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Abstract Hysteresis, related to tree sap flow and associ-
ated environmental variables, plays a critical ecological
role in the comprehensive understanding of forest water
use dynamics. Nevertheless, only limited researches relat-
ed to this unique ecological phenomenon have been con-
ducted to date in desert riparian forests under extreme arid
regions. Populus euphratica Oliv sap flow velocity (VS)
was measured during the 2012 growing season using the
heat ratio method, at the same time as environmental
variables, such as photosynthetically active radiation
(PAR), vapor pressure deficit (VPD), and leaf water po-
tential.We found clockwise patterns of hysteresis between
VS and VPD but anticlockwise patterns between VS and

PAR. Pronounced hysteretic VS lag time, a function of
PAR and VPD, was approximately 1.0~1.5 and −0.5 h,
respectively. Hysteresis was primarily caused by the bio-
physical declining in canopy conductance. Sigmoid re-
sponse of VS to synthetic meteorological variables was
enhanced by approximately 56 % after hysteresis calibra-
tion to sunny days. Consequently, hysteresis can be seen
as a protection mechanism for plants to avoid the overlap-
ping of peak VS and environmental variables. Further-
more, the consistent presence of hysteresis suggested that
estimating of plant water use in large temporal and spatial
models may require certain provisions to different VS

responses to variables between morning and afternoon
and between seasons.

Keywords Sap flow. Hysteresis . Principal component
analysis . Canopy conductance . Populus euphratica

Introduction

Trunk sap flow velocity (VS) is influenced by several
variables including biological variables such as tree size,
structure, and the leaf area index (LAI) (David et al. 2004;
Kumagai et al. 2005; Si et al., 2007; Ewers et al. 2008;
Chang et al. 2014) as well as environmental variables such
as solar radiation, the vapor pressure deficit (VPD), air
temperature (Ta), relative humidity (RH), and soilmoisture
(Pataki et al. 1998; O’Grady et al. 1999; Tang et al. 2006;
Hernández-Santana et al. 2008; Tognetti., 2009). These
biophysical variables affect VS on multiple temporal and
spatial scales. However, daily increases or decreases in
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these environmental variables often do not produce the
same VS results. For example, under nominal VPD and
soil moisture values, plants transpiration (or VS) was
higher in the morning than in the afternoon and evening
hours. It therefore stands to reason that a hysteretic Bloop^
could indicate a decoupling of physiological processes
from their environmental drivers. Clear evidence of hys-
teresis between VS and canopy transpiration, which lasted
from a few minutes to several hours, have been reported
(Loustau et al. 1996; Staudt et al. 2011). We thus hypoth-
esized that the hysteretic response pattern would also
complicate understanding sap flow in relation to canopy
microclimate.

Hysteresis is an important phenomenon affecting hour-
ly patterns of transpiration. It also plays a significant
ecological role in indentifying transpiration process and
subsequently water cycling in natural forest systems, espe-
cially in arid environments, characterized by water scarcity
and extreme climate conditions. Hysteretic response be-
tween VS and environmental variables has been known for
some time, but it has only gained attention in recent years
(Zeppel et al. 2004; O’Grady et al. 2008; Matheny et al.
2014). VS was either synchronous or lagged behind solar
radiation or photosynthetically active radiation (PAR) and
occurred in advance of VPD in humid environment
(O’Brien et al. 2004; Oguntunde et al. 2005; Ma et al.
2008), semi-humid and semi-arid environment (Sun et al.
2010), and arid environment (Zheng and Wang., 2014).
O’Grady (1999) reported greater hysteretic responses be-
tween VS and VPD during the dry season than the wet
season in a temperate forest, and other studies indicated
that the magnitude of hysteretic response was positively
correlated to maximal VPD (Zeppel et al. 2004; O’Grady
et al. 2008). Moreover, since hysteretic relationship be-
tween transpiration (or VS) and VPD has recently been
linked to hydraulic limitations (Novick et al. 2014), a
greater hysteretic lagwas expected to occur in desert plants
because of their significant hydrodynamic limitation in
stomatal conductance. However, few studies have focused
on identifying or incorporating hysteresis between VS and
meteorological variables in extreme arid environments.

The hydraulic lag mentioned above, used to quantify
changes in plants water status throughout the day and the
degree of hydrodynamic stress incurred by the plants, was
mainly driven by daily hydrodynamic cycles and water
storage depletion within the plants (Matheny et al. 2014).
These responses were associated to soil moisture, VPD,
and plant physiology. Changes in leaf water potential
would result in a stomatal sensitivity to VPD, leaf water

potential, and soil moisture (Thomas and Eamus, 2002).
Therefore, as a mechanism of increasing resistance in the
soil-plant-atmosphere continuum pathway, stomatal con-
ductance could significantly decrease to maintain leaf
water potentials above a critical threshold (Brodribb and
Holbrook et al. 2006). Moreover, given that soil-root
conductance declined with decreasing soil moisture
around root systems on a daily scale, the corresponding
soil-to-canopy hydraulic resistance could also produce
hysteretic responses. Zheng et al. (2014) reported that
sap flow typically began approximately 1 h earlier in
branches than in stems and the fact that nighttime sap flow
variation proved the contribution of plants in storing water
for morning transpiration. As a result, tree stem water
capacity could thus be another possible contributor to
hysteresis. Consequently, hysteresis can be seen as a
self-protection mechanism of plants to avoid the overlap-
ping of peak VS or transpiration and peak meteorological
variables, which prevents excessive extraction of water
from stems (Chen et al. 2011).

Whether the occurrence of hysteresis between VS and
meteorological variables will affect modeling processes
related to sap flow remains unknown. O’Brien et al.
(2004) indicated that hysteresis was either eliminated
or significantly reduced in half-hourly VS prediction
when it was combined with light and VPD in an
evaporative demand index, while Wang et al. (2011)
found that hysteresis calibration improved effect of RH
but decreased effect of PAR and Ta on VS. Thus it is
necessary to explore the underlying structure of co-
varying meteorological data in evaluating the hysteretic
response of VS for all parts of a tree.

The Heihe River Basin (HRB) is one of the three
largest inland river basins in the Hexi Corridor region of
northwestern China. Populus euphratica, one of the struc-
tural species of the desert riparian forests located in the
lower reaches of HRB, acts as natural barrier in maintain-
ing the preservation of Ejina Oasis (Hou et al. 2010).
Previous studies have led to considerable effort being
focused on spatial patterns of sap flow along radial depths
(Si et al. 2007), seasonal variation in evapotranspiration
(ET) and its response to environmental factors (Hou et al.
2010), and hydraulic redistribution and hydraulic lift char-
acteristics (Hao et al. 2010; Yu et al. 2013). However, to
our knowledge, few studies have focused on hysteretic
response of VS to meteorological variables during grow-
ing season. In this study, P. euphratica VS and associated
environmental variables were monitored continuously
during June–September 2012. The aim of this article is
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therefore to understand pattern and mechanism of hyster-
esis response between VS and meteorological variables.
The specific objectives of this study are as follows: (1) to
quantify occurrence of hysteresis under different weather
conditions, (2) to explore biophysical causes of hysteresis
under an extreme arid environment, and (3) to understand
hysteretic responses to VS.

Materials and methods

Site description

This study was conducted at the Alxa Desert Eco-
hydrology Experimental Research Station (42° 1′
53.660″ N, 101° 3′ 13.265″ E, 884 m asl) in the lower
HRB, northwest China. The climate in the region is char-
acteristic of a continental arid zone, with an average
precipitation of only 37.4 mm and annual pan evaporation
in excess of 3390 mm. The average annual temperature is
8.2 °C. Prevailing wind directions are northwest in winter
and spring and southwest to south in summer and autumn.
Average annual wind speed is approximately 3.4 to 4.0 m/
s. Soils are derived from fluvial sediments mixed with
gray-brown desert deposits.

The experimental field used in the study was located at
approximately 200 m southwest from the Alxa Desert
Eco-hydrology Experimental Research Station and was
protected by 100m × 100m fenced enclosures. A detailed
plot inventory was conducted in July 2011. Dominant
overstory vegetation consisted of P. euphratica, with 146
trees per ha−1 and a canopy cover of about 42%. The next
dominant species was Tamarix ramosissima with approx-
imately 42 stems per ha−1. The understory was dominated
by grasses, including Sophora alopecutoides,
Achnatherum splendens, and Karelinia caspica. Ground-
water depth ranged from 1.93 to 2.65 m during the exper-
imental period. Apart from precipitation, groundwater
from the Heihe River provided the main sources of water
to sustain regional ecosystems. Average age of
P. euphratica specimens was 120 years old, average tree
height (H, m) was 11.2 ± 2.4 m, and tree canopy dimen-
sions ranged in an east towest direction from 2.5 to 11.3m
and in a south to north direction from 2.1 to 10.3 m.
Average diameter at breast height (DBH) was
45.9 ± 14.4 cm and P. euphratica sapwood area (SA,
cm2) was determined by the drilling method. In total, 66
cores were extracted from a total of 66 trees, using an
increment borer, from which the sapwood empirical

formula was established. Average SAwas approximately
305.74 ± 144.68 cm2 (Table 1).

Sap flow velocity

We characterized tree model bin size by defining small,
medium, and large trees as having DBH values <30,
30~65, and >65 cm, and both the DBH and the corre-
sponding SAwas at a maximal range of 30~65 cm range,
of which the percentage was greater than 75%. Thus three
representative P. euphratica trees were randomly selected
in a 10 m × 10 m subfence enclosure in the experimental
field. Basic parameters were provided in Table 1. To
monitor VS during growing season of 2012 (June–Sep-
tember, days 168–276), we used heat ratiomethod (HRM)
to determine continuous VS in stems of the selected indi-
viduals. HRM probes (HRM30 ICT International Pty
Ltd., Armidale, NSW, Australia) measured the ratio of
the increases in temperature, following the release of a
pulse of heat, at points equidistant downstream and up-
stream from the liner heater. A pair of copper-constantan
thermocouples was symmetrically installed into the xylem
tissue of the stems (north facing, 1.3 m height) 6 mm
above and 6 mm below the center heater probe. Consid-
ering the radial distribution patterns of the sapwood, each
thermocouple had two junctions to measure VS, which
were measured in the xylem tissues at 7.5 and 22.5 mm
depth from the tip of the needle. Ametal guidewas used to
aid in drilling holes and minimize probe misalignment
during insertion. Pulses were sent every 30 min, and
temperature ratios were recorded continuously by a data
logger (SL5 Smart Logger, ICT, Australia). We calculated
the heat pulse velocity (Vh, cm h−1) according to the
method of Burgess et al. (2001). All wound and misalign-
ment corrections of probes were conducted according to
Burgess et al. (2001). Since the xylem could not be cut to
establish zero flow, we selected a series of overcast days at
daybreak after a rainfall event where VPD was close to
zero to establish the baseline. The final sap flow velocity
(VS) was then calculated according to the method of
Burgess et al. (2001).

Meteorological variables

Meteorological variables, including PAR (mmol m−2 s−1),
temperature (Ta, °C), relative humidity (RH, %), and
rainfall (mm), were recorded by a data logger as mean
values of 30-min intervals. PAR was measured using a
pyranometer (CM5, Kipp & Zonen, the Netherlands), and

Environ Monit Assess  (2016) 188:561 Page 3 of 14  561 



Ta and RH were measured using a Rotronic Sensor (RS2,
Rotronic, Switzerland). Additionally, VPD was deter-
mined by Ta andRH according to themethod of Campbell
and Norman (1998):

VPD ¼ 1−RH=100ð Þ � 0:6108� e
17:27�Ta
Taþ237:3ð Þ ð1Þ

Leaf water potential and xylem hydraulic conductance

P. euphratica leaf water potential at pre-dawn (ψpd) and
midday (ψm) was measured at, respectively, 5:30–6:00 h
and 12:30–13:00 h using a Dewpoint Potentiometer
(WP4, Decagon Devices, USA) every 5 days during
measurements. All leaves were separately collected
from the up-, middle- and down-canopy from a northern
aspect to eliminate the influence of light. Leaves were
immediately bagged and placed in a dark insulated
container to prevent transpiration prior to measurement.

An establishedmethod derived fromDarcy’s lawwas
used to calculate xylem hydraulic conductance proposed
by Wullschleger et al. (1998):

Kp ¼ Emax

ψpd−ψm
ð2Þ

where Emax is the maximum daily transpiration rate
(g m−2 s−1), which is usually closely aligned to the timing
of midday water potential measurements (12:00–13:00 h)
and is converted by midday VS using SA; Kp is xylem
hydraulic conductance (g m−2 s−1MPa−1); andψpd andψm

are pre-dawn and midday leaf water potential (MPa),
respectively.

Sap flow velocity hysteresis

Hysteretic effect occurred when an increase in a given
independent variable does not cause the same variation in
a dependent variable. We used cross-correlation coeffi-
cient plots between independent and dependent variables
to identify their relationships at different time. Specifically,
serial coefficients were respectively calculated between
30-min mean VS observed at time t and corresponding
meteorological variables (both forward and backward
time t) at 30-min time step (for a total of 17 scenarios).
When correlation coefficient between VS and each envi-
ronmental variable reached optimum, time lags were then
regarded as actual hysteresis. Each meteorological vari-
able was then partitioned into two separate groups, which
included data during sunny days and data during cloudy
and rainy days, as well as a third group that sunny day data
further divided into larger values and smaller values.
Subsequently, hysteretic patterns were quantified by plot-
ting VS as a function of each meteorological variable
throughout daily flow according to the three groups.
Shaped clockwise and anticlockwise loop characteristics
were then used to identify hysteresis of the term.

Sap flow velocity model

Principal components analysis (PCA) has often been used
to detect and interpret underlying structure of multiple co-
varying variables. In this study, we used the PCA module
in SPSS software (version 17.0) to analyze the underlying
structure of 30-min meteorological data, which was the
actual driver of VS response for all parts of a tree collec-
tively. Four general procedures were followed to construct
a PCA-based sap flow velocity model relative to sunny
days and rainy, cloudy days. First, a varimax rotation was

Table 1 Biometric parameters of experimental P. euphratica trees used for sap flow measurements

Tree age (year) DBH (cm) Height (m) Canopy width (m) SA (cm2)

East-West South-North

Quadrat 120 45.9 ± 14.4 11.2 ± 2.4 5.9 ± 1.6 5.9 ± 1.7 305.74 ± 144.68

Tree 1 102 43.4 12.9 5.3 7.8 274.97

Tree 2 127 52.3 12.6 8.2 8.6 358.72

Tree 3 118 47.3 16.3 6.4 8.8 327.39

Mean values of the quadart were calculated from 146 trees, and tree 1, tree 2, and tree 3 were selected as samples to monitor sap flow
(mean ± SD)

DBH diameter at breast height, SA sapwood area
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applied to the PCA axis, and PCA factor scores were
extracted from all original meteorological variables, in-
cluding PAR, Ta, RH, and VPD, reducing the number of
variables to model from four to a synthetic meteorological
variable. Second, associated factor scores fromobservation
of each 30-min interval of meteorological data from PCA
were matched to simultaneous VS observations. A three-
parameter sigmoid function was then applied to predict
P. euphratica VS based on these factor scores. Finally, in
order to emphasize VS sensitivity to hysteresis, we devel-
oped another three-parameters sigmoid function to predict
P. euphratica VS based on new calibrated PCA factor
scores, which were generated from the above mentioned
synthetic meteorological variable after taking into account
the specific hysteretic response. We named the latter meth-
od as Bhysteresis calibration^ in a subsequently study.

Canopy conductance

Although limited by leaf level stomatal conductance
measurements, we predicted that canopy conductance
(Gc, cm/s) would replace stomatal physiological pro-
cesses. Gc was calculated following the method pro-
posed by Monteith and Unsworth (1990):

Gc¼ λEγ
36ρcpVPD

ð3Þ

E ¼
10� V s

Xn

i¼1

SA

 !

=A ð4Þ
where λ is the latent heat of water vaporization
(MJ kg−1); E is hourly transpiration per ground area
(mm h−1); γ is the psychrometric constant (kPa °C−1);
ρ is air density (kg m−3); cp is the specific heat of air
(MJ kg−1 °C−1); �V s is the mean hourly sap flow velocity
of the two representative trees; n is the number of trees
in the experimental field; and A (cm2) is the ground area
of the enclosed fence plot.

Data analysis

Ten typical respective sunny days and ten typical re-
spective cloudy and rainy days were selected to analyze
diurnal patterns in VS as well as the dominant associa-
tive meteorological variables, and specific time lags
(min) and hysteretic magnitude were analyzed through
cross-correlation and hysteretic loop size, for which one

was for the upper curve and one was for the lower curve.
Non-linear regression and partial correlation analysis
were then used to examine canopy conductance control
of VS. Finally, VS sensitivity to hysteresis was generated
by a synthetic representation of an external meteorolog-
ical variable, integrated through PCA-derived factors,
including PAR, Ta, RH, and VPD. All statistical analy-
ses were completed at the P = 0.05 level of confidence.
These procedures were conducted with the Windows-
based SPSS software version 17.0 (SPSS Inc., USA)
and SigmaPlot software version 10.0 (Hearne Scientific
Software Plc, Melbourne, Australia) (Fig. 1).

Results

Hysteresis between sap flow velocity
and meteorological variables

Variation patterns in VS were not consistent for PAR
and VPD during typical sunny days, but they were
approximately congruence to cloudy and rainy days
(Fig. 2). However, pronounced hysteresis in VS was
observed as a function of meteorological variables un-
der all weather conditions (Figs. 3 and 4). VS occurred
either earlier than VPD and RH by approximately
30 min or synchronous to Ta during the whole growing
season, while VS occurred after PAR approximately 60
to 90 min during both sunny and cloudy, rainy days.
Plots between 30 min mean VS, as opposed to meteo-
rological variables, revealed a clockwise hysteresis for
VPD and Ta but anticlo ckwise hysteresis for PAR and
RH. During sunny days, the amount of clockwise hys-
teretic loop increased with increasing VPD and Ta
regardless of soil moisture content, while conversely,
the extent of anticlockwise hysteretic loop decreased
with increasing PAR and RH under the same meteoro-
logical conditions. Both VS and meteorological vari-
ables were significantly lower during cloudy and rainy
days than during sunny days (P = 0.00, n = 95,
independent-sample t test); however, pronounced hys-
teretic loop was also observed for mismatched patterns
of variation in VS and meteorological variables between
morning and afternoon.

Biophysical control of hysteresis

The pattern of variation in canopy conductance (Gc)
closely matched the pattern of variation in VPD after
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hysteretic calibration. For VPD under all meteorological
conditions, exponential decay responsewas observed both
during the morning and afternoon (with one exception in
the afternoon as shown in Fig. 5c). Particularly for sunny
days with higher VPD, the relationship between Gc and
VPD indicated greater progressive stomatal closure in the
afternoon than in the morning, following a gentle slope
and a significant coefficient of determination. This indi-
cated significantly sensitive in canopy conductance con-
trol in the morning, which caused the morning lag illus-
trated in Fig. 4. A negative partial correlation was ob-
served between VS and Gc (Table 2). Overall, with the

exception of PAR on sunny days, partial correlation coef-
ficients increased at different rates under hysteretic cali-
bration. With increased partial correlation coefficients
from 0.321 to 0.395 with synthetic VPD and PAR control
variables, Gc was recognized as the principle biophysical
index that impacted hysteresis. Moreover, the difference
between ψpd and ψm (Δψ), which were the driving force
behind sap flow, declined as ψpd declined linearly
under the Δψ = 0.26ψpd + 1.61 equation. Moreover,
P. euphratica hydraulic conductance during the growing
season was generally less than 0.3 and a positive correla-
tion between Kp and ψpd was found (Fig. 6).

Fig. 1 a Location of study site in the lower reaches of Heihe River Basin, b spatial configuration of sampled P. euphratica trees in
10 m × 10 m fenced enclosures, and c measurement of sap flow velocity using the heat ratio method (HRM)

Fig. 2 Daily variations in mean sap flow velocity (VS, black solid line), PAR (short dashed line) and VPD (dotted line), on a 10 sunny days
and on b 10 days in cloudy and rainy days
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Response of meteorological variables on sap flow
velocity

PCA was conducted to quantify hysteretic response
from synthetic meteorological variables on VS

(Table 3). Two PCA components accounted for 86.56
and 89.58 % of total variance in meteorological vari-
ables without taking into account hysteresis during sun-
ny days and cloudy, rainy days, respectively, of which
85.25 and 88.88 % was explained by the hysteresis
calibration model. Although the cumulative percentage
did not show significant increase in both hysteresis
calibration models, PC1 improved from 68.38 to
73.73 % on sunny days, as well as 68.76 to 75.56 %
on cloudy and rainy days when hysteresis was taken into
account. Based on the principal component eigenvalues,
the synthetic meteorological index integrated from the
weighted average of PC1 and PC2 was calculated. A
strong Sigmoid (BS^) curve was matched between VS

and the synthetic meteorological factors both for non-

hysteresis and hysteresis calibration models (Fig. 7).
However, compared to the non-hysteresis model, espe-
cially on sunny days, scatter diagram points were more
tightly bound and correlated under the hysteresis model.
Moreover, the coefficient of determination of the regres-
sionmodel increased by approximately 56% (from 0.50
to 0.78) and 36 % (from 0.45 to 0.61) after hysteresis
was calibrated to sunny days and cloudy, rainy days.

Discussions

Hysteresis in P. euphratica sap flow-meteorological
relationships in an arid region

Understanding time lag or hysteresis between VS and
meteorological variables allows researchers to identify
relationships between trunk VS and the sum total of tree
transpiration (Lu et al. 2004). Although VS and meteo-
rological variables were significantly higher on sunny

Fig. 3 Time lags of multiple meteorological variables on sap flow
velocity. Black circles and white squares denote data on sunny
days during respective June to August and September. Gray stars

denote data on cloudy and rainy days during June to September,
and red arrows denote the maximum correlation coefficient
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days compared to cloudy and rainy days, pronounced
asynchronous patterns were observed on both sunny and
cloudy, rainy days, but no deviation was found between
VS and Ta. This occurred when PAR was in advance of
VPD and RH lagged behind of VS. Moreover, no

seasonal variation in hysteresis was observed under
different VPD and RH (Figs. 2 and 3). Parallel results
were compared to other studies under different meteo-
rological conditions. For example, Wang et al. (2009)
reported that VS came in advance of VPD by

Fig. 4 Hysteretic response of 30 min mean sap flow velocity to
VPD (a–c), PAR (d–f), Ta (g–i), and RH (j–l). Filled in symbols
denote values in the morning, and non-filled in symbols denote
values in the afternoon; the magnitude of hysteresis loops on

sunny days is shown on the left and in the middle, while the
magnitude of hysteresis loops on cloudy and rainy days is shown
on the right
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approximately 47 to 130 min but lagged behind total
radiation by approximately 10 to 70 min for seven
common tree species found in the Beijing areas. Simi-
larly, data also concluded that PAR came in advance of
VS by approximately 10 min and approximately 10 to
40 min for poplar in semi-humid and semi-arid envi-
ronments, respectively (Sun et al. 2010), while there was
an approximate 50 to 120 and 110 min lag after VPD
and RH for poplar and Cassava, respectively, under
humid environmental conditions (Oguntunde et al.
2005). On the other hand, no obvious hysteresis associ-
ated with RHwas found during the summer and autumn
for Larix gmelinii in a semi-humid environment (Wang
et al. 2011). Contrary to the results above, however,
significant and complex hysteresis was observed in VS

to PAR and slight hysteresis in VS to VPD for
P. euphratica investigated in this study, which could
be attributed to specific species drought tolerance, such
as conditions under relative low water availability and
those that were under predominant control from VPD
but not PAR. Hysteresis also showed a seasonal trend
for Acacia mangium and poplar (Ma et al. 2008; Sun
et al. 2010), which is different from the results found in
this study. The difference might arise because the PAR

and VPD gradient during our study period was much
narrower than those in humid and semi-arid locality (Li
et al. 2016), where plants mainly relied on rainfall and
shallow soil moisture during growing season.

Biophysical control on hysteresis

During the morning, as VPD and Ta increased, VS also
increased. In the afternoon, however, VS at any nominal
VPD or Ta was lower compared to the morning. A
clockwise rotation response curve was evident, which
resulted from an increase in atmospheric evaporative
demands (Fig. 4a–c, g–i). O’Brien et al. (2004) observed
a similar hysteresis in VS response to VPD for Callitris
glaucophylla and Eucalyptus crebra during prolonged
and extensive droughts and attributed this afternoon
hysteretic effect that resulted in stomatal closure either
a response to higher VPD, decreasing light (PAR) levels,
or internal cycling. A low decoupling coefficient less
than 0.2 indicated that P. euphratica was well coupled
with the atmosphere and able to exert effective stomatal
control over VS or transpiration in response to environ-
mental stresses (Li et al. 2013). Compared to the non-
hysteresis model, patterns of variation and peaks in VS

to some extent were synchronized to Gc, VPD, and RH
after hysteretic calibration. Moreover, the strong expo-
nential decay response of Gc to VPD in the afternoon
(Fig. 5) indicated progressively increasing stomatal clo-
sure in the canopy as a response to increasing VPD,
which reduced overall tree water use. At the same time,
a 29 % improvement in partial correlation coefficients
from 0.366 to 0.471, which derived from hysteretic
calibration of VPD, further verified the physiological
control of hysteresis (Table 2). This conclusion was
consistent studies on native tree species in a temperate
region in Australia (Zeppel et al. 2004), urban tree

Fig. 5 Relationships between canopy conductance after hysteretic calibration and VPD in the morning (gray circles) and in the afternoon
(white circles); a averaged VPD is 3.43 kPa; b averaged VPD is 2.13 kPa; and c averaged VPD is 1.49 kPa

Table 2 Partial correlation coefficients (R) between VS and can-
opy conductance

Control variable Non-hysteresis Hysteresis calibration

VS Canopy conductance

R VPD −0.366** −0.471**
R PAR (sunny) −0.886** −0.880**
R PAR (cloudy) −0.656* −0.720**
R VPD and PAR −0.321** −0.395**

*Correlations are significant at P < 0.05; **Correlations are sig-
nificant at P < 0.01
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species in North China (Chen et al. 2011), and desert
plants in the Gurbantünggüt Desert, northwest China
(Zheng and Wang., 2014). Moreover, the pattern and
magnitude of hysteresis loops were also related to daily
hydrodynamic cycling, which could be indicative of
relative changes in plant water status throughout the
day (Matheny et al. 2014). Lower leaf water potential
in the afternoon compared to the morning caused de-
creased stomatal conductance and, subsequently time
lags or hysteresis to occur (Eamus and Prior, 2001).
However, different to American red maples, of which
would regulate their stomatal conductance to keep leaf

water potential relatively constant throughout the day
(Thomsen et al. 2013), the response ofP. euphraticawas
to decrease Gc to maintain their leaf water potentials
above a critical threshold under imbalance between
water demands related to the atmosphere and water
supplies related to soil-to-canopy flow.

Alternatively, increases in soil-to-canopy resistance
as soil-root conductance declined with decreasing soil
moisture around root systems could explain hysteresis
between VS and VPD (Zeppel et al. 2004). Chen et al.
(2011) reported that an increase in resistance increased
in soil-plant-atmosphere continuum (SPAC) pathway on

Fig. 6 a Relationships between pre-dawn leaf water potential
(ψpd) and the difference (Δψ) between ψpd and midday leaf water
potential during June to September. b Relationships between

xylem hydraulic conductance, estimated as the slope of sap flow,
and pre-dawn leaf water potential

Table 3 Eigenvalue, percentage, cumulative percentage, and principal component loadings of principal components analysis (PCA)

Eigenvalue Percentage Cumulative percentage

Sunny PC1 PC2 PC1 PC2 PC1 PC2

A 2.74 0.73 68.38 18.18 68.38 86.56

B 2.95 0.46 73.73 11.52 73.73 85.25

Cloudy A 2.75 0.83 68.76 20.82 68.76 89.58

B 3.02 0.53 75.56 13.32 75.56 88.88

Factor loadings

PAR VPD Ta RH

Sunny A PC1 0.38 0.52 −0.53 −0.53
PC2 0.92 −0.35 0.15 0.15

B PC1 0.49 0.48 −0.51 −0.51
PC2 −0.54 0.79 0.28 0.28

Cloudy A PC1 0.32 0.59 −0.51 −0.51
PC2 0.90 −0.21 0.37 0.37

B PC1 0.44 0.56 −0.49 −0.49
PC2 0.85 −0.24 0.47 0.47

Awithout hysteresis, B with hysteresis
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a diurnal basis would induce hysteresis at a higher daily
average VPD. However, O’Grady et al. (2008) empha-
sized that the size of hysteresis was largely the result of
VPD instead of decreasing soil-to-leaf conductance be-
cause hysteresis, in the relationship between transpira-
tion and VPD, was observed in both irrigated and rain-
fed Eucalyptus globulus trees. Main water sources of
P. euphratica changed from available water in a single
soil layer to deep available subsoil water and ground-
water as groundwater depth increased from 1.80 to
3.25 m (Si et al. 2014). Thus, the decreasing of ground-
water table (from 1.93 to 2.65 m) during the research
period might have slightly increased resistance in soil-
to-canopy water transport, which may explain the hys-
teresis effect following progressive drought stress. Da-
vid et al. (2007) attributed difference between ψpd and
ψm, which was previously attributed to hydrodynamic
water potential gradients from roots to shoots, as the
driving force of midday sap flow. Moreover, the declin-
ing trend in Δψ following declining ψpd (Fig. 6a) indi-
cated a relatively lower sap flow driving force under
progressive drought, which provides evidence of the
existence of critical leaf water potential. Therefore,
isohydric control of plant water status through stomatal
downregulation of transpiration (or VS) benefitted in
preventing water potential falling to a critical threshold
and thereby maintaining xylem functions (Franks et al.
2007; O’Grady et al. 2008), which was in agreement to
the above analysis. Surprisingly, when compared to
sunny days, the threshold ofGcwas larger than observed
on cloudy and rainy days, while the absolute threshold
of hysteresis was exhibited on cloudy and raining days

when VS and VPD were relatively lower. This could be
related to the sensitivity of desert species to VPD, leaf
water potential, and wetter conditions.

Compared to other riparian tree species, such as
E. globulus, Melaleuca argentea, and Corymbia bella
in northern Australia (O’Grady et al. 2006, 2008), rela-
tively lower Kp values were found for P. euphratica in
this study. Lower hydraulic conductance for trees was
assumed to be a feature of drought tolerance, which has
a tendency to limit sap flow from roots to leaves and
promotes higher conservation of water use (Lemoine
et al. 2001; David et al. 2007). Martinez-Vilalta et al.
(2002) reported on a trade-off between hydraulic effi-
ciency and resistance to xylem cavitation. The positive
relationship between Kp and ψpd (Fig. 6b) provided
evidence for increasing resistance along root-to-leaf hy-
drodynamics and thereby P. euphratica hysteresis. This,
however, requires further study.

Furthermore, Zheng et al. (2014) attributed the hys-
teretic nature of transpiration to the depletion of internal
plant water throughout the day and the time lag between
VPD and PAR. Chuang et al. (2006) indicated that plant
water storage capacity was behind the postponement of
VS response to driving variables and the adjustment for
the time lag between VS and transpiration. Additionally,
Zheng and Wang (2014) stood in support of the contri-
bution of stored water to the promotion of hysteresis
through confirmed nighttime sap flow of desert
Haloxylon ammodendron . Nightt ime VS for
P. euphratica stands was observed throughout the night
and accounted for 31–47 % of its daily VS during 2012
growing season (Si et al. 2015). Thus, we proposed that

Fig. 7 Regression analysis between synthetic meteorological var-
iables and sap flow a on sunny days with hysteresis (white circles)
and without hysteresis (gray circles) as well as b on cloudy and

rainy days with hysteresis (white circles) and without hysteresis
(gray circles); straight lines and dotted lines denote the non-
hysteresis model and the hysteresis calibrated model, respectively
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the contribution of stored water in trunks to transpiration
(or VS) could also contribute to hysteretic response.

In contrast to the clockwise hysteretic pattern ob-
served in response to VPD and Ta on VS in the morning,
at a given value of PAR, VPD was lower than that
observed in the afternoon and VS was higher in the
afternoon than in the morning (Fig. 2). Thus, an alter-
native anticlockwise response of PAR on VS was ob-
served (Fig. 4d–f). Morning lag in VS in response to
PAR could be explained by water capacitance in the
stems, a slow stomatal response to PAR, boundary layer
dynamics, or by the limitation of diffusion by wet leaves
(O’Brien et al. 2004). Moreover, Zeppel et al. (2004)
attributed the phenomenon to the fact that even through
peak levels of solar radiation occur at the solar noon,
VPD peaks in the mid-afternoon and stomatal conduc-
tance became light saturated at low levels of light. For
P. euphratica, this study found that a 9 % increasing in
partial correlation coefficients on cloudy and rainy days
after hysteretic calibration (Table 3) translated into a
slow stomatal response to PAR, which effectively veri-
fied canopy stomatal biophysical control of morning
lag.

Feedback of hysteresis between sap flow and synthetic
meteorological variables to water use

Synthetic meteorological variables, retaining most in-
formation but eliminating intersections and covariance
found in the original variables through PCA, were used
to analyze the hysteretic feedback response of VS. Sim-
ilar to poplar species in northeastern China (Sun et al.
2010), a strong sigmoid curve was fitted between VS

and synthetic meteorological variables for both non-
hysteresis and hysteresis calibration models. This could
be attributed to the lower representation of total variance
and coefficient of determination of sigmoid curves
(Table 3; Fig. 7) regardless of water scarcity during the
growing season. O’Brien et al. (2004) indicated that
time lags and hysteresis between VS and meteorological
variables would be less important when averaged over a
day by PCA. In contrast, hysteresis in the present study
was still distinct as the tightly bound scatter diagram and
the significant improvement in coefficient of determina-
tion (0.50 to 0.78) showed through hysteretic calibration
on sunny days. However, the slightly improvement
observed in sigmoid function on cloudy and rainy days
could be an indicator of the lack of importance of

hysteretic calibration under this particularly meteorolog-
ical condition.

Conclusions

VPD, Ta, RH, and PAR impact P. euphratica VS, but
more importantly, we showed that the response of VS to
each environmental variable was different in the morn-
ing compared to the afternoon. Difference patterns be-
tween VS and environmental variables within a period
of a day could be attributable to differences in canopy
conductance regulation of VS or transpiration. A strong
sigmoid function could be used to predict VS during the
growing season form synthetic meteorological variables
when taking hysteresis into account. These findings will
aid in the comprehensive understanding of mechanisms
related to hourly patterns of VS or transpiration of
P. euphratica, as well as for catchment hydrology in
desert riparian stands in extreme arid regions. Further-
more, future research should also consider interactive
impacts of biological morphology and trunk water stor-
age forces on P. euphratica.
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