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Abstract
& Key message High-resolution analysis of stem radius variation can quantify the impact of warming and drought on stem
water balance and stem growth in black spruce [Picea mariana (Mill.) B.S.P.)]. Drought affected plant water status and
stem growth. However, warming affects the components of the circadian stem cycle differently if the impacts occur in the
daytime or nighttime. The interactive effect of abiotic stresses had less impact on the circadian stem cycle than when the
stresses occurred independently.
& Context Warming and recent droughts in boreal regions reflect the multiple dimensions of climate change. How these climate-
related stresses will affect the stem growth of trees remains to be described. Plant water relations can detect the dynamics of stem
depletion and replenishment under conditions of climate-forced stress.
& Aims This study aimed to verify the impacts of a combination of asynchronous warming (nighttime versus daytime warming)
and drought on stem water balance and stem growth in black spruce [Picea mariana (Mill.) B.S.P.)].
& Methods We investigated the water status and variations in stem radius of black spruce saplings growing in a controlled
environment from May through August. We grew four-year-old saplings in warmer conditions either during the day (DW) or
night (NW) at temperatures ca. 6 °C warmer than the ambient air temperature (CT). We then simulated a one-month drought in
June. Automatic point dendrometers provided a high-resolution analysis of variations in stem radius, and we also monitored leaf
water potentials and volumetric soil water content during the entire experimental period.
& Results We detected significant reductions in stem radius variation under water deficit conditions. In the daytime warming
scenario, we observed a significant increase in the duration of contraction and a decrease in expansion of the stems. The
amplitude of this contraction and expansion was reduced under the nighttime warming conditions. The main effect of warming
was to enhance drought stress by accelerating soil water depletion. Changes in predawnwater potential drove the duration of stem
circadian cycles under conditions of daytime warming, whereas irreversible growth dynamics drove these cycles under nighttime
warming conditions due to the midday water potential. The interaction of night/daytime asynchronous warming and drought
reduced the amplitude rather than the duration of stem contraction and expansion.
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& Conclusion Water deficit decreased stem growth during the growing season. Asymmetric warming (as a single independent
treatment) affected the timing and magnitude of stem circadian cycles. Under daytime warming scenarios, the duration of
contraction and expansion were regulated mainly by predawn water potential, inducing longer (shorter) durations of contraction
(expansion). Under nighttime warming, the smaller amplitudes of stem contraction and expansion were associated with midday
water potential. Therefore, the interaction of abiotic stresses had less of an impact on the circadian stem cycle components than
when these stresses were applied independently.

Keywords Asynchronouswarming .Water deficit . Point dendrometer .Water status . Saplings . Black spruce

1 Introduction

Global mean surface temperatures are expected to increase by
1.0–3.7 °C by 2100; however, this increase is projected to
attain 4–5 °C for the boreal zone (IPCC 2014). Under this
warming scenario, nighttime temperatures are to increase
more than daytime temperatures (Casati and de Elia 2014;
IPCC 2013). While the average annual frequency of warm
nights and days is projected to increase in northern North
America, it is expected that nighttime warming will be 10–
50% greater than daytime warming (Sillmann et al. 2013).
Boreal tree physiology and growth may respond differently
to this asynchronous diurnal temperature increase than to uni-
form diurnal warming. Some studies have reported a positive
effect of warming on growth and photosynthesis (Sage and
Kubien 2007; Way and Oren 2010; Yamori et al. 2014). Tree
response to warming includes nonlinear changes in stomatal
control (Chaves et al. 2003), downregulation of leaf photo-
chemistry when optimal thermal thresholds were exceeded
(Ameye et al. 2012; Chaves et al. 2003), transitory growth
increase (D'Arrigo et al. 2004), and increased water flux
(Ellison et al. 2017). In the boreal forest, no significant
climate-related decline in growth has been observed; however,
some conifer species in eastern Canada impacted negatively
by a rapid increase in summer temperatures of the previous
year (Girardin et al. 2016a, b). Furthermore, earlier budbreak
in seven conifers was related more to daytime than nighttime
warming (Rossi and Isabel 2017), and temporal shifts in phe-
nological phases are some of the best-known acclimation re-
sponses of plants to a changing environment. Nonetheless,
how differences between nighttime and daytime warming af-
fect tree physiology and stem growth are largely unstudied.

Changes in stem radius, as measured by automatic
dendrometer, serve as a proxy for stemwater status in the daily
scale and stem growth over the long period (Chan et al. 2016;
Deslauriers et al. 2003; Downes et al. 1999). In the short term,
diurnal rhythms of changes in stem radius are linked to stem
dehydration/rehydration cycles (Irvine and Grace 1997;
Vesala et al. 2000; Zweifel et al. 2000; Turcotte et al. 2011),
and this rhythm is divided into the distinct phases of contrac-
tion and expansion (Downes et al. 1999; Turcotte et al. 2009).
During the day, transpiration decreases internal water reserves,
and the water depletion accounts for 9–15% of the total daily

transpiration under unlimited water availability (Goldstein
et al. 1998). During the night, water lost during the day is
restored to the storage tissues, such as roots, stems, and fo-
liage, when transpiration is minimal (Čermák et al. 2007;
Goldstein et al. 1998). Furthermore, at northern latitudes,
shorter nights during the summer may limit complete stem
water replenishment (Kavanagh et al. 2007). Over the longer
term, the replenishment of stem water reserves at night is
fundamental for stem growth as irreversible xylem-cell en-
largement occurs mainly at night when the hydrostatic pres-
sure in the expanding zone reaches its highest values
(Mencuccini et al. 2017; Steppe et al. 2015). So, stem expan-
sion could be limited during the night and stem contraction
could be amplified during the day. However, it is not yet clear
how the pattern of even warmer nights relative to the warming
days will influence the stem water balance.

Variations in stem radius are induced by changes in bark
water content, which responds directly to soil and air microcli-
mate conditions such as soil moisture availability and evapora-
tive demand (Cocozza et al. 2012; Giovannelli et al. 2007;
Mencuccini et al. 2017). Under low water availability, the loss
of cell turgor in the bark and cambial region, i.e., decreased
water potential, causes shrinkage of the stem. The stem will
then swell as a result of tissue rehydration after rain events or
irrigation (Simonneau et al. 1993). After several days of
drought, the depletion of water reserves stored within the stem
may represent up to 50% of the water transpired by leaves, as
extreme value, although during a single day, this amount can be
relatively low (Goldstein et al. 1998). Drought conditions in the
boreal forest lead to multiple responses of boreal tree species.
For example, Belien et al. (2014) observed that, in a mature
stand of black spruce, artificial drought did not affect stem
water status or radial growth during the growing season. In
contrast, drought conditions in young and mixed stands of
black spruce promoted stomatal closure due to a lowering of
leaf water potential (Blake and Li 2003; Grossnickle and Blake
1986), as a result of the reduction in the growth (Deslauriers
et al. 2014). Water reserves in the bark and elastic tissues are
therefore important both to support transpiration than for buff-
ering short- and long-term variations in cell turgor in develop-
ing tissues (i.e., developing phloem and xylem). Further re-
search is required to elucidate the response and recovery capac-
ity in the short term of boreal conifers to drier conditions.
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Given that projections of climate change in the boreal re-
gion involve both increased temperatures and drought fre-
quency (IPCC 2014), we expect that this combination may
result in complex and unexpected interactions. High temper-
atures can make plants more vulnerable to drought conditions
(Way and Sage 2008; Zhao et al. 2013). In black locust and
Douglas fir, heat stress decreases stem growth to a similar
degree as drought, but the concomitant warming+drought af-
fects leaf biomass and basal area more than control trees and
trees subject to a single stress (Ruehr et al. 2016). In pine and
oak, low soil water availability decreases stem height and
diameter as well as total biomass much more than weekly heat
waves alone (Bauweraerts et al. 2014). Although a few studies
have examined the combined effects of warmer temperatures
and drought conditions on boreal species, tree response to
combined stressors is not necessarily linear. As a means of
obtaining greater insight into the mechanisms that underlie
the nonlinear response to abiotic stressors, variations in stem
diameter may serve as a proxy.

This study aimed to verify the interaction between night-
time and daytime warming and drought on the stem growth in
young black spruce (Picea mariana (Mill) B.S.P.). We
hypothesized:

1. Asynchronous warming impairs the cyclical pattern of
stem contraction and expansion. Daytime warming would
increase stem radial contraction through increased water
loss, whereas nighttime warming would reduce stem ra-
dial expansion through reduced water replenishment of
the stem storage compartments.

2. Under conditions of prolonged water deficit, the emptying
of stem and bark water storage would decrease the daily
amplitude of stem radius contractions and lead to an over-
all decrease in stem radius (negative stem cycles).

3. The combination of warming and water deficit would
increase the intensity of plant water stress. A more rapid
emptying of water reserves combined with a slower rehy-
dration would exacerbate the amplitude and duration of
stem contraction and expansion.

2 Material and methods

2.1 Experimental design

We conducted this experiment between May and August 2011
(DOY 121–229). We used 4-year-old black spruce [Picea
mariana (Mill.) B.S.P.] saplings that were growing in a green-
house at Chicoutimi, Canada (48° 25′ N, 71° 04′ W,
150 m a.s.l.). In summer 2010, 2000 saplings were transplanted
into plastic reversed-conic pots (4.5 L each). The saplings grew
in an open field until the following spring. In April 2011, we

randomly selected 1104 saplings of homogeneous size
(53.01 cm ± 8.8 cm in height and 10.43 mm ± 1.79 mm in
diameter at the collar), and we divided these saplings among
three independent sections of the greenhouse; each section was
associated with a different irrigation and thermal regime. In the
control thermal regime (named control temperature (CT)), we
grew the plants at temperatures that matched and varied with
the temperatures outside of the greenhouse. The other two sec-
tions of the greenhouse were subjected to specific thermal re-
gimes. Plants were grown in warmer conditions either during
the day [daytime warming (DW), from 0700 to 1900 hours] or
during the night [nighttime warming (NW) from 1900 to 0700
hours] at a temperature ca. 6 °C higher than CT. During the
experiment, continuous heating was applied through a comput-
erized system (software and electronic thermostat, Harnois’
System, QC, Canada).

During the period of maximum stem growth, saplings are
highly sensitive to dry conditions (Rossi et al. 2006). As such,
we applied two irrigation regimes to the saplings: (i) control
(irrigated saplings) in which soil water content was main-
tained at 80% of field capacity; and (ii) water deficit (non-
irrigated saplings) inwhich irrigationwaswithheld for 25 days
in June (DOY 158–182) for three saplings per thermal condi-
tion, during the active primary growth (Zhai et al. 2012) and
according to mild and severe level of water deficit shown in
previous studies (Balducci et al. 2013; Grossnickle 2000).

2.2 Data collection

Wemeasured plant water status frommid-May to mid-August
2011 (DOY 132–222) on branches of the first whorl for 18
randomly selected saplings (three saplings × three thermal
conditions × two irrigation regimes per week). These saplings
were subjected to the same thermal conditions and irrigation
regimes as the saplings used for measurements of stem radius.
We determined predawn [Ψpd] and midday [Ψmd] leaf water
potential using a pressure chamber (PMS Instruments,
Albany, OR, USA). We measured Ψpd on a weekly basis at
predawn from 0200 to 0400 hours (n = 16 days) andΨmd from
1000 to 1300 hours (n = 17 days). The volumetric water con-
tent (VWC) of the soil was measured weekly from mid-May
to mid-August (DOY 131–229; n = 34 days) using time-
domain reflectometry (TDR Fieldscout 300). We recorded
the VWC at 7 cm depth in each plastic container. We replicat-
ed the measurements at each sampling, and the data were
processed according to Topp et al. (2003).

We used automatic point dendrometers to monitor varia-
tions in stem radius from spring to summer (DOY 121–226).
The home-made dendrometers used on the 18 randomly se-
lected saplings (three saplings × three thermal conditions ×
two irrigation regimes) had a sensing rod held against the
outer surface of the bark by a constant force (Annex Fig. 7).
The rod was made of stainless steel. LVDT macro-sensor
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PR750 (Pennsauken, NJ, USA) had ameasuring range of stem
radius of ± 2.5 mm and offered a core-to-bore radial clearance
of 0.25 mm with the standard supplied core. For the sensor,
the thermal coefficient of sensitivity was − 0.02%/°C, corre-
sponding to 0.5 μm/°C and the linearity error was ± 0.25% of
full range output. The PR750 sensor output V1/Vx ratio was
converted into a value (length of sensors, mm) using a linear
calibration regression (Loggernet software, Campbell
Scientific, Inc., Logan, Utah). The instrument consists of a
displacement transducer anchored to a plastic holder and is
fixed into the soil with four screws (Annex Fig. 7). We
installed one dendrometer per sapling on the stem at 5 cm
above the collar. Stem size variation was recorded every
15 min and was averaged over each hour (Deslauriers et al.
2003). Due to the thermal expansion of the frame, variations
in temperature did not affect sensor measurements. During the
experiment, some non-irrigated saplings were partially dam-
aged; one sapling per each thermal condition had complete
needle wilting and stem necrosis. The number of analyzed
saplings was therefore reduced for these three conditions
starting from DOY 207 (CT), DOY 187 (DW), and
DOY186 (NW). In these days, the predawn water potentials
in non-irrigated saplings were − 0.6 MPa at CTand in warmer
conditions ranged between − 0.7 and − 1.7 MPa.

2.3 Statistical analyses

For stem variation phases, stem cycle extraction was per-
formed using a three-step procedure composed of two SAS
routines (SAS 9.3, SAS Institute, Inc., Cary, NC) (Deslauriers
et al. 2011). The procedure divides the series into two distinct
phases: (1) contraction, the period between the first maximum
radius and the following minimum radius, and (2) recovery,
the period from the minimum radius until the return to the
previous maximum value or when the stem begins another
contraction phase (Turcotte et al. 2009; Turcotte et al. 2011).
SAS routines calculated the amount of stem radius variation
and the duration of the stem cycle phases (Deslauriers et al.
2011). Stem size variation was tested across irrigation regimes
and thermal treatments (fixed factors) using GLM procedure
in SAS for the dendrometer values on the days of measure-
ments. Analysis of variance (ANOVA) was used to analyze
differences in the amplitude and duration of the contraction
and expansion phases among the different irrigation regimes,
thermal treatments, and the warming × drought interaction.
Irrigation regimes and thermal treatments were defined as
fixed factors, whereas trees were the random factor. For the
analysis, we used a linear MIXED model procedure in SAS
(SAS 9.4, SAS Institute, Inc., Cary, NC). Daily circadian stem
cycle components were previously averaged among water
deficit periods (before, during, and after the water deficit).
The first-order autoregressive [AR(1)] provided the suitable
correlation structure (Wolfinger 1993). The selection of the

first-order autoregressive [AR(1)] structure was based on the
lower Akaike information criterion (AIC). Normality and ho-
moscedasticity were verified graphically using the residual
plots of the linear models (Quinn and Keough 2002).

Volumetric water content was tested across irrigation re-
gimes and thermal treatments (fixed factors), with trees as a
random factor, using a linear MIXED model procedure in
SAS (SAS 9.4, SAS Institute, Inc., Cary, NC). We ran an
analysis of variance for repeated measurements (ANOVAR)
for leaf water potential [(Ψpd) and (Ψmd)]. Irrigation regimes
and thermal treatments were defined as fixed factors, DOYas
a repeated factor and trees as a random factor using the linear
MIXED model procedure in SAS (SAS 9.4, SAS Institute,
Inc., Cary, NC). The selection of the covariance structure
was based on the lower AIC. Normality and homoscedasticity
were verified graphically using the residual plots of the linear
models. As a result, predawn leaf water potential was trans-
formed (1/Ψw) to satisfy these requirements. In all analyses,
when effects were significant, we ran least squares means (LS-
means) with Student’s t tests for paired comparisons and
Tukey-Kramer tests for comparing multiple means.

Spearman correlation assessed the relationships across
warming and irrigation regimes between leaf water potentials
[(Ψpd) and (Ψmd)] and the amplitude (mm) and duration (h) of
both contraction and expansion of the stem throughout the
experiment.

3 Results

3.1 Growth conditions

From May to mid-August 2011 (DOY 121–226), DW and
NW were, on average, 4.5 and 5.2 °C warmer than CT
(Fig. 1). In CT, daily temperature averaged 17.7 °C and varied
between 14 and 22 °C during the growing season, with a
maximum temperature observed in July (24.3 °C). During
the 25 days of imposed water deficit, the VWC of the non-
irrigated saplings decreased for all thermal conditions
(P < 0.0001, Annex Table 3) and reached values near zero
(ranging from 0.68 to 4%, Fig. 2) on DOY 182. Following
the drought period, VWC increased quickly, and field capacity
was reached about 20 days after the resumption of irrigation
(Fig. 2). Then, VWCwas maintained at field capacity until the
end of the experiment. We observed significant differences in
the VWC among all thermal conditions (P = 0.0002, Annex
Table 3). However, we found no significant differences in the
VWC between drought and warming (Annex Table 3).

3.2 Plant water status during the experiment

Among all thermal conditions, we recorded a significant de-
crease in Ψpd in the non-irrigated saplings during the water
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deficit period (Annex Table 4 and Fig. 8). During the water
deficit period, Ψpd of the non-irrigated saplings declined sig-
nificantly to − 1.4 MPa in CT and − 1.6 and − 2.8 MPa in the
DWand NW conditions, respectively (Annex Table 4 and Fig.
8). During this drought period, Ψmd of the non-irrigated sap-
lings reached − 2.1 MPa, − 1.95 MPa, and − 2.3 MPa for CT,
DW, and NW saplings, respectively (Annex Table 4 and
Fig. 8), no significant differences were recorded between
treatments.

3.3 Stem radius increase

The stem radius of the irrigated saplings increased progres-
sively from May to August. Higher total stem growth values
were observed under DWand NW conditions (0.92 ± 0.2 and
0.98 ± 0.1 mm, respectively) relative to CT (0.73 ± 0.2 mm)
(Fig. 3). In June, we detected a plateau, a well-known phe-
nomenon related to a stasis of primary growth (Deslauriers
et al. 2016). In the non-irrigated saplings, we observed a pro-
nounced decrease in stem radius from mid-June until the end
of the water deficit (0.018 mm± 0.1 mm). Daily mean stem
radius was 0.46 mm in irrigated saplings at the end of irrigated
period (DOY 182) (Fig. 3, shaded areas). One week after
rehydration (DOY 190), the pattern of increasing stem radius
of the non-irrigated saplings was only partially restored (on

average 0.2 ± 0.2 mm in the non-irrigated saplings versus 0.6
± 0.2 mm in the irrigated saplings, Fig. 3). Stem radius in-
creased progressively until the end of the experiment.
However, water deficit affected the variation in stem radius
with a significant difference between irrigated and non-
irrigated saplings (P = 0.0216, Table 1, Fig. 3).

3.4 Effect of combined stresses on the circadian stem
cycle

The amplitude of stem contraction and expansion was influ-
enced by warming and the combination of the irrigation re-
gime × warming (Table 2). Significant differences in stem
contraction were found between CT and NW as well as be-
tween DWand NW (P = 0.0196, Table 2). In the non-irrigated
saplings, the amplitude of stem contraction was significantly
higher in CT than under both warming conditions (P =
0.0004, Table 2). Under the DW conditions, we observed a
higher amplitude of stem expansion in the irrigated saplings
compared to the non-irrigated individuals (P = 0.0013,
Table 2). However, we found no significant differences in
the amplitude of contraction and expansion between the irri-
gation regimes (Table 2). Further, significant differences in
stem expansion were found between DW and NW (P =
0.0335, Table 2).
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Fig. 1 (Left panel) Daily temperatures experienced by black spruce
saplings in the three thermal conditions (CT, control temperature; DW,
temperature increase during the day; NW, temperature increase during the
night) throughout the greenhouse experiments from the end ofApril to the
end of August (DOY 118–239). Dotted gray background corresponds to
the water deficit period during June (DOY 158–182). (Right panel) Mean

temperatures over an entire day (CT, control temperature (black curve);
DW, temperature increase during the day (dotted curve); NW,
temperature increase during the night (gray curve)). The mean
temperatures were calculated throughout the entire experiment, from
May to August (DOY 121–229)

Fig. 2 Volumetric water content (VWC, %) in irrigated (black circles)
and non-irrigated (white circles) saplings under three thermal conditions
(CT, control temperature; DW, temperature increase during the day; NW,

temperature increase during the night). Vertical bars represent the stan-
dard deviation. Dotted gray background corresponds to the water deficit
period



The highest amplitude of contraction was found in non-
irrigated saplings at CT (0.18 ± 0.07 mm) when compared to
DW (0.14 ± 0.05 mm) and NW (0.11 ± 0.05 mm) (Fig. 4) and
after 2 weeks of water deficit imposition. For the non-irrigated
saplings grown under DW and NW, lower amplitudes of ex-
pansion were observed from DOY 173 to DOY182.

Warming and irrigation regimes, as independent
stressors, affected the duration of stem contraction and
expansion (Table 2). However, we observed no significant
differences in the duration of contraction and expansion in
the combined stress irrigation regimes × warming
(Table 2). In non-irrigated saplings, the duration of con-
traction was significantly affected by water (P = 0.0416,
Table 2). During the water deficit, the duration of contrac-
tion was generally greater in non-irrigated saplings when
compared to irrigated ones (DOY 175, 15.3 h ± 7.5 h ver-
sus 6.8 h ± 3.1 h) (Fig. 5). Before, during, and after the
water deficit period, the duration of contraction was gen-
erally longer under DW than both CT and DW (Fig. 5).
During water deficit, the highest duration of contraction
lasted 24 h ± 9 h at DW, 19 h ± 3 h at CT, and 22 h ± 7 h
at NW (Fig. 5). The duration of expansion varied mark-
edly due to irrigated regimes and thermal condition, rang-
ing from 1 to 68 h (Fig. 5). During water deficit, non-
irrigated saplings had a shorter duration of expansion

(6.05 h ± 2 h, DOY 182), whereas the duration was 13.1 h
± 4.2 h for irrigated saplings (Fig. 5). Before, during, and
after the water deficit period, the duration of contraction
was generally longer under CT than both DW and NW
(Fig. 5). During water deficit, DW (10 h ± 4.4 h) and NW
(13.05 ± 6.3 h) saplings had a shorter duration of expan-
sion than CT saplings (13.5 h ± 3 h) (Fig. 5).

3.5 Relationship between plant water status and stem
radius variations

In non-irrigated saplings, the duration of contraction and
leaf water potentials under warming showed a significant
negative correlation. Specifically, the duration of contrac-
tion was significantly correlated with Ψpd under DW con-
ditions (ρ = − 0.51, P = 0.0447, Fig. 6a, Annex Fig. 9 and
Table 5), whereas the duration of contraction was most
correlated with Ψmd under NW conditions (ρ = − 0.61,
P = 0.013, Fig. 6a, Annex Fig. 9 and Table 5). Under
DW, the duration of expansion and Ψpd were positively

Table 1 Summary of GLM model showing the effects of irrigation
regimes (Water), thermal conditions (Temperature), and crossed factors
at the last day of measurements on stem radius variation in black spruce
saplings during the greenhouse experiments in 2011. Significant effects
(P < 0.05) are in italics

Source of variation df F value P
Stem radius variation

Water 1 7.70 0.0216
Temperature 2 2.27 0.1591
Water × Temperature 2 0.70 0.5239

Table 2 Summary of mixed model results showing the effects of
irrigation regimes (Water), thermal conditions (Temperature), and
crossed factors on amplitude (top) and duration (bottom) of stem radius
contraction and expansion in black spruce saplings in a controlled green-
house setting. Significant results (P < 0.05) are in italics

Source of variation Contraction Expansion

Amplitude df F value P F value P

Water 1 0.0071 0.9367 2.0095 0.2293
Temperature 2 4.3064 0.0196 3.6718 0.0335
Water × Temperature 2 9.4342 0.0004 7.7987 0.0013

Duration
Water 1 8.7595 0.0416 23.9006 0.0081
Temperature 2 11.8808 < 0.0001 3.699 0.0327
Water × Temperature 2 0.2748 0.761 1.4503 0.2455

88 Page 6 of 18 Annals of Forest Science (2019) 76: 88

Fig. 3 Time series of stem radius increase (mm) for black spruce saplings
between May and August (DOY 121–226). Black and gray curves rep-
resent irrigation regimes during the water deficit period (gray back-
ground) under the three thermal conditions (CT, control temperature;
DW, temperature increase during the day; NW, temperature increase

during the night). Vertical bars represent the standard deviation. Dotted
gray background corresponds to the water deficit period. Different letters
above the bars denote significant differences between irrigation regimes
(Student’s t test, for paired comparisons of means)



correlated (ρ = 0.67, P = 0.0042) as were the duration of
expansion and Ψmd (ρ = 0.57, P = 0.02) (Annex Table 5).
In irrigated saplings, the amplitude of expansion had a
significant negative correlation with Ψmd under DW
(ρ = − 0.53, P = 0.0364). We observed no other significant
correlations for the irrigated saplings.

Under daytime warming, significant positive correlations
were obtained between Ψpd and stem expansion for both am-
plitude (ρ = 0.37, P = 0.0390, Fig. 6b and Annex Table 5) and
duration (ρ = 0.46, P = 0.0077, Fig. 6b and Annex Fig. 10)
Ψmd and stem shrinkage for both amplitude (ρ = − 0.37, P =
0.035) and duration (ρ = − 0.50, P = 0.0038, Fig. 6b, Annex
Fig. 10 and Table 5).

4 Discussion

In our study, soil water availability was the major driver
of plant water status and daily stem variation in black
spruce saplings. The effect of asymmetric daily warming
on the amplitude and duration of stem contraction and

expansion was linked to changes in the plant water poten-
tial, Ψpd and Ψmd. Water deficit decreased stem growth
during the growing season. The application of concurrent
abiotic stresses—interaction between asynchronous
warming and water deficit—affected significantly the am-
plitude of stem contraction and expansion, whereas both
abiotic stresses did not exacerbate the duration of these
phases relative to single-stress treatments.

4.1 Daytime versus nighttime warming

Daytime warming affected the duration of both stem con-
traction and expansion. Under nighttime warming, the
amplitude of stem contraction and expansion decreased
significantly, validating our first hypothesis.

Under daytime warming conditions, as compared to the
control and nighttime warming, stem contraction lasted
significantly longer, whereas stem expansion was signifi-
cantly shorter. Under daytime warming conditions, the
duration of the contraction lasted about 2 h longer than
the under other conditions, resulting in a delay for
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Fig. 4 Daily amplitude (mm) of the contraction and expansion phases of
black spruce saplings for each thermal condition (CT, control tempera-
ture; DW, temperature increase during the day; NW, temperature increase

during the night). Black and white circles correspond to irrigation re-
gimes. Dotted gray background corresponds to the water deficit period



nighttime swelling (Drew et al. 2008; Sevanto et al.
2002). Therefore, the water refilling of the bark tissue
during the night occurred faster under daytime warming.
Under daytime warming, the duration of contraction and
expansion were mainly regulated mainly by the predawn
water potential. Stem expansion (in terms of both ampli-
tude and duration) were correlated positively with pre-
dawn water potential (i.e., Ψpd was less negative with
increasing expansion). Previous studies had demonstrated
that stem growth occurred during the night when lower
values of leaf water potential reduced xylem tension
(Daudet et al. 2005; Hölttä et al. 2010; Steppe et al.
2006). In Scots pine, stem swelling and shrinking were
associated with osmotic concentrations in the cambial and
xylem regions over a 24-h period (Chan et al. 2016;
Mencuccini et al. 2013), and similar results were reported
for poplar (Traversari et al. 2018). In our study, a higher
expansion was observed at the lowest values of Ψpd when
daytime heating had not yet begun. Chan et al. (2016)
observed similar patterns with modeled data where maxi-
mum change between increases in radius increment and

the osmotic gradient (stem swelling) occurred only after
the lowest stem water potential was reached, between
midnight and noon of the following day.

Under nighttime warming conditions, the amplitude of
stem contraction and expansion decrease significantly
compared to the other thermal conditions (control and
daytime). Low nighttime temperature influences negative-
ly stem increment and expansion in Eucalyptus globulus
and Fitzroya cupressoides (Drew et al. 2008; Urrutia-
Jalabert et al. 2015). The amplitudes and duration of con-
traction were mainly associated with Ψmd. As a result, a
shorter-lasting and a more-limited amplitude contraction
phase under less negative Ψmd mirrored the reduced re-
plenishment of water storage compartments during the
day and, consequently, a reduced stem expansion (faster
water replenishment) during the night.

Compared to daytime warming, we detected less difference
between Ψpd and Ψmd under a nighttime warming regime
(Annex Fig. 8). Thus, under nighttime warming conditions,
saplings could maintain high turgor and cell expansion during
the night. However, a lowΨpd/Ψmd ratio can also be achieved
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Fig. 5 Daily duration (hours) of the contraction and expansion phases for
irrigated (black bars) and non-irrigated (white bars) saplings and among
the three thermal conditions (CT, control temperature; DW, temperature

increase during the day; NW, temperature increase during the night).
Vertical bars represent the standard deviation. Dotted gray background
corresponds to the water deficit period



by stomatal regulation (Bréda et al. 2006; Cochard et al. 2002)
to promote circadian responses under nighttime warming.

Elevated nighttime temperatures increase photosynthesis the
following day, thereby altering the net plant carbon uptake
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Fig. 6 Spearman correlation coefficients between leaf water potential
[predawn (Ψpd, MPa) and midday (Ψmd, MPa)] and amplitude (mm)
and duration (h) of stem radius contraction (MDS) and expansion
(EXP) in a controlled greenhouse setting. a) Interactions between irriga-
tion regimes (irrigated and non-irrigated saplings) and thermal conditions
(control CT; temperature increase during the day, DW; temperature

increase during the night NW); b) Interactions among thermal conditions
are presented as control CT; temperature increase during the day, DW;
and temperature increase during the night, NW. Asterisks represent sig-
nificant correlations, *P < 0.05, **P < 0.01, ***P < 0.0001, and n.s. not
significant correlations. Black and white vertical bars correspond to irri-
gation regimes (irrigated and non-irrigated saplings)



(Turnbull et al. 2002). Furthermore, increased respiration un-
der nighttime warming has a negative influence on leaf solu-
ble sugars and starch concentrations by inducing a rapid turn-
over in carbohydrates. This, in turn, contributes positively to a
growth increase (increased sink demand) (Turnbull et al.
2002). Thus, in our study, the shorter stem expansion ob-
served under nighttime warming could explain a more conser-
vative water use that led to a higher cell turgor leading to
higher stem growth. Previous study demonstrated that the rate
of growth was twice as fast under nighttime warming com-
pared to daytime warming, promoting stem growth under op-
timal nighttime temperatures (Balducci et al. 2016).

4.2 The duration of swelling/shrinkage related
to water deficit

As the daily amplitude of contraction and expansion did not
change between irrigation regimes, our second hypothesis was
rejected. However, water deficit affected the duration of both
contraction and expansion and the increases in stem radius.

Other studies have reported an increase in the amplitude of
stem shrinkage under water deficits, and they have used the
amplitude of stem shrinkage as an indicator of the intensity of
water stress (Hinckley and Bruckerhoff 1975; Li and Huguet
1990). However, our findings confirm previous observations of
mature black spruce where artificial drought did not alter the
amplitude of stem contraction (Belien et al. 2014). These results
could be explained partly by the ability of this boreal species to
regulate water loss by reducing transpiration (Meinzer et al.
2008) and to prevent dehydration during water stress by mobi-
lizing non-structural carbohydrates (Deslauriers et al. 2014).
Water reserves in the bark and elastic tissues are also important
for buffering the short- and long-term variations in cell turgor.

In our study, the duration of stem contraction in the non-
irrigated saplings increased significantly by about 1 h compared
to the irrigated saplings and attained 9 h of stem contraction. The
duration of contraction increased to about 14–15 h in correspon-
dence with a drop of Ψmd to less than − 1.7 MPa under condi-
tions of severe water deficit. Values of Ψmd at − 1.7 MPa may
represent a threshold for limiting the duration of contraction in
non-irrigated saplings. In boreal conifer seedlings, a reduction of
leaf predawnwater potential was observed to be the first signal of
water deficit (Balducci et al. 2013; Grossnickle et al. 1991).
Under mild stress, the increase of stem contraction mirrored the
loss of water from stem storage compartments (bark and phloem)
toward the xylem to support transpiration.

The duration of expansion in non-irrigated saplings decreased
significantly by ca. 2 h compared to irrigated saplings. This du-
ration was 5–6 h when both Ψpd and Ψmd water potentials were
less than − 1.6MPa. The gradient of leaf water potential between
night and day is important for regulating the dynamics of water
rehydration in living tissues (Turcotte et al. 2011; Zimmermann
et al. 1994, 2004; Zweifel et al. 2000). In the absence of a water

deficit (well-watered conditions), average values of Ψpd and
Ψmd, ranging from − 0.4 to − 0.6 MPa, favor a longer duration
of expansion in non-irrigated saplings. However, in the recovery
period, this optimal water status did not induce an increase in the
amplitude of expansion due to the time lag between the decrease
ofΨpd and growth failure. This time lag observed in black spruce
depended on the storage capacitance of the stem. This time lag
has been documented at 1.44–2.5 h in herbaceous plants to 30–
110min in Scots pine (Goldstein et al. 1984; Sevanto et al. 2002).
Finally, previous studies have also observed that water availabil-
ity affects the circadian cycles of water depletion and replenish-
ment in pinyon pine, especially when the duration of phases
lasted more than 5–6 h (Biondi and Rossi 2015).

A significant reduction of stem radius variation between
irrigation regimes mirrored the changes in the cambial region
at the seasonal scale (Deslauriers et al. 2007). These results
confirm that the water deficit had detrimental effects on water
storage capacity and growth in the long term. These negative
effects persisted even after the resumption of irrigation
(Balducci et al. 2016; Rossi et al. 2012).

4.3 Combination of warming and water deficit
on the daily stem cycle

The applications of concomitant stresses—warming and
water deficit—produced only significant effects on the
amplitude of stem contraction and expansion, whereas
the duration of these phases was unaffected. Based on
these results our third hypothesis was rejected.

We observed lower amplitudes of stem contraction and ex-
pansion for both irrigation regimes with no statistical difference
between the other control conditions, except for the DW irrigat-
ed saplings. Under DW, the less negative Ψpd of non-irrigated
saplings reduced the duration of contraction as the internal wa-
ter reserves were not able to support daily transpiration. On the
other hand, the decrease ofΨpd andΨmd induced a longer stem
expansion of the non-irrigated saplings compared to the well-
watered saplings as the increase in the duration of stem expan-
sion mirrored longer water storage replenishment during the
night. Ruehr et al. (2016) observed similar results in Douglas
fir, where heat stress amplified the drought effect on plant and
soil water dynamics and impaired nocturnal rehydration and
diurnal transpiration and exposed plants to continuous transpi-
ration. These relationships reflect fully the tight control of plant
water potential on the diel dynamics under conditions of water
stress (Steppe et al. 2015). Under nighttime warming, the mid-
day water potential of non-irrigated saplings was negatively
correlated with the duration of contraction (i.e., a shorter dura-
tion of contraction at less negativeΨmd values). During warmer
nights, similar relationships were found between predawn leaf
carbohydrate status and net photosynthesis assimilation in the
following day, thereby creating a greater sink demand and a
lower concentration of sugars (Turnbull et al. 2002).
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5 Conclusion

Drought induced an imbalance in plant water status in
the short term that increased the duration of stem con-
traction and decreased the duration of stem expansion as
well as reducing growth during the growing season. The
timing and magnitude of stem circadian cycles were
affected by asymmetric warming (as a single indepen-
dent treatment). Under daytime warming scenarios, the
duration of contraction and expansion were regulated
mainly by predawn water potential, inducing longer
(shorter) durations of contraction (expansion). Under
nighttime warming, the smaller amplitudes of stem con-
traction and expansion were associated with midday wa-
ter potential. However, the interaction of two abiotic
stresses—night/daytime warming combined with
drought—affected only the amplitude of contraction
and expansion but not the duration. Our results provide
evidence for an acclimation strategy of black spruce to
warming and a combined warming × drought; however,
this strategy fails when the saplings are subjected to
drought stress alone.
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leaf water potential (MPa); Ψmd, midday leaf water potential (MPa);
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Table 4 Summary of mixed model results showing the effects of
irrigation regimes (Water), thermal conditions (Temperature), day of the
year (DOY), and crossed factors on predawn leaf water potential (a,Ψpd;

MPa) and midday leaf water potential (b, Ψmd; MPa) in a controlled
greenhouse setting. Significant results (P < 0.05) are in italics

Source of variation df ψpd (a) df ψmd (b)

F value P F value P

Water 1 17.94 < .0001 1 11.47 0.0008
Temperature 2 13.08 < .0001 2 0.81 0.4439
Water × Temperature 2 3.38 0.0359 2 0.26 0.7749
DOY 15 19.5 < .0001 16 21.51 < .0001
Water × DOY 15 5.4 < .0001 16 6.31 < .0001
Temperature × DOY 30 2.71 0.0018 32 2.80 0.0012
Water × Temperature × DOY 30 2.84 0.0012 32 1.09 0.3989

Table 3 Summary of mixed model results showing the effects of
irrigation regimes (Water), thermal conditions (Temperature), and
crossed factors on volumetric water content (%). Significant results
(P < 0.05) are in italics

Source of variation
VWC (%) df F value P

Water 1 88.3178 < 0.0001
Temperature 2 8.8129 0.0002
Water × Temperature 2 1.2559 0.2854

Annex
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Fig. 7 Dendrometer (shown at
different angles) installed on the
stem surface of a black spruce
sapling during the greenhouse
experiments (source photo: L.
Balducci)

Table 5 Spearman correlation coefficients between leaf water potential
[predawn (Ψpd, MPa) and midday (Ψmd, MPa)] and amplitude (mm) and
duration (h) of stem radius contraction (MDS) and expansion (EXP) in a
controlled greenhouse setting. (a) Interaction between irrigation regimes
(irrigated and non-irrigated saplings and thermal conditions (control CT;

temperature increase during the day, DW; temperature increase during the
night NW). (b) Interactions between thermal conditions are presented as
control CT; temperature increase during the day, DW; and temperature
increase during the night, NW. Asterisks represent significant correla-
tions, *P < 0.05, **P < 0.01, ***P < 0.0001

Irrigated Non-irrigated

(a) CT DW NW CT DW NW

Ψpd

MDS (mm) 0.20 0.08 0.18 − 0.03 0.13 − 0.03
EXP (mm) 0.18 0.05 − 0.10 0.01 0.41 0.37

MDS (h) 0.30 0.37 0.21 − 0.07 − 0.51* − 0.19
EXP (h) 0.02 − 0.05 − 0.03 0.21 0.67** 0.41

Ψmd

MDS (mm) − 0.01 − 0.47 − 0.34 − 0.30 − 0.20 − 0.43
EXP (mm) − 0.24 − 0.53* − 0.36 − 0.24 0.16 − 0.02
MDS (h) 0.41 0.18 − 0.37 − 0.36 − 0.40 − 0.61*
EXP (h) − 0.12 − 0.18 − 0.09 0.21 0.57* 0.22

(b) CT DW NW

Ψpd

MDS (mm) 0.03 0.20 − 0.03
EXP (mm) 0.03 0.37* 0.13

MDS (h) 0.06 − 0.28 − 0.06
EXP (h) 0.11 0.46** 0.18

Ψmd

MDS (mm) − 0.26 − 0.30 − 0.37*
EXP (mm) − 0.27 − 0.11 − 0.18
MDS (h) − 0.07 − 0.23 − 0.50**
EXP (h) 0.16 0.28 0.07
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Fig. 8 Predawn leaf water potential (Ψpd; MPa) and midday leaf water
potential (Ψmd; MPa) of black spruce saplings before, during, and after
the water deficit period under warming treatments (CT, control
temperature; DW, temperature increase during the day; NW,
temperature increase during the night). Black and white circles

correspond to irrigation regimes. Vertical bars represent the standard
deviation of the average predawn and midday leaf water potentials.
Dotted gray background corresponds to the water deficit period.
Asterisks represent significant values for the day of the year (DOY) at
P < 0.05
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Fig. 9 Spearman correlation coefficients between predawn leaf water
potential (Ψpd, MPa) and amplitude (mm) and duration (h) of stem radius
contraction (MDS) and expansion (EXP) in a controlled greenhouse set-
ting. Black and white circles correspond to irrigation regimes (irrigated

and non-irrigated saplings) among thermal conditions (control CT; tem-
perature increase during the day, DW; temperature increase during the
night NW)
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Fig. 10 Spearman correlation coefficients between midday leaf water
potential (Ψmd, MPa) and amplitude (mm) and duration (h) of stem radius
contraction (MDS) and expansion (EXP) in a controlled greenhouse set-
ting. Black and white circles correspond to irrigation regimes (irrigated

and non-irrigated saplings) among thermal conditions (control CT; tem-
perature increase during the day, DW; temperature increase during the
night NW)



References

Ameye M, Wertin TM, Bauweraerts I, McGuire MA, Teskey RO, Steppe
K (2012) The effect of induced heat waves on Pinus taeda and
Quercus rubra seedlings in ambient and elevated CO2 atmospheres.
New Phytol 196:448–461. https://doi.org/10.1111/j.1469-8137.
2012.04267.x

Balducci L, Deslauriers A, Giovannelli A, Rossi S, Rathgeber CBK
(2013) Effects of temperature and water deficit on cambial activity
andwoody ring features inPicea mariana saplings. Tree Physiol 33:
1006–1017. https://doi.org/10.1093/treephys/tpt073

Balducci L, Cuny HE, Rathgeber CB, Deslauriers A, Giovannelli A,
Rossi S (2016) Compensatory mechanisms mitigate the effect of
warming and drought on wood formation. Plant Cell Environ 39:
1338–1352. https://doi.org/10.1111/pce.12689

Bauweraerts I, Ameye M, Wertin TM, McGuire MA, Teskey RO, Steppe
K (2014) Water availability is the decisive factor for the growth of
two tree species in the occurrence of consecutive heat waves. Agric
For Meteorol 189-190:19–29. https://doi.org/10.1016/j.agrformet.
2014.01.001

Belien E, Rossi S, Morin H, Deslauriers A (2014) High-resolution anal-
ysis of stem radius variations in black spruce [Picea mariana (Mill.)
BSP] subjected to rain exclusion for three summers. Trees-Struct
Funct 28:1257–1265. https://doi.org/10.1007/s00468-014-1011-4

Biondi F, Rossi S (2015) Plant-water relationships in the Great Basin
Desert of North America derived from Pinus monophylla hourly
dendrometer records. Int J Biometeorol 59:939–953. https://doi.
org/10.1007/s00484-014-0907-4

Blake TJ, Li J (2003) Hydraulic adjustment in jack pine and black spruce
seedlings under controlled cycles of dehydration and rehydration.
Physiol Plant 117:532–539. https://doi.org/10.1034/j.1399-3054.
2003.00059.x

Bréda N, Huc R, Granier A, Dreyer E (2006) Temperate forest trees and
stands under severe drought: a review of ecophysiological re-
sponses, adaptation processes and long-term consequences. Ann
For Sci 63:625–644. https://doi.org/10.1051/forest:2006042

Casati B, de Elia R (2014) Temperature extremes from Canadian regional
climate model (crcm) climate change projections. Atmosphere-
Ocean 52:191–210. https://doi.org/10.1080/07055900.2014.886179

Čermák J, Kučera J, Bauerle WL, Phillips N, Hinckley TM (2007) Tree
water storage and its diurnal dynamics related to sap flow and
changes in stem volume in old-growth Douglas-fir trees. Tree
Physiol 27:181–198. https://doi.org/10.1093/treephys/27.2.181

Chan T, Hölttä T, Berninger F, Makinen H, Nojd P, Mencuccini M,
Nikinmaa E (2016) Separating water-potential induced swelling
and shrinking from measured radial stem variations reveals a cam-
bial growth and osmotic concentration signal. Plant Cell Environ 39:
233–244. https://doi.org/10.1111/pce.12541

Chaves MM, Maroco JP, Pereira JS (2003) Understanding plant re-
sponses to drought — from genes to the whole plant. Funct Plant
Biol 30:239–264. https://doi.org/10.1071/Fp02076

Cochard H, Coll L, Le Roux X, Améglio T (2002) Unraveling the effects
of plant hydraulics on stomatal closure during water stress in walnut.
Plant Physiol 128:282–290. https://doi.org/10.1104/pp.010400

Cocozza C, Giovannelli A, Lasserre B, Cantini C, Lombardi F, Tognetti R
(2012) A novel mathematical procedure to interpret the stem radius
variation in olive trees. Agric For Meteorol 161:80–93. https://doi.
org/10.1016/j.agrformet.2012.03.016

D'Arrigo RD, Kaufmann RK, Davi N, Jacoby GC, Laskowski C, Myneni
RB, Cherubini P (2004) Thresholds for warming-induced growth
decline at elevational tree line in the Yukon territory. Canada
Global Biogeochemical Cycles 18. https://doi.org/10.1029/
2004GB002249

Daudet F-A, Améglio T, Cochard H, Archilla O, Lacointe A (2005)
Experimental analysis of the role of water and carbon in tree stem
diameter variations. J Exp Bot 56:135–144. https://doi.org/10.1093/
jxb/eri026

Deslauriers A, Morin H, Urbinati C, Carrer M (2003) Daily weather
response of balsam fir (Abies balsamea (L.) Mill.) stem radius in-
crement from dendrometer analysis in the boreal forests of Quebec
(Canada). Trees-Struct Funct 17:477–484. https://doi.org/10.1007/
s00468-003-0260-4

Deslauriers A, Anfodillo T, Rossi S, Carraro V (2007) Using simple
causal modeling to understand how water and temperature affect
daily stem radial variation in trees. Tree Physiol 27:1125–1136.
https://doi.org/10.1093/treephys/27.8.1125

Deslauriers A, Rossi S, Turcotte A, Morin H, Krause C (2011) A three-
step procedure in SAS to analyze the time series from automatic
dendrometers. Dendrochronologia 29:151–161. https://doi.org/10.
1016/j.dendro.2011.01.008

Deslauriers A, Beaulieu M, Balducci L, Giovannelli A, Gagnon M-J,
Rossi S (2014) Impact of warming and drought on carbon balance
related to wood formation in black spruce. Ann Bot 114:335–345.
https://doi.org/10.1093/aob/mcu111

Deslauriers A, Huang J-G, Balducci L, Beaulieu M, Rossi S (2016) The
contribution of carbon and water in modulating wood formation in
black spruce saplings. Plant Physiol 170:2072–2084. https://doi.org/
10.1104/pp.15.01525

Downes G, Beadle C, Worledge D (1999) Daily stem growth patterns in
irrigated Eucalyptus globulus and E. nitens in relation to climate.
Trees - Structure and Function 14:102–111. https://doi.org/10.1007/
s004680050214

Drew DM, O'Grady AP, Downes GM, Read J, Worledge D (2008) Daily
patterns of stem size variation in irrigated and unirrigated
Eucalyptus globulus. Tree Physiol 28:1573–1581. https://doi.org/
10.1093/treephys/28.10.1573

Ellison D, Morris CE, Locatelli B, Sheil D, Cohen J, Murdiyarso D,
Gutierrez V, Noordwijk M, Creed IF, Pokorny J, Gaveau D,
Spracklen DV, Tobella AB, Ilstedt U, Teuling AJ, Gebrehiwot SG,
Sands DC, Muys B, Verbist B, Springgay E, Sugandi Y, Sullivan
CA (2017) Trees, forests and water: cool insights for a hot world.
Glob Environ Chang 43:51–61. https://doi.org/10.1016/j.gloenvcha.
2017.01.002

Giovannelli A, Deslauriers A, Fragnelli G, Scaletti L, Castro G, Rossi S,
Crivellaro A (2007) Evaluation of drought response of two poplar
clones (Populus×canadensisMönch ‘I-214’ and P. deltoidesMarsh.
‘Dvina’) through high resolution analysis of stem growth. J Exp Bot
58:2673–2683. https://doi.org/10.1093/jxb/erm117

Girardin MP, Bouriaud O, Hogg EH, Kurz W, Zimmermann NE,
Metsaranta JM, de Jong R, Frank DC, Esper J, Büntgen U, Guo
XJ, Bhatti J (2016a) No growth stimulation of Canada’s boreal forest
under half-century of combined warming and CO2 fertilization. Proc
Natl Acad Sci U S A 113:E8406–E8414. https://doi.org/10.1073/
pnas.1610156113

Girardin MP, Hogg EH, Bernier PY, Kurz WA, Guo XJ, Cyr G (2016b)
Negative impacts of high temperatures on growth of black spruce
forests intensify with the anticipated climate warming. Glob Chang
Biol 22:627–643. https://doi.org/10.1111/gcb.13072

Goldstein G, Meinzer F, Monasterio M (1984) The role of capacitance in
the water balance of Andean giant rosette species. Plant Cell
Environ 7:179–186. https://doi.org/10.1111/1365-3040.
ep11614612

Goldstein G, Andrade JL, Meinzer FC, Holbrook NM, Cavelier J,
Jackson P, Celis A (1998) Stem water storage and diurnal patterns
of water use in tropical forest canopy trees. Plant Cell Environ 21:
397–406. https://doi.org/10.1046/j.1365-3040.1998.00273.x

Grossnickle SC (2000) Ecophysiology of northern spruce species: the
performance of planted seedlings. NRC Press, Ottawa ISBN 0-
660-17959-8, 407 p

88 Page 16 of 18 Annals of Forest Science (2019) 76: 88



Grossnickle SC, Blake TJ (1986) Environmental and physiological con-
trol of needle conductance for bare-root black spruce, white spruce,
and jack pine seedlings on boreal cutover sites. Can J Bot 64:943–
949. https://doi.org/10.1139/b86-126

Grossnickle SC, Arnott JT, Major JE (1991) Influence of dormancy in-
duction treatments on western hemlock seedlings. II. Physiological
and morphological response during the first growing season on a
reforestation site. Can J For Res 21:175–185. https://doi.org/10.
1139/x91-021

Hinckley TM, Bruckerhoff DN (1975) The effects of drought on water
relations and stem shrinkage of Quercus alba. Can J Bot 53:62–72.
https://doi.org/10.1139/b75-009

Hölttä T, Mäkinen H, Nöjd P, Mäkelä A, Nikinmaa E, Whitehead D
(2010) A physiological model of softwood cambial growth. Tree
Physiol 30:1235–1252. https://doi.org/10.1093/treephys/tpq068

IPCC (2013) Climate change 2013: the physical science basis. In: Stocker
TF, Qin D, Plattner G-K, Tignor M, Allen SK, Boschung J, Nauels
A, Xia Y, Bex V, Midgley PM (eds) Contribution ofWorking Group
I to the Fifth Assessment Report of the Intergovernmental Panel on
Climate Change. Cambridge University Press, Cambridge, United
Kingdom and New York, NY, USA 1535 p

IPCC (2014) Climate Change 2014: Mitigation of Climate Change. In:
Edenhofer O, Pichs-Madruga R, Sokona Y, Farahani E, Kadner S,
Seyboth K, Adler A, Baum I, Brunner S, Eickemeier P, Kriemann B,
Savolainen J, Schlömer S, von Stechow C, Zwickel T, Minx JC
(eds) Contribution of Working Group III to the Fifth Assessment
Report of the Intergovernmental Panel on Climate Change.
Cambridge University Press, Cambridge, United Kingdom and
New York, NY, USA

Irvine J, Grace J (1997) Continuous measurements of water tensions in
the xylem of trees based on the elastic properties of wood. Planta
202:455–461. https://doi.org/10.1007/s004250050149

Kavanagh KL, Pangle R, Schotzko AD (2007) Nocturnal transpiration
causing disequilibrium between soil and stem predawn water poten-
tial in mixed conifer forests of Idaho. Tree Physiol 27:621–629.
https://doi.org/10.1093/treephys/27.4.621

Li SH, Huguet JG (1990) Controlling water status of plants and schedul-
ing irrigation by the micromorphometric method for fruit trees. In:
International Society for Horticultural Science (ISHS), Leuven,
Belgium, pp 333–342. https://doi.org/10.17660/ActaHortic.1990.
278.31

Meinzer FC, Woodruff DR, Domec J-C, Goldstein G, Campanello PI,
Gatti MG, Villalobos-Vega R (2008) Coordination of leaf and stem
water transport properties in tropical forest trees. Oecologia 156:31–
41. https://doi.org/10.1007/s00442-008-0974-5

Mencuccini M, Holtta T, Sevanto S, Nikinmaa E (2013) Concurrent mea-
surements of change in the bark and xylem diameters of trees reveal
a phloem-generated turgor signal. The New phytologist 198:1143–
1154. https://doi.org/10.1111/nph.12224

Mencuccini M, Salmon Y, Mitchell P, Hölttä T, Choat B, Meir P, O'Grady
A, Tissue D, Zweifel R, Sevanto S, Pfautsch S (2017) An empirical
method that separates irreversible stem radial growth from bark
water content changes in trees: theory and case studies. Plant Cell
Environ 40:290–303. https://doi.org/10.1111/pce.12863

Quinn G, Keough M (2002) Experimental design and data analysis for
biologists. Cambridge University Press, Cambridge

Rossi S, Isabel N (2017) Bud break responds more strongly to daytime
than nighttime temperature under asymmetric experimental
warming. Glob Chang Biol 23:446–454. https://doi.org/10.1111/
gcb.13360

Rossi S, Deslauriers A, Anfodillo T (2006) Assessment of cambial activ-
ity and xylogenesis by microsamplings tree species: an example at
the alpine timberline. IAWA J 27:383–394. https://doi.org/10.1007/
s00442-006-0625-7

Rossi S, Morin H, Deslauriers A (2012) Causes and correlations in cam-
bium phenology: towards an integrated framework of xylogenesis. J
Exp Bot 63:2117–2126. https://doi.org/10.1093/jxb/err423

Ruehr NK, Gast A,Weber C, Daub B, Arneth A (2016)Water availability
as dominant control of heat stress responses in two contrasting tree
species. Tree Physiol 36:164–178. https://doi.org/10.1093/treephys/
tpv102

Sage RF, Kubien DS (2007) The temperature response of C3 and C4

photosynthesis. Plant Cell Environ 30:1086–1106. https://doi.org/
10.1111/j.1365-3040.2007.01682.x

Sevanto S, Vesala T, Perämäki M, Nikinmaa E (2002) Time lags for
xylem and stem diameter variations in a scots pine tree. Plant Cell
Environ 25:1071–1077. https://doi.org/10.1046/j.1365-3040.2002.
00884.x

Sillmann J, Kharin VV, Zwiers FW, Zhang X, Bronaugh D (2013)
Climate extremes indices in the CMIP5 multimodel ensemble: part
2. Future climate projections. J Geophys Res-Atmos 118:2473–
2493. https://doi.org/10.1002/jgrd.50188

Simonneau T, Habib R, Goutouly JP, Huguet JG (1993) Diurnal changes
in stem diameter depend upon variations in water content: direct
evidence in peach trees. J Exp Bot 44:615–621. https://doi.org/10.
1093/jxb/44.3.615

Steppe K, De Pauw DJW, Lemeur R, Vanrolleghem PA (2006) A math-
ematical model linking tree sap flow dynamics to daily stem diam-
eter fluctuations and radial stem growth. Tree Physiol 26:257–273.
https://doi.org/10.1093/treephys/26.3.257

Steppe K, Sterck F, Deslauriers A (2015) Diel growth dynamics in tree
stems: linking anatomy and ecophysiology. Trends Plant Sci 20:
335–343. https://doi.org/10.1016/j.tplants.2015.03.015

ToppGC, Davis JL, AnnanAP (2003) The early development of TDR for
soil measurements. Vadose Zone J 2:492–499. https://doi.org/10.
2113/2.4.492

Traversari S, Francini A, Traversi ML, Emiliani G, Sorce C, Sebastiani L,
Giovannelli A (2018) Can sugar metabolism in the cambial region
explain the water deficit tolerance in poplar? J Exp Bot 69:4083–
4097. https://doi.org/10.1093/jxb/ery195

Turcotte A, Morin H, Krause C, Deslauriers A, Thibeault-Martel M
(2009) The timing of spring rehydration and its relation with the
onset of wood formation in black spruce. Agric For Meteorol 149:
1403–1409. https://doi.org/10.1016/j.agrformet.2009.03.010

Turcotte A, Rossi S, Deslauriers A, Krause C, Morin H (2011) Dynamics
of depletion and replenishment of water storage in stem and roots of
black spruce measured by dendrometers. Front Plant Sci 2:21.
https://doi.org/10.3389/fpls.2011.00021

Turnbull MH, Murthy R, Griffin KL (2002) The relative impacts of day-
time and night-time warming on photosynthetic capacity in Populus
deltoides. Plant Cell Environ 25:1729–1737. https://doi.org/10.
1046/j.1365-3040.2002.00947.x

Urrutia-Jalabert R, Rossi S, Deslauriers A, Malhi Y, Lara A (2015)
Environmental correlates of stem radius change in the endangered
Fitzroya cupressoides forests of southern Chile. Agric For Meteorol
200:209–221. https://doi.org/10.1016/j.agrformet.2014.10.001

Vesala T, Sevanto S, Paatero P, Nikinmaa E, Peramaki M, Ala-Nissila T,
Kaariainen J, Virtanen H, Irvine J, Grace J (2000) Do tree stems
shrink and swell with the tides? Tree Physiol 20:633–635. https://
doi.org/10.1093/treephys/20.9.633

Way DA, Oren R (2010) Differential responses to changes in growth
temperature between trees from different functional groups and bi-
omes: a review and synthesis of data. Tree Physiol 30:669–688.
https://doi.org/10.1093/treephys/tpq015

Way DA, Sage RF (2008) Elevated growth temperatures reduce the car-
bon gain of black spruce [Picea mariana (Mill.) B.S.P.]. Glob
Chang Biol 14:624–636. https://doi.org/10.1111/j.1365-2486.2007.
01513.x

Annals of Forest Science (2019) 76: 88 Page 17 of 18 88



Wolfinger R (1993) Covariance structure selection in general mixed
models. Commun Stat - Simul Comput 22:1079–1106. https://doi.
org/10.1080/03610919308813143

Yamori W, Hikosaka K, Way DA (2014) Temperature response of pho-
tosynthesis in C3, C4 , and CAMplants: temperature acclimation and
temperature adaptation. Photosynth Res 119:101–117. https://doi.
org/10.1007/s11120-013-9874-6

Zhai L, Bergeron Y, Huang JG, Berninger F (2012) Variation in intra-
annual wood formation, and foliage and shoot development of three
major Canadian boreal tree species. Am J Bot 99:827–837. https://
doi.org/10.3732/ajb.1100235

Zhao J, Hartmann H, Trumbore S, Ziegler W, Zhang Y (2013) High
temperature causes negative whole-plant carbon balance under mild
drought. The New phytologist 200:330–339. https://doi.org/10.
1111/nph.12400

Zimmermann U et al (1994) Xylem water transport: is the available ev-
idence consistent with the cohesion theory? Plant Cell Environ 17:
1169–1118. https://doi.org/10.1111/j.1365-3040.1994.tb02015.x

Zimmermann U, Schneider H, Wegner LH, Haase A (2004) Water ascent
in tall trees: does evolution of land plants rely on a highly metastable
state? The New phytologist 162:575–615. https://doi.org/10.1111/j.
1469-8137.2004.01083.x

Zweifel R, ItemH,Häsler R (2000) Stem radius changes and their relation
to stored water in stems of young Norway spruce trees. Trees-Struct
Funct 15:50–57. https://doi.org/10.1007/s004680000072

Publisher’s note Springer Nature remains neutral with regard to
jurisdictional claims in published maps and institutional affiliations.

88 Page 18 of 18 Annals of Forest Science (2019) 76: 88


	Stem cycle analyses help decipher the nonlinear response of trees to concurrent warming and drought
	Abstract
	Abstract
	Abstract
	Abstract
	Abstract
	Abstract
	Abstract
	Introduction
	Material and methods
	Experimental design
	Data collection
	Statistical analyses

	Results
	Growth conditions
	Plant water status during the experiment
	Stem radius increase
	Effect of combined stresses on the circadian stem cycle
	Relationship between plant water status and stem radius variations

	Discussion
	Daytime versus nighttime warming
	The duration of swelling/shrinkage related to water deficit
	Combination of warming and water deficit on the daily stem cycle

	Conclusion
	References


