
ORIGINAL PAPER

Suppression of nighttime sap flux with lower stem photosynthesis
in Eucalyptus trees

Jianguo Gao1 & Juan Zhou1
& Zhenwei Sun1

& Junfeng Niu1
& Cuiming Zhou2

&

Daxing Gu2
& Yuqing Huang2 & Ping Zhao1

Received: 30 December 2014 /Revised: 2 July 2015 /Accepted: 7 August 2015 /Published online: 26 August 2015
# ISB 2015

Abstract It is widely accepted that substantial nighttime sap
flux (Js,n) or transpiration (E) occurs in most plants, but the
physiological implications are poorly known. It has been hy-
pothesized that Js,n or E serves to enhance nitrogen uptake or
deliver oxygen; however, no clear evidence is currently avail-
able. In this study, sap flux (Js) in Eucalyptus grandis ×
urophylla with apparent stem photosynthesis was measured,
including control trees which were covered by aluminum foil
(approximately 1/3 of tree height) to block stem photosynthe-
sis. We hypothesized that the nighttime water flux would be
suppressed in trees with lower stem photosynthesis. The re-
sults showed that the green tissue degraded after 3 months,
demonstrating a decrease in stem photosynthesis. The daytime
Js decreased by 21.47 %, while Js,n decreased by 12.03 % in
covered trees as compared to that of control, and the difference
was statistically significant (P<0.01). The linear quantile re-
gression model showed that Js,n decreased for a given daytime
transpiration water loss, indicating that Js,n was suppressed by
lower stem photosynthesis in covered trees. Predawn (ψpd) of
covered trees was marginally higher than that of control while
lower at predawn stomatal conductance (gs), indicating a sup-
pressed water flux in covered trees. There was no difference in
leaf carbon content and δ13C between the two groups, while
leaf nitrogen content and δ15N were significantly higher in

covered trees than that of the control (P<0.05), indicating that
Js,n was not used for nitrogen uptake. These results suggest
that Js,n may act as an oxygen pathway since green tissue has a
higher respiration or oxygen demand than non-green tissue.
Thus, this study demonstrated the physiological implications
of Js,n and the possible benefits of nighttime water use or E by
the tree.
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Introduction

Plants do not completely close their stomata during the night
and inevitably losewater, which is counterproductive, because
they minimize water loss during daytime carbon assimilation.
It is reported that a substantial amount of nighttime transpira-
tion (E) occurs in most plant species within different biomes
or environments (Forster 2014). Nighttime E is considered to
enhance nitrogen uptake (hypothesis I), for example, desert
shrubs uptake more 15N as compared to those with blocked
nighttime E (Snyder et al. 2008). Nighttime E or sap flux (Js)
keeps the stomata open and was previously considered to
enhance CO2 diffusion into the leaves to optimize photosyn-
thesis of the following morning (Scholz et al. 2007; Barbeta
et al. 2012) (hypothesis II). However, a recent study on the
sunflower plant indicates that predawn stomatal conductance
(gs) for less than 15 min has a minimal influence on photo-
synthesis the next day and thus refutes this hypothesis
(Auchincloss et al. 2014). Results from studies on
Arabidopsis thaliana and two Eucalyptus trees suggest that
nighttime water flux is a result of the circadian rhythm (hy-
pothesis III) (Dodd et al. 2005; de Dios et al. 2013; Resco de
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Dios et al. 2013). Active nighttime Js could probably be help-
ful for oxygen delivery to the xylem as a mechanism to in-
crease rate of growth (Daley and Phillips 2006); however, no
experimental evidence is currently available (hypothesis IV).
Nighttime E, i.e., stomata remaining open, was also consid-
ered as a stress response to drought by several groups (hypoth-
esis V) (e.g., Cavender-Bares et al. 2007; Phillips et al. 2010;
Zeppel et al. 2012).

Large amounts of water transpired during the day could
result in a substantial deficit of water in the stem, necessitating
increased water uptake during the night, especially at the onset
of dusk (Fuentes et al. 2013). Therefore, nighttime water flux
is affected by daytime physiological process (Ludwig et al.
2006); for example, studies on nighttime open stomata in
Vicia faba showed that nighttime gs is significantly affected
by photosynthesis (Easlon and Richards 2009). Another study
showed that midnight gs positively correlated with midday gs
in Quercus rubra (Barbour et al. 2005). Cavender-Bares et al.
(2007) found that midnight gs has a positive relationship with
daytime leaf hydraulic conductance. Biological traits, such as
non-foliar, stem photosynthesis, could exert some influence
on water use characteristics similar to that by leaves. Species
showing stem photosynthesis are expected to have higher
whole-shoot water use efficiency (WUE) due to re-fix of re-
spired CO2 (Nilsen et al. 1993; Vick and Young 2009). In
contrast, an increase in WUE was observed when stem pho-
tosynthesis in Eucalyptus miniata was blocked, suggesting
that stem photosynthesis has a strong influence on carbon-
water balance and boosts biomass (Cernusak and Hutley
2011). Despite the improvement of WUE in mangrove sap-
lings, hydraulic conductance and E are lowered in the absence
of stem photosynthesis, indicating the important role of stem
photosynthesis in regulating water flux (Schmitz et al. 2012).

The influence of stem photosynthesis is not limited to car-
bon fixation or radial growth but includes canopy physiology.
For example, an enhancement in leaf photosynthetic capacity
and the leaf nitrogen content following defoliation was ob-
served in Eucalyptus globulus seedlings due to more light
shed on the stems, considered as a compensation for loss of
carbon fixation by leaves (Eyles et al. 2009). The leaf photo-
synthetic capacity increased by 10.3 % in mangrove saplings
after stem photosynthesis was blocked, indicated a possible
increase in leaf nitrogen content (Schmitz et al. 2012).
However, the hydraulic conductance or E was lowered in the
covered saplings, suggesting an important hydraulic function
of chloroplasts. A similar study was conducted in Prunus
ilicifolia, Umbellularia californica, and Arctostaphylos
manzanita, where the authors reported that chlorophyll in
the stem is degraded and radial growth is slowed down when
stems were covered with aluminum foil and concluded a pos-
itive contribution of stem photosynthesis to budding and early
carbon intake (Saveyn et al. 2010). The increase in leaf pho-
tosynthesis and nitrogen content is a compensation strategy

for maintaining carbon balance when stem photosynthesis de-
creases; therefore, enhancement of WUE is more likely due to
the increase in photosynthetic capacity.

This study was performed to quantify the nighttime water
flux of a Eucalyptus tree species with apparent stem photo-
synthesis and to ascertain the effect of stem photosynthesis on
nighttime water flux and the possible physiological implica-
tion. We hypothesize that the nighttime Js would be reduced in
trees with decreased stem photosynthesis. If Js helps plants to
acquire nitrogen, the nitrogen content will be decreased in
trees when stem photosynthesis is blocked (Snyder et al.
2008) (hypothesis I); on the contrary, if an increase in photo-
synthetic capacity results from the decrease in Js or E, the
nitrogen content will be increased (Eyles et al. 2009). Due to
the decrease in water transport efficiency (Schmitz et al.
2012), degradation of chlorophyll and therefore the decrease
in oxygen demand, the nighttime Js for a given transpiration
water loss could be lowered in trees with lower stem photo-
synthesis. Linking stem photosynthesis and nighttime Js could
help us understand the eco-physiological significance or the
possible metabolic benefits of nighttime water loss.

Materials and methods

Site description and experimental design

This study was conducted in the Huangmian state forest farm
(109° 54′ E, 24° 46′ N), which has been used since the last
6 years, mainly for the plantation of Eucalyptus grandis ×
urophylla, a hybrid with a high growth rate. The farm is lo-
cated in a mid-subtropical and lower subtropical transition
zone and is predominantly considered as a low mountainous
region (Zhang et al. 2004). The research site was at an eleva-
tion of 219 m. This region receives abundant radiation and
rainfall, with an annual pan evaporation of 1426–1650 mm,
annual precipitation of 1750–2000 mm, and annual average
temperature of 19 °C (Zhang et al. 2004). Forest soils are
mainly red and yellow, derived from sandstone and sand.
For this timber forest, phosphorus fertilization was used. The
LAI during the experiment is 1.6 m2 m−2 and stem density is
1375 NO ha−1.

Sap flux sensors were deployed on the 12 trees selected for
this study, on 21 April 2013, and the corresponding environ-
mental variables were measured. A total of 6 trees of the
selected 12 trees were covered by aluminum foil while another
6 trees with similar biometric parameters were considered as
control. The cover length was approximately 4 to 4.5 m from
the ground, which accounted for approximately one third of
the tree height. The aluminum foil would reflect sunlight and
thus blocked photosynthesis in the stem. After 3 months of
shade conditions, leaf water potential and stomatal conduc-
tance were measured between 16 and 20 July 2013. In order
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to quantify the effect of lowered stem photosynthesis on the
physiology of the tree canopy, we measured the carbon (C)
and nitrogen (N) content as well as the isotopic signatures for
carbon and nitrogen (δ13C, δ15N) in the leaves at the end of the
experiment. We also compared the tree diameter in July with
that in April to assess tree growth response to shade condi-
tions. In total, we obtained data for daytime sap flux for
66 days, nighttime sap flux for 69 days, and environmental
variables data for 82 days. The experiments were completed
on 31 July 2013. The characteristics of trees studied are sum-
marized in Table 1.

Sap flux measurements

Estimates of sap flux using the standard equation provided by
Granier (1987) probably significantly underestimate tree wa-
ter use since the parameters in the original equation are
species-specific; therefore, we used the calibrated equation
by Hubbard et al. (2010) who calibrated the E. grandis ×
urophylla hybrid using similar age and size as this study.
Granier thermal dissipation probes (TDP) were directly
inserted into the xylem of the selected trees to measure sap
flux (Granier 1987). Each TDP sensor consisted of a pair of
20-mm long, 2-mm thick stainless steel probes installed ap-
proximately 10 to 15 cm apart along the axis of the
hydroactive xylem. The upper probe was heated using con-
stant 0.2-W power and 120-mADC supply, whereas the lower
probe remained unheated. Instantaneous temperature differ-
ence between the probes was converted into a voltage value,
recorded every 30 s, and stored as 10-min averages using a
Delta-T logger (DL2e, UK) (Zhao et al. 2005). Finally, the sap
flux (Js) density (g H2O m−2 s−1) was calculated as previously
described by Hubbard et al. (2010):

Js ¼ 845:56� ΔTm−ΔT

ΔT

� �1:606

ð1Þ

where ΔTm is the temperature difference obtained under zero
flux conditions and ΔT is the instantaneous temperature
(Granier 1987).ΔTm was determined separately for each tree
over 7 days to avoid the underestimation of nocturnal sap flux
(Lu et al. 2004; Moore et al. 2008). Nighttime sap flux (Js,n) is
defined as the sum of sap flux occurring at PAR=0. After the
deployment of TDP, it is preferred to allow for discrepancies

in sapwood dynamics until a homeostasis is achieved; there-
fore, sap flux data obtained for the month of April 2013 were
discarded and not considered for analysis.

Environmental variables measurements

Data on photosynthetically active radiation (PAR), air temper-
ature (T), and air humidity (RH), wind speed (m s−1) were
obtained from the observation tower (25 m) in the forest.
Radiation (LI-COR, Lincoln, USA), temperature, and humid-
ity (Delta-T Devices Ltd., Cambridge, UK) sensors were de-
ployed on the top of the tower. We calculated vapor pressure
deficit (VPD, kPa) by combining the air temperature and RH:

VPD ¼ a� exp b� T T þ cð Þ½ � � 1−RHð Þ ð2Þ
where a, b, and c are fixed parameters, namely 0.611 kPa,
17.502 (without units), and 240.97 °C, respectively.

Three volumetric soil water content sensors (ML2x, Delta-
T Devices, UK) were randomly placed at 20- to 30-cm depth
at the research site in order to measure volumetric soil water
content in the soil. The volumetric soil water content
(cm3 cm−3) was taken as the average of three measurements.

Sapwood width, tree height, and diameter increment

To avoid destruction of sample trees in the experimental plot, 25
trees with varying diameters were cut down around the research
site andwood discs samples were collected. Sapwoodwidth was
determined visually from color changes between heartwood and
sapwood (Table 1). Diameter at breast height (DBH)was directly
measured at 1.3 m above the ground using a DBH ruler. Tree
height was measured using a Tandem-360R/PC type altimeter
(Suunto, Finland) and a trigonometric formula.

DBH increment (%) is defined as the percentage difference
in tree diameter at the end of the experiment compared to the
initial diameter:

DBHincrement %ð Þ ¼ DBHJuly−DBHApril

� �
=DBHApril

� 100 ð3Þ

where DBHApril is the diameter measured on 20 April 2013
and DBHJuly is that measured on 20 July 2013.

Table 1 Biometric parameters of
the studied trees, including
diameter at breast height (DBH),
tree height, sapwood area (As),
and canopy size

Treatments DBH (cm) Height (m) As (cm
2) Canopy size (m2) Cover proportion (%)

Control 10.83±1.26 13.60±0.41 81.58±19.10 3.89±1.52 –

Cover 11.13±0.95 13.67±0.43 85.66±14.17 3.90±1.20 31.10

Cover proportion denotes the length of the tree height that was covered (%). Data are expressed as the mean±SD
of six individual trees (n=6)
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Measurement of leaf water potential and stomatal
conductance (gs)

Leaf water potential of the 12 studied trees was measured with
a Scholander-type pressure chamber (PMS 1000, PMS
Instrument Company, Albany, OR, USA), where 3 to 5
branches were collected from sunny locations on each studied
tree using an 8-m length lopper and a ladder. Leaf water po-
tential (ψ) measurements were performed in situ immediately
after cutting. Predawn leaf water potential (ψpd) was measured
between 5:00 and 6:00 a.m.

Leaf stomatal conductance (gs) was measured by SC-1
Leaf Porometer (Decagon Devices, Inc., Pullman,
Washington), where 3 to 5 branches from each tree and 5
leaves per branch were chosen for the measurement between
9:00 and 12:00 a.m. The same branches were used for leaf
water potential measurements as well. When the transpiration
or gs was high, the leaf water potential would be very low, thus
leading to a highly negative relationship between the two var-
iables (gs vs. ψ). The measurement of gs took approximately
10 min per branch, which could have led to large errors during
comparison of the predawn gs between the two groups; so we
firstly measured ψ and gs of 3 studied trees in each group to
establish a predictive relationship and extrapolated the result
to assess predawn gs of the 12 studied trees.

Biochemical parameters

Approximately 25 leaves from each studied tree were fixed at
105 °C to obtain a constant weight and dried at 80 °C, crushed
using a mortar and pestle, and then sieved through a 250 mesh
prior to testing. The C and N contents (mg g−1) were analyzed
using a VARIO EL3 precision elemental analyzer (Elementar,
Germany). Approximately 3- to 5-mg samples were analyzed
on a Delta XP isotope ratio mass spectrometer (Finnigan
MAT253) following pyrolysis in a high-temperature furnace
(Thermoquest TC/EA, Finnigan MAT). The C and N isotopic
signatures (δ13C and δ15N, respectively, measured in parts per
thousand) were determined using the dried leaves via a standard
procedure to Pee Dee Belemnite (PDB) limestone andwith N2 as
the standard.

δ ‰ð Þ ¼ Rsample

Rstandard
−1 ð4Þ

where, Rsample and Rstandard are
13C/12C or 15N/14N ratios of

samples and the PDB and N2 standard for carbon and nitro-
gen, respectively.

Statistical analysis

Statistical analyses of leaf water potential and gs, leaf carbon
and nitrogen contents, and carbon and nitrogen isotope ratios

were performed using an independent-sample t test and the
predictive analysis software (PASW, IBM, USA). The least
significant difference at P=0.05 denoted significance. To
quantify the relationship of daily total Js,n and VPD, we used
an exponential saturation model [y=a×(1–e−bx)] or linear
model (y=ax+b) to predict Js,n fromVPD, where a and bwere
fitting parameters (Ewers et al. 2002; 2005). The best model
was that with the lowest Akaike information criterion (AIC)
value (Burnham and Anderson 2002).

Nighttime sap fluxmainly contributed to transpiration or stem
water recharge and regression analysis would show the extent of
this contribution by Js,n. Previous studies showed that Js,n or gs
was affected by daytime water flux and environmental variables
(Barbour et al. 2005; Easlon and Richards 2009); thus, quantifi-
cation of the effects of daytime sap flux (Js,d) is crucial to under-
stand the mechanism of nighttime water use. In this study, to test
the extent to which the Js,n was influenced by Js,d, we fitted linear
models using both OLS and quantile regressions.

Quantile regression seeks to complement classical linear re-
gression analysis to estimate all parts of the response distribution
conditional to the predictor variable, thus providing a more com-
prehensive characterization of the effects than those provided by
estimates of the conditional mean made with OLS regression
(Cade et al. 2005). Quantile regression is a non-parametric test
that makes no assumptions regarding normality of distribution or
variance homogeneity. Thus, quantile regression overcomes var-
ious problems that OLS regression is confronted with. For in-
stance, by focusing on the mean, information about the tails of a
distribution is lost. Additionally, OLS regression is rather sensi-
tive to extreme outliers, which can distort the results significant-
ly. By contrast, being based on absolute values rather than on
squared deviations, quantile regression reduces outlier effects
(Cade and Noon 2003; Ricotta et al. 2010). We estimated the
quantile regression functions of 0.25, 0.5, and 0.75 quantiles
using the R package Bquantreg^ (Koenker 2013).

Results

Variations of Js,n and environmental variables

The Js,n variedwithVPD in both covered and control trees, Js,n
decreased under shade conditions. However, the Js,n did not
show monthly or seasonal variation (Fig. 1). Air temperature
increased during the experiment while PAR showed relatively
limited increase (Fig. 1). After plotting Js,n against nighttime
VPD, we found that both were strongly controlled by VPD.
The Js,n andVPDof control was well described by exponential
saturation model while was a linear model for covered trees
(Fig. 2). The average volumetric soil water content was 37.2%
(data not shown), indicating there was no drought during the
experiment which was performed during the wet season.

548 Int J Biometeorol (2016) 60:545–556



Suppressed Js,n in covered trees

The Js of covered trees was plotted against control and the
results showed that Js,d and Js,n of covered trees was
78.53 and 87.97 % of the control trees, respectively, and
these were highly significantly different from the slope of
1 (P<0.001, P=0.007 for daytime and nighttime Js, re-
spectively) (Fig. 3), indicating that Js,n was suppressed in
Eucalyptus trees with reduced stem photosynthesis. In to-
tal, there were 9 days that Js,n-control was higher than Js,
n-covered trees at 0.1 level (P<0.1) (Fig. 1, lower panel).
Green tissue was degraded after 3 months of shade con-
ditions, indicating lowered stem photosynthesis in covered
trees (Fig. 4). When Js,n was plotted against Js,d by
quantile regression model, it showed that in any quantiles
(τ=0.25, 0.5 and 0.75) or OLS could well describe the
relationship between the two variables in control trees. In
contrast, the two variables correlated well only at τ=0.25
in covered trees (Fig. 5, Table 2). OLS regression showed
that Js,d could explain 17.6 % of variance of Js,n in the
control, while 3.7 % variance of Js,n was explained by Js,d
in covered trees (Table 2). The slopes of each quantile
were higher in the control than covered trees, indicating
a more active Js,n (Table 2).

Leaf water potential, gs, and biochemical parameters

The highly negative correlation between leaf water po-
tential and gs denoted an isohydric control of stomatal
function (Fig. 6). The predawn gs was assessed based
on the relationship of leaf water potential and gs
(Fig. 6). Our prior verification showed that the leaf gs
of detached and intact leaves could be alternative on the
early morning (data not shown). There were no differ-
ences in ψpd and predawn gs between the two groups;
however, the ψpd of covered trees was marginally higher
than that of control while lower at predawn gs (Fig. 7),
indicating a suppressed water flux in covered trees. The
leaf carbon content and δ13C did not differ between the
two groups, to the contrary, leaf nitrogen content and
δ15N were higher in covered trees than in the control
(P<0.05) (Fig. 8). The δ13C in covered trees was more
positive than that of control, indicating an enhancement
of WUE, but not significantly (P=0.21; Fig. 8c). Leaf
nitrogen content and δ15N were positively correlated
(r=0.478, P=0.116, data not shown), indicating δ15N
could be used as a measure of nitrogen availability.
Figure 9 showed links of possible physiological vari-
ables and nighttime water flux.

Fig. 1 Nighttime sap flux (Js,n)
of Eucalyptus grandis ×
urophylla covered trees (filled
circles) and those without
aluminum foil (opened circles).
The environmental variables,
photosynthetic active radiation
(PAR, blue dots), daytime air
temperature (red dots), and
nighttime vapor pressure deficit
(VPD) (solid line) during the
experiments were shown. Sap
flux data are expressed as the
mean of six individual trees (n=
6), bars indicating standard
deviation (SD) are omitted for
clarity. ‡P<0.1; *P<0.05
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Discussion

We quantified the relationship between Js,n of E. grandis ×
urophylla and VPD, and the source of variance. Js,n was driv-
en by VPD and also affected by daytime transpiration water
loss. The physiological implication was assessed by analyzing
the source of variance. Table 3 summarizes the hypotheses
explaining Js,n, stomatal conductance or transpiration water
loss occurring in plants and the related benefits. The inconsis-
tency of studies that tested the same hypothesis, which is
probably due to variations in the species selected and the ex-
perimental design, thus no confirmatory conclusion could be
drawn. A conceptual model of this study is presented in Fig. 9.

Relationship between stem photosynthesis and Js,n

The relationship of Js,n and VPD in the control was non-linear
but linear for the covered trees after partially blocking stem
photosynthesis, indicating that nighttime E was more influ-
enced by stomatal regulation in the covered trees while affected

by stomatal and leaf energy balance or non-hydraulic signals,
e.g., respiration of green tissue in control (Rosado et al. 2012).
The Js,d was decreased by 21.47 % and Js,n was decreased by
12.03 %, demonstrating that Js,d was lowered further as com-
pared to Js,n, thus daytime water use was influenced to a greater
extent by covering the stem. Linear quantile regression model
showed that Js,n of covered trees was not active for a given
daytime transpiration water loss as compared to the control.
Some studies have shown that chlorophyll content in green
tissue is positively correlated with respiration and net photo-
synthesis. For example, in the study on branch chlorophyll
content and photosynthesis, the authors found that stem photo-
synthesis and respiration are higher in species with more chlo-
rophyll (Ren et al. 2009). In another study on stem photosyn-
thesis of nine tree species, the authors concluded that photo-
synthesis is positively correlated with chlorophyll content and
dark respiration (Berveiller et al. 2007). In this study, chloro-
phyll in covered trees was degraded which could have led to a
reduction in respiration and demand for O2 (Fig. 4). The

Fig. 2 The relationship of nighttime sap flux (Js,n) and VPD of
E. grandis × urophylla trees without (a) and with aluminum foil (b).
The best fitted lines are y=5.4×(1−e−5.59) (r2=0.362) and y=4.14x+2.1
(r2=0.288) for the control and covered trees, respectively. Bars indicating
SD are omitted for clarity. ***P<0.001

Fig. 3 Sap flux of covered trees as a function of control of daytime (a)
and nighttime (b). The dashed line indicates a slope of 1, where the two
regression lines are significantly different from the slope of 1. Bars
indicating SD are omitted for clarity. ***P<0.001
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internal xylemwould respire a larger quantity of CO2, and since
most of the CO2 remains in the stem, CO2 concentration in the
stem has been reported 500 times or even higher than the am-
bient CO2 (Teskey et al. 2008). The Js is considered as an
oxygen delivery pathway (Gansert 2003); thus, it is suggested
that the suppressed Js,n was due to lower O2 demand in internal
xylem or sapwood parenchyma. The Eucalyptus trees with

stem photosynthesis do not show an increase in internal stem
CO2 content during the day; to the contrary, stem photosynthe-
sis would generate additional O2 (Pfanz et al. 2002; Wittmann
and Pfanz 2014). However, stem green tissue is transformed
from Boxygen source^ to Boxygen sink^ during the night
(when there is no light available), while O2 delivered by Js
would relieve the anoxia (Gansert 2003; Sorz and Hietz
2008; cf. Fig. 9). Some studies have shown that oxygen radially
transported through lenticels is probably consumed before it
reaches the internal living tissue, thus the transpiration stream
plays an important role in the gas balance of the internal stem
(Mancuso and Marras 2003).

Physiological significance of suppressed Js,n

We found that Js,n was suppressed in covered trees, thus
confirming our hypothesis. The decrease in Js,n is more likely
due to the reduction of whole tree hydraulic conductance
(Schmitz et al. 2012). However, we did not find a decrease
in leaf nitrogen content; to the contrary, the leaf nitrogen

Fig. 4 The green tissue of the stem in an E. grandis × urophylla tree (a)
and the degraded green tissue in cover (b) after 3 months of shade
conditions

Fig. 5 Scatter plot and quantile
regression showing the
relationship between nighttime
sap flux (Js,n) and daytime sap
flux (Js,d) in the control (a) and
covered (b) trees. The gray lines
correspond to the quantiles (0.25,
0.5, and 0.75), and the blue dotted
line is the least-square estimate of
the conditional mean function
(see Table 2 for further
information)

Table 2 Linear regression models summarizing the relationship
between nighttime sap flux (Js,n) and daytime sap flux (Js,d) in control
and covered trees in Fig. 5

Control Cover

Regression type

OLS 0.026*** (r2=0.176) 0.013 (r2=0.037)

Quantile τ=0.25 0.025*** 0.016**

τ=0.5 0.029*** 0.008

τ=0.75 0.024* 0.009

For OLS regression, the coefficient of determination r2 is also shown

OLS ordinary least-squares regression, τ quantile value

*P<0.05, **P<0.01, ***P<0.001
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content was higher in covered trees than in the controls. This is
verified by δ15N value, i.e., higher in covered trees than the

control, indicating that the covered trees have stronger nitro-
gen availability or uptake when stem photosynthesis is
blocked (Craine et al. 2009). This is contrary to results from
the study on phreatophytic shrubs (Snyder et al. 2008), in
which the authors concluded that the nighttime water flux
increases nitrogen uptake. Although there are some reports
illustrating a positive relationship between nighttime gs and
leaf nitrogen content (cf. Table 3), in studies on Helianthus
species (Howard and Donovan 2007), A. thaliana (Christman
et al. 2009a), and two Populus trees (Howard and Donovan
2010), the authors concluded that nighttime gs or E is affected
to a greater extent by soil water content and not soil fertility.
Since all the trees in this study were grown in the same envi-
ronment and there was no drought conditions during the ex-
periment, the results of this study do not support the hypoth-
esis that nitrogen uptake is benefited by nighttime water use.
Due to a positive correlation between nitrogen content and
ribulose-1,5-bisphosphate carboxylase/oxygenase
(RuBisCO) activation, regeneration, and ultimately photosyn-
thesis (Evans 1989), the enhancement of nitrogen content in
covered trees may lead to an increase in photosynthesis, i.e., a
Bcompensatory effect^ when a loss of stem photosynthesis
occurs (Eyles et al. 2009).

Nighttime water use accounts for 5 to 15 % total water use,
sometimes even up to 30 % (Daley and Phillips 2006; Scholz
et al. 2007; Caird et al. 2007b), which leads to a disequilibri-
um between predawn plant and soil water potential (Donovan
et al. 2003). For example, Zeppel et al. (2010) attributed the
disequilibrium to nighttime E in the study of water use char-
acteristics of Eucalyptus parramattensis and Angophora
bakeri. The leaf water potential is not equilibrated with soil
and an apparent predawn gs exists, indicating an intensive
water deficit in the stem due to E, which is consistent with

Fig. 6 The relationship between
leaf stomatal conductance and
water potential. Data are
expressed as the mean±SD of six
individual trees (n=6). **P<0.01

Fig. 7 The predawn leaf water potential (a) and predawn leaf stomatal
conductance (b) of the studied trees. Data are expressed as the mean±SD
of six individual trees (n=6). ns non-significant
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more active Js,n in the control (Figs. 1 and 3). For instance,
VPD could explain 28.8 % variance in covered trees as com-
pared to 36.2 % seen in the control (Fig. 2). The suppressed E
or Js in covered trees would inevitably lead to a decrease in

carbon gain. At the end of the experiment, we found that the
DBH increment was 3.5 % in the control and 2.5 % in covered
trees (data not shown), suggesting a decrease in carbon in-
come when stem photosynthesis was blocked. The reduction

Fig. 8 Leaf carbon (a) and
nitrogen (b) contents and δ13C (c)
and δ15N (d) values of the control
and covered trees. Data are
expressed as the means±SD of
six individual trees (n=6). ns non-
significant; *P<0.05

Fig. 9 Conceptual diagram of the experimental study results, illustrating
the suppressed nighttime sap flux in covered trees (control, left; covered
trees, right). After being covered for 3 months, the chlorophyll in the stem
of E. grandis × urophylla trees was degraded and thus the stem could not
carry out photosynthesis. The aluminum foil had a strong effect on the
stem not only in terms of reflecting sunlight, but in degradation of green
tissue (approximately 2-mm thickness) (Fig. 4). When the root takes up
water from the soil, the oxygen dissolved in the water is also absorbed,

which could relieve anoxia. The xylem or sapwood parenchyma respires
(release of CO2 in the internal parenchymatous tissues of wood) and
consumes O2, and at the same time, sap flux may act as an oxygen
delivery pathway. In the current study, the daytime sap flux was also
decreased in covered trees, indicating that the daytime canopy
transpiration was lowered. The circle indicating O2 generation and CO2

depletion suggests that simplified photosynthesis occurred in the stem,
implicating re-fix of respired CO2 by green tissue
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in radial stem growth or growth rate denotes a lowered oxygen
demand, or in other words, water flux (Poorter et al. 1991);
however, this logical analysis is rather speculative, thus needs
further study to verify.

Implications for nighttime water use

The following hypotheses were formulated to explain the ob-
servation of nighttime water use by plants in the absence of
available light, which seemed to be wasteful behavior because
of no carbon gain (Table 3). Hypothesis (I) suggests a nutri-
tional benefit through nighttime water flux, where nighttime E
is a complemented method of nutrition acquisition (Robert E.
Ricklefs pers. comm.). However, our results do not support
this hypothesis; in contrast, the leaf nitrogen in covered trees
was higher than that in control. To date, there is no clear
evidence for a necessary association between nitrogen, inor-
ganic nutrients, amino acid, plant hormones, and the transpi-
ration stream (Tanner and Beevers 2001; Lambers et al. 2008;
Christman et al. 2009a). Hypothesis (II) suggests that the sto-
mata staying open during nighttime would decrease the CO2

diffusional limitations and thus increase carbon fixation. In a
study on three tree species, Scholz et al. (2007) found that the
proportion of nighttime water use is positively correlated with
predawn gs and concluded that stomata staying open during

predawn would enhance photosynthesis. However, in the
study of predawn gs and morning photosynthesis in
Helianthus annuus, the authors did not find a positive rela-
tionship between the two variables and morning photosynthe-
sis was affected to a greater extent by biochemical limitations,
thus hypothesis (II) was rejected (Auchincloss et al. 2014). In
this study, active Js,n was proportional with predawn gs, and
active nighttime water flux could be considered as a prerequi-
site for stomata staying open. Due to the difficulty in accessing
the canopy, we did not measure leaf-level photosynthesis in
situ; however, the lower nitrogen content in control trees sug-
gested that biochemical limitations rather than stomatal bar-
riers are more likely to occur. The positive δ13C in covered
trees, i.e., higher WUE, is more likely attributable to higher
photosynthetic capacity. So, we were inclined to conclude that
the phenomenon of stomata staying open was not a guarantee
of higher photosynthesis the following morning. Hypothesis
(III) suggests that Js,n or E was controlled by a biorhythm and
this was confirmed in A. thaliana and two Eucalyptus trees
(Table 3). For example, Resco de Dios et al. (2013) used
whole-tree chambers to characterize the degree to which bio-
rhythm determines Js,n and reported that 23 to 56 % variance
is explained by the circadian rhythm, which matched the in-
fluence of VPD. Hypothesis (IV) suggests that Js,n may act as
an oxygen delivery pathway; for example, Daley and Phillips

Table 3 Summary of hypotheses explaining the nighttime sap flux, stomatal conductance, or transpiration water loss occurs in plants

Hypothesis Confirmed or analogous study Contradictory or non-concordant study

(I): Nitrogen uptake or nutrient
acquisition

Ludwig et al. 2006 (Helianthus anomalus); Marks and
Lechowicz 2007 (21 temperate deciduous tree species);
Scholz et al. 2007 (Ouratea hexasperma, Blepharocalyx
salicifolius, Qualea grandiflora); Snyder et al. 2008
(phreatophytic shrubs); Kupper et al. 2012 (aspen
saplings); Rohula et al. 2014 (16 deciduous woody
species)

Howard and Donovan 2007 (four Helianthus species);
Christman et al. 2009a (Arabidopsis thaliana);
Howard and Donovan 2010 (Populus angustifolia,
P. balsamifera); this study

(II): Enhance the next day’s
photosynthesis

Scholz et al. 2007 (Ouratea hexasperma, Blepharocalyx
salicifolius, Qualea grandiflora); Easlon and Richards
2009 (Vicia faba); Barbeta et al. 2012 (Quercus ilex,
Phillyrea latifolia)

Auchincloss et al. 2014 (Helianthus annuus)

(III): Biorhythm of stomata
or plants

Dodd et al. 2005 (Arabidopsis thaliana); de Dios et al.
2013 (Eucalyptus tereticornis); Resco de Dios et al.
2013 (E. globulus)

Not available

(IV): Oxygen delivery pathway
for internal wood respiration

Gansert 2003 (Betula pubescens); Mancuso and Marras
2003 (Olea europaea); Daley and Phillips 2006
(B. papyrifera, Quercus rubra, Acer rubrum);
Dawson et al. 2007 (18 tree and eight shrub species);
Sorz and Hietz 2008 (Fagus sylvatica); this study

Not available

(V): Replenishment or inevitable
responses to evaporative
demand

Barbour et al. 2005 (Quercus rubra); Cavender-Bares
et al. 2007 (Q. virginiana, Q. oleoides); Wang et al.
2007 (Acacia mangium); Barbour and Buckley 2007
(Ricinus communis); Caird et al. 2007a (tomato);
Phillips et al. 2010 (eight Eucalyptus species);
Buckley et al. 2011 (E. delegatensis, E. pauciflora)

Christman et al. 2008 (Arabidopsis thaliana);
Christman et al. 2009b (Distichlis spicata)

The confirmed or analogous study of each hypothesis is not mutually exclusive and partially related to other hypotheses. The contradictory or non-
concordant studies of hypothesis (V) were not intended for rebuttal but have raised different perspectives regarding genetic provenance of nocturnal
water loss. The studied species are mentioned in parentheses
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(2006) found that the Js,n of paper birch is substantial when
compared to the other two co-occurring tree species and con-
cluded that active Js,n is a mechanism for higher growth rate. It
is plausible then, to link Js,n and oxygen delivery as Js is
positively associated with O2 concentration (Gansert 2003).
To our knowledge, there is no clear experimental evidence to
support these hypotheses and no rebuttal either. Hypothesis
(V) suggests Js,n or gs is the inevitable response to evaporative
demand and this has been previously confirmed by many
groups (cf. Forster 2014), including this study. However, hy-
pothesis (V) is not an explanation for the benefit of nighttime
water use, which considers that the phenomenon of stomata
staying open is a physiological adaptation, especially in dry
environments (Ogle et al. 2012; Rosado et al. 2012).
Therefore, we conclude that trees with greater Js,n are fast-
growing, which can probably explain previous contradicting
results.

Conclusion

In this study, Granier thermal dissipation probes were de-
ployed to determine Js of E. grandis × urophylla and quantify
the extent to which Js was suppressed after blocking stem
photosynthesis. Sap flux, biochemical parameters, and water
balance were substantially altered after 3 months of shade
conditions, showing that nitrogen acquisition was enhanced
in covered trees as expected when Js,n was suppressed, which
rejected hypothesis (I). Based on the strong correlation be-
tween Js and oxygen concentration, we conclude that Js,n
may function as a pathway for oxygen delivery, which is con-
sistent to hypothesis (IV). Finally, we propose that the quan-
tification of oxygen concentration in the internal xylem should
be investigated in the future.
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