
1. Introduction
Tree water uptake for transpiration is the largest terrestrial water flux (Schlesinger & Jasechko,  2014; Wei 
et  al., 2017) and is increasing as the world warms (Pascolini-Campbell et  al.,  2021). Thus, investigating and 
identifying the water sources for tree transpiration and how those sources vary in time and space is fundamental 
to our understanding on the impacts of vegetation on the hydrological cycle. Whilst many studies in the past 
decade have revealed important insights into tree water use within the growing season (e.g., Brooks et al., 2010; 
Carrière et al., 2020; Geris et al., 2015; Hahm et al., 2020; Hervé-Fernández et al., 2016), we still know very little 
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Plain Language Summary Are trees thirsty for snowmelt when they wake up in the spring? Most 
studies have investigated the source of transpiration in the summer. Here we investigate the water source for 
transpiration prior, during and after snowmelt in the boreal forest. Our data shows that when the snow melts 
and recharges soil water storage, trees also refill internal water stores and rehydrate. Evergreen species start to 
transpire during snowmelt. While there is a clear overlap between snowmelt and when trees begin to transpire, 
the tracer data does not show the same. The tracer signature in the canopy did not reflect the snowmelt 
soil-water signature until one or 2 weeks after the onset of transpiration. Our transpiration age estimates 
suggest that this mismatch in tracer signature between trees and soil results from the time it takes for water to 
travel inside the trees, from roots to canopy. We conclude that trees use snowmelt water to rehydrate and start 
transpiring in the spring. Our findings shed light on ecohydrological investigations and highlight the importance 
of snowmelt water input to boreal forest spring onset and carbon uptake.
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water use was detected earlier

•  Tree water transit time explained the 
time lag between the xylem water shift 
(at canopy-level) to snowmelt water 
signatures from soil water
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about patterns of tree water use in ecosystems that experience winter dormancy (Snelgrove et al., 2020; Tetzlaff 
et al., 2021). Furthermore, identifying what water sources are used during post-winter rehydration and during 
the onset of growing season transpiration is crucial for understanding the connectivity between sources of tran-
spiration, streamflow and groundwater recharge. Beyond hydrology, forest productivity in northern latitudes is 
largely explained by spring onset conditions (Pulliainen et al., 2017; Richardson et al., 2013; Rossi et al., 2011). 
Thus, identifying tree water availability and uptake during spring onset is key to establishing links between water 
sources and photosynthetic carbon uptake in cold regions. This knowledge is especially important under climate 
change where the onset of spring snowmelt is trending earlier in many regions (Chen et al., 2015), with reduced 
snow water stores (Lawrence & Slater,  2010), shortened winters and longer growing seasons (Barichivich 
et al., 2013; Linderholm, 2006).

One promising tool for quantifying tree water sources are stable isotopes of oxygen and hydrogen ( 18O and  2H, 
respectively) as tracers. In the past decade, these naturally-occurring tracers have revealed that transpiration 
seems to be supplied by resident soil water pools tightly bound to the soil matrix and seasonally lagged from 
precipitation inputs (Brooks et al., 2010). Many studies have shown that water that sustains transpiration through-
out the growing season appears to be recharged during the previous wet season (Allen et al., 2019; Brinkmann 
et al., 2018; Xu et al., 2019). Tree water source investigations have also shown that the xylem water isotopic 
composition tends to be more similar to soil matrix water (i.e., less mobile), and distinct from the more mobile 
soil water that travel via preferential flow paths and feeds the streams (Brooks et al., 2010; Evaristo et al., 2015; 
Goldsmith et al., 2012; Knighton et al., 2019). This apparent lack of hydrologic connectivity between sources of 
transpiration and streams—ecohydrological separation (Brooks et al., 2010) — means that transpiration may be 
supplied by water that is stored in small pores within the soil matrix that are disconnected, or temporally discon-
nected (Hervé-Fernández et al., 2016; Zhao et al., 2018), from recent precipitation inputs that bypass the soil 
matrix and recharge groundwater and later becomes streamflow. The mechanisms behind observed ecohydrolog-
ical separation are still debated (Barbeta et al., 2019; Chen et al., 2020; Sprenger & Allen, 2020) and new research 
is advancing model-based understanding (Finkenbiner et al., 2021). Clearly, identifying tree water sources is key 
to understanding the coupling of precipitation inputs and transpiration (Miguez-Macho & Fan, 2021), and how 
transpiration affects streamflow processes and depletes subsurface water storage (McDonnell et al., 2018).

Subsurface water storages are mainly recharged during spring snowmelt in northern latitudes (Harpold et al., 2015; 
Jasechko et al., 2014). Trees, too, seem to rehydrate and recharge internal water storages (i.e., inner bark and 
sapwood) in the spring following snowmelt, storing large volumes of water (Young-Robertson et  al.,  2016). 
Studies in northern forests have also shown that the onset of transpiration can occur when snow still covers the 
ground (Chan & Bowling, 2017; Turcotte et al., 2009) and that freezing soil temperatures reduce, but not elim-
inate, transpiration and photosynthetic activity (Bergh & Linder, 1999; Sevanto et al., 2006). The question thus 
becomes: Do trees wake up thirsty and use this season's snowmelt water, or do they rely on pre-melt soil water 
and groundwater for their rehydration and early onset of transpiration? How can we better understand tree water 
use for ecosystems coming out of winter dormancy?

Understanding the timing of stem rehydration and the onset of transpiration is critical because of its role in deter-
mining ecosystem carbon and water fluxes (Richardson et al., 2013). While both deciduous and evergreen species 
experience the same environmental conditions in a plot or foreststand, these functional groups show distinct 
timing in their transpiration phenological phases (Pierrat et al., 2021). Deciduous species drop their leaves in the 
fall, consequently, the production of leaves is required before transpiration can resume in the following season. 
In contrast, evergreen taxa retain their needles but undergo biochemical changes to downregulate transpiration 
and photosynthetic activity (Adams III et  al.,  2002; Oh et  al.,  2013; Oquist & Huner, 2003). These seasonal 
life history differences have the potential to alter the timing of transpiration initiation in the spring. As such, 
information about dynamic spring onset by the different taxa or functional groups is important. Canopy “green-
ness” indices, such as the green chromatic coordinate (Gcc), measured using phenocams have been successfully 
applied to identify the timing of phenological transition phases of leaf-level physiological changes associated 
with photosynthetic capacity (Richardson, 2019; Seyednasrollah et al., 2021). Stem radius change monitored with 
high-resolution dendrometers can provide information on the timing of specific phenological transition phases 
from dormant (i.e., freeze-thaw stem cycles) to actively transpiring trees (i.e., transpiration driven stem cycles), 
thus indicating periods of stem rehydration and onset of transpiration (Pierrat et al., 2021; Sevanto et al., 2006; 
Turcotte et al., 2009; Zweifel & Hasler, 2001). Thus, combining phenological measurements along with stable 
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isotope tracing is key to understanding mechanisms that drive tree water use in ecosystems that experience winter 
dormancy.

Here we use a cold region environment to test the ecohydrological separation hypothesis during spring onset. We 
question how connected is transpiration onset to incoming mobile snowmelt relative to pre-melt matrix water? 
We combine measurements of the phenological transition from winter dormancy to the onset of transpiration 
using tree hydraulic measurements and canopy greenness index with isotope tracing during the largest hydrolog-
ical event of the year in northern ecosystems —snowmelt—to understand the connectivity between source water 
of transpiration and streams. We sample tree water and available source waters (i.e., soil, precipitation, snowmelt) 
for isotopic analysis (δ 18O and δ 2H) on a weekly basis before, during and after snowmelt in two boreal forest 
stands in central Saskatchewan, Canada. We couple isotopic sampling with tree hydraulics monitoring using sap 
flow sensors, high-frequency circumference dendrometers and Gcc to monitor the phenological transition from 
winter dormancy to the onset of transpiration at both sites. We then use our combined approaches to address the 
specific questions: (a) When do evergreen and deciduous conifers initiate water uptake in relation to snowmelt? 
(b) What is the source of transpiration during spring onset for both evergreen and deciduous trees and how does 
it evolve in the first weeks? (c) Do we observe an ecohydrological separation between trees and streams during 
the snowmelt-transpiration period?

2. Material and Methods
2.1. Site Description

We conducted our study in two sites that are part of the long-term Boreal Ecosystem Research and Monitoring 
Sites (BERMS) located in the Boreal Plains ecozone in Saskatchewan, Canada (Figure S1 in Supporting Infor-
mation S1). The sites are the Old Jack Pine (OJP; 53.92°N, 104.69°W, elevation 579.3 m) and the Old Black 
Spruce (OBS; 53.98 N, 105.12 W, elevation 628 m). The canopy at OJP is dominated by jack pine (Pinus bank-
siana) (Figure S2 in Supporting Information S1), while the canopy at OBS is composed mainly of black spruce 
(Picea mariana) with some sparse larch (Larix laricina) (Figure S3 in Supporting Information S1). The soils 
at OJP are classified as well- or rapidly-drained fine sandy soils with properties of the orthic eutric Brunisolic 
order (Barr et al., 2012; Kalyn & Van Rees, 2006). The water table depth is located between 5 and 8 m below 
the ground surface. The soils at OBS have properties of the gleyed eluviated eutric Brunisolic order, overlain by 
approximately 10–20 cm of peat. The soil at OBS are classified as imperfect to poor drainage sandy loam to loam 
till soils (Kalyn & Van Rees, 2006). The water table depth varies between 0 and 1 m throughout the year (Barr 
et al., 2012). The region's climate is classified as continental humid (Dfb; Köppen climate classification) with 
short warm summers and long, cold winters. The region's mean annual air temperature (1989–2010) is 1.4°C and 
the mean annual precipitation is 423 mm (Environment and Climate Change Canada meteorological station at 
Prince Albert; 53.22°N, 105.67°W; https://climate.weather.gc.ca/climate_normals/). Snowfall represents 30% of 
the total precipitation (Barr et al., 2012).

2.2. Meteorological and Hydrometric Recording at BERMS

Both BERMS sites log air temperature (HMP45C, Vaisala Inc., Oy, Finland) above the canopy level (OBS 25 m; 
OJP 29 m). Rain gauges are in small forest clearings and precipitation is recorded using an accumulating gauge 
(Geonor model T-200B all weather weighting precipitation gauge with an Alter shield, GEONOR, Inc., Augusta, 
NJ, USA). OJP and OBS monitor soil volumetric water content (VWC) with water content reflectometers (CS615, 
Campbell Scientific, Logan, UT, USA) at two locations per depth. Soil volumetric water content is recorded at 
15, 30, 60, 90, 120, and 150 cm depths at OJP and 2, 7.5, 22, 45, and 60 cm depths at OBS. Soil temperature 
measurements were taken at 2, 5, 10, 20, 50, and 100 cm depths using Type-T (copper-constant) thermocouples 
at two locations per depth and averaged together. All environmental data is recorded at 30-min time resolution. 
We downloaded all data from the Wiski web server containing the BERMS database using the R package WISKIr 
(Shook, 2015).

Continuous snow depth is monitored at OJP and OBS using an ultrasonic snow depth gauge (UDG01, Campbell 
Scientific, Logan, UT, USA) situated within the forest canopy. Additionally, snow surveys are conducted at 
least once a month between October and April at both sites. At OJP, a networked digital camera (P1357, Axis 
Communications, Lund, Sweden) is mounted to the tower that allows for visual canopy and snow ground cover 

https://climate.weather.gc.ca/climate_normals/
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monitoring through repeat photography. This study combined snow depth, photographic visual ground cover 
information, site visits, and surface soil temperature (i.e., the snowpack insulates the soil near the surface result-
ing in near-constant soil temperatures until snow melt, when surface soil temperature raise above zero and shows 
variability after melt (Zhang, 2005)) to determine the first snow free day.

2.3. Stable Isotope Dynamics

We sampled the isotopic values of water from xylem (n = 280), soil (n = 556), groundwater (n = 20) and the 
stream (n = 60) weekly between March and May 2018. We collected snowmelt water (n = 2; sub-samples = 6) 
in the last week of April. We collected precipitation from November of 2017 to October of 2018 at both sites 
(n = 420). We used three randomly located permanent plots (radius = 25 m) at OJP and OBS for sample collec-
tion. We used the plots to understand the spatial variability in soil and tree water isotopic composition within each 
sampling campaign. We randomly sampled trees within the same plot.

2.3.1. Stable Isotope Sampling: Xylem, Soil, Precipitation, Snowmelt, and Stream

We sampled xylem water by collecting suberized branches at canopy height (Figure S4 in Supporting Informa-
tion S1) (approximate diameter of 2–4 cm). Each week we sampled 15 jack pine trees (five per plot), 15 black 
spruce trees (five per plot), and only one larch tree because of the low stem density. We immediately processed 
branches in the field. We did this by rapidly removing all bark from the branch, storing xylem samples in glass 
vials, and sealing the vial with parafilm. Next, we sampled bulk soil within the same plot (Figure S5 in Support-
ing Information S1). We paired xylem and soil samples by sampling all trees and the soil within the closest prox-
imity possible. We sampled bulk soil by gently removing the lichen and moss from the soil surface and collecting 
samples using a soil auger. We sampled soil every 20 cm from 20 to 200 cm depths at OJP and at 10 cm intervals 
from 10 to 100 cm at OBS. This difference reflects each species' characteristic root depth distribution and water 
table depth at OBS. Black spruce and larch trees are described as shallow-rooted species (<60 cm) that invest in 
near-surface lateral roots (Lieffers & Rothwell, 1987; Strong & Roi, 1983). Jack pine trees in eutric Brunisolic 
soils show <2 m depth root systems, most commonly not extending beyond depths of around 1.3 m (Strong & 
Roi, 1983). The Supporting Information S1 provides a more detailed description of xylem and soil sampling 
(Sections 2.1 and 2.2 in Supporting Information S1).

We collected total weekly snowfall using an open container (diameter = 25 cm) placed in the center of each 
sampling plot. We sampled snowfall on the morning of each weekly sampling campaign. Later in the spring, we 
switched to rainfall collectors. We installed rainfall collectors in an open clearing at approximately 1 m above 
the ground at each site. We also placed rainfall collectors inside each plot to collect throughfall. We sampled 
rainfall and throughfall weekly. Prior to the beginning of the 2017 snow season, we installed small snowmelt 
lysimeters at both sites inside one of the plots, underneath the canopy, following the method used by Coles and 
McDonnell (2018). After the last week of snowmelt in the spring, we retrieved the collected bulk snowmelt water. 
We also collected grab samples of stream water at locations on White Gull Creek draining the catchment area of 
both OJP and OBS.

All samples were transported to the Hillslope Hydrology Lab, University of Saskatchewan and stored in a fridge 
at approximately 4°C until water extractions and further isotopic measurements were completed. Because of the 
distance between site locations and the duration of each extensive field sampling, we were not able to sample 
both sites within the same day. However, we sampled both sites within a day of each other and on one occasion, 
within 3 days.

2.3.2. Isotope Analysis

Snowfall, rainfall, snowmelt and stream water samples were analyzed for isotope ratios using a liquid water off 
axis integrated-cavity output spectroscopy analyzer (IWA-45EP OA-ICOS; Los Gatos Research Inc., San Jose, 
CA, USA). Laboratory repeatability was 0.2 and 1.0 ‰ δ 18O and δ 2H, respectively.

We extracted xylem and soil water using a cryogenic vacuum distillation method following Koeniger et al. (2011) 
(Figure S6 and Section S3 in Supporting Information S1). All water samples were filtered using a 45 μm nylon 
disk filter and stored in solid capped 2 ml glass vials until isotopic analysis. The extracted soil water was also 
analyzed using an IWA-45EP OA-ICOS. Xylem water isotope analyses were carried out at the National Hydrol-
ogy Research Centre Stable Isotope Laboratory using an Isoprime isotope ratio mass spectrometer (IRMS) 
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(Elementar UK Ltd, Cheadle Hulme, UK). Hydrogen isotope values were measured by on-line reduction of the 
water sample to hydrogen by reaction with elemental chromium (Morrison et al., 2001). The oxygen isotopic 
values were determined using the CO2-water equilibration method (Epstein & Mayeda, 1953). The IRMS labora-
tory precision was ±0.12 ‰ and ±0.81 ‰ δ 18O and δ 2H, respectively.

2.4. Supporting Tree Water Source Investigation During Spring Onset: Tree Physiological and 
Phenological Monitoring

2.4.1. Sap Flow Measurements and Tree Water Transit Time

We installed Granier-type thermal dissipation sensors to measure sap flow density (Granier, 1987) of jack pine 
(n = 30), black spruce (n = 24) and larch (n = 10). We installed sensors at OBS and OJP in May 2016 and May 
2018, respectively. The sensors were self-manufactured following Pappas et al. (2018) and previously described 
in detail elsewhere (Matheny et al., 2014). Briefly, each sensor comprised of two hollow needles of 20 mm in 
length, containing type T thermocouples. We installed sensors in the outermost 20 mm of sapwood of each tree 
on the north-facing aspect. The lower needle was installed 100 mm vertically below the upper heated needle. We 
recorded each monitored tree's height and diameter at breast height (DBH). A data logger (CR1000; Campbell 
Scientific, Logan, UT, USA) recorded sap flow data at 1-min resolution. We further measured the sapwood depth 
of trees of different diameters at both sites (see Section 3 in Supporting Information S1 for additional details). This 
measurement allowed us to identify individuals where the probe (=20 mm) is inserted in non-conducting wood, 
which can underestimate sap flux measurements if not corrected (Clearwater et al., 1999; Peters et al., 2018).

We processed sap flow data using the TREX R package (Tree sap flow Extractor; R Core Team, 2019) (Peters 
et al., 2021). Small data gaps due to power loss at the end of May at the OJP site remained unfilled. Follow-
ing the processing workflow implemented in TREX, we converted the raw measurements to sap flux density 
(cm 3 cm −2

sapwood h −1) (Granier, 1987). Briefly, the sap flux density is calculated using the temperature differ-
ence between a heated and an unheated probe relative to the maximum temperature difference during zero flow 
conditions (ΔTmax). Because of the lack of species- and site-specific calibration, we used calibration coefficients 
from the literature as implemented in TREX, in combination with a best-fit assessment (Peters et al., 2021). We 
used the “genus” level calibration coefficients for black spruce and larch (“Picea” and “Larix,” respectively), 
and “wood” level calibration coefficients for jack pine (“Coniferous”) when calculating sap flux densities (using 
function: tdm_cal.sfd). Next, we converted sap flux density to sap velocity (m d −1) and tree water travel time 
(d) (Meinzer et al., 2006). We calculated the latter by integrating sap flux density to daily values per individual 
tree and dividing the specific height (m; water travel distance) by the sap flux density, allowing us to compute 
the standard error per species. For sap velocity (m d −1) and tree sap travel time (d) calculations we did not 
use  trees that required large sapwood corrections (DBH <9 cm) to reduce uncertainties in these estimates. We 
also excluded trees that showed signs of wounding effect (e.g., Figure S7 in Supporting Information S1). We used 
the tree water transit time as an estimation of the time it takes for a water parcel to travel from the roots (entry 
point) to the canopy (exit point).

2.4.2. Stem Radius Measurements

We monitored changes in stem diameter using automatic circumference dendrometers (DC2 and DC3, Ecomatik, 
Dachau, Germany) in black spruce and larch (n = 13; each) and jack pine trees (n = 18) at breast height for 5 years 
(2016–2020). We used HOBO data loggers (HOBO UX120-006M; ONSET, Bourne, MA, USA) to record the 
data at 30-min resolution. Each data logger recorded data for up to four dendrometers from the same species. We 
converted dendrometer measurements to μm following the manufacturer's specification. We further processed the 
data to identify periods that indicated sensor malfunctioning due to battery failure and/or wildlife interference. 
We omitted short data periods that indicated malfunctioning or sensor failure with no attempt at gap filling.

We isolated tree hydraulic signals by using the empirical stem diurnal cycle approach of King et  al.  (2013). 
We used the stem diurnal cycle and hydraulic signal to determine the phenological timing of stem rehydration 
and the onset of transpiration in the spring described previously in Pierrat et al. (2021). Briefly, we identified 
stem rehydration by the continuous increase in stem radius after the detected end of freeze-thaw stem diurnal 
cycle (Améglio et al., 2001; Sevanto et al., 2006; Zweifel & Häsler, 2000). Stem rehydration is followed by the 
characteristic transpiration-induced stem diurnal cycle indicating the onset of transpiration in the spring. The 
transpiration induced-diurnal cycle reflects the balance between water loss from transpiration and water uptake 
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from soil (Kozlowski & Winget, 1964; Steppe et  al., 2006). The transpiration induced-diurnal cycle shows a 
maximum amplitude in the morning and a minimum in the afternoon, opposite to the freeze-thaw cycle (Améglio 
et al., 2001; Sevanto et al., 2006; Zweifel & Häsler, 2000).

Beyond our phenological assessment of transpiration using stem diurnal cycle information, we also report the 
sub-hourly stem radius in relation to its maximum radius recorded in the previous growing season (Zweifel 
et al., 2016). This assessment allows direct observations of stem rehydration and when trees completely refill tree 
water storage (Zweifel et al., 2016). We did this by subtracting the maximum stem radius recorded in the previ-
ous growing season (i.e., zero-growth line) from the 30-min measurement of each specific tree. The spring stem 
rehydration ceases when trees surpass the zero-growth line and recover tree water status (i.e., storages are fully 
hydrated). During the monitoring period, we observed synchronous and homogeneous variations in stem size 
between individuals of the same species. We thus report the species stem radius average per site and sub-hourly 
standard deviations.

2.4.3. Canopy Greenness Index Measurements

We used the Gcc to track the onset of canopy level photosynthetic activity and leaf out period in the spring. For 
evergreen species (i.e., black spruce), greenness raising (i.e., greening up) indicates changes in leaf pigmen-
tation and photosynthetic capacity. For deciduous conifers the green-up is direct evidence of leaf emergence 
(Richardson, 2019). At OBS, a “phenocam” is mounted to a tower at canopy height level contributing to the 
PhenoCam Network. The phenocam takes time lapse images of the canopy at 30-min intervals (see https://pheno-
cam.sr.unh.edu/webcam/; Richardson et al., 2018, 2019). The PhenoCam Network processes the images provid-
ing the Gcc data for both black spruce and larch. Gcc time series analysis offers the greenness rising transition 
dates based on predefined thresholds (10%, 25%, and 50%) of the seasonal Gcc amplitude per species (Richardson 
et al., 2018; Seyednasrollah et al., 2019).

2.5. Data Analysis and Visualization

To identify if the onset of rehydration and transpiration overlapped with snowmelt, we first carried out a pheno-
logical assessment of transpiration using the stem diurnal cycle approach. We did this by determining the timing 
of the rehydration phase by identifying the end of the freeze-thaw cycle and the continuous increase in stem 
radius in the spring (described in Section 2.4.2). Then, we determined the onset of transpiration by identifying 
when the transpiration-induced cycles started. We also used the greenness index to identify the leaf out period 
for the deciduous species to contrast with the phenological assessment from the stem cycle approach. Finally, 
we compared transpiration onset dates with snow depth timeseries to understand when trees start to transpire in 
relation to snowmelt.

We used the weekly isotope data to evaluate the temporal evolution of soil and xylem water. First, we evalu-
ated assumptions of normality in xylem and soil isotope data using quantile-quantile plots, histograms, and 
the Shapiro–Wilk test. Because the data were not normally distributed, we used non-parametric Kruskal-Wallis 
(Kruskal & Wallis,  1952) and Dunn's multiple comparison tests (Dunn,  1964) to assess changes in soil and 
xylem water isotopic composition. We first assessed if the xylem and soil isotopic composition differed between 
the three sampling plots within each site (OJP and OBS). We did this to evaluate whether there was a signifi-
cant difference in xylem water across the canopy of sampling trees between plots and in the soil in any given 
week. Then, we assessed the temporal trajectory of the xylem and soil water. We also used the non-parametric 
Kruskal-Wallis and Dunn's tests to detect significant changes in the isotopic composition of xylem and soil water 
across the multiple sampling weeks. We did this to understand how (i.e., more depleted or more enriched) and 
when we observed changes in the isotopic composition of xylem and soil in relation to snowmelt (i.e., prior, 
during or after snowmelt). We adjusted p-values according to Benjamini and Hochberg (1995) to control false 
discovery rates (Benjamini & Hochberg, 1995). The significance level for all statistical tests was set to the 95% 
confidence interval.

Finally, we used the identified onset of transpiration date to compare with changes in xylem isotopic compo-
sition per species. We contrast identified shifts in xylem isotopic composition with species-specific transit 
times obtained from sap flow measurements. We used dual-isotope inference to compare the isotopic compo-
sition between xylem, soil, precipitation, and snowmelt and identify tree water sources guided by phenological 

https://phenocam.sr.unh.edu/webcam/
https://phenocam.sr.unh.edu/webcam/
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observations of transpiration and physiological observations of tree water transit times. All data analyses and 
visualizations were done using R, version 3.5.1 (R Core Team, 2019).

3. Results
3.1. The Overlap of Stem Rehydration and Transpiration With Snowmelt

The onset of stem rehydration for the three species was observed during the snowmelt period (Figures 1 and 2). 
Stem rehydration initiated on April 18 for jack pine and black spruce, followed by the onset of transpiration for 
jack pine (Figure 1a; Figure S13 in Supporting Information S1) and black spruce on April 25 (Figure 2b; Figure 
S14 in Supporting Information S1). Stem rehydration is observed by the rapid increase in stem radius, prior to the 
onset of a transpiration-induced diurnal cycle, and after the end of the freeze-thaw cycle (Figures 1a and 2b). The 
onset of rehydration is also aligned with the start of canopy greenness rising, derived from the black spruce GCC 
time series (Figure 2a). Transpiration onset for larch occurred on May 12, consistent with the needle-unfolding 
period observed with canopy greenness rising for this species (Figure 2a). On May 18, the larch canopy reached 
50% amplitude of Gcc.

The primary snowmelt period occurred during the last 2 weeks of April at both sites (Figures 1c and 2c). The 
snow “end date” (i.e., no snow left on the ground) was observed on May 1 at OJP and May 5 at OBS. The end of 
the snowmelt melt period occurred after the onset of stem rehydration and transpiration.

Volumetric water content from shallow soil layers increased rapidly and synchronously with the decline in snow 
depth. We acknowledge that water content reflectometers are notoriously poor at recognizing ice in the soil profile. 
Nevertheless, measured soil volumetric water content behaved in an expected manner where water content started 
to increase on April 18 with the infiltration of melt water at both sites (Figures 1b and 2b). The average pre-melt 
soil water content at the shallow soil layer at OJP was 0.04 cm 3 cm −3. Soil volumetric water content after the melt 
onset reached field capacity (0.13 cm 3 cm −3; Barr et al., 2012) on April 24 and maintained values above field 
capacity until April 26. On the first snow-free day (May 1), volumetric water content in the shallow layer was 
0.11 cm 3 cm −3 and declined rapidly thereafter. At OBS, the volumetric water content was 0.16 cm 3 cm −3 prior to 
the snowmelt period for the shallow soil layer (below the peat surface) and peaked on April 26. Values reached 
0.41 cm 3 cm −3 during melt and started to decline on May 7. A rainfall event later in May increased shallow soil 
water content in both sites (Figures 1b and 2c).

3.2. Spring Water Isotope Dynamics

3.2.1. Precipitation and Snowmelt Water

The isotopic composition of precipitation for both OJP and OBS showed large variability when compared to 
streamflow and groundwater δ-values (Figure 3). Throughfall samples were not statistically distinct from precip-
itation collected at either site (p > 0.05, Kruskal Wallis test – KW). The integrated snowmelt water δ-values 
collected by the snow lysimeter were −20.30 ‰ ± 0.02 (Mean ± SE) δ 18O and −159.18 ‰ ± 0.18 δ 2H at OJP, 
and −21.05‰ ± 0.01 in δ 18O and −165.04 ‰ ± 0.04 in δ 2H at OBS by the end of the melt season.

3.2.2. Temporal Evolution of Soil Water

Soil water δ 18O and δ 2H did not differ significantly between the three sampling plots within each site, at OJP 
(p > 0.05, KW) and OBS (p > 0.05, KW). Weekly soil δ 18O and δ 2H data showed a small difference between 
the three sampling plots after snowmelt at OJP (Figure S11 in Supporting Information S1) and during the first 
week of snowmelt at OBS (Figure S12 in Supporting Information S1). The data suggested that soil water isotopic 
composition was somewhat similar across plots but presented some heterogeneity during and after the onset of 
snowmelt. Because of general similarities in soil δ 18O and δ 2H across plots (Figures S11 and S12 in Supporting 
Information S1), we grouped them per depth and similarity in isotopic composition for temporal assessment of 
soil water isotopic dynamics.

Soil water δ 18O and δ 2H at OBS and OJP showed a constant temporal isotopic composition in early spring 
(March 24–April 20; p > 0.05, KW), but a clear shift to more lighter-snowmelt water δ-values during the last 
week of snowmelt (Figure 4). When compared to weeks prior to melt, OJP soil water δ 18O and δ 2H became 
statistically more negative across the soil profile, from shallow (20–60 cm) to medium (80–140 cm) and deep 
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layers (160–200 cm) (p < 0.05, KW) (Figures 4b–4d, respectively). We observed the same shift in soil water δ 18O 
and δ 2H at OBS during the same week (Figure 4e). OBS soil water δ-values became statistically more negative 
on shallow (20–40 cm), medium (50–60 cm), and deep layers (70–100 cm) (p < 0.05, KW) (Figures 4g–4i, 
respectively). This change occurred 1 week earlier in the peat layer, the upper 10 cm, although not statistically 
significant (Figure 4f). Because the peat δ-values were consistently distinct from the sandy-loam layers below 

Figure 1. The phenological transition from winter to spring and onset of stem rehydration and transpiration at the Old Jack Pine site (OJP) in 2018. Panel (a) shows 
the mean stem radius variability of jack pine in relation to its maximum radius recorded in the previous growing season (2017) (zero-growth line; Zweifel et al., 2016). 
The stem radius shows negative values below the zero-growth line as a result of fall and winter stem dehydration. The onset of stem rehydration indicated by the first 
red dashed line shows a rapid increase in stem radius as a result of the refilling of internal water storage. The onset of transpiration indicated by the second red dashed 
line shows when trees started to transpire and present transpiration-induced stem diurnal cycles. Specific stem diel-cycle analysis of rehydration transpiration onset can 
be found Figure S13 in Supporting Information S1. Sampling dates (dashed gray line) indicate days when samples were collected for isotope analysis at the site. Panel 
(b) shows soil volumetric water content (VWC) across the different soil depths. Panel (c) shows snow depth. Panel (d) shows tower images from OJP indicating the 
transition periods. April 18 image shows conditions during stem rehydration with snow covering the ground and the beginning of the snowmelt period (blue dot; Panel 
d). April 25 image shows conditions during the onset of transpiration. May 1 image shows the first snow free day.
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Figure 2. The phenological transition from winter to spring and onset of stem rehydration and transpiration at Old Black Spruce site (OBS) in 2018. Panel (a) shows 
Gcc (“greenness index”) for black spruce and larch along with “greenness raising” transition dates (10%, 25%, and 50%). Sampling dates (dashed gray lines) indicate 
days when samples were collected for isotope analysis at the site. Insert in Panel (a) shows the annual pattern in canopy Gcc, with the red box indicating the main plot 
period. Panel (b) shows the mean stem radius variability of black spruce and larch in relation to their maximum radius recorded in the previous growing season (2017) 
(zero-growth line; Zweifel et al., 2016). The stem radius shows negative values below the zero-growth as a result of fall and winter stem dehydration. Stem rehydration 
indicated by the first red dashed line shows both species' onset of stem rehydration. The onset of transpiration indicated by the second red dashed line shows when black 
spruce started to transpire and showed a transpiration-induced stem diurnal cycle. Specific stem diel-cycle information of rehydration transpiration onset can be found 
in Supporting Information S1 (Figure S14 and S15, for black spruce and larch, respectively). Panel (c) shows soil volumetric water content (VWC) across the different 
soil depths and precipitation inputs. Panel (d) shows snow depth. Panel (e) shows tower images from OBS indicating the transition periods. April 18 image shows 
conditions during stem rehydration with snow covering the ground at the beginning of the snowmelt period (blue dot; Panel e). April 25 image shows conditions during 
the onset of transpiration of black spruce at the end of the snowmelt period. May 03 image shows just before the first snow free day.
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(20–40 cm), peat was not grouped with below layers during δ 18O and δ 2H 
temporal assessment.

3.2.3. Xylem Water Isotopic Values Prior, During and After Snowmelt

Weekly assessment of xylem water showed that black spruce and jack pine 
isotopic composition (δ 18O and δ 2H) did not differ significantly between the 
sampling plots within each site (p > 0.05, KW). There was only one exception 
for jack pine during the last week of March that showed distinct δ 18O and δ 2H 
in one of the sampling plots compared to the other two plots (p < 0.05, KW). 
Because of overall similar xylem water isotopic signatures within species, we 
pooled species data to evaluate temporal isotopic dynamics.

Xylem water of jack pine, black spruce and larch at canopy level showed 
a continuous temporal isotopic composition without significant variability 
in early spring (Figure 5). However, after snowmelt and onset of transpira-
tion, xylem data showed an asynchronous species temporal shift in δ 18O and 
δ 2H (Figure 5). This shift in δ 18O and δ 2H showed a change in xylem water 
to a more depleted isotopic composition in both  18O and  2H. We collected 
branches from the canopy in this study. Thus, when referring to xylem water 
hereafter, we refer to xylem water δ-values at the canopy level.

Jack pine xylem were consistent in both δ 18O and δ 2H across the initial six sampling weeks (March 24–May 2) 
(p > 0.05, KW; Mean ± SE: −13.25 ‰ δ 18O ± 0.12 and −116.10 ‰ δ 2H ± 0.77; n = 89) (Figure 5a). On May 
9 jack pine xylem water δ-values became more negative (−16.56 ‰ δ 18O ± 0.17 and −140.14 ‰ δ 2H ± 0.96; 
n = 15) in comparison to previous weeks (p < 0.001, KW), and showed an overlap with soil water isotopic 
composition from the last week of snowmelt (Figure 6). Jack pine xylem water δ 18O and δ 2H values continued to 
become more negative in the following week and became more positive at the end of May (Figure 5a).

Black spruce xylem water shifted to lighter δ-values following snowmelt 1 week earlier than jack pine (Figure 5b). 
Prior to the shift, the black spruce xylem water δ 18O and δ 2H were fairly stable across the previous weeks 
(p > 0.05, KW; −13.84 ‰ δ 18O ± 0.13 and −120.79 ‰ δ 2H ± 0.31; n = 60) and like jack pine xylem water 
δ-values became statistically more negative after snowmelt (p < 0.001, KW). The average black spruce  water 
δ-values became more negative on May 1 (−17.21 ‰ δ 18O ± 0.14 and −142.06 ‰ δ 2H ± 0.96; n = 15) and 
overlapped with the previous week's soil water (April 27) during snowmelt (Figure 7). Black spruce xylem water 
δ-values became more negative in the two consecutive weeks (May 8 and 15), indicating a continued use of 
snowmelt water. Larch showed the most delayed change among all species in xylem water δ-values. The shift to 
lighter δ-values in both δ 18O and δ 2H occurred on May 15 (Figure 5c) and became more positive on May 23 along 
with black spruce (Figure 7).

3.3. Tree Apparent Velocity

We used the sap flow data to estimate when the snowmelt water left the tree transport system. During early 
spring, the transport velocity of water calculated using sap velocities and tree height in jack pine, black spruce, 
and larch was 0.27 m d −1 ± 0.03 (n = 23), 0.57 ± 0.09 m d −1 (n = 13) and 0.50 ± 0.10 m d 1 (n = 8), respectively. 
Based on this information, the resultant tree water transit time was 18.7 ± 1.6 days for jack pine, 9.4 ± 1.4 days 
for black spruce, and 9.9 ± 1.4 days for larch during the sampling period.

3.4. Tree Water Status

As expected, trees were in water deficit in early spring (Figures 1a and 2b). During spring rehydration, the current 
stem radius measurement was below the previous maximum growing season's stem radius as a result of fall and 
winter dehydration (2017 – zero line in Figures 1a and 2b). The negative stem radius indicates that tree water 
status was below its maximum hydration and trees were still using water to refill internal water storage in early 
spring. Jack pine and black spruce refilled internal water storages and recovered previous maximum stem radius 
on May 25 (Figures 1a and 2b, respectively), after a rainfall event that also recharged soil water storages and 
increased volumetric water content (Figures 1b and 2c, respectively).

Figure 3. Local Meteoric Water Line (LMWL) from the Old Jack Pine site 
(OJP) and Old Black Spruce site (OBS) sites, along with individual samples of 
precipitation, groundwater and snowmelt from each site and nearby stream.
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Figure 4. Temporal dynamics of soil water across different depths at the Old Jack Pine site (OJP) (n = 290) and Old Black Spruce site (OBS) (n = 276) in the spring of 
2018. Panel (a) shows OJP mean δ 18O per depth across the 10-week spring transition period with a marked change in soil water δ-values on April 28. Panel (b–d) show 
transition in soil isotopic composition for shallow (20–60), medium (80–140) and deep (160–200) soil layers at the OJP site. Panel (e) shows OBS mean δ 18O value 
per depth across the 10-week spring transition period with marked change in soil water isotopic composition on April 27. Panel (f–i) show the transition in soil δ-value 
for peat (10 cm), shallow (20–40), medium (50–60) and deep (50–60) soil layer (70–100) at OBS. Red box plots indicate a statistically significant shift in soil water 
isotopic values (p < 0.05; KW).
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4. Discussion
4.1. Stem Rehydration and Onset of Transpiration Occurs During Snowmelt

We used stem radius phenological assessment of spring onset, snow depth measurements, soil moisture content 
and phenocams to understand the phenological overlap between tree transpiration and snowmelt. This hydromet-
ric data showed that the onset of spring stem rehydration overlapped with the beginning of the main snowmelt 
period in both OJP and OBS (Figures 1 and 2). Stem rehydration coincided with the increase in soil moisture and 
the decline in snowpack depth. Our observations of spring rehydration were consistent with published records of 
stem radius data in cold regions. After long periods of stem desiccation and winter shrinkage trees show marked 
rehydration prior to resuming physiological functioning in spring (Deslauriers et al., 2003; Eitel et al., 2020; 
Tardif et al., 2001; Turcotte et al., 2009). Young-Robertson et al. (2016) had previously investigated this overlap 
between snowmelt and stem rehydration. They suggested that stem rehydration results in a large sink of snowmelt 
water in boreal trees across Alaska and the Yukon. They showed a rapid increase in tree volumetric water content 
at the end of the snowmelt period for both evergreen and deciduous species. The broadleaf deciduous taxa (Betula 
neoalaskana and Populus tremuloides; paper birch and trembling aspen, respectively) showed higher rehydration 
volumes in their study. Young-Robertson et al.  (2016) estimated that about 25% of total snowmelt input was 
routed to deciduous rehydration; whereas small proportion of snowmelt available water (<1%) contributed to 
evergreen (Picea mariana; black spruce) rehydration. We also found relatively small stem rehydration volumes 
in our sites, which is mainly dominated by evergreens (data not shown).

Stem rehydration continued until late-May for jack pine and black spruce, when trees recovered stem water 
status and reached the previous year's maximum radius. But our stem radius data also showed a distinct 
transpiration-induced cycle starting about 1 week after the onset of rehydration on April 25 during the later stages 

Figure 5. Temporal dynamics of δ 18O in xylem water from jack pine (n = 139) (a), black spruce (n = 131) (b) and larch (n = 10) (c) during spring onset. Gray bars 
indicate the week when the onset of transpiration occurred. The red box plot indicates a statistically significant shift in xylem water δ-values (p < 0.05) in relation to the 
previous weeks (March 20–May 2 for jack pine; March 24–April 27 for black spruce). Larch's shift to more depleted signatures occurred during and after the observed 
onset of transpiration. Tree sketches were obtained from: treesofmnapp.com. See Figure S8 in Supporting Information S1 for temporal dynamics of δ 2H in xylem water.

http://treesofmnapp.com
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of the snowmelt period and along the observed peak in soil moisture at both sites (Figures 1 and 2). This lagged 
activation of the diurnal transpiration cycling is likely to occur only after trees reach minimum sapwood and inner 
bark water storage that can offset changes in xylem water potential driven by transpiration (Steppe et al., 2006; 
Zweifel et al., 2016). Our results support observations from other boreal sites where evergreen trees begin tran-
spiration before the snowpack completely melts (Bowling et al., 2018; Chan & Bowling, 2017).

Larch, the deciduous species, showed onset of transpiration in mid-May, approximately 3 weeks after the onset 
of transpiration for co-occurring black spruce. This period overlapped with the increase in the larch greenness 
index, indicating leaf unfolding. In 2019 and 2020, larch onset of transpiration also occurred approximately 
three weeks after the onset of black spruce at OBS (on May 22 and May 18, respectively) (Pierrat et al., 2021). 
Young-Robertson et al. (2016) also reported the onset of deciduous transpiration in May in Alaska and the Yukon.

4.2. Snowmelt Water Use and Observed Lags Due To Tree Transit Time

Knowing that the onset of rehydration and transpiration overlaps with snowmelt, the next question is: Are trees 
actually using snowmelt water to rehydrate and start transpiring? Young-Robertson et al. (2016) have speculated 
that snowmelt water stored in the stem during rehydration can contribute to transpiration after leaf-out of decidu-
ous trees and through the early growing season. However, their work did not use any tracer data. Without that line 
of evidence, it is difficult to know whether trees use infiltrated snowmelt water and if snowmelt water stored in 
stems sustains transpiration during the following weeks and summer. In an earlier investigation of tree water use 
after snowmelt, Bowling et al. (2017) using stable isotopes (δ 18O and δ 2H) revisited the stream side trees from 
Dawson and Ehleringer (1991). They showed that xylem from Acer negundo and A. gradidentatum (box elder 
and bigtooth maple, respectively) did not overlap in dual-isotope space with snowmelt signatures or even any 

Figure 6. Weekly dual-isotope plots of xylem along with snowmelt and soil water dynamics during the phenological transition from winter dormancy to spring onset 
at the jack pine site in 2018. The dotted line shows the Local Meteoric Water Line (LMWL). The rapid decrease in snow depth (main melt period) was observed 
between the week of April 19 and the week of April 28 (no snow on ground on May 1). Jack pine onset of transpiration was observed on April 25 during the last days 
of snowmelt. Large circle (pink) represents the average soil water isotopic composition from April 28 (−139.42 ± 9.77 δ 18O and −17.70 ± 1.20 δ 2H; Mean ± SD). The 
significant shift in xylem δ-values was observed on May 9 and showed a great overlap with soil water isotopic composition from April 28 (large pink circle). See Figure 
S9 in Supporting Information S1 for data displayed with reduced x and y axis range.
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other available sources during early spring (May and later in June). Their data refuted the hypothesis that trees 
would use snowmelt water that had infiltrated the soil during the melt season and supported the ecohydrological 
separation hypothesis of Brooks et al. (2010).

In contrast to Bowling et al. (2017), our hydrometric observations support the notion that trees use snowmelt 
water during the snowmelt season (Figures 1 and 2). Melt infiltration increased soil water availability providing 
a water source for stem rehydration and transpiration in these otherwise dry soils (i.e., following fall and early 
winter conditions), with low soil water content (Figures 1b and 2c). Our tracer data shows evidence of snowmelt 
water use. However, the detection of snowmelt isotopic signature at canopy level was lagged in relation to hydro-
metric observations of transpiration onset and likely relative to root water uptake (Figure 8). High-frequency 
sampling of xylem water was able to characterize this lag. We observed a clear shift in black spruce xylem water 
to more negative δ 18O and δ 2H values 1 week after the onset of transpiration and the change in soil δ-values 
following snowmelt (Figure 5). This same shift occurred 2 weeks later for jack pine (Figure 5). Prior to the shift 
in xylem water to more depleted-snowmelt water values, the constant xylem water in early spring in both species 
likely reflected a mixture of pre-winter soil water sources and/or evaporative enrichment of resident water in the 
stem. Trees in northern sites show patterns of stem dehydration (i.e., shrinkage) later in the fall in preparation for 
winter hardening (Chang et al., 2021; Winget & Kozlowski, 1964). A late fall isotopic investigation at the same 
sites showed an enrichment in xylem isotope values in comparison to summer water after stem shrinkage (data 
not shown). For larch, the deciduous species, the shift to more depleted-snowmelt δ-values happened after leaf 
unfolding (Figure 8). At this time larch xylem water moved onto the Local Meteoric Water Line (LMWL) in the 
dual-isotope plot (Figure 7). Our observations support an earlier investigation by Phillips and Ehleringer (1995) 
that showed that the xylem of winter-deciduous species deviated from the LMWL before leaf flush and returned 
near LMWL after complete leaf flushing.

Figure 7. Weekly dual-isotope plots of xylem along with snowmelt and soil water dynamics during the phenological transition from winter dormancy to spring 
onset at the black spruce site (OBS). The dotted line shows the Local Meteoric Water Line (LMWL). The decrease in snow depth (main melt period) was observed 
between the week of April 20 and the week of April 27. The black spruce onset of transpiration was observed on April 25 during the last days of snowmelt. The 
significant shift in xylem δ-values for black spruce was observed on May 1. Large circle (pink) represents the average soil water isotopic composition from April 28 
(δ 18O −143.47 ± 10.88 and δ 2H; −18.16 ± 1.56 Mean ± SD). Larch showed onset of transpiration on May 15 and returned to the LMWL during the same week of 
transpiration onset for larch (May 12). Larch xylem water is represented by a few to one individual tree and is indicated by a green arrow. Xylem water is not available 
from April 7. See Figure S10 in Supporting Information S1 for data displayed with reduced x and y axis range.
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It is possible that because of the “snapshot” sampling approach, Bowling et al. (2017) might have missed the 
possibility of observing the potential overlap between trees and soil by sampling a bit too early in May when 
leaves were only beginning to emerge. A lower sampling frequency might have resulted in sampling before the 
shift in xylem water resulting in a mismatch between trees and soils isotopic composition. Similar to our observa-
tions in dual-isotope space at the end of April during the end of snowmelt (Figures 6 and 7). Bowling et al. (2017) 
described that in May xylem water was highly evaporatively enriched and that while in June they observed xylem 
water closer to LMWL, xylem water did not overlap with soil water or any other available water pools. Their 
monthly sampling frequency may have reduced their ability to detect tree water sources, where trees might have 
been lagging in relation to soil water δ-values. We would have faced similar challenges had we not sampled 
weekly in combination with continuous phenological monitoring with stem radius change and phenocams.

The observed delay in the shift of xylem water signatures to snowmelt water use in evergreen species is likely 
related to the slow tree water transport velocity and associated tree water transit time (Gaines et  al.,  2016; 
Mennekes et  al.,  2021). Our estimated boreal species tree water transit times were between approximately 
9–18 days during early spring. Tree water transit time estimates are close to our observed time lag for snowmelt 
water to be detected in the xylem at canopy level. This lag is also relative to the observed onset of transpira-
tion and shift in soil water δ-values. Previous comparisons between apparent velocity estimates from sap flow 
density and tracer velocity measurements under field conditions have shown that sap flow velocities tend to 

Figure 8. Perceptual model for tree water use in the boreal forest during spring onset. Panel (a) Evergreen onset of stem rehydration overlaps with the onset of 
snowmelt while snowmelt water infiltrates the soil. The onset of transpiration overlaps with the end of snowmelt period. Xylem water δ-values shows a pre-melt isotopic 
signature during onset of transpiration. The shift in xylem water δ-values to snowmelt isotopic signatures at canopy level occurs weeks later because of slow tree water 
transit times (c). Shallow soil water shows evaporative enrichment (indicated by δ “positive sign”) weeks after snowmelt, and only soil matrix water is available for 
transpiration. Later, rainfall inputs recharge shallow soil volumetric water content. Rainfall inputs mixes with shallow soil water and contributes to xylem water. Like 
snowmelt, but in small proportions, this uptake results in an expansion of stem radius and recharge of internal tree water storage. The shift in xylem δ-values at the 
canopy is delayed again because of tree water transit times. Panel (b) Coniferous deciduous (larch) onset of stem rehydration overlaps with evergreens and snowmelt, 
but the onset of transpiration occurs weeks later, only after leaf out. During the onset of transpiration, xylem water δ-valuesat canopy shift to snowmelt water isotopic 
signature. Later rainfall inputs also contribute to transpiration, but its isotopic contribution is more negligible than the other site (a). The larger antecedent wetness 
conditions and relatively smaller rainfall fraction to total water stored in the soil available for uptake might explain isotopic observations. Note: coniferous deciduous 
have needles, and the broadleaf representation is for illustration purposes only.
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underestimate “real” tracer velocities (Gaines et al., 2016; Meinzer et al., 2006). However, these comparisons 
have used more invasive tracer measurements by drilling into the stem of trees and artificially injecting the tracer 
in the stem (above the ground). Additionally, radial and circumferential movement of water influenced by wood 
anatomy can result in heterogeneous tracer concentration within the tree (Treydte et al., 2021). A recent field in 
situ isotope measurements on Fagus sylvatica (European beech) xylem water using vapour probes across different 
tree heights also showed a delay in tracer signature (Seeger & Weiler, 2021). Like our snowmelt water observa-
tions, Seeger and Weiler (2021) showed a rapid change in the soil water isotopic signature after tracer irrigation, 
but tracer values only peaked 14 days after irrigation at 8 m tree height monitoring probe. Magh et al. (2020) 
investigated tree water use strategies using artificial tracer irrigation to F. sylvatica and Abies alba (silver fir) and 
observed changes in xylem δ-values 12 days after tracer irrigation, while change in soil δ-values occurred within 
the first 2 days. Our results also corroborate with a recent tree water use investigation in a Mediterranean climate 
(island of Corsica; France) that showed varying time lags between new rainfall inputs and canopy-level xylem 
water δ-values shifts (Juhlke et al., 2021).

Hamilton (2019) performed a labelled  2H-enriched tracer irrigation experiment at a site nearby the OJP (Narrow 
Hills Provincial Park; approximately 15 km from OJP). Their  2H-enriched irrigation experiment was conducted 
on the same soil type and tree species, and xylem δ-values showed an 11 day-lag for irrigation to be detected at 
the canopy level of jack pine. This experiment, however, was conducted in August (2016), a much warmer month. 
Considering the sap flow velocities from our jack pine site for the same period of the year (August), our tree water 
transit time estimate reduces to 12.5 days ±1.1. If we refine this estimate by removing rain days in August, our 
sap flow estimates achieve the same tracer transit time as Hamilton (2019): In our case, 11.6 days ± 1.1. This 
corroborates the tree water transit times estimated from sap flow velocity. Our tree water transit time observations 
and lag also corroborate with model simulations that indicate a more “piston-flow” like water movement of tracer 
within the trees, rather than a complete mixing of root water uptake with internal sapwood water stores (Knighton 
et al., 2020).

Unlike jack pine and black spruce, larch showed continuous stem rehydration following snowmelt. Larch rehydra-
tion time was long before the onset of transpiration when compared to only 1 week for jack pine and black spruce 
(from April 18 to 25). The long rehydration may explain the rapid shift in xylem water δ-values towards more 
depleted-snowmelt δ-values during the onset of transpiration in larch. This rapid shift without the delays seen 
in jack pine and spruce suggests that larch may rely on snowmelt water stored in the stem from the rehydration 
process during the onset of transpiration and leaf-out, since this species rehydrate for longer periods before start-
ing to transpire. This would support the Young-Robertson et al. (2016) hydrometric observation that deciduous 
species use some stored water during leaf out given their relatively larger water storages (compared to evergreen 
species).

4.3. How Do the Findings From This Study Relate to Other Forest Environments and Ecohydrological 
Separation Observations?

Tree water transit times have also been used to investigate ecohydrological separation. Evaristo et al. (2019) in 
a large controlled experiment at the Biosphere 2-Tropical Rainforest mesocosm using a labeled rainfall, found 
transpiration transit times within our observed range or even longer (17–62 days). They also showed a variation 
in tree water transit times among different canopy species after a long-term drought (∼60 days) followed by a 
rewetting event. This is somewhat analogous to our system where trees were in water deficit following winter 
stem shrinkage and started to recover their water storage during snowmelt. Evaristo et al. (2019) observed that 
tree water transit times were between 2 and 7 times slower than the movement of more mobile water into the 
soil profile. Our observations also support this by showing a much faster shift in soil water δ-values at different 
depths during snowmelt than at canopy level. Like our system, their longer delay in transit times can be attrib-
uted to a water deficit. Under deficit conditions, trees tend to show decreased sap flow velocities because tissue 
refilling needs are being met (He et  al.,  2020; Stohr & Losch,  2004), which increases travel time. Knighton 
et al. (2019) investigated tree water use from two temperate forest species (F. grandifolia and Tsuga canadensis, 
American beech and eastern hemlock, respectively). They suggested that transpiration was ecohydrologically 
separated from water moving in preferential flow paths (i.e., “percolate”) during fall rewetting events because 
xylem and percolate showed distinct age selection and lack of overlap in dual isotope-space. Our data, however, 
does not support the ecohydrological separation interpretation during rewetting (Evaristo et al., 2019; Knighton 
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et al., 2019). In contrast, our results indicate that, during the snowmelt rewetting period, trees may have been 
connected to the more mobile water (i.e., snowmelt) at the time of root water uptake, but that the snowmelt water 
signal is delayed at canopy level because of slow tree water transit times (Figure 8). Similarly, Hervé-Fernández 
et al. (2016) and Zhao et al. (2018) did not observe ecohydrological separation during wet conditions like our 
snowmelt period, which might have reflected soil water connectivity between transpiration sources and prefer-
ential flow paths. Higher-temporal resolution measurements of bulk soil water paired with suction cup sampling 
of mobile water would be helpful in understanding the exchange between the two flow domains. We argue that 
different ages between fast-flow soil domains and xylem water are natural and expected because of the distinct 
velocities and flow path lengths (i.e., tree height and depth of soil sampling). Thus, the mismatch between xylem 
water and preferential flow paths may not always indicate an ecohydrological separation per se because large 
trees may still be transpiring previous weeks' or months' root water uptake and rainfall inputs at the canopy level 
(Figure 8). It appears from our data that the separation in time (e.g., Evaristo et al., 2019; Knighton et al., 2019) 
between source water that feeds xylem and more mobile water in soils (i.e., percolate, snowmelt) can be an 
artifact of the time lag between percolation/rewetting rates, root water uptake and canopy transpiration, and not 
an ecohydrological separation between source of transpiration and water that feeds groundwater and streamflow 
(Brooks et al., 2010). Our hydrometric and tracer data indicate that the water that supplies transpiration and water 
that recharges groundwater is likely hydrologically connected during spring onset. Our data also showed that trees 
relied on snowmelt water during the first weeks after snowmelt. Figure 8 shows our perceptual understanding of 
tree water use during spring onset in the boreal forest.

In the weeks following snowmelt, the volumetric water content of soil showed a continuous decline (Figures 1c 
and 2d). Xylem water δ-values became heavier 4 weeks after snowmelt (May 23 and 24) (Figures 5a and 5b) and 
plotted further away from the LMWL in dual-isotope space (Figures 6 and 7). The xylem water likely reflected 
more soil bounded water as the soil dried and there is a the lack of available mobile water (Figure 8). In response 
to enriched rainfall events (May 23–24; Figures 6 and 7), the soil showed an increase in volumetric water content 
in the shallow layers at OJP and OBS. On May 24 OBS and OJP received 12 mm of rainfall that continued on the 
next day. Besides recharging soil water stores, this rainfall led to the recovery of tree water status of jack pine and 
black spruce by showing the expansion in stem radius, surpassing the previous year's maximum and reaching a 
complete stem hydration at night (Figures 2a and 3b, respectively). The internal water storage recharge observed 
by the stem radius expansion after rainfall events have been observed previously (Güney et  al.,  2020; King 
et al., 2013; Maillet et al., 2022; Pierrat et al., 2021).

The rainfall on May 24 and other smaller events that occurred during the following week (Figures 1b and 2c) had 
enriched isotopic signatures (Figures 6 and 7) and resulted in a slight enrichment of soil water at surface layers 
at OJP (first 60 cm; Figure S11 in Supporting Information S1) and OBS (top 20 cm; Figure S12 in Supporting 
Information S1). When rainfall inputs enter the topsoil, rainfall water might mix with the existing soil matrix if 
the rainfall is not of high intensity (Germer & Braun, 2015; Radolinski et al., 2020). Following the observed rain-
fall events, jack pine xylem water δ-values became heavier (Figure 5a; May 30), and δ-values began to “move” in 
dual-isotope space toward precipitation δ-values (Figure 6). This observed change in xylem water δ-values after 
the rainfall shows similar trends to the first week after snowmelt (May 2), when jack pine xylem water δ-values 
became lighter and “moved” toward snowmelt water in dual-isotope space. The change in black spruce xylem 
water toward more positive δ-values following the rainfall event was observed but not as evident as the change 
in jack pine xylem water δ-values. We assume that the enrichment is more evident for jack pine because soil 
water conditions at OJP are much drier (Figure 8a) due to the well-drained nature of the sandy soil compared 
to OBS. OBS soil still showed relatively higher soil volumetric water content and more water available to trees 
(Figure 8b). Thus, the small change of black spruce and larch xylem δ-values in response to precipitation inputs 
might be due to antecedent soil wetness conditions. This understanding is supported by stem radius investigations 
at OBS and OJP that showed that jack pine has a stronger relationship to rainfall inputs than black spruce, likely 
because of drier soil conditions and well-drained sandy soil (Maillet et al., 2022). Thus, besides being influenced 
by the time lag relative to tree water transit time, the observation of ecohydrological separation might also reflect 
the antecedent soil moisture conditions, which also depends on soil texture (Sprenger et al., 2018). Before snow 
melt, little water was available as soil volumetric water content was low, and the snowmelt recharged the soil 
water matrix and activated preferential flow paths (Figure 8).
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In May, the later rainfall event was likely more effective at recharging the OJP soil matrix because it had lower 
soil volumetric water content. In comparison, the OBS soil matrix stored larger volumes of water (Figure 8). 
Therefore, the xylem water of trees at OBS did not clearly show rainfall inputs and instead a more blended 
mixture of pre and post precipitation δ-values because of the higher antecedent wetness conditions in the soil 
(Figure 8b). The rainfall events differed from early snowmelt water input, where both sites' soils were much 
drier, and snowmelt volumes were larger than rainfall. Further research is needed to understand the relationship 
between tree water use, rainfall inputs across different sites, and soil textures during the growing season.

4.4. Measurement Uncertainty: Transpiration Age and Source

Whether bulk xylem measurements (i.e., cryogenic extracted water) represent source water uptake remains a 
pertinent question for the research community. One may alternatively sample the vessel water directly using, 
for example, the Scholander pressure chamber (Scholander et  al.,  1965) (e.g., Geiβler et  al.,  2019; Zuecco 
et al., 2020), centrifugation (e.g., cavitron) (Barbeta et al., 2022), in situ vapor measurements (e.g., Kühnhammer 
et al., 2022), or direct vapor method in the lab (e.g., Millar et al., 2018; Nehemy et al., 2019), instead of obtaining 
the bulk xylem water via cryogenic extraction. We acknowledge the uncertainty with the cryogenic extraction 
method, given recent debates that show its limitations (Barbeta et al., 2022; Chen et al., 2020), but also others 
that challenge these views (Chen et al., 2020; Evaristo et al., 2021; Newberry et al., 2017). Additionally, recent 
studies showed that xylem water obtained from directly sampling vessel water using methods described above 
is not always distinct from cryogenic extracted water (Geiβler et al., 2019; Kühnhammer et al., 2022; Zuecco 
et al., 2020), and the direct vapor method in woody species result in spectral contamination (Nehemy et al., 2019). 
Cryogenic extraction was likely not an issue within our observed species and observed period because our stable 
isotope results are supported by hydrometric observations. Our xylem water isotopic composition plotted within 
soil water distributions and was not more depleted in heavy isotopes than observed soil water sources.

We are aware that there are several sources of uncertainty in the estimation of sap flow (Flo et al., 2019; Peters 
et al., 2018; Steppe et al., 2010). Measurement redundancy showed good agreement between transpiration age 
estimates from tracer and sap flow velocities. Our age estimates corroborate with a labeling injection results 
from a site near the OJP with the same species (Hamilton, 2019). The close transit time estimates from sap flow 
and observed tracers may be because our sap flow sensors in monitored trees showed sapwood depth equal to or 
smaller than the probe length (20 mm) at OJP. We also avoided using trees that needed significant corrections 
(Clearwater et al., 1999; Peters et al., 2021) at OBS (e.g., smaller trees with DBH <9 cm, with sap wood depth 
smaller than 1/3 of probe length). However, sapwood depth estimates based on allometric equations also repre-
sent a potential source of error when corrections are necessary. We also allowed night-time sap flow activity 
by avoiding the use of predawn ∆Tmax (maximum temperature difference between the heated and a reference 
unheated probe) and further compared three other processing methods for determining the best ∆Tmax approach 
to our data (Peters et al., 2021). The species were coniferous which have also shown no effect of wood density 
on sap flow density estimates (Peters et al., 2018). Our main source of uncertainty is the lack of species-specific 
calibration. We compared different parameters from other species from the Pinacea family with similar water 
transport systems available in the literature (Flo et al., 2019; Peters et al., 2021) and applied the best fit to our data. 
All these combined factors described may have reduced uncertainties and resulted in a good agreement between 
tracers and sap flow velocities estimates. However, we acknowledge that our estimates contain uncertainties and 
more detailed sap flow monitoring (i.e., along with tree height and radially) and specific-species sap flow cali-
bration would be helpful to improve this assessment.

5. Conclusions
We have presented a tree water use assessment during the onset of rehydration and transpiration in a southern 
boreal forest in Central Canada. Our analysis of when trees start to rehydrate and transpire in relation to snowmelt 
showed that stem rehydration and the onset of transpiration overlapped with the snowmelt period. Our stable 
isotope investigation showed that soil water shifted to lighter δ-values during the last week of snowmelt and this 
isotopic shift overlapped with the onset of jack pine and black spruce transpiration. However, crown-level xylem 
water did not show an immediate shift to lighter-snowmelt δ-values during the onset of transpiration. The shift 
in xylem water δ-values occurred approximately 1 week after the onset of transpiration in black spruce trees 
and approximately 2 weeks later in jack pine. Our hydrometric observations indicate that this delay was linked 
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to observed tree water transit times. Snowmelt water, therefore, is an important source of transpiration for trees 
in the spring. These findings highlight the importance of spring snowmelt onset time in relation to transpiration 
onset timing. As both the timing of snowmelt and vegetation phenology are likely to continue to change and 
snowpack is likely to continue to decline, understanding patterns in tree water sources during the spring onset 
is important to identify the impact of climate change on the evolution of forest composition and groundwater 
recharge.

Data Availability Statement
Stable isotope, tree hydraulic measurements and hydrometric data are available at Nehemy et al. (2022) https://doi.
org/10.20383/102.0554. Phenocam data is available at https://phenocam.sr.unh.edu/webcam/sites/canadaOBS/.
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