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ABSTRACT

Field-based assessment of transpiration phenology in boreal tree species is a significant challenge. Here we
develop an objective approach that uses stem radius change and its correlation with sapwood temperature to
determine the timing of phenological changes in transpiration in mixed evergreen species. We test the stem-temp
approach using a five year stem-radius dataset from black spruce (Picea mariana) and jack pine (Pinus banksiana)
trees in Saskatchewan (2016-2020). We further compare transpiration phenological transition dates from this
approach with tower-based phenological assessment from green chromatic coordinate derived from phenocam
images, eddy-covariance-derived evapotranspiration and carbon uptake, tower-based measurements of solar-
induced chlorophyll fluorescence and snowmelt timing. The stem-temp approach identified the start and end
of four key transpiration phenological phases: (i) the end of temperature-driven cycles indicating the start of
biological activity, (ii) the onset of stem rehydration, (iii) the onset of transpiration, and (iv) the end of
transpiration-driven cycles. The proposed method is thus useful for characterizing the timing of changes in
transpiration phenology and provides information about distinct processes that cannot be assessed with canopy-
level phenological measurements alone.

1. Introduction

understanding how climate change will influence shifts in the timing of
water availability through earlier spring snowmelt (i.e., snow

The timing of vegetation phenological transition dates (e.g., leaf-out,
dormancy) drives functional changes in forest carbon and water cycles
(Fitzjarrald et al., 2001; Keenan et al., 2014; Richardson et al., 2013,
Richardson et al., 2010; Schwartz and Crawford, 2001; Wolf et al.,
2016). For example, springtime vegetation phenology is recognized as
one of the key determinants of the annual carbon (C) balance of
temperate and boreal forest stands (Barr et al., 2007; Berninger, 1997;
Black et al., 2000; Goulden et al., 1996). Therefore, quantifying the
timing of vegetation phenological events is fundamental for

phenology) (Chen et al., 2015), increased length of the growing sea-
son—the length of period of the year when vegetation is active, tran-
spiring and photosynthesizing—and later fall senescence (Barichivich
et al., 2013; Linderholm, 2006; Menzel and Fabian, 1999).

In the boreal forest, biological activity is marked by climate
seasonally. The biological awakening from dormancy in the spring
corresponds closely to changes in environmental conditions, such as
increase in air temperature, soil warming and thawing (Ahmed et al.,
2021; Black et al., 2000; Goulden et al., 1996; Jarvis and Linder, 2000).
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With the increase in soil temperatures and thawing in the spring, liquid
water becomes available, and trees start to rehydrate their stems, tran-
spire, and uptake carbon (Bowling et al., 2018; Nehemy et al., 2022;
Pierrat et al., 2021). Transpiration and carbon uptake continues
throughout the growing season until the fall when environmental con-
ditions change. The decrease in air temperature and photoperiod in the
fall induce physiological cold acclimation and leads to cessation of
transpiration and carbon uptake (Chang et al., 2021). Despite the
importance of accurately determining the timing of vegetation
phenology phases, doing so quantitatively has remained a significant
challenge for both models and measurements (Commane et al., 2017;
Parazoo et al., 2018; Peng et al., 2015; Pierrat et al., 2021; Richardson
et al., 2012). Multiple approaches can provide phenological information
needed for understanding the multi-day transition associated with
changes in photosynthetic activity and the transpiration process. For
instance, eddy-covariance derived evapotranspiration (ET) provides
information on water fluxes, but ET is subject to significant uncertainties
and data gaps associated with measurement and calculation techniques
(Baldocchi, 2003; Wutzler et al., 2018). These issues are especially
problematic during shoulder seasons (e.g., transition from winter to
spring and fall to winter). Additionally, ET is spatially averaged and
includes understory, and thus unable to capture species-specific
phenological change. Remotely sensed products such as solar-induced
chlorophyll fluorescence (SIF), the chlorophyll-carotenoid index (CCI),
and the green-chromatic coordinate (G¢c), among others, have all been
valuable approaches to indicate the onset of biological activity in the
spring (e.g., Gamon et al., 2016; Magney et al., 2019; Parazoo et al.,
2018; Pierrat et al., 2021; Richardson et al., 2018). However, these
measurements often provide start-of-season and end-of-season dates
with uncertainties on the order of weeks (Parazoo et al., 2018; Walther
et al., 2018) and do not necessarily provide information about the same
physiological processes occurring within the plants (e.g., respiratory
recycling of CO,, transpiration, and photosynthesis) (Pierrat et al.,
2021). This uncertainty (i.e., partitioning method of eddy covariance
flux and the presence of snow cover in the canopy for remotely sensed
products) limits our ability to mechanistically assess the observed
changes and phenological responses of specific processes (e.g., transpi-
ration, photosynthesis, carbon uptake) to environmental drivers.

We need a more accurate assessment of the onset of transpiration in
the spring and when trees cease transpiration in the fall to improve our
understanding of shifts in timing of transpiration phenological transition
dates and potential interactions among environmental drivers (Fitzjar-
rald et al., 2001; Schwartz and Crawford, 2001); ideally, something
simple that provides daily field-based measurements at the individual
tree level so that the timing of the transition dates can be quantified
within and between species. While continuous measurements of stem
radius changes using automated dendrometers have been used to pro-
vide proxy data for tree water relations at high-temporal resolution (De
Swaef et al., 2015; Drew and Downes, 2009; Zweifel et al., 2016), the
potential of these data has not been fully explored yet to assess pheno-
logical changes in transpiration (e.g., the onset of stem rehydration and
transpiration in the spring).

Seasonal changes in stem diurnal cycles throughout the year recor-
ded using dendrometers have been previously observed (King et al.,
2013). Sevanto et al. (2006) used transpiration-driven cycle patterns to
detect transpiration and photosynthetic activity during specific warm
winter days. Turcote et al. (2009) defined the seasonal occurrence of
freeze-thaw cycles based on specific air temperature thresholds. How-
ever, determining when exactly the freeze-thaw cycle ceases and the
transpiration-driven cycle begins is difficult (Sevanto et al., 2006).
Additionally, air temperature and tissue temperature can differ due to
the thermal inertia of wood. Specific sap freezing points can be variable
given changes in tissue osmotic potential (Charrier et al., 2017).

What is critically needed to advance observation in transpiration
phenology is an objective, dynamic metric that considers daily changes
in sapwood temperature and diurnal radial change to evaluate shifts
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from freeze-thaw cycles to transpiration-driven cycles. Such an
approach could provide a more exact assessment of the timing of tran-
spiration phenological events (Commane et al., 2017; Parazoo et al.,
2018; Peng et al., 2015; Pierrat et al., 2021; Richardson et al., 2012).
Here we explore stem diurnal cycle observations as a means to provide
direct evidence of transpiration phenology. This tree phenological
monitoring can complement other canopy-level phenological assess-
ment of photosynthetic activity (e.g., CCI, SIF, ‘greenness’ index, GPP).
Stem cycles occur daily and provide assessment of the water related
signal of the stems (King et al., 2013). This information can indicate
when and whether trees are transpiring. The daily assessment of stem
cycle is critical because within the broad seasonal definition of stem
cycles (e.g., Turcotte et al., 2009), there are days within each season (e.
g., spring, winter) where trees may not be following the general pattern
(i.e., trees might transpire during winter (Sevanto et al., 2006)). During
the onset of stem rehydration and transpiration in the spring, there is
greater variability in air temperature, which may result in alternation
between days where trees are transpiring and days where frost can
induce freeze stems and inhibit transpiration (Pierrat et al., 2021).

To overcome some challenges associated with phenological assess-
ment of vegetation, specifically the timing of spring onset and fall
senescence we develop a new approach to identify the timing of tran-
spiration changes in the boreal forest using high frequency stem diurnal
cycles. We test this new approach using high-resolution stem radius
measurements and sapwood temperature, and air temperature, collected
over five years (2016-2020) in two boreal forest sites in Saskatchewan,
Canada, with distinct species composition. We combine this with canopy
greenness assessment using green-chromatic coordinate (G¢c), tower
measurements of solar-induced chlorophyll fluorescence (SIF), and
eddy-covariance derived evapotranspiration (ET). Our objectives are to
(1) define the timing of transpiration phenological changes in the boreal
forest using a new stem cycle-sapwood temperature correlation
approach (2) evaluate the new approach for black spruce (Picea mariana)
and jack pine (Pinus bankisiana) trees growing in different sites, and (3)
compare the timing of phenological events obtained from this newly
proposed transpiration phenology assessment with a well-established
assessment of canopy-level phenological changes (G¢c).

2. Theory and approach

The theory behind our stem diurnal cycle approach is based on many
years of research from the scientific community. The water-related
shrinkage and refilling signal of the stem reflects daily changes in the
water balance of elastic tissues (Irvine and Grace, 1997; Kozlowski and
Winget, 1964) and can be isolated from the growth signal (Zweifel et al.,
2016). During summer, tree stems shrink during the day because of the
negative water potential gradients generated by transpiration which
results in the radial water transfer from elastic inner bark tissues
(phloem and cambium) to the xylem conduits (Peramaki et al., 2001;
Steppe et al., 2006; Zweifel and Hasler, 2001). Conversely, stems expand
at night and on rainy days because the water potential gradient reverses
and water flows from the xylem back into the inner bark tissues, refilling
internal storages. These responses result in stem shrinkage and expan-
sion and characterize the transpiration-driven cycles driven by water
potential gradients (Zweifel and Hasler, 2000). When trees are tran-
spiring, the maximum radius is observed in the morning and minimum
in the afternoon (Fig. 1b).

The stem diurnal cycle shows a reversed pattern during winter
(Fig. 1a) compared to the transpiration-driven cycles (Fig. 1b) (Améglio
et al., 2001; Charra-Vaskou et al., 2016; Maruta et al., 2020; Sevanto
et al., 2006; Zweifel and Hasler, 2000). When air temperature drops to
near freezing values , stem radius change is no longer controlled by
transpiration. Instead, the radial changes start to synchronize with
changes in air temperature. When the air temperature drops below
freezing, ice starts to form in the xylem while the sap in the inner bark
remains liquid (Améglio et al., 2001; Charrier et al., 2017) and stem
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Fig. 1. Conceptual representation of the stem-temp approach. Panel (a) illustrates the temperature-driven cycle, typical in winter and early spring; this diurnal

pattern leads to positive temperature-stem radius correlations (r = 1). Panel (b)

shows transpiration-driven cycles and the inverse relationship of temperature and

stem radius; this diurnal pattern leads to negative correlations (r = —1). Panel (c) radius change showing stem storage refilling resulting in stem expansion during
early spring stem rehydration and/or after rainfall events during the growing season. Panel (d) illustrates field setting with dendrometer and thermocouples

monitoring stem radius change and sapwood temperature, respectively. Panel (e
year in the Boreal forest. Vegetation canopy pictures were downloaded from Ph

radius change is driven by a freeze-thaw cycle. Stems shrink due to low
water potential gradients induced by ice formation in the xylem
(Améglio et al., 2001; Zweifel and Hasler, 2001). Because the water
potential over ice decreases 1.16 Mpa per 1° C decrease in ice temper-
ature (Clausius-Clapeyron relationship; Guy, 1990; Rajashekar and
Burke, 1982), a steep negative water potential generated by ice forma-
tion in the xylem drives the movement of unfrozen inner bark water
towards the xylem ice with changes in temperature (Lintunen et al.,
2017). Thus, during late fall and winter, stem radius changes follow the
daily patterns in air temperature, with a minimum radius in the morning
and a maximum radius in the afternoon. We use this understanding to
develop the proposed approach.

2.1. The stem-radius-temperature correlation approach

The stem-temp approach, short version of stem radius-temperature
correlation approach, leverages the stem diurnal cycle information
and sapwood temperature to define phenological transition dates
(Fig. 1). Because sapwood temperature is a direct measure of xylem
conduit tissue temperature, and stem diurnal cycle a direct measure of
the hydraulic signal, this information can be used to identify changes
from temperature-driven cycle and to transpiration-driven cycles
described above. The Pearson’s correlation coefficient between diurnal
stem radius change and sapwood temperature is positive when stem
radius change is driven by temperature (i.e., tree hydraulic signal

) illustrates changes in the theoretical correlation coefficients throughout a typical
enoCam Network https://phenocam.sr.unh.edu/webcam/sites/canadaOBS/.

follows changes in air temperature, driven by the potential gradient
generated by ice formation within the stem) (Fig. 1a), and negative
during a transpiration-driven cycle (i.e., tree hydraulic shows opposite
patterns to air temperature because stem diurnal cycle is driven by the
potential gradient generated by transpiration) (Fig. 1b). When trees are
refilling internal water storages after rainfall events and/or snowmelt,
stem diurnal cycles show a continuous increase in stem radius, and a
positive, but weak correlation coefficient (Fig. 1c).

The dynamic change in correlation coefficients between stem diurnal
cycle and sapwood temperature indicates the phenological transition
dates. The change from positive to negative correlation values in the
spring indicates the end of the temperature-driven cycle (Fig. 1e). Thus,
stem diurnal cycles no longer follows changes in air temperature. This is
followed by the onset of stem rehydration (Fig. 1¢) in the spring, which
is defined by the shift from negative to positive correlation values (r >
0). The onset of rehydration shows a continuous increase in stem radius
and weak, but positive, correlation coefficients. Stem rehydration is a
key event in the boreal forest as trees refill internal water storage with
the increase in moisture availability via snowmelt (Nehemy et al., 2022;
Tardif et al., 2001; Young-Robertson et al., 2016). Following rehydra-
tion is the onset of transpiration with a shift from positive (r > 0;
rehydration phase) to negative correlation values (r < 0; Fig. 1b). The
negative correlation value continues throughout the growing season
(Fig. 1e) with exception of rainy days when correlation values become
positive (r > 0) (Fig. 1c, 1e). Later in the fall, the change from negative to
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positive correlation (r > 0) values indicates the end of

transpiration-driven cycles (Fig. 1e).

3. Material and methods
3.1. Site characteristics

The study was performed in two long-term research sites located at
the southern edge of the Boreal Plains Ecozone in Saskatchewan, Can-
ada. The sites are operated by the Boreal Ecosystem Research and
Monitoring Sites (BERMS) program and were established by the Boreal
Ecosystem and Atmosphere Study (BOREAS) program in 1993. The
study interval comprises five years, from 2016 to 2020. The mean
annual precipitation in the region is 517 mm, with a mean annual
temperature of 1.7 °C (Prince Albert, Saskatchewan). The Old Black
Spruce site (OBS) (53. 98 °N, 105.12 °W; AmeriFlux ID, CA-Obs) is a
dense mixed forest stand dominated by black spruce with sparse (10% of
stem density) eastern larch (Larix laricina) trees (Barr et al., 2012). The
average black spruce height is 8.6 m and the larch is 11.9 m (Pappas
et al., 2020). This forest stand is about 140 years old and was established
after a forest fire. The soil is moderately to poorly drained, with a
shallow peat layer that varies in depth across the site (10-20 cm). The
Old Jack Pine site (OJP) (53. 92 °N, 104.69 °W; AmeriFlux ID, CA-Ojp)
forest stand is composed of jack pine, with an average height of 15 m.
The forest stand is approximately 100 years old and was also established
after a forest fire. The soil is well-drained, loamy-sand soil. A more
detailed description of the sites can be found at Maillet et al. (2022) and
Pappas et al. (2020).

3.2. Stem radius: data collection and processing

We monitored stem radius changes of the dominant tree species at
each site, black spruce and jack pine, using automatic circumference
dendrometers (DC2 and DC3, Ecomatik, Dachau, Germany). Half-hourly
stem radius measurements were recorded using HOBOUX120-006 M
data loggers. A set of four dendrometers were connected to each data
logger. The dendrometers monitored the stem radius of trees within the
tower footprint of each site. The arrays were distributed near the tower
and covered trees of different diameter and height. We monitored the
stem radius change of 13 black spruce trees and 18 jack pine trees at
breast height at OBS and OJP, respectively. The average stem diameter
at breast height of monitored trees was 13 cm for black spruce and 17 cm
for jack pine. We converted the raw recorded voltage measurements into
a measure of radius change in pm according to manufacturer specifi-
cation. More specifically, an R-script was developed based on the
equation specific to this instrument provided by the manufacturer which
converted our raw voltage measurements into a measure of radius
change in relation to the diameter change of each individual tree (for
specific equation see Ecomatik user manual; https://ecomatik.de/site/a
ssets/files/13369/usermanual_dc3.pdf). We further processed the
resulting data to eliminate any recording errors resulting from wildlife
interfering in measurements by cutting wires, disturbing the instrument,
or battery failure. We removed periods of data identified with such
irregular measurements from specific sensors.

The stem diurnal cycles were computed following King et al. (2013).
This data analysis provides information of the diurnal hydraulic related
signal and was used in the stem-temp approach described below. The
sub-hourly stem radius measurement (SR.;) of each individual tree was
averaged to hourly measurement, SR;, where i indicates a specific hour
of the day. After this step, the daily means for each tree was computed
(SR,) [1] and subtracted from the hourly measurements to obtain the
stem diurnal hydraulic related signal (SRy) [2] according to King et al.
(2013). Because of the synchronous variation in diurnal cycle between
individuals of the same species, we report the average stem diurnal cycle
from each species.
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SR, = LY1L,SR;
SRy = SR; — SR, )]

We also report the sub-hourly stem radius in relation to its maximum
radius recorded in the previous growing season according to Zweifel
et al. (2016). We obtained the maximum stem radius from the previous
growing season of each tree (SRma) and subtracted it from the
sub-hourly measurement of each specific tree (SR.;) [3] We then ob-
tained the species averaged SR. The stem radius value is negative until
trees are able to refill internal water storages and initiate radial growth
by surpassing the zero-growth line (Zweifel et al., 2016).

SR = SR<1' — SRyax (3)

3.3. Tower based measurements: g.., ET, NEP, and SIF¢jqtive

The vegetation ‘greenness’ index measured by the green chromatic
coordinate (G..) was obtained from the PhenoCam Network (phenocam.
unh.edu). This data was collected using a camera mounted at OBS tower
of our study site and retrieves 30 min lapse images of the canopy. Each
image is converted to a three-layer array that corresponds to the red,
green and blue primary colours of the RGB spectrum. This information is
used to calculate G¢c from a predefined region of interest (ROI) that
represents the canopy of the studied tree species. Daily G is obtained
from the 90th percentile at 1-day intervals (Seyednasrollah et al., 2019;
Sonnentag et al., 2012). We obtained the ‘greenness rising’ phenological
transition dates of 10%, 25% and 50% and the ‘greenness falling’ of
50%, 25% and 10% of G¢c by using the LOESS-based method to smooth
Gcc and define the seasonal amplitude (Richardson et al., 2018;
Seyednasrollah et al., 2019). This indicates phenological transition dates
of changes in canopy greenness in relation to G¢c seasonal amplitudes.
For evergreen species, these transition dates indicate changes in the
pigmentation at leaf level and are associated with changes photosyn-
thetic capacity. We refer the reader to Richardson et al. (2018) and
Seyednasrollah et al. (2019) for detailed information on image acqui-
sition and data processing for G¢c at the sites. Gg¢ from phenocam im-
ages has been shown to track the onset of canopy level photosynthesis in
spring and during cessation in the fall effectively (Seyednasrollah et al.,
2021).

Eddy-covariance measurements of ET and net ecosystem production
(NEP) were made at 29 m and 25 m above the ground at OJP and OBS,
respectively. For all years at OJP and OBS starting in 2019, the eddy-
covariance system consisted of a 3-D sonic anemometer (CSAT3,
Campbell Scientific, Logan, UT) in combination with a closed-path
infrared gas analyzer (LI-7200, Li-Cor Environmental, Lincoln, NE) for
measuring HoO and CO- fluctuations. The 30-min eddy fluxes were
processed using the Eddy-Pro-software (version 7.0.6, Li-Cor Environ-
mental, Lincoln, NE). At OBS from 2016 to 2018, the eddy-covariance
system consisted of a 3-D sonic anemometer (model R3-50, Gill In-
struments Ltd., Lymington, UK) in combination with a closed-path
infrared (model LI7000, LI-COR Inc., Lincoln, NE, USA), enclosed in a
temperature-controlled housing and operated in absolute mode. The 30-
min fluxes were processed using the U.B.C. Biomet software. For further
details, see (Kljun et al., 2006). A large gap in the flux data (ET and NEP)
at OBS (25 Aug 2018 to 22 July 2019) remained unfilled.

We used measured NEP to identify the onset of net positive carbon
uptake at the sites following (Ahmed et al., 2021), who showed that
eddy-covariance measurements of NEP have a more distinct signature
than ET of increasing canopy conductance in spring. Gap-filled NEP was
integrated daily for each year and the cumulative value starting from
January 1 was computed. The onset of carbon uptake occurs when cu-
mulative NEP starts to continually increase in value in the spring (for
exemplification, see Fig. 4 in Ahmed et al., 2021).

Solar-Induced Chlorophyll Fluorescence (SIF) measurements were
made at OBS atop the site’s 25 m tower using the spectrometer system
PhotoSpec (Pierrat et al., 2022, 2021). PhotoSpec retrieved SIF in the
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far-red (745-758 nm) wavelength range using a Fraunhofer line-based
retrieval (Grossmann et al., 2018). This retrieval approach has a high
signal-to-noise ratio so that the standard deviations of diurnal variability
in the SIF signal are significantly higher than errors in SIF measurements
(Grossmann et al., 2018; Pierrat et al., 2021). To account for illumina-
tion effects and a persistent winter light response of SIF (Pierrat et al.,
2022), we calculated the relative SIF (SIF ejative) @S SIFrelative = SIF/I,
where [ is the light intensity in the SIF retrieval window (Parazoo et al.,
2020; Pierrat et al., 2021). PhotoSpec has a narrow field of view (FOV =
0.7°) and a 2-D scanning capability, permitting independent SIF mea-
surements for individual tree species (i.e., black spruce) SIF ¢|ative mea-
surements were taken approximately every 20 s across a variety of
vegetated targets. Here we report 30-minute averages of black spruce
observations, which were then averaged again to report daily mean
SIF clative and the standard deviation of the diurnal variability. Addi-
tional measurement details about the OBS site, including PhotoSpect set
up can be found in Pierrat et al. (2021) and Pierrat et al. (2022), and
further instrument details can be found in Grossmann et al. (2018).

3.4. Environmental variables

Air temperature was recorded using temperature/ humidity probes
(model HMP45C, Vaisala Inc., Oy, Finland) above the canopy of the sites
mounted in a radiation shield. Precipitation was recorded using an
accumulating gauge (Geonor model T-200B all-weather weighing pre-
cipitation gauge with an Alter shield, GEONOR, Inc., Augusta, NJ, USA)
located in a small forest clearing. Shallow soil temperature was also
measured at both sites at 2 cm and 10 cm in two locations using a Type-T
copper-constant thermocouples and averaged together. We use shallow
soil temperature as an indication of ground surface temperature.
Sapwood temperature was monitored using a Type-E chromel-
constantan thermocouples inserted at 10 mm depth in the sapwood of
the trees. The sensors were located at 12 m and 5 m in height at OJP and
OBS, respectively. We had a south and north-facing sensor at each height
that was then averaged for the overall analysis. All environmental data is
recorded at 30 min time resolution.

Snow depth was continuously monitored at OJP and OBS using an
ultrasonic snow depth gauge (UDGO1, Campbell Scientific, Logan, UT,
USA). Snow surveys were also conducted at each site once or twice per
month between October and April. At OJP, a networked digital camera
(P1357, Axis Communications, Lund, Sweden) mounted to the tower
allows for visual canopy and snow ground cover monitoring through
repeat photography at 30-min resolution. We used the snow depth
measurements and visual ground cover information provided through
images to determine the snowmelt period and the first snow free date at
the sites.

3.5. Stem-temp approach and critical threshold

All data analysis and visualization were done in R (R Core Team,
2020). We first computed the average mean stem diurnal cycle for each
species (SRy,) using the calculated SR;. Then, we computed the stem-
temp approach by conducting a moving-window Pearson’s correlation
analysis (hourly resolution) between species’ mean stem diurnal cycle
(ﬁsp) and sapwood temperature, as well as air temperature (stem-air
temperature approach). We used the package ‘roll’ (function roll_corr)
(Foster, 2020). We defined statistically significant correlations at the
99% confidence (package: ‘treeclim’; function [dcc], Zang and Biondi,
2015). We used the daily correlation value, which is the hourly corre-
lation within the 24-hour window of the specific day in local standard
time (r-value at the 24-hour period), to identify phenological transition
dates in transpiration. Daily correlation values that surpass the critical
correlation value for the two-tailed test at the 99% confidence level (r =
0.515; two-tailed) indicate then a statistically significant change in
diurnal cycle patterns and identifies the phenological transition dates

Agricultural and Forest Meteorology 331 (2023) 109319

described in Section 2.1 (Fig. 1).
3.6. Comparison between phenological approaches

We first defined the timing of phenological transition phases ob-
tained from the stem-temp approach for black spruce and jack pine. We
then compared phenological transition dates obtained from the stem-
temp approach against the results obtained from the same approach
when using air temperature. We calculated the difference between the
transition dates (i.e., time lags in days) per year. We also computed the
difference between stem-temp transition dates and G¢¢ (’greenness ris-
ing’ and ’greenness failing’) and the NEP-based phenological transition
dates. We evaluated the agreement between the transition dates ob-
tained from these different phenological approaches using a Pearson’s
correlation analysis. We visually compared the stem-temp transpiration
transition dates with ET and SIF data. We further compared the assess-
ment of transpiration phenology with another important phenological
event in the boreal forest - the snowmelt. We defined the snowmelt
period based on observations of decrease in snowpack depth and ground
surface temperature (Zhang, 2005).

4. Results
4.1. Stem-temp approach: phenological assessment of transpiration

The stem-temp approach provided useful information on the timing
of transpiration phenological changes (Fig. 2). Fig. 2 shows the daily
correlation values between diurnal stem cycles and sapwood tempera-
ture - the index of this approach (Fig. 2d). The changes in daily corre-
lation indicated (i) the end of temperature-driven cycles, (ii) onset of
rehydration and (iii) onset of transpiration-driven cycles in the spring,
and (iv) the end of transpiration-driven cycles in the fall. Here we show
only 2018 data for jack pine at OJP site. The method was applied to all
years and species (see Supplementary Information for 2016, 2017, 2019
and 2020; Figures S1 to S7). Below we describe transpiration phenology
phases and the proposed approach in detail.

4.1.1. Transpiration phenology in four phases

The first phase change in transpiration phenology was the (i) end of
temperature-driven cycles characterized by an abrupt change in corre-
lation value from positive to negative that surpassed the critical
threshold value (r = —0.515) and that was statistically significant
(Fig. 2d). The change in correlation was in agreement with statistical
assessment of significance. In this phase, stem radius showed a decrease
in stem size (Figure 2a; DOY 105 and 106) and did not follow changes in
air temperature. The end of temperature-driven cycles (Fig. 2a) was
characterized by a maximum amplitude in stem radius and positive
sapwood temperatures in the morning. Following the negative correla-
tions between stem radius and sapwood temperature (Fig. 2c,d), we
observed the second phase change in transpiration phenology charac-
terized by the (ii) onset of stem rehydration. Rehydration characterizes
by a short interval with positive, but weak correlation values (Fig. 2c,d)
with continuous stem swelling (Fig. 2a; DOY 108 —114) and an abrupt
increase in stem radius (Fig. 2e).

Following a short period of stem rehydration, the third phase change
in transpiration phenology characterizes the (iii) onset of transpiration.
The onset of transpiration and shift to transpiration-driven cycles was
characterized by the change from positive to negative correlation value
that surpassed correlation threshold values (Fig. 2c; DOY 115). This shift
was also observed with a characteristic transpiration-driven cycle, with
a maximum stem radius in the morning, and minimum in the afternoon
(Fig. 2a; DOY 115). The onset chracterizes the change to negative cor-
relation values that surpasses the threshold for at least two days (r =
-0.515). After the onset of transpiration, we observed a continuous
negative correlation value throughout the growing season (Fig. 2c,d),
with exceptions on rainy days (Fig. 2d).
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Fig. 2. Phenological assessment of transpiration using the stem-temp approach. The figure displays 2018 data from jack pine. Panel a) shows Mean Stem Radius (i.e.,
mean diurnal cycles; black lines) following King et al. (2013), along with sapwood temperature (red) from April 3 to May 6 (DOY 93 to 121) and September 7 to
October 11 (DOY 272 to 279), respectively. Panel b) shows precipitation (Precip; purple) and air temperature (Air T; yellow) during the same time interval as
respective above panels. Panel ¢) shows moving hourly correlation analysis between stem radius and sapwood temperature for the same period as the above panels.
Panel d) shows daily correlation values between stem radius and sapwood temperature throughout the year; orange dots indicate days with precipitation events
between later morning and early afternoon. Panel e) shows stem radius change in relation to previous’ year maximum radius (Zweifel et al., 2016) (zero-line) and
dashed lines region shows the standard deviation for the 30 min time resolution measurement.

The fourth and final phase occurred later in the growing season
(Fig. 2a). This was characterized by the (iv) end of transpiration-driven
cycles which was indicated by a statistically significant change to pos-
itive correlation surpassing the critical threshold value; followed by
continuous positive correlations, and at least one day above the
threshold (r = 0.515) (Fig. 2c). During this period, we also observed a
maximum amplitude in stem radius in the afternoon, and later a clear
temperature-driven cycle (e.g., Fig. 2; Fall). This phase also overlapped

with the decrease in air temperature and sapwood temperature below
0 °C during daytime and nighttime.

4.2. Phenological assessment of transpiration in evergreen species and
distinct study sites

Black spruce and jack pine spring phenological transition dates were
strikingly synchronous during the five year monitoring period (Fig. 3).

Fig. 3. Comparison of black spruce transpira-
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tion phenology transition dates with jack pine
(DOY = day of year). Both species transition
dates were obtained using the stem-temp
approach. Panel a) shows spring transition
phases and correlation value (r) between jack
pine and black spruce (p < 0.05). Panel d)
shows fall transition phase and correlation
value between jack pine and black spruce (p >
0.05). The dashed line is the 1:1 line. Arrows in
panel a) indicate first (1st) and second (2nd)
onset of transpiration in 2017.
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We observed a high correlation (r = 0.99; p < 0.05) between transition
dates in the spring (Fig. 3a). The mean difference on the timing was less
than 1 d for all spring phases: (i) end of temperature-driven cycles in the
spring, (ii) onset of stem and (iii) onset of transpiration-driven cycles
(Table 1). In 2017, there were two onsets of transpiration (Fig. 3a). We
report the means (Table 1) in relation to latest onset because of the
continuous transpiration-driven cycle (Fig. 1b) indicating the onset of
the growing season.

We also observed periods of freezing in some springs. In 2017, there
was an early end of temperature-driven cycle (DOY 88; Figs. S2 and S3),
followed by an early onset of rehydration on DOY 91 for black spruce,
and one day later for jack pine (DOY 92) in comparison with the other
years (Table 1). Both species also showed a much earlier onset of tran-
spiration, on DOY 101 (Fig. 3a). However, a long-freezing period with
snowfall and drop in air temperature, resulted in the drop of sapwood
temperature below 0 °C, and end of transpiration-driven cycle (Figs. S2
and S3). Both species showed a final onset of transpiration, with
continuous transpiration-driven cycle, after this long freezing period, on
DOY 117 (Fig. 3a). In 2019, a shorter refreezing period resulted in a
temporary cessation of the transpiration-driven cycles after the onset
(Figs. 4 and 5). There was a drop in air temperature below 0 °C at night,
with decrease in average daily air temperature, and precipitation fell as
snow during this interval. Stem diurnal cycle and correlation analysis
indicated that trees were not transpiring.

The two species behaved similarly in the fall (Fig. 3b). The end of
transpiration-driven cycles occurred on DOY 291.5 + 11.3 d for black
spruce and jack pine on DOY 285.7 + 13.2 d (Table 1). The correlation
between the transition dates in the fall was lower than in the spring and
was not statistically significant (r = 0.86; p > 0.05). The species behaved
in unison, except in 2018. In 2018, while the stem-temp approach
showed a clear transition phase for jack pine on DOY 273 (Fig. S5), black
spruce transition was not clear (Figure S4). Black spruce showed vari-
ability between positive and negative correlation values, until a clear
transition phase on DOY 296. In the fall of 2018 during the transition
period for both species, air temperature dropped below 0 °C but
returned to positive air temperatures. The oscillation in air temperature
might have resulted in the observed differences between species, or the
failure of the method.

4.3. Method comparison: sapwood temperature and air temperature

The stem-temp approach between stem radius and sapwood tem-
perature versus stem radius and air temperature indicated similar
phenological timing for black spruce and jack pine (Table 1). We
observed no difference when using sapwood temperature or air

Table 1
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temperature when detecting the end of temperature-driven cycles for
black spruce across the observed period (Table 1). However, in 2016 and
2019 correlations between air temperature and black spruce stem radius
did not surpass the critical threshold and failed to indicate the end of
temperature-driven cycles (Fig. S8 d). Jack pine showed a small offset on
the end of temperature-driven cycles in the spring when comparing air
temperature and sapwood temperature (Table 1). Onset of stem rehy-
dration showed no difference when using sapwood temperature or air
temperature for black spruce and for jack pine. The stem-temp approach
using air temperature failed to detect the end of the temperature-driven
cycle and onset of rehydration in 2020 for jack pine. The onset of
transpiration detected by sapwood and air temperature were offset by
2.6 and 3.6 d for black spruce and jack pine, respectively when
compared with stem-temp using sapwood temperature. The timing for
end of transpiration-driven cycles in the fall was showed larger differ-
ences between methods (Table 1).

4.4. Transpiration transition dates relationship with GCC, cumulative
NEP, SIF;eiqive, ET, and environmental conditions

The transition dates in the spring obtained from the stem-temp
approach and the GCC were aligned and strongly correlated (r = 0.82;
p < 0.05) (Fig. 7a). Our data showed that the end of temperature-driven
cycles aligns well with the 10% transition phase (‘greenness rising’) of
Gc at OBS (Fig. 7). The end of the freeze-thaw cycle was observed 3.6
d after the 10% greenness rising within all five observed years (Table 1).
The onset of transpiration occurred approximately at the same time as
the 25% transition in G, for black spruce (Fig. 7a) with an average offset
of 1 d (Table 1) which is within observed uncertainty for G.. (8 d; n = 5).
The end of transpiration-driven cycle also showed a good agreement
with G, fall transition dates (‘greenness falling’) (r = 0.99; p < 0.05). On
average end of transpiration-driven cycles occurred —0.5 d before the
10% Gcc falling transition phase (Fig. 7b; Table 1). In 2019 (Fig. 4e) and
2016 (Fig. 6¢) and the end of transpiration-driven cycle was closer to the
Gcece 25% ‘greenness falling” rather than the 10%, and it was observed in
both years.

The onset of transpiration observed with the stem-temp approach
was strongly correlated with the transition date for the onset of carbon
uptake observed with cumulative NEP at both sites (Fig. 7c and d). Black
spruce onset of transpiration was 2 d earlier and jack pine —0.8 d later
than the onset of carbon uptake at the site for the five-year observation
(Table 1).

The timing of end of temperature-driven cycles and onset of tran-
spiration in the spring are also aligned with observed increase in ET at
both sites in 2019 (Figs. 4 and 5) and other years (Fig. 6; Figs. S1 to S7).

Comparison between the stem-temp approach transition dates for the four phenological phases between jack pine and black spruce and comparison between stem-temp
approach transition dates with other phenological approaches. Transitions date: mean transition date (DOY; day of the year) and SD shows the standard deviation.
Mean difference: The mean difference obtained between transition dates (i.e., lag in days) obtained between compared methods or species. Stem-temp (air temper-
ature) indicates the use of air temperature instead of sapwood temperature. OBS: Old Black Spruce site; OJP: Old Jack Pine site.

Site Phenological method End of temperature- Onset of Onset of End of transpiration-
driven cycle rehydration transpiration driven cycle
DOY SD DOY SD DOY SD DOY SD
Transition date (Mean + SD) OBS stem-temp 101.6 7.0 104.00 7.1 113.6 5.6 291.5 11.3
Transition date OJP stem-temp 101.2 6.9 104.20 6.5 113.6 4.8 285.75 13.3
Mean difference OBS-OJP  black spruce vs. jack pine 0.4 0.5 -0.2 0.7 0.0 1.1 5.7 10.0
Transition date OBS stem-temp (air temperature) 100.3 8.8 103.7 9.1 116.2 6.4 285.2 9.8
Transition date OJP stem-temp 99.7 5.7 102.5 14.8 102.5 14.8 291.7 16.5
Mean difference OBS stem-temp vs. stem-temp (air) 0.0 0.0 0.0 0.0 —-2.6 2.8 6.2 11.2
Mean difference OJP stem-temp vs. stem-temp (air) -0.2 0.4 0.0 0.7 -3.6 2.1 —6.00 12.3
Transition date OBS Greenness index (Gcece) 98.0 7.7 112.6  3.61 292.0 7.7
Mean difference OBS Gcce vs. stem-temp 3.6 2.7 1.0 1.3 -0.5 3.8
Transition date OBS cumulative NEP 1145 3.9
Transition date OJP cumulative NEP 1146 5.3
Mean difference OBS cumulative NEP vs. stem-temp 0.5 0.9
Mean difference OJp cumulative NEP vs. stem-temp -1.0 1.7
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Fig. 4. Old Black Spruce site data collected in 2019
showing timing of transpiration phenological phases for
black spruce in the spring and fall. Panel a) shows daily
correlation values between stem radius and sapwood
temperature throughout the year. Panel b) shows stem
radius change in relation to zero-growth line (zero line;
previous’ year maximum radius (Zweifel et al., 2016)) and
dashed lines region shows the standard deviation for the
30 min time resolution measurement. Panels c¢) shows
daily average evapotranspiration (ET) and the standard
deviation in shaded gray. Panel d) shows cumulative net
ecosystem production (NEP) indicating the onset of carbon
uptake by red arrow. Panel e) shows Gee and yellow dots
indicate transition phases in sequence, 10% rising transi-
tion, 25% rising transition, 50% rising transition, 50%
falling transition, 25% falling transition, 10% falling
transition (with arrows). Panel f) shows daily averaged SIF
relative data. Panel g) shows snow depth. Panel h) shows
shallow soil temperature (2 and 10 cm) and air tempera-
ture. Figures showing other years can be found in the
Supplementary Information (FigureS1 to S7).
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SIF;elative in 2019 for black spruce aligned with the end of temperature-
driven cycles and the onset of transpiration (Fig. 4e). We observe an
initial peak in SIF eative during the end of the freeze-thaw cycle, followed
by a small decline during stem rehydration, and a second peak in
SIF,clative is Observed during the onset of transpiration. The decline in ET
in the fall is also in agreement with the end of the transpiration-driven
cycles in the fall at both sites (Figs. 4c, 5¢c and 6¢). The days with spo-
radic transpiration observed in 2019 after the end of transpiration-

driven cycles in the October indicated by the negative correlations
that surpass critical thresholds, aligns with a small peak in ET at both
sites and SIF ejative at OBS (Figs. 4a,c and 5c¢).

The onset of transpiration overlapped with snowmelt in both sites
throughout the observed period (2016-2020) (Figs. 4g, 5e and 6f;
Figs. S1 to S7). OBS and OJP snowmelt end date (i.e., date with no snow
on the ground) occurred on DOY 122.6 + 5.0 and 120 + 5.1, respec-
tively (n = 5). The onset of transpiration occurred during the main melt
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Fig. 6. Old Black Spruce site data collected in
2016 showing timing of transpiration phenological
phases for black spruce in the spring and fall. Panel
a) shows daily correlation values between stem
radius and sapwood temperature throughout the
year. Panel b) shows stem radius change in relation
to zero-growth line (zero line; previous’ year
maximum radius (Zweifel et al., 2016)) and dashed
lines region shows the standard deviation for the
30 min time resolution measurement. Panels c)
shows daily average evapotranspiration (ET) and
shaded are the standard deviation. Small red ar-
rows indicate small decline in ET after onset of
rehydration. Panel d) shows cumulative net
ecosystem production (NEP) indicating the onset of
carbon uptake by red arrow. Panel e) shows Gce
and yellow dots indicate transition phases in
sequence, 10% raising transition, 25% raising
transition, 50% raising transition, 50% falling
transition, 25% falling transition, 10% falling
transition. Panel f) shows snow depth. Panel g)
shows shallow soil temperature (2 and 10 cm) and
air temperature. Figures showing other years can
be found in the Supplementary Information
(Figs. S1 to S7).
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period and before the end of the main snowmelt for both black spruce
and jack pine. The end of transpiration-driven cycles was not directly
associated with snowfall timing. For example, the end of transpiration-
driven cycle 2019 occurred before accumulation of snow on the ground
(Figs. 4g and 5e), but after in the other years (Figs. S1 to S7).

5. Discussion

Vegetation phenology drives the seasonality of carbon and water
cycles (Keenan et al., 2014; Richardson et al., 2013; Wolf et al., 2016).
While a wide-range of metrics are available to monitor canopy-level
phenological changes related to photosynthetic activities (e.g., Gcc,
SIF, CCI), there is no alternative metric to evaluate transpiration
phenology in the boreal forest. Our work here shows that the stem-temp
approach using stem diurnal cycles and sapwood temperature is useful
in describing phenological transition dates .

5.1. How does the stem-temp transition dates compare between species
and to other approaches?

Our stem-temp approach allowed us to observe the timing of
phenological changes in transpiration and characterize four transition
phases (i) the end of temperature-driven cycle, (ii) the onset of stem rehy-
dration and (iii) the onset of transpiration in the spring, and (iv) the end of
transpiration-driven cycles during the end of the growing season in the
fall. This method provides high-temporal resolution assessment of
phenological transition dates in transpiration that have not been pre-
viously reported in the literature. The stem-temp approach diverges
from previous seasonal assessments of stem radius change (Tardif et al.,
2001; Turcotte et al., 2009) because it allows daily assessment of the
timing of transpiration phenological changes with a focus on tree hy-
draulics instead of radial growth. Additionally, the stem-temp approach
does not depend on knowledge of species-specific sap freezing point to
define phenological transition dates; nor does it need weeks of data for
statistical assessment of transition dates because it evaluates the change
in correlation using daily stem cycle and sapwood temperature. While it

11
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has been difficult previously to identify rehydration and onset of tran-
spiration in cold environments (Kozlowski and Winget, 1964; Makinen
et al,, 2008; Tardif et al., 2001) the proposed approach provides
mechanistic assessment that uses physiological knowledge and goes
beyond graphical analysis.

The stem-temp approach builds directly on research that provides
physiological understanding of the phenomena (Améglio et al., 2001;
Sevanto et al., 2006; Steppe et al., 2006; Zweifel and Hasler, 2000). The
diurnal change in stem radius is closely related to changes in water
potential gradients between xylem and inner bark. In the warm months
of the year, transpiration is the driver of shrinkage and expansion of the
inner bark; whereas in colder months air temperature is the driver
(Zweifel and Hasler, 2000). We tested the approach across two conif-
erous species growing at different sites from 2016 to 2020. Our data
showed that the proposed approach was able to track transpiration
phenology in both species. However, the approach might be limited to
evergreen species, and future investigation is necessary across different
species and growing forms.

Black spruce and jack pine showed close timing of phenological
transition dates, with a maximum offset of only one day observed be-
tween them. Both evergreen species’ aligned timing of transpiration
onset in the spring and fall senescence could result from their site
proximity (approx. 40 km) and similar local environmental conditions.
A previous study showed that the reactivation of photosynthesis and
transpiration in evergreen species in the spring is mainly driven by
increased air, soil temperature, and soil water content (Pierrat et al.,
2021). In the boreal forest, the increase in soil water content in the
spring occurs via snowmelt. A 15 years investigation showed that spring
snowmelt start date and soil thaw at OBS and OJP sites occurred on the
same day (Ahmed et al., 2021). This synchronous increase in moisture
availability and soil thaw at both sites might explain the strong corre-
lation and close phenological transpiration transition dates observed
between species in our study (Fig. 3). The aligned onset of transpiration
between sites is also consistent with previous observations of similar
onset dates for carbon uptake between sites, with a mean difference of 3
days (2001-2015) (Ahmed et al., 2021). The onset of transpiration in the
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spring was consistent at the end of April, with a small variability on this
date within a five-year observation period (Table 1). However, there was
larger variability in the fall transition date for the end of
transpiration-driven cycles compared to the onset of transpiration
(Table 1). The end of transpiration driven cycles was observed between
late September and early November. Thus, the length of the active
transpiration season seems to be more impacted by the timing of fall
transition phase rather than spring onset at the studied sites. This opens
new opportunities for further investigation of fall vegetation phenology
as this has been less studied than spring phenology (Montgomery et al.,
2020) and could explain interannual variability of NEP (Wu et al.,
2013). To the best of our knowledge, this is the first assessment that
shows autumn transpiration phenology.

Overall phenological transition dates obtained from the stem-temp
approach using sapwood temperature and air temperature were in
good agreement. Sapwood temperature showed stronger correlations to
stem diurnal cycle and might be preferred when using this approach in
comparison to air temperature. The later showed weaker correlation
with stem radius that may not surpass the critical threshold for statistical
significance. This explains some of the offset between approaches, when
using sapwood temperature versus air temperature. Beyond the stem-
temp approach, we explored a phase-shift analysis which considers
only the phase shift of the circadian cycle. A more detailed explanation
and assessment can be found in the Supplementary Information (Session
2, Figs. S8 and S9).

Our transpiration phenological transition dates obtained with the
stem-temp approach were compared with canopy-level eddy-covariance
derived ET and NEP, remotely sensed products, and measurements of
environmental conditions (i.e., snow cover, air temperature and soil
temperature). While these measurements represent distinct processes (i.
e., transpiration, evapotranspiration, photosynthetic activity and carbon
uptake) and at different scales (i.e., ecosystem and tree level), the un-
derlying physiological processes are intrinsically related, as shown by
previous studies in evergreen forests (Bowling et al., 2018; Pierrat et al.,
2021; Sevanto et al., 2006). Additionally, previous vegetation
phenology investigations comparing different methods, such as
canopy-level eddy covariance measurements (i.e., the onset of carbon
uptake), repeated photography from canopy (i.e., G¢.) and ground ob-
servations of budburst showed strong agreement when detecting
phenological transition dates at different spatial scales (Richardson
et al., 2018; Seyednasrollah et al., 2021).

Here, we show that field-based transpiration phenological assess-
ment using stem radius monitored within the tower footprint (Chen
etal., 2012,2011) aligned well and showed a strong correlation with the
transition date of onset of net positive carbon uptake observed with
cumulative NEP at both sites. On average, the mean difference between
the onset of transpiration and carbon uptake at OJP and OBS was equal
to, or smaller by one day, respectively (Table 1). This also supports
previous work that showed a strong temporal correlation between
tree-level stem radius change and tower-based NEP measurements in an
evergreen forest (Zweifel et al., 2010). We also observe increased
evapotranspiration at both sites during the onset of transpiration, but
where the onset of ET is less clear. Small peaks in ET during the spring
align with the end of temperature-driven cycles and onset of transpira-
tion, showing a small decline in ET during stem rehydration (Figs. 5 and
6). Additionally, our proposed method allows observations of transpi-
ration during sporadic warm days after the end of the
transpiration-driven cycles. For example, we observed a single day or
few days where correlation coefficients surpassed the negative threshold
indicating transpiration after the end of the growing season in 2016
(Fig. S1), 2018 (Fig. S5) (at OJP only) and 2019 (Figs. 4 and 5). This
occurred on days when air temperature (but not necessarily soil tem-
perature) briefly rose above 0 °C. These days aligned with small peaks in
ET. The analysis offers a novel approach for understanding the potential
for wintertime photosynthetic activity (Sevanto et al., 2006) which is
projected to increase under future climate warming scenarios (Vitasse
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et al., 2018).

We compared the timing of transpiration phenological changes with
remotely sensed G.. and SIFjelative to explore the link between stem
radius measurements and canopy-level phenological change. The data
showed s strong correlation between the stem-temp and G, phenolog-
ical transition dates (Fig. 7) .The end of temperature-drive cycles is in
good agreement with the 10% ‘greenness rising’ transition date, and that
the onset of transpiration indicates a great coherence with 25%
‘greenness rising’ transition dates from G¢.. The end of transpiration-
driven cycles in the fall was observed near the 10% and 25% ‘green-
ness falling’ transition dates. Furthermore, the end of temperature-
driven cycle, onset of transpiration in spring and the end of
transpiration-driven cycle in fall align closely with variability in SIFe.
lative- Additionally, changes in transpiration-driven cycles are reflected
in SIFielative and Gee signals. In particular, in 2017 and 2019, we
observed the onset of stem rehydration and transpiration that was fol-
lowed by a period of no transpiration-driven cycles and a corresponding
decrease in SIF¢lative (in 2019) and G signals. After slightly more than a
week, trees resumed transpiration and we observed increases in both G
and SIF.¢ative signals. These relationships are explored further in Pierrat
et al. (2021). SIFelative has been shown to effectively track seasonal
changes in photosynthetic phenology (Magney et al., 2019; Parazoo
etal., 2018; Pierrat et al., 2021, 2022) as well as having generally good
agreement with G, (e.g., Melaas et al., 2016; Richardson et al., 2018;
Seyednasrollah et al., 2020). Thus, transpiration phenological assess-
ment that focus on the timing of changes in tree hydraulics and stem
temperature are well aligned with canopy-level observations that reflect
photosynthetic activity. The comparison across methods that provide
insights into distinct, but interrelated processes (i.e., transpiration and
photosynthetic activity) highlights the advantage of combining distinct
approaches to study vegetation phenology.

Finally, phenological assessment using stem-radius and sapwood
temperature measurements provides a unique opportunity to investigate
species-specific phenological responses to environmental change
beyond what eddy-covariance derived measurements can provide alone.
Eddy-covariance derived ET are spatially integrated and influenced by
understory activity and evaporation (Chu et al., 2021; Pappas et al.,
2020). The stem-radius measurements are species-specific and provide
viable measurements under variable terrain and weather conditions.
Thus, stem-temp approach enables phenological assessments of tran-
spiration only and can complement eddy-covariance measurements. The
combination of stem-temp approach and eddy-covariance method allow
comparison of onset of transpiration, evapotranspiration, photosyn-
thetic activity, and carbon uptake at the stand level as shown here
(Figs. 4 to 6) and allows investigation of the synchronicity of these
distinct processes. This evidence the usefulness of this alternative
approach in tracking phenological transition dates in the boreal forest.
Additional investigation is needed to understand how the results pre-
sented here compare to other evergreen sites.

The stem-temp approach is extremely useful during periods where
snow cover may obscure remote sensing observations from both satellite
or tower-based measurements (Pierrat et al., 2022, 2021). Even Gcc,
which is simple and proven useful phenological measurement is
disturbed by snow cover. There are periods during the transition phase
where snow intercepted by the canopy does not allow continuous Gcc
monitoring as we observed at OBS. The higher snow-catch efficiency of
the jack pine canopy when compared to black spruce did not allow
assessment of Gece transition dates at this site. We observed more days
with snow cover from canopy images at OJP (phenocam.nau.edu/-
webcam/sites/canadaojp/) when compared to OBS, which may be
related to the difference in branch and foliage architecture (i.e., jack
pine has longer and stiffer needles that grows in bundles, with branches
growing laterally or ascending). The higher snow-catch efficiency of
individual jack pine trees (i.e., not rereferring to stand density of the site,
but individual level) when compared to black spruce trees have been
previously observed at the sites (Balland et al., 2006). The presence of
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snow over vegetated targets, for example the tree that can intercept
snow for longer periods, complicates the use of remote sensing and other
metrics for determining spring phenology (Nelson et al., 2022). Snow
cover and snow-catch efficiency do not interrupt stem-radius measure-
ments, making them a useful and complementary tool in validation and
interpretation of phenological changes approximated by other metrics.

The onset of transpiration in spring overlapped with the snowmelt in
every observed year (2016-2020, five years). This shows an interesting
overlap of phenological events in the boreal forest during spring,
snowmelt and transpiration onset. Previous work at the studied sites
(OJP and OBS) showed a strong correlation between the onset of carbon
uptake and snowmelt in the spring (observations: 2011-2015) (Ahmed
et al., 2021). Bowling et al. (2018) also showed that the onset of tran-
spiration occurs during snowmelt in the Rocky Mountains. Snowmelt
timing is changing (Chen et al., 2015), and snowpack is declining in
northern latitudes (Mote et al., 2018; Musselman et al., 2021; Pederson
et al., 2013). Thus, understanding the relationship between snowmelt
and onset of transpiration in the spring is important to foresee the
impact of environmental changes on vegetation phenology. Our pro-
posed stem-temp approach provides the opportunity for a continuous
and high-temporal resolution (i.e., daily) monitoring of transpiration
phenology to identify phenological changes and the long-term rela-
tionship with snowmelt and climate warming impacts.

5.2. Tracking transpiration phenology: a new way forward?

We are not aware of any other technique that has evaluated the
timing of phenological transition dates in tree transpiration from spring
to fall. Sap flow measurements can provide an assessment of transpira-
tion onset. Recent research has shown that one can track changes in
transpiration in cold environments by developing new zero flow base-
lines per tree to address changes in air temperature during this period
(Chan and Bowling, 2017). Sap flow sensors offer the possibility to
detect transpiration but lack information on changes in storage. Thus,
the detection of tree hydraulic phenology with dendrometers offers the
unique opportunity to identify the timing of transpiration and storage
rehydration processes in the spring. While eddy-covariance derived ET
provides an indirect assessment of transpiration, ET is also influenced by
understory transpiration and by snow sublimation in the spring, the
latter can be a large component during the onset of the growing season
(Broxton et al., 2015; Molotch et al., 2007; Sexstone et al., 2016). Thus,
stem radius measurements can provide complementary information
during spring onset, not observed by other methods. Future investiga-
tion should also focus on tree-to-tree variation. This could be done by
monitoring stem radius and sapwood temperature simultaneously in all
measured individuals. Our study was limited in this aspect as we carried
the analysis based on the average species response. This information
could provide transpiration phenology assessment at the
individual-level.

Even though transpiration is closely linked to photosynthesis,
distinct processes are captured among different measurements that can
provide new perspectives on the timing of phenological changes (Pierrat
et al., 2021). Thus, coupling different approaches that allow distinct
assessment may improve this daunting task of defining onset and end of
growing season in northern environments (Ahmed et al., 2021; Nelson
et al., 2022). Additionally, phenological assessment that offers
species-specific changes at daily resolution is necessary to investigate
synchronicity of distinct processes and better understanding of the
complex relationship with environmental drivers. This can help to detect
when trees are transpiring and guide assessment of tree water use in
ecosystems that goes dormant during winter (Nehemy et al., 2022) .
Daily resolution assessment of transpiration phenological change is also
important during shoulder seasons when there is large variability in air
temperature that leads to re-freezing of stems and delays the onset of
transpiration as we observed in 2017 and 2019 in this study. The
observation of re-freezing of steams can be the norm rather than
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exception and longer-term observations is necessary to observe this
behavior. This is important with recent evidence showing that the
increasing length of growing season with climate warming may lead to
increased plant exposure to frost in the spring after onset of transpiration
(Liu et al., 2018; Richardson et al., 2018).

6. Conclusion

We showed that the use of stem-temp approach allows a daily
assessment of the timing of four transpiration phenological changes, (i)
the temperature-driven cycles indicating the start of the growing season,
(ii) the onset of stem rehydration, (iii) the onset of transpiration, and (iv)
the end of transpiration-driven cycles indicating the end of the growing
season. These phases can be both quantitatively assessed through the
correlation coefficients between stem radius and stem temperature data,
or stem radius and air temperature. We showed that tracking transpi-
ration phenology using this new approach is in good agreement with
canopy-level assessment of vegetation phenology through the use of
Gcce. The timing of onset of transpiration observed through stem-temp
assessment aligns well with observations of increase in ET, SIF, onset
of net positive carbon uptake and snowmelt timing at both studied sites.

The stem-temp approach provides information about distinct pro-
cesses that cannot be assessed with canopy-level phenological change
measurements and is thus useful to understand species-specific pheno-
logical responses to climate warming. Phenological assessment through
the use of stem radius is not affected by variable atmospheric conditions
during shoulder seasons and is also not affected by canopy snow cover
which limit eddy-covariance and remote sensing observations. Pheno-
logical assessment with stem radius change also offers opportunities to
inform existing eddy-covariance infrastructure across North-America (e.
g., FLUXNET and NEON sites) and sites with phenocams (e.g., Pheno-
Cam Network) to improve our understanding of the links between
transpiration phenology, photosynthetic phenology, and the seasonal
cycles of carbon and water in northern ecosystems.
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