest influence among other climatic
variables on the magnitude of nocturnal transpiration. This was con-
gruent with the findings for Populus tremuloides Michx. by Hogg and
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Hurdle (1997). On the other hand, other studies conducted in some
other ecosystems found that the variation in nocturnal SFD is best ex-
plained by nocturnal VPD and wind speed e.g, in a mix deciduous forest
trees (Daley and Phillips, 2006), Eucalyptus (Benyon, 1999), Malus, and
Actinidia plantations (Green et al., 1989). Contrary to these findings,
our results showed no relationship between nocturnal sap flux density

and wind speed. This may be due to the present study site being typi-
cally sheltered from wind. The absence of a correlation between noc-
turnal VPD and nocturnal SFD would indicate that the nocturnal sap
flow only contributed to the recharge water loss during day-time
transpiration. However, our results showed the substantial amount of
nocturnal SFD depending on the magnitude of nocturnal VPD,
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Fig. 4. The representative relationship from few days of seasonal nocturnal mean sap flux density with daytime mean sap flux density among evergreen species (a–c) in wet and dry
season and deciduous species (d–f) in the wet season only. ** indicates P < .001, * P < .01. The relationship was non-significant in the panels a, b and d–f, as indicated by the absence of
trend line.

Fig. 5. The ratio of nocturnal SFD to daily SFD in the wet and dry seasons among evergreen species (a) and in the wet season for deciduous species (b). The error bars indicate standard
error. Species codes are mentioned in Table 1. *** indicates P < .0001, ** indicates P < .001, * indicates P < .01. Partioning of nocturnal sap flux density into nocturnal trunk water
recharge and transpiration in the wet season for evergreen species (c) and deciduous species (d).
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indicating both nocturnal recharge and transpiration. This was also
supported by a higher nocturnal sap flux density in the dry season as
compared to wet season among evergreen species, which was attributed
to the increased VPD. The significant linear relationship between mean
nocturnal VPD and mean nocturnal SFD across studied species indicated
that the VPD values were below threshold levels, otherwise the non-
linear relationship would have been found due to the lack of enough
soil moisture near the root zones.

As shown in Fig. 3, VPD > 0.2 kPa may be sufficient to drive
nocturnal transpiration and a significant increase in mean nocturnal
VPD in the dry season (mean 0.30 kPa) compared to the similar time
window the wet season (mean 0.21 kPa) was found. In addition, our
results also demonstrated that VPD was the main factor driving noc-
turnal SFD in both seasons. In general, VPD remains high (> 1.0 kPa)
for several hours after sunset, and sap flux density during this time is
often assumed as the recharging of trunk water. However, our analysis
indicated substantial nocturnal transpiration occurring during these
hours. To some extent this appeared to counter the notion that plants
maximize carbon gain and minimize water loss (Cowan, 1977). In a
previous study, we found that the loss of water at night was mainly due
to the ability of a tree to access a stable water source both in the wet
and dry seasons (Siddiq and Cao, 2016). Therefore, in the presence of
accessible soil moisture and the VPD > 0.2, the plants can transpire
water in the night.

The lack of a significant difference in the ratio of nocturnal sap flux
density to daily sap flux density between the evergreen and deciduous
species could be due to the similar responses of nocturnal SFD per unit
sapwood area to transpiration demand. Wet season lacks water stress
and hence the tropical trees can increase both daytime and night
transpiration (Siddiq et al., 2017). The other possibility for the absence
of a significant difference between evergreen and deciduous species can
be their similarity in leaf mass and wood density. Our results also
highlighted the variation in nocturnal SFD caused by ecophysiological
differences across species, as shown by the significant correlation be-
tween nocturnal SFD and wood density. Across the study species, the
inverse relationship between wood density and nocturnal sap flux
density indicated that species with low wood density hence, more
sapwood water storage (Zhang et al., 2013) may have higher nocturnal
sap flux density. This is consistent with previous findings of wood
density being the constraining factor for sap flux density (Litvak et al.,
2012; Resco de Dios et al., 2013; Gao et al., 2015). This inverse re-
lationship also highlighted species strategies for the resistance against

cavitation, with high wood density species relying on their wood
structure (small and thick vessels) while low wood density species re-
lying on their water storage capacity with large vessels (Bucci et al.,
2004; Woodruff et al., 2007; McCulloh et al., 2012; Johnson et al.,
2009, 2011). A larger decline in nocturnal sap flux density among de-
ciduous species was due to a wider range of wood density
(0.5–0.9 g cm−3; Fig. 6), indicating the limits of hydraulic conductance
(nocturnal sap flow). The seasonal difference in nocturnal sap flux
density across species was also due to differences in their response to
nocturnal VPD (Table S 2). Most evergreen species increased nocturnal
sap flux density in the dry season due to their larger response to higher
nocturnal VPD (< 1.0 kPa). Such sap flux density response to VPD may
provide an advantage by more tightly coupling transpiration and
carbon capture. Firstly, with sufficient water near the root zones in dry
season, the species could continue responding to lower VPD levels even
during the night. This enables the trees to continue photosynthesizing
until sunset and resume photosynthesis rates earlier in the morning.
Consequently, it maximizes the ratio of photosynthesis to transpiration
and avoids lags between assimilation and stomatal opening (Oren and
Pataki, 2001; Resco de Dios et al., 2016).

Our study showed a substantial amount of nocturnal transpirational
water loss, with variation among species, and being constrained by
wood density. If climate change leads to an increased nocturnal VPD
(due to increased temperature) in the seasonal tropics, forests will
consume more water through nocturnal transpiration. Such water loss
can impact the soil-plant equilibrium and hydrology of forest ecosys-
tems and watersheds. Our findings can also be used to improve the
models for the hydrology of tropical plantations and native forests and
prediction of the impacts of global warming on hydrology. The mixture
of evergreen and deciduous trees in native and plantation forests could
help to balance the productivity and conservation of water in a tropical
seasonal climate.
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Appendix A. Supplementary material

Supplementary data associated with this article can be found, in the
online version, at http://dx.doi.org/10.1016/j.foreco.2017.12.043.
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