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Abstract: Despite new knowledge in recent years, our understanding of the phenology of wood
formation for various species growing in different environments remains limited. To enhance our
knowledge of the tree growth dynamics of boreal tree species, we investigated the average seasonal,
monthly, daily, and diel patterns of tree growth and water status from 11 years of observations with
the 15 min and 1.5 µm resolved stem radial size variation data of 12 balsam fir (Abies balsamea (L.)
Mill.) trees growing in a cold and humid boreal environment. Growth only occurred above an air
temperature threshold of 9–10 ◦C, and the maximal growth rate over the year (23–24 June) was
synchronous with the maximal day length (20–21 June) and not with the maximal air temperature,
which occurred on average about 2 weeks later (4–5 July). Tree growth was mostly restricted by air
temperature and solar radiation under these cold and wet boreal conditions, but our results also
highlight a turgor-driven growth mechanism. Diel dynamics reveal that tree growth is minimal during
the day when the stem dehydrates, and higher past midnight when the stem is fully rehydrated. This
pattern suggests that carbon assimilation through photosynthesis occurs primarily during the day,
while energy production and carbon allocation to woody tissues occur primarily at night via cellular
respiration. Overall, our results show that the temporal patterns of the growth and water status of
balsam fir growing in cold and humid boreal environments are controlled by a set of environmental
factors that influence various physiological processes and mechanisms, many of which still need to
be documented.

Keywords: point dendrometer; growth; rehydration; dehydration; stem radial variation; boreal tree
species; balsam fir; diel and seasonal patterns

1. Introduction

Terrestrial carbon (C) budgets show that forests have captured approximately one-third
of anthropogenic carbon dioxide (CO2) emissions in recent decades, which has contributed
significantly to climate-change mitigation [1,2]. Given the major role of forest ecosystems in
the C cycle, and their feedback loops with climate and atmospheric CO2 concentration, it is
essential to consider the evolution of terrestrial C pools and fluxes in global climate-change
projections [3,4]. For this reason, an increasing number of dynamic global vegetation
models (DGVMs) have been developed in recent years to simulate climate–vegetation
dynamics, and to more realistically predict the evolution of water and energy fluxes, C
cycling, and the climate [5–8]. On the basis of the predictions of these models, forests are
expected to continue to behave as C sinks [9,10].
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Despite significant advances in the field, some researchers have indicated shortcom-
ings of DGVMs in correctly simulating tree and forest growth. One of the identified
shortcomings is that current models simulate long-term tree and forest stand growth on
the basis of photosynthesis and C assimilation, whereas C allocation in woody tissues and
tree growth are potentially strongly constrained by environmental factors that differ from
those that govern photosynthesis and C assimilation [11–16]. The fact that growth is driven
by photosynthesis in existing DGVMs without considering water, thermal constraints,
sunlight, and nutrient limitations to woody tissue production potentially results in an
overestimation of future forest growth in response to increasing atmospheric CO2 and
temperature [13,15]. Thermal conditions, and light, water, and nutrient availability change
over the growing season, and these temporal variations in resource availability all have the
capacity to influence growth. Consequently, a revised hierarchy of plant growth control in
DGVMs was proposed [11,12,17,18].

Proposed DGVM improvements rely mostly on the better understanding of environ-
mental factors that govern tree growth and their representation in the models. Xylogenetic
models that explicitly consider wood formation were suggested as a promising framework
for incorporating climatic controls on tree growth into DGVMs [13]. However, knowledge
on the influence of environmental factors on xylem formation and tree growth remains
limited [13,19], and the translation of xylem formation processes in the tree to the forest at
the stand, local, or regional scale in DGVMs remains a major challenge [16,20,21]. This is
especially critical in cold and humid boreal environment where growing seasons are short
and climate warming is expected to be large.

The study of cambial activity and xylem formation from the analysis of (1) repeatedly
sampled microcores of newly formed xylem throughout the growing season or pinning
techniques [13,22–27], and (2) data from repeatedly sampled dendrometric bands during
the growing season [28,29] significantly contributed to our understanding of the environ-
mental factors that regulate xylem formation and tree growth. At a higher temporal reso-
lution, electronic dendrometer data were also used to characterise tree growth and water
status [30–32]. Radial growth monitoring with dendrometers is a much less laborious
method than the anatomical analysis of woody tissues is, and allows for continuous nonde-
structive monitoring at the same location on the tree stem. Although they are not associated
with quantitative wood anatomy data, electronic-dendrometer data are useful in studying
environmental controls on tree water status and growth dynamics. For example, the anal-
ysis of the diel growth dynamics of seven temperate tree species from 8 years of hourly
resolved stem radial growth data provided insight into its mechanisms and key environ-
mental drivers [31]. One of the main highlighted mechanisms is turgor-driven growth,
according to which growth primarily occurs when wood tissues are water-saturated, and
trees are not water-stressed [30,31,33,34]. These analyses were possible due to recent
methodological developments and in particular the “zero growth” concept, according
to which no growth occurs during periods of stem shrinkage. Using this concept, the
high-resolution time-series datasets of stem radius variations can be partitioned into (1) a
growth phase that begins when the previous maximal stem radius is exceeded, and ends
when stem shrinkage occurs, and (2) a tree water-deficit phase that begins when the stem
size decreases below a preceding maximum [30].

Despite all the new recent knowledge, our understanding of the phenology of wood
formation for various species growing in different environments remains limited. Recently,
the dynamics of seasonal radial growth of balsam fir trees growing in a cold and humid
boreal environment was documented using dendrometric data over 12 years [35]. The
results contribute to our knowledge of the seasonality of tree growth in boreal forests by
showing that balsam fir (Abies balsamea (L.) Mill.) growth occurs over a short period of
about 3 months, but 80% of it is achieved in the first 50 days of the growing season. The
analysis revealed that the timing of growth cessation is the most important determinant of
growing season length, while the timing of growth onset has less influence. These analyses
also showed that the average growth rate of trees was higher during growing seasons that
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ended early, and lower when the end of the growing seasons was stretched, meaning that
longer seasons are not necessarily the most productive. To further enhance our knowledge
of the tree growth dynamics of boreal tree species, our primary objective in this study was
to investigate seasonal, monthly, daily, and diel growth, and tree water status dynamics
from up to 11 years of observation with 15 min and 1.5 µm resolved stem radial variation
data of 12 balsam fir trees growing in a cold and humid boreal environment. On the basis of
current knowledge, we expected that, over the course of the year, growth would occur over
a short period in the summer, mostly during June and July, a period characterized by air
temperature above a to-be-determined threshold, and that diel, daily, and seasonal growth
dynamics would follow day length, solar radiation, and vapour pressure deficit (VPD)
patterns. We also expected the greatest variations in stem water status to occur outside
of this period, primarily in the autumn, when stems dehydrate in preparation for the
continuous period of below-freezing temperature, and in the spring, when temperatures
warm and stems rehydrate prior to the onset of irreversible turgor-driven growth. For the
diel dynamics, we expected that, during the growing season, trees would grow mostly at
night, dehydrate during the day and rehydrate in the evening following solar radiation and
the patterns of VPD. As a secondary objective, we aimed to test the use and contribute to the
methodological development of the “zero-growth” concept for extracting tree growth and
water status signals from the high-resolution time series datasets of stem radius variations.

2. Method
2.1. Instrumented Trees

We instrumented 12 balsam fir trees located in a mature forest of the Laurentian
Wildlife Reserve, ~50 km north of Quebec City (47◦19′31′′ N; 71◦07′43′′ W, 740–760 m.a.s.l.),
at the boundary of the Lac Laflamme watershed, which is one of the three study watersheds
that are part of the Québec Forest Ecosystem Research and Monitoring Network (Réseau
d’Étude et de Surveillance des Écosystèmes Forestiers; RESEF). The instrumented trees had
a diameter at breast height (DBH) ranging from 14.0 to 22.8 cm in 2009, and are located in a
3600 m2 experimental area that is characterized by sandy till soils overlaying Precambrian
charnockitic gneiss bedrock and a terrain slope of 15%. The forest is dominated by balsam
fir, with a small component of paper birch (Betula papyrifera Marsh.) and white spruce (Picea
glauca (Moench) Voss), which is typical of forests found on mesic sites of the eastern balsam
fir–paper birch bioclimatic subdomain in Quebec, Canada [36]. In order of importance, these
species represent 93, 4, and 3% of the total stand basal area, respectively (i.e., 43 m2 ha−1)
for trees with a diameter at breast height greater than 1 cm. With climate norms (1981–2010)
of −0.18 ◦C and 1460 mm for mean annual air temperature and mean annual precipitation,
respectively, the climate is classified as warm-summer humid continental according to the
Köppen climate classification [37]. The experimental area underwent defoliation by the
hemlock looper (Lambdina fiscellaria, Guenée) during the 2012–2014 period [38], whereas
the 2012 defoliation was concurrent with a severe drought in the area in July of the same
year [39].

The 12 trees were equipped with a radius dendrometer (model DR1, Ecomatik, Munich,
Germany), orientated to the south and positioned at approximately 2 m from the ground
to ensure being above the snow cover in order to track stem radial variations at a high
temporal resolution (15 min) in a soil warming experiment initiated in 2009. The effects
of this treatment on soil ion fluxes and mineralizable C, and on the xylogenesis and intra-
annual growth of mature balsam fir trees were documented [35,40–43]. The soil warming
treatment and dendrometric measurements have continued since the inception of the
experiment in 2009. Thus, the high temporal resolution of tree radial variations that were
monitored between August 2009 and October 2020 were used to document the average
intra-annual and daily patterns of tree growth, and variations in water status. Given the
relatively small documented effects of the soil warming treatment, we did not consider it
in our compilations.
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Five trees died in 2013 due to severe defoliation caused by the 2012–2014 hemlock
looper outbreak, and the annual growth monitoring of three individuals was interrupted
because of dendrometric malfunction due to ice formation in the sensors or because the
potentiometer had reached its maximal stroke during the growing season [35]. Intra-annual
and diel growth, and tree water status dynamics were lastly compiled from 3.1 million
stem radius measurements over a period of more than a decade, encompassing up to
12 individuals depending on the considered period. The experimental design and yearly
individual time series of radial measurements are detailed in [35].

2.2. Characterisation of Tree Growth and Water Status Changes from Dendrometric Data

The high-temporal-resolution signal of radial variations in the tree stems combines
two distinct physiological processes: irreversible woody tissue growth and variations due
to changes in tree water status. Since the definition of the “zero-growth” concept in which
no growth occurs during periods of stem shrinkage [30], it is increasingly used for the
analysis of high-temporal-resolution electronic-dendrometer data [31,32,35,44]. Using this
concept, the signal of stem radial variation may be partitioned into (1) a growth (GRO)
phase that begins when the previous maximal stem radius is exceeded and ends when stem
shrinkage occurs, and (2) a tree water deficit (TWD) phase that begins when the stem radius
decreases below a preceding maximum. We refined this approach by dividing the TWD
phase into two distinct phases corresponding to stem shrinkage associated with woody
tissue dehydration, and stem expansion associated with woody tissue rehydration. Thus,
the high-temporal-resolution signal from the dendrometers was decomposed into three
distinct signals (growth (G), dehydration (D), rehydration (R)):

Gt =

{
0, SRt < max(SR<t)
SRt − SRt−1, SRt ≥ max(SR<t)

}
(1)

Dt =

{
0, SRt ≥ max(SR<t)

∨
SRt ≥ SRt−1

SRt − SRt−1, SRt < max(SR<t)
∧

SRt < SRt−1

}
(2)

Rt =

{
0, SRt ≥ max(SR<t)

∨
SRt ≤ SRt−1

SRt − SRt−1, SRt < max(SR<t)
∧

SRt > SRt−1

}
(3)

where SR indicates the stem radius recorded with the dendrometer, t refers to the current
record, and <t refers to historical records. Prior to signal decomposition, the raw 15 min
dendrometric data were visually examined, and validated for any errors that could be
manually removed and corrected, such as regarding jumps associated with dendrometric
adjustment or replacement.

Individual cumulative hourly variations in stem radius associated with stem radial
growth, dehydration, and rehydration were then calculated, and the average seasonal
(winter: DJF; spring: MAM; summer: JJA; autumn: SON), monthly, daily, and diel dynamics
over the entire period are reported.

3. Results
3.1. Dendrometric Signal Decomposition

Figure 1 shows the results of the signal decomposition of a high-resolution time series
of radius dendrometer data (cumulative stem radius variations) into three distinct time
series corresponding to daily stem radius variations associated with growth, dehydration,
and rehydration for a given balsam fir tree and growing season. This approach also allowed
for us to estimate the beginning of the growing season, defined as the time when the
stem radius exceeds the maximal value recorded during the past year, and the end of
the seasonal growth, considered the time when the maximal value is reached (Figure 1).
These dates correspond to the beginning and end of irreversible growth, as measured
with the dendrometers. However, this does not mean that the onset and cessation of
growth determined from dendrometers corresponded exactly to the onset and cessation of
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xylogenesis associated with cell division and maturation. It remains difficult to identify a
detailed chronology at a high temporal resolution.
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Figure 1. (a) Annual pattern of cumulative stem radius variation with 15 min intervals (mm) and
(b) daily stem radius variation (µm day−1) associated with growth and tree water status variations
(dehydration and rehydration) for Tree 104 in 2014–2015, and (c) mean daily vapour pressure deficit
(VPD), (d) solar radiation (Rad), and (e) air temperature (Ta) over the same period.

3.2. Average Daily and Monthly Patterns

Average daily and monthly patterns of stem radius changes associated with growth,
dehydration, and rehydration are presented in Figure 2 (left column). For all years combined,
the window of uninterrupted average daily growth started at DOY 142 (20–21 May), peaked
at DOY 175 (23–24 June), and ended 118 days later, on DOY 260 (16–17 September). Almost
half (44%) of the total annual growth of 1.3 mm was, however, achieved in 33 days between
the beginning and the peak of the growing season at a mean growth rate of 16.7 µm day−1

or 0.7 µm h−1. Considering the growth pulses of the low amplitude occasionally observed
before and after the growing period, some in spring, but mostly in autumn, results reveal that
growth occurred over a window of 183 days, i.e., half a year, while null growth is observed
for an equivalent number of days per year. The monthly averages revealed that trees grew
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6.1 and 3.6 times faster on average in June and July, respectively, compared to May and August.
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Figure 2. (left) Annual pattern of daily and monthly stem radius variation and (right) seasonal diel
pattern associated with growth and tree water status variations (dehydration and rehydration) for
all monitored trees (averaged) over the 11-year period (2009–2020) along with pattern of vapour
pressure deficit (VPD), solar radiation (Rad), and air temperature (Ta) over the same period. Shaded
area shows 95% confidence interval for the mean.

Over the course of the year, daily variations in tree water status were most pronounced
during freeze/thaw transition periods in spring and autumn (particularly in spring), and
had less amplitude during the growing season (Figure 2). Nevertheless, over the growing
season (118 days, DOY 142 to 260), stem radius variations associated with changes in stem
water status (dehydration and rehydration) were five times greater (±6.5 mm of cumulative
shrinkage and swelling, ±54 µm days−1 on average) compared to the irreversible radial
changes associated with growth (1.2 mm, 10 µm days−1 on average) over the same period
(Figure 2). Variations in tree water status were even greater during the nongrowing
period, when trees underwent ±18.5 mm of shrinkage and swelling at an average rate
of ±75 µm day−1 while tree growth is negligible (0.06 mm, 0.2 µm d−1). From the end
of the growing season to the end of the year, dehydration (−6.6 mm, −62 µm days−1)
exceeded rehydration (6.1 mm, 56 µm days−1), resulting in increased tree water deficit
during the winter period. Conversely, rehydration (12.4 mm, 88 µm days−1) was greater
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than dehydration (−11.9 mm, 84 µm days−1) before the onset of the growing season,
resulting in the net rehydration of stems before growth initiation.

3.3. Average Seasonal Diel Dynamics

The average seasonal diel dynamics of stem radius associated with growth, dehydration,
and rehydration are presented in Figure 2 (right column). During the summer, trees grew
slower on average (0.3 µm h−1) during the sunshine hours (9:00 to 18:00) compared to the
rest of the day (0.7 µm h−1). Tree growth rate increased in the evening, reached its maximum
at around 3:00, and gradually declined in the morning until the beginning of the sunny
hours (9:00), where it remained more or less constant during the day (9:00 to 18:00). Growth
was very slow in the autumn and spring, and null in the winter. In contrast to growth,
diurnal patterns in tree water status revealed that trees in summer dehydrated much more
markedly during sunny hours and rehydrated mostly in the evening. The diel dynamics
of dehydration apparently followed variations in solar radiation intensity during the day.
This diurnal dynamic was much less pronounced in spring and autumn and was reversed
in winter. Indeed, in winter, trees dehydrated mainly at night, but variations had smaller
amplitude than those in the summer. The diurnal dynamics of rehydration during autumn,
winter and spring also differed from those during summer. During nongrowing seasons,
rehydration exhibited more synchrony with variations in solar radiation intensity during the
day. The amplitude of this pattern was larger in the spring (12 µm h−1 at 12:00), decreased
during the winter (7 µm h−1 at 12:00), and was smallest in autumn (3 µm h−1 at 12:00).

The diel dynamics of stem shrinkage and swelling in autumn and spring reflect the
average observed variation during the gradual autumn dehydration and spring rehydration
periods (Figure 2). The observed patterns illustrate how the rehydration of woody tissues
is more pronounced in the spring, and that the diel pattern of spring rehydration followed
the diel pattern of insolation. In autumn, daily rehydration is comparatively very low,
reflecting the gradual net shrinkage of tree stems during this period.

4. Discussion

To our knowledge, this is the first study to document the average hourly, daily, monthly,
and seasonal dynamics of tree stem radius associated to growth and tree water status (dehy-
dration and rehydration) on the basis of over a decade of measurements. Our results bring
new knowledge, but also confirmed some already formulated hypotheses, described below.

4.1. Average Daily and Monthly Patterns

The growth pattern extracted from the dendrometric signal using the “zero-growth”
concept shows dynamics that were consistent with the growth pattern inferred from the
cellular analysis of repeatedly sampled wood microcores or pinning techniques [22,23,45],
repeatedly sampled dendrometric bands [28], and from continuous growth curves applied
to dendrometric data [46,47]. Our results suggest that extracting irreversible growth signals
from dendrometric data with this approach adequately represents the dynamics of intra-
annual tree ring formation, and has the advantage of documenting both growth dynamics
and tree water status at a high temporal resolution.

Our results confirm that tree growth in cold boreal environments occurs over a short
period of time, at a faster rate early in the growing season, and gradually decreases
until growth stops in late summer [22,35,48]. As previously reported, xylogenesis and
intra-annual growth occurred only above a given air temperature threshold [23]. On
average, growth onset (DOY 142) and cessation (DOY 260) corresponded to daily average
temperatures of 9.9 and 9.7 ◦C, respectively (Figure 2). These values are very close to
the thermal limits for wood formation of 8–9 ◦C in terms of daily mean air temperature
identified from the cellular analysis of weekly sampled wood microcores from conifer
species growing in a cold climate [23,45,49]. Similar to previous findings [22], the timing of
the maximal growth rate over the year (23–24 June) was synchronous with the maximal
day length (20–21 June) and not with the maximal air temperature, which was reached
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about 2 weeks later (4–5 July). Maximal day length coincided with the peak in VPD and
solar radiation over the year (Figure 2). This reinforces the idea that there is a temperature
threshold below which tree growth is inhibited (temperature-limited); however, above this
threshold, tree growth depends mainly on solar radiation (sunlight-limited). The latter two
parameters were identified as the main fundamental physiological limits to net primary
production in boreal forests [50–54]. In addition to the greater source of solar energy
associated with longer days and more favourable VPD for tree growth, the hormonal
phenology-controlling photoperiod may also play a role in determining the timing of
growth onset and the maximal annual growth rate of conifers in cold environments [22,55].

The previously described growth pattern is apparently influenced by temperature and
solar radiation constraints on tree growth, which suggests that tree growth is constrained
little by soil water availability in these cold, humid forests. Indeed, at the studied latitude,
spring snow melt recharged the soil to field capacity early in the growing season, which
then decreased throughout the growing season until low evapotranspiration and higher
precipitation had contributed to the soil water replenishment in autumn at similar values
to those noted in the spring before decreasing again during the winter period, when
precipitation was in the form of snow [56,57]. Drought risks are, therefore, particularly
low at the beginning of the growing season, when soil water is at field capacity, and air
temperatures are cool. If exceptional soil water limitations occur in this cold and humid
environment, they are more likely to occur towards the end of the growing season, when
soils are dryer, and air temperatures higher. During extreme summer droughts, growth is
likely affected by both soil water availability and the effect of other exceptional weather
conditions, including air temperature, solar radiation, VPD and relative humidity because
these variables affect stomatal and transpiration control [58–60].

Our results also illustrate that, over the course of the year, daily stem radial variations
associated with changes in tree water status (dehydration and rehydration) had smaller
amplitude during both the growing season and the continuous frost period in winter, and
were most pronounced in autumn and particularly in spring (Figure 2). In autumn, tree
stems begin to shrink gradually as the temperature cools, solar radiation decreases, and
VPD declines, reaching the minimal size during the coldest time of the year (Figure 1).
On average over the studied decade, the net shrinkage of stems during this period was
0.5 mm per year, which corresponded with winter stem shrinkage of about 40% of the
average annual growth of 1.3 mm per year. Cell dehydration is one of the physiological
processes that allow for tree cells to avoid frost damage during the winter dormancy
period [61]. However, the mechanism by which trees progressively dehydrate in late
autumn, when VPD is near zero and transpiration is inhibited by low air temperature,
remains to be documented. During this period, while VPD values are practically zero, large
radial variations occur when temperatures warm up and temporarily exceed the freezing
point (Figure 1). This suggests that transpiration is also very low [58], if not null during
this period, and that the observed variations are rather the result of a freeze/thaw effect
or translocation of water in the woody tissues. Similar patterns of large air temperature-
dependent variations were observed by others [62–64], who considered this the result
of the freeze–thaw cycles of the stem. The mechanisms of bark dehydration to protect
living cells from frost damage were proposed to explain these large fluctuations, but the
exact mechanism that generates them remains to be elucidated. These occasional large
fluctuations could also be the result of an unsuspected methodological artifact. Such
artifacts that could significantly affect the results of electronic-dendrometer measurements
and signal decomposition seem unlikely (especially during the growing season), but remain
to be documented. Whatever the exact cause, a large part of these short-term variations
associated with freeze/thaw events should not be interpreted as a real change in the water
status of the tree like those associated with variations influenced by VPD, solar radiation,
and transpiration during the growing season.

In spring, trees progressively rehydrate with increasing temperatures until they reach
the size they had at the end of the previous growing season (Figure 1). The individual
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patterns of stem radial variations also reveal large variations associated with freeze/thaw
events during this rehydration period as temperatures increase, but VPD values remain low
(Figure 1). Following these large fluctuations, the rapid radial expansion of woody tissues
before the start of the growing season seems to be predominantly caused by the onset
of transpiration and rehydration of woody tissues [58]. Overall, individual stem radial
variations in autumn and spring suggest that the short-term fluctuations observed during
alternate freeze–thaw periods do not always correspond to a real change in the water status
of the trees. Compared to transpiration-driven variations during the growing season, the
freeze/thaw or internal translocation of water into woody tissue may be responsible for
these large short-term variations. However, it is not always easy to distinguish between
true tree dehydration/rehydration and stem shrinkage/swelling effects because they may
occur at the same time. In addition, as with progressive stem dehydration in the autumn,
the mechanism by which trees gradually rehydrate in early spring while VPD is low,
and transpiration is inhibited by low temperatures remains to be documented (Figure 1).
Monitoring trees equipped with both sap flow probes and dendrometers would improve
our knowledge on the influence of transpiration on tree water status, and would better
identify the driving factors of tree radial variation.

4.2. Average Seasonal Diel Dynamics

The effect of temperature and sunlight on tree growth and water status were also
illustrated by seasonal diel dynamics (Figure 2). Growth occurs almost exclusively in the
summer when air temperature is, on average, above the minimal threshold of 9–10 ◦C.
During summer days, tree growth is minimal during the day, when the stem dehydrates
at a rate that follows the normal distribution of daily variation in insolation (centred
at noon). Stems then rehydrate in the evening, thus favouring higher growth rates at
night. A similar timing of diel stem growth was reported for seven temperate tree species
in Europe [31]. These patterns illustrate how trees mainly photosynthesise sugars and
assimilate C from solar energy, water, and atmospheric CO2 during the day, increasing the
labile C pool and potentially the C reserve as well; then, they use labile C and oxygen at
night to produce energy for the maintenance of physiological process and cell growth, and
for cell C allocation through the process of cellular respiration [65,66].

Unlike for growth, which shows variation only in the summer, diel dynamics in tree
water status (dehydration and rehydration) differ largely in all seasons (Figure 2). As stems
shrink at a rate that follows diel dynamics in insolation during the growing season (mainly
in summer), the opposite occurs during the winter, when stems expand during the day and
shrink at night. As discussed earlier in relation to annual patterns, this implies that diurnal
patterns are not caused by the same mechanism during these two seasons. In winter, diel
dynamics also follows variations in solar radiation, but stem radial variation probably does
not reflect a real change in tree water status as temperatures are well below the freezing
temperature, VPD is nearly zero, and transpiration is most likely inhibited (Figure 2). The
diel dynamics observed in winter was likely due to other mechanisms that influenced
tree radial variations measured with the electronic dendrometers. Although the inverse
diel dynamics of stem radial variations during the cold season (night-time shrinkage and
daytime swelling) compared to the growing season was documented [64], the mechanisms
behind the diel patterns of stem radial variations in winter remain essentially unknown.

5. Conclusions

High-temporal-resolution dendrometric data and new analytical methods for signal
decomposition represent an opportunity to better document variations in tree growth
and water status, and identify key environmental drivers. Our analyses of high-temporal-
resolution growth data highlight seasonal, monthly, daily, and diel patterns that reflect the
influence of the main constraints on forest productivity, namely, temperature and sunlight.
This knowledge can be useful in developing hypotheses about the effects of climate change
on tree growth in this type of environment. However, our results show that the growth and
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water status of balsam fir trees growing in cold and humid environments are controlled by a
set of environmental factors through their influence on various physiological processes and
mechanisms of which many remain to be elucidated. Work is in progress to model daily
tree growth and water status changes from meteorological data to establish quantitative
relationships, which is an advancement towards the more accurate modelling of tree growth
at high temporal resolutions.
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