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Abstract Climate warming and permafrost thaw induced land cover change are well documented in much
of the circumpolar north. The extensive exposure of Precambrian continental crust in Canada's Taiga Shield
ecoregion could mean impacts of land cover change documented in other regions without this feature are not
transferable. This study examined energy partitioning with eddy covariance measurements, vegetation water use
with stable isotopes and soil water state with time domain reflectometry sensors in conifer stands in the Taiga
Shield ecoregion. The goal was to determine how changes in forest density with climate warming could
influence water budget response and soil water state. Paired measurements of sensible and latent heat imply
evaporative processes in denser canopies are controlled more by radiative than the aerodynamic factors
predominant in sparser canopies. As denser canopies become more prevalent on the landscape, this switch in
relative importance of evapotranspirative processes will lead to a reduction in inter‐annual variability of
evapotranspiration. The dominant tree species (black spruce, tamarack and jack pine) were all quick to draw
water from shallow soils after spring thaw and rainfall. Stand structural changes resulted in older, more
evaporatively enriched water prevalent in soils below dense canopies. While there is evidence for forest
infilling, widespread lakes and exposed bedrock restricts extensive expansion of forested land covers. The
insufficient difference between sparse and dense canopy evapotranspiration suggest a fundamental change in
how water cycles in Taiga Shield catchments is unlikely, which is notably different than previously investigated
landscapes in Alaska and the Canadian Taiga Plains.

1. Introduction
Climate warming of ∼0.6°C per decade across the northern circumpolar region over the last half century is
unequivocal (Box et al., 2019). Associated with this warming have been coincident changes in vegetation pro-
ductivity due to altered growing conditions (Chapin et al., 2005; Elmendorf et al., 2012; Travers‐Smith &
Lantz, 2020), enhanced wildfire activity (Baltzer et al., 2021; Heim et al., 2021) and landscape change with
permafrost thaw and loss (Jorgenson et al., 2008; Kokelj et al., 2023; Lantz et al., 2013). Away from range
margins such as alpine and arctic treelines, species composition (Reid et al., 2021) and canopy density (Sniderhan
et al., 2023) are responding to climate warming, with canopies infilling because of longer warmer growing
seasons while simultaneously seeing compositional changes in response to drought, insects and fire (Foster
et al., 2022). These widespread changes bring a growing need to understand how changes in canopy structure and
composition influence partitioning of the water cycle and alter flow paths, water sources and quantity and timing
of fluxes (Brooks et al., 2015; Tetzlaff et al., 2021).

Empirical data that show how denser subarctic vegetation canopies influence evapotranspiration rates are un-
common (e.g., Nicholls & Carey, 2021) and are mostly limited to effects of shrubification (Endrizzi &
Marsh, 2010; Sturm et al., 2005; Wilcox et al., 2022). Feedbacks are expected with atmospheric conditions since
vegetation cover responds to climate warming (Bonan, 2008). Because landscape patches in the boreal forest are
often unevenly organized over distances of <10 km (Garratt, 1994), the planetary boundary layer tends to be well
mixed. Incoming radiation, vapor pressure deficit (VPD) and air temperature tend to be similar among nearby
patches of different small‐scale (1–10 ha) landscape components (Oke, 1987). At this scale, land surface char-
acteristics such as albedo and ecophysiological attributes (e.g., canopy resistance) should be those responsible for
any differences in evapotranspiration rates (Helbig et al., 2016; Kasurinen et al., 2014).
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The influence of forest ecophysiological attributes on the division of the energy budget varies in high latitude
systems. Assessing a variety of sites across the Canadian Taiga, Eaton et al. (2001) found the ratio of latent heat
flux to net radiation (Qe/Q*) is inversely related to subarctic vegetation canopy density. This is opposite to what
Nicholls and Carey (2021) found along an elevation and vegetation gradient in a montane catchment in southwest
Yukon, Canada. Since evapotranspiration is a combination of over and understory transpiration, evaporation of
intercepted water, and ground evaporation, resultant values ofQe/Q* will depend on the relative size of each flux.
There is some counterintuitive evidence that more trees may reduce canopy‐scale evapotranspiration by reducing
available energy to the understory (Thompson, 2012) which in subarctic canopies accounts for 50%–80% of
evapotranspiration (Blanken et al., 2001; Eugster et al., 2000; Iida et al., 2009; Lafleur, 1992; R. K. Warren
et al., 2018). Black spruce (Picea mariana), the most common and widespread tree species in the Canadian Taiga
(Viereck & Johnston, 1990), typically have low transpiration rates (R. K. Warren et al., 2018). Thus, higher
overstory transpiration may be insufficient to counteract reductions in subcanopy rates with increasing tree
density, leading to an overall decrease in ecosystem‐scale evapotranspiration. Kettridge et al. (2013) and Lafleur
and Humphreys (2018) found the canopy density‐latent heat flux relationship to be nonlinear because the sources
of water for evapotranspiration among canopy components can be so diverse, especially as wetness conditions
change through time. So, the range of observations of Qe/Q* documented by Eaton et al. (2001) and Nicholls and
Carey (2021) could be due to the wide range in over‐ and understory densities that occur in the subarctic (Grelle
et al., 1997).

These shifts in the relative rates of surface evaporation and transpiration presumably change the source of water
used to supply each, which may impact vadose zone hydrology (Botter et al., 2010; Penna et al., 2018; Sprenger,
Tetzlaff, Buttle, Carey, et al., 2018; Tetzlaff et al., 2013). The boreal forest canopy is comprised of species that
operate along a gradient of water use and stomatal regulation strategies (McDowell et al., 2008). Two of the most
common species, tamarack (Larix laricina) and black spruce, can employ very different water use strategies (J. M.
Warren et al., 2021). These differences in hydraulic strategies may mean different soil water sources, ages and
residence times associated with varying canopy compositions (Nehemy et al., 2021, 2022), but results are
ambiguous among ecozones. These differences can appear very early in the growing season. Previously, trees
were assumed dormant during snowmelt because cold soils restrict root uptake, reduce leaf turgor and force
stomatal closure (Baldocchi et al., 2000; Halldin et al., 1980). More recently, Young‐Robertson et al. (2016) and
Nehemy et al. (2022) have shown that boreal tree species access water at different rates immediately following
snowmelt. As the growing season begins and progresses, soil water composition continues to evolve due to
evapotranspiration, but this can be tempered depending on relative rates of precipitation, transpiration, and
evaporation (Snelgrove et al., 2021), vegetation type, soil properties, and landscape position (Geris et al., 2017).
Modeling studies imply antecedent precipitation can be a stronger driver than potential evaporation on dynamics
of isotopes in soil waters (Sprenger, Tetzlaff, Buttle, Laudon, & Soulsby, 2018). This may be because subarctic
plant species are likely opportunistic and use available water with no preference or discrimination (Nicholls &
Carey, 2021).

A notable knowledge gap is how changes in vegetation density will alter soil water conditions (i.e., content, age,
and resultant water chemistry) in the taiga where forest infilling is occurring rapidly in response to high latitude
warming (Helbig et al., 2016). Densification of the tree canopy could have implications for aquatic chemistry as
soil water residence times change. Previous studies are somewhat limited in geographic scope with almost all
work taking place in Boreal and Taiga Plains ecoclimatic regions, leaving the Taiga Shield landscapes that occur
in Canada, Scandinavia, and Russia understudied (Wright et al., 2022). Furthermore, there are no upscaling
studies to determine the extent to which tree canopies need to densify to create a detectable catchment‐scale
response in evapotranspiration rates, especially where underlying surficial geology may play a strong role. In
this study, we address two questions; (a) how does canopy density in the Taiga Shield influence (a) energy
partitioning, (b) sources of vegetation water use, and (c) soil water state (i.e., age and content) as well as (b) how
much canopy infilling is needed to create measurable changes in evapotranspiration rates at the catchment scale?

2. Study Area and Methodology
2.1. Field Sites

The study took place in the 155 km2 Baker Creek Research Catchment (62°35′N, 114°25′W) (Spence & Hed-
strom, 2018) located ∼5 km north of the City of Yellowknife in the Northwest Territories of Canada (Figure 1).
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The land cover in the catchment is typical of the Taiga Shield (EPA Level II Ecoregion). Exposed Precambrian
Shield bedrock with sporadic stands of jack pine (Pinus banksiana) occupies 40% of the catchment. Soil is thin,
sandy, and only occupies depressions and fracture apertures. This soil is often covered by either moss (Poly-
trichum spp.) or reindeer lichen (Cladonia spp.) depending on drainage conditions. Lakes and ponds cover 22% of
the landscape. Wetlands and peatlands dominated by shrubs (e.g., Alnus and Betula spp.) and Sphagnum moss
make up 16%. Lower hillslopes populated by open black spruce forests cover 22% of the catchment. These forests
contain ample tamarack, and an understory of alder (Alnus), leatherleaf (Chamaedaphne calyculata), and Lab-
rador tea (Rhododendron groenlandicum). Soils in these lower slopes are turbic and organic cryosols formed over
sandy till and clayey glaciolacustrine deposits. The catchment is in the discontinuous permafrost zone. Permafrost
is absent below exposed bedrock and lakes. Where the glaciolacustrine deposits occur, permafrost is almost
always present. Active layer thickness varies among land cover types but tends to range between 0.5 and 1 m
(Morse et al., 2015). The climate can be described with observations from the Meteorological Service of Canada
station Yellowknife A. July has a daily average temperature of 17°C and January has a daily average temperature
of − 26°C. Annual unadjusted precipitation averages 290 mm, with 53% falling as solid precipitation. This area
was selected for this study because Sniderhan et al. (2023) found a pattern of tree infilling across the catchment
between 1972 and 2017 during which the climate warmed from an annual average of − 5.2 to − 4.3°C, mostly over
winter. Given the dominance of black spruce in most of these dense forests, it is likely this species driving the
infilling trend, though tamarack may also be a contributor. Annual unadjusted precipitation increased from 267 to
290 mm but the annual snow fraction remained steady at 53% (Environment and Climate Change Canada, 2023).
Transitions from sparse forest and wetland cover to dense forest were the two most common land cover changes.
Infilling of trees on bedrock ridges was less common, but still constituted a change across 4% or 5 km2 of the area
studied by Sniderhan et al. (2023).

2.2. Energy Partitioning

Two sites with different canopy densities were selected at which eddy covariance towers were installed (Figure 1).
The sparse and dense canopy sites had tree densities of 0.04 and 0.5 m− 2, respectively (Table 1). The sparse
canopy was dominated by jack pine (Pinus banksiana). The dominant species in dense forests was black spruce,
although commonly found in the dense forests are individual tamarack, and occasionally jack pine and paper birch

Figure 1. Maps showing flux footprints (the outermost contour contains 90% of the footprint) of each climate tower, and their
locations (rectangles) within the Baker Creek Research Catchment. The white and black rectangle denote the sparse and
dense canopy locations, respectively. The location of the watershed within Canada is denoted by the orange dot on the inset
map. Land cover was derived using SPOT multispectral imagery classified using methods explained in Phillips et al. (2011).
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(Betula neoalaskana/Betula papyrifera). Turbulent fluxes were measured for
the growing season periods of May 8–24 September 2018, May 14–24
September 2019, and May 15–24 September 2020. The spring dates align
with the disappearance of snow captured using trail cameras (Reconyx
Hyperfire, Holmen, WI) and the autumn dates extend after senescence.
Turbulent fluxes of sensible (Qh, W m− 2) and latent heat (Qe, W m− 2) above
the canopy (Table 2) were measured with an eddy covariance system con-
sisting of a three‐dimensional sonic anemometer (CSAT‐3, Campbell Sci-
entific, Logan, UT) and an open‐path infrared gas analyzer (LI7500, LI‐COR
Biosciences, Lincoln, NE) at the sparse canopy site and a krypton hygrometer
(KH20, Campbell Scientific, Logan, UT) at the dense canopy site. Mea-
surements of fluctuations in wind speed and water vapor content were taken at
10 Hz with a 30‐min block averaging period. Corrections to the eddy

covariance measurements include coordinate rotation (Kaimal & Finnigan, 1994), the WPL adjustment (Webb
et al., 1980), sonic path length, high frequency attenuation and sensor separation (Horst, 1997; Massman, 2000)
and oxygen extinction. Using similar methods as in this study, Martínez‐Cob and Suvočarev (2015) and Mauder
et al. (2007) determined that both the LI‐7500 and KH20 provide comparable results (Qe) with similar uncertainty
(∼6 W m− 2). Net radiation (Q*, W m− 2) and its components was measured at both towers with four component
net radiometers (CNR4, Kipp and Zonen, Delft, The Netherlands). Ground heat flux (Qg, W m− 2) below the
sparse canopy was calculated using a series of HOBO Tidbit temperature sensors (Onset, Bourne, MA) inserted at
10 cm intervals into a 50 cm hole drilled into the bedrock. The ground heat flux under the dense canopy was
calculated using a soil temperature/moisture array located near, but outside the footprint of, the flux tower. This
array contained seven soil moisture/temperature profiles located within a 100 m2 area measured with Hydrap-
robes (Stevens, Portland, OR) at the near surface and at depths of 15, 30, and 45 cm connected to a CR1000 data
logger (Campbell Scientific, Logan, UT) recording data half hourly. Hydraprobes were calibrated with soils
collected around the array by inserting logger‐wired sensors in soil samples placed on electronic scales while
slowly adding water to saturation, and then letting the soils dry. Two wetting‐drying cycles were conducted to
build the calibration relationship. In 2020, the soil moisture array was not activated, and daily ground heat flux
was assumed to be the average Qg/Q* ratio (0.03) observed in 2018 and 2019.

Table 2 summarizes the data quality at each climate tower. 2018 experienced the lowest fraction of missing data,
2019 the greatest. Energy budget closure was better at the dense stand, averaging 0.93, in contrast to 0.71 at the
sparse stand. The data description below is of turbulent flux data that were adjusted for energy budget closure:

Qh + Qe = Q∗ − Qg (1)

using methods from Charuchittipan et al. (2014). Flux footprints were esti-
mated using methods from Kljun et al. (2015). Because the KH20 began to
produce faulty measurements on 13 July 2020, after this date Qe at the dense
canopy site was calculated using the Penman‐Monteith approach using
methods documented in Spence et al. (2020), andQh calculated as the residual
of the daily energy budget. Ancillary meteorological measurements to permit
this calculation were taken at both towers and include air temperature
(Ta, °C), relative humidity (RH, %) or vapor pressure (p, kPa) (HMP45C,
Vaisala, Vantaa, Finland), wind speed (u, m s− 1) (013, Met One, Grants Pass,
OR), and rainfall (P, mm) (TE525M, Texas Instruments, Dallas, TX). All data
was logged on CR3000 loggers (Campbell Scientific).

Canopy resistance (rc) was estimated by inverting the Penman‐Monteith
equation (except at the dense site after 13 July 2020). Values of rc calcu-
lated in this fashion typically compare closely with measured stomatal
resistance values over uniform vegetated surfaces (Bailey & Davies, 1981).
Over sparse sites (i.e., understory dominated by lichen and moss) rc becomes
less of a diagnostic metric of stomatal resistance, but rather the general sur-
face resistance to water efflux. Because of this, rc can become artificially high

Table 1
Specifications of the Eddy Covariance Towers Over Both the Dense and
Sparse Canopies Shown in Figure 1

Dense Sparse

Tree density (m− 2) 0.5 0.04

Maximum canopy height (m) 5.5 3.8

Tower height (m) 10 4.8

Roughness height (m) 0.75 0.52

Footprint area (m2) 18,000 6,400

Note. The area of the footprint provided includes 90% of the perceived flux.

Table 2
Specifications on the Missing Data Fraction After Corrections Were Applied
to the Turbulent Flux Estimates, and the Daily Energy Budget Closure After
These Gaps Were Filled

Energy budget closure (after gap filling)

Missing data
fraction

Qe Qh

Dense canopy

2018 0.93 0.02 0.01

2019 0.86 0.26 0.3

2020 1.02 0.09 0.1

Sparse canopy

2018 0.67 0.09 0.11

2019 0.67 0.27 0.32

2020 0.78 0.15 0.11

Note. 2018 and 2019 include data for the entire growing season, but for the
dense stand 2020 stops on July 12 with the cessation of the KH20 operation.
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(Kasurinen et al., 2014), and therefore additional metrics were used to further assess the conditions that control
evapotranspiration. Because it quantifies trade‐offs between the predominance of radiation versus aerodynamic
influences as canopy density changes, a good metric for assessing controlling factors is the Jarvis and
McNaughton (1986) decoupling term, Ω:

Ω =

Δ
γ + 1

Δ
γ + 1 + (rc/ra)

(2)

where Δ is the slope of the saturation vapor pressure‐temperature curve (kPa °C− 1), γ is the psychrometric
constant (kPa °C− 1), rc is canopy resistance (s m− 1) and ra is aerodynamic resistance (s m− 1). Aerodynamic
resistance was calculated using wind measurements as described in Oke (1987). Ω ranges from zero to one, and
when forests are sparser and more aerodynamically rough, ra is lower than rc and Ω would be expected to shrink.
To support analysis of Ω values, Priestley and Taylor's (1972) α was calculated, as was the rate at which latent
heat fluxes change relative to changes in equilibrium, Qe(eq) and imposed, Qe(aero), evaporation, using methods
summarized in Iida et al. (2009).

Qe(eq) =
∆

Δ + γ
· (Q∗ − Qg) (3)

Qe(aero) =
ρ · cp · VPD · ga
1 + (ga/gc)

(4)

where ρ is the air density (kg m− 3), cp is the specific heat of air (J kg
− 1), VPD is the vapor pressure deficit (kPa), ga

is aerodynamic conductance (m s− 1) and gc is canopy conductance (m s− 1). The latter two are the inverse of
aerodynamic and canopy resistance noted above.

2.3. Vegetation Water Use and Soil Water State

Over and understory vegetation species and soils were sampled for stable isotopes of hydrogen and oxygen during
the growing seasons of 2018, 2019, and 2020 prior to leaf‐out through senescence (May through September)
following methods described in McCutcheon et al. (2017). Vegetation and soil sample total numbers are 510 and
223, respectively. Xylem water samples were taken from the overstory species of tamarack, jack pine and black
spruce and understory species of alder, leatherleaf, and Labrador tea. Stems were sampled by clipping segments
from thin branches which were then cut into 5 mm segments and placed in cryogenic vials with the bark intact.
Soils were sampled at the same time as vegetation at 10 cm intervals to the depth of the frost table which
descended to ∼50 cm below the ground surface each summer but sometimes reached as deep as 100 cm. Soils
were collected from pits dug with trowels to the desired depths. Soil samples were placed in freezer bags and
double bagged. Logistical challenges limited access to the sample sites within the flux tower locations to periods
in June and September each year. To augment these samples, vegetation and soil sampling every 2 weeks also
occurred at road accessible sites comparable in topographic position and canopy density as the tower footprints.

There is a long history of sampling water for stable isotope analysis in the Baker Creek Research Catchment
(Gibson & Reid, 2010; Gibson et al., 1998; Spence et al., 2014). From these studies there exists a∼25‐year record
of samples collected prior to the 2018–2020 growing seasons that were used to provide context for the soil and
vegetation samples described above. Prior to and during this study, rain was sampled from Type B precipitation
gauges lined with oil to prevent evaporation or from Nalgene bottles connected to a funnel via long length plastic
tubing to prevent evaporation (Gröning et al., 2012). Bulk snow samples were collected in Ziploc bags, allowed to
melt and the water collected in either 30 ml polyethylene bottles or 5 ml glass bottles. Any runoff samples were
collected in 30 ml polyethylene bottles minimizing headspace and sealed lids to minimize potential for
evaporation.

Soil samples were stored in freezer bags for no more than 3 weeks. The soil water was analyzed using direct vapor
equilibration methods outlined in Wassenaar et al. (2008) and Hendry et al. (2015). The plant water was cryo-
genically extracted using methods described in Koeniger et al. (2011) and then analyzed using isotope ratio mass
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spectrometry. All stable isotope values are reported as parts per thousand (δ or per mil (‰)) according to the
Vienna Standard Mean Ocean Water‐Standard Light Antarctic Precipitation (VSMOW‐SLAP) scales. Sample
analysis took place at the University of Saskatchewan using Los Gatos Research (ABB Group, Zurich,
Switzerland) liquid water Off‐Axis Integrated‐Cavity Output Spectroscopy (Off‐Axis ICOS) with an accuracy of
±1.0‰ for 2H/H and ±0.2‰ for 18O/16O, or an Elementar Isoprime isotope ratio mass spectrometer (IRMS).
Hydrogen isotopic compositions of water were determined by reduction of water to hydrogen by reaction
elemental chromium following the method ofMorrison et al. (2001). Briefly, 0.8± μL of water was injected into a
quartz reactor containing elemental chromium at 1050°C. The resultant H2 gas was separated on a 1 m mol sieve
gas chromatography column. To minimize memory effects, two replicates of each sample were injected, and the
first measurement discarded. Resultant raw δ values of the measured hydrogen were normalized to the SMOW‐
SLAP scale by analyses of two calibrated waters. For oxygen isotopes, the CO2‐H2O equilibration technique of
Epstein and Mayeda (1953) was used. A micromass multiflow device connected to an Elementar Isoprime IRMS
at 25°C was used for all CO2‐H2O equilibrations. Results are reported relative to the VSMOW‐SLAP scale by
normalizing to in‐house lab standards. These standards for both the laser and mass spectrometers were CSNOW:
− 202.6‰ 2H and − 26.51‰ 18O and LVIC: 9.7, 0.57, and − 0.1‰ for 2H, 18O and 17O.

Analysis of the stable isotope values began by drafting dual isotope plots as suggested by McDonnell (2014) to
disentangle ages and origins of water in both soils and vegetation. A local meteoric water line (LMWL) has been
calculated for the Yellowknife region (Gibson & Reid, 2010; Gibson et al., 1998), and was updated using values
obtained as part of this sampling campaign using the form:

δ2H = a · δ18O + b (5)

Local evaporative lines for each soil depth and plant species were similarly derived as their slopes are indicative
of evaporative enrichment (McCutcheon et al., 2017). Line conditioned excess values indicative of fractionation
during evaporation were calculated following:

lc – excess = δ2H − a · δ18O − b (6)

Lc‐excess values were calculated for each 10 cm soil depth and each vegetation species as these values denote
departure frommeteoric water lines and, in turn, are indicative of the age of water. Lower more negative lc‐excess
values imply water has had more opportunity to be exposed to evaporative enrichment and has spent more time in
the soil and/or vegetation (Landwehr & Coplen, 2006; Sprenger, Tetzlaff, Buttle, Laudon, & Soulsby, 2018).
Kruskal Wallis tests conducted in the R computing environment (Version 3.5.1; Hollander & Wolfe, 1973) were
applied to all the samples from every year to determine if stable isotope values in precipitation were different from
those in soils and if soils were different again from the water in plants. As well, these tests were used to determine
if lc‐excess values of soils and vegetation for each year were significantly different than 0 (Tetzlaff et al., 2021).
There can be memory from cumulative evapotranspiration and precipitation left in soil and plant water signatures
that indicate the temporal scale of fluxes that most influence water state (i.e., volume and age) (Sprenger, Tetzlaff,
Buttle, Carey, et al., 2018). To determine this scale, time series of lc‐excess versus 7‐, 14‐ and 30‐day evapo-
transpiration (measured using the Qe measurements described above) and rainfall totals were evaluated using
linear regression as well as with breakpoint identification in piecewise linear regression using the segmented
package in the R computing environment (Version 3.5.1; Muggeo, 2008) to determine the presence of a rela-
tionship. The non‐linear relationship was considered better than the linear relationship if it met two conditions; a
higher r2 value, and the percent difference between the slopes before and after the breakpoint was greater
than 10%.

3. Results
3.1. Meteorological Conditions

Average May–September air temperature (1991–2020) reported at the Environment and Climate Change Canada
meteorological station Yellowknife A is 11.7 ± 4.8°C (Environment and Climate Change Canada, 2023). At
Yellowknife, 2018 to 2020 were cooler, but still normal, years at 10.4°C, 10.2°C and 10.8°C, respectively. Leaf
expansion began in 2018 between May 31 and June 2, and between June 9 and 13 in 2019. The camera used to
document snow disappearance and leaf expansion of the trees stopped working 7 June 2020, but leaf expansion is
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expected to be similar to 2019 as snow disappeared within a day in both years.
The 2004–2020 average basin scale spring snow water equivalent docu-
mented with the Baker Creek snow course network is 79 mm (Spence &
Hedstrom, 2018). Basin scale spring snowwater equivalent in 2018, 2019 and
2020 was 65, 65 and 85 mm, respectively. Average growing season (May–
September) precipitation at Yellowknife A (1991–2020) is 162 ± 51 mm. At
Yellowknife, all three growing seasons were wetter than average. 2018
experienced 256 mm of precipitation with June 2018 being the wettest in
50 years, receiving 114 mm of precipitation relative to the average of 29 mm.
2019 and 2020 were drier, but above normal with 192 and 223 mm, respec-
tively. The convective nature of summer precipitation in this region can result
in high spatial variation in rainfall, so these values are provided for context,
recognizing that precipitation at the dense and sparse stands presented below
were different (Table 3; Figure 2) and that 2019 was relatively drier than 2018
and 2020.

3.2. Energy Partitioning

Air temperatures at the two stands were very similar with seasonal averages
within 0.3°C, with the sparse canopy slightly warmer across all 3 years. This
applies to the VPD as well, with the sparse canopy drier by less than 0.1 kPa
(Table 3). This is within the accuracy of the thermohygrometers, so air
temperatures and vapor pressures at the two sites can essentially be consid-
ered the same. Net radiation rose steadily from the beginning of the growing
season to its peak each year in the second half of June (day ∼165–180) after
which it steadily declined (Figure 3). Sensible heat dominated turbulent
fluxes, particularly over the sparse canopy (Figure 3; Table 3), where the
Bowen ratio averaged 3.1 over the 3 years. In the dense canopy, this value
averaged 1.7. While Qe was a smaller portion of the two turbulent fluxes,
evapotranspiration dominated the growing season water budget. The ratio of
evapotranspiration (ET) to rainfall (P) was always high, averaging 0.79 and
0.94 in the sparse and dense canopies, respectively. This was especially so
during the drier 2019 season when ET exceeded P. Growing season ET at the
sparse stand averaged 127 mm, and 177 mm from the dense stand. There were
always lower seasonal rates of ET from the sparse canopy. Evapotranspiration
rates from the two canopies were most similar during the wet conditions of
2018 (Table 3). Seasonal differences in Qe are larger than those documented
by studies comparing KH20 and LI7500 instruments (Martínez‐Cob &
Suvočarev, 2015; Mauder et al., 2007), so these differences are not due to the
different sensors.

Aerodynamic resistance was higher (3‐year average of 17 ± 1.3 s m− 1 vs.
9.2 ± 0.3 s m− 1) over the dense stand because of the smoother canopy
(Figure 4; Table 3), and possibly because of lower wind speeds (Figure 3).
The sparse stand exhibited high rc of 590 ± 35 s m− 1 over the three years but
rc was lower and less consistent over the dense stand at 305 ± 50 s m− 1.
Canopy resistance was highest during drier periods, (e.g., late July 2018; days
200–212) (Figure 4). Values of α were well below 1.26 in these two stand
types and values were negatively related to rc (Table 3), particularly in the
sparse stand. Values above 1.26 did occur when rc was less than 175 s m

− 1 at
the dense stand and 243 s m− 1 at the sparse stand. Small values of Ω from both
stands indicate strong canopy control of ET (Table 3). A change in behavior
becomes apparent when the canopies become wet. Latent heat fluxes spike, rc
decreases and Ω increases (e.g., 1 July 2019; day 182). While present in both

Table 3
Average of Growing Season Daily (Approximately Mid May to End of
September) Net Radiation (Q*), Sensible Heat (Qh), and Latent Heat (Qe);
Gap Filled and Energy Budget Closed

Year Sparse Dense

Qe (W m− 2) 2018 29 36

2019 24 36

2020 27 39

Qh (W m− 2) 2018 79 62

2019 83 61

2020 85 61

Q*(W m− 2) 2018 106 102

2019 103 99

2020 109 101

β 2018 2.72 1.72

2019 3.45 1.69

2020 3.15 1.56

Qe/Q* 2018 0.27 0.35

2019 0.23 0.36

2020 0.25 0.38

ET (mm) 2018 142 177

2019 114 172

2020 126 182

P (mm) 2018 244 274

2019 102 136

2020 186 197

ET/P 2018 0.58 0.64

2019 1.1 1.26

2020 0.68 0.92

VPD (kPa) 2018 0.56 0.5

2019 0.57 0.52

2020 0.59 0.52

Ta (
°C) 2018 11.6 11.3

2019 11.9 11.7

2020 12.4 12.1

rc (s m
− 1) 2018 611 250

2019 589 348

2020 541 318

ra (s m
− 1) 2018 9.1 17.5

2019 9.5 18.2

2020 9.0 15.6

Ω 2018 0.07 0.2

2019 0.06 0.08

2020 0.05 0.14

Qe /Qe(eq) = (α) 2018 0.44 0.56

2019 0.49 0.51

2020 0.55 0.77
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stands, this behavior is more pronounced over the dense stand, particularly in
2019 (Figure 4). When a canopy is wet, canopy VPD becomes negligible and
Ω increases. Under these conditions, ET is controlled by Q* and not the
dryness of the atmosphere, and ET becomes independent of vegetation con-
trol over resistance. Latent heat fluxes were not very responsive to VPD and
rc. Rather, Qe in both canopies was more responsive to temperature and Q*.
This is indicated by slopes betweenQe and Ω *Qe(eq) (Table 3; Figure 5) that
average 0.19 in the sparse stand and 0.2 in the dense stand which are an order
of magnitude higher than those between Qe and 1 − Ω * Qe(aero). The
Qe − Ω * Qe(eq) slopes were higher during the two wetter years in the dense
canopy (Table 3; Figure 5). Typically, higher Qe was controlled by radiation,
particularly in the dense stand. This is indicated by the higher Ω (0.13 vs.
0.05), lower rc (372 vs. 598 s m

− 1) and higher Qe /Qe(eq) (0.61 vs. 0.5) in the
dense canopy relative to the sparse. The slightly higher slope of the
Qe − Ω * Qe(eq) curve in the denser forest (0.27 vs. 0.18) indicates a more
freely evaporating canopy with increased density.

Table 3
Continued

Year Sparse Dense

Qe − Ω*Qe(eq) slope 2018 0.25 0.29

2019 0.17 0.10

2020 0.15 0.21

Qe − 1 − Ω * Qe(aero) slope 2018 0.07 0.06

2019 0.05 0.05

2020 0.05 0.04

Note. Dense canopy Q* data gaps were estimated using a relationship be-
tween K↓ and Q* (K↓*0.7–35.7 = Q*) derived with daily data from 2018.
Fluxes, Bowen ratio (β), water budget (rainfall, P; evapotranspiration, ET),
and meteorological (vapor pressure deficit, VPD; air temperature, Ta) data
are for the whole season of 2020, but aerodynamic resistance (ra), surface
resistance (rc) and Ω data from the dense canopy ceased on July 12.

Figure 2. Daily rainfall rates and cumulative growing season rainfall for each of the study years over the dense canopy site.
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Figure 3. Seven‐day running means of net radiation (Q*), sensible heat (Qh), evapotranspiration (ET), air temperature (Ta),
vapor pressure deficit (VPD), and wind speed (u) over each canopy over the three study years.
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Figure 4. Seven‐day running means of aerodynamic resistance, canopy resistance and Ω over each canopy for the three study
years. Boxplots of daily values are presented on the right showing a box with 3‐year mean and± one standard deviation with
whiskers of the 25% and 75% percentiles.
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Figure 5. (a–c) Sensitivity of latent heat flux to aerodynamic and radiative forcings for the dense, and (d–f) the sparse
canopies from (a, d) 2018, (b, e) 2019, and (c, f) 2020.
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3.3. Vegetation Water Use

Applying the new precipitation isotope results collected during this study updates the LMWL of Gibson and
Reid (2010):

δ2H = 6.7 · δ18O − 23.2 (7)

to:

δ2H = 6.86 · δ18O − 21.59 (8)

There is clear separation in isotopic signatures between rain and snow, with average δ18O values of − 16.9‰ and
− 28.2‰, respectively (Figure 6). While there was some seasonality in the stem water isotopic signatures, each
species tended to emulate rain, rather than snow (Figure 6). While isotopic signatures did not differ among the
plant species, the pattern of tree water use differed among the three study years. Early in the 2018 growing season,
plants tended to use water that resembled snowmelt (low values of δ2H between − 135 and − 175‰) (Figure 7).
As the summer progressed, values of δ2H in plant water became more representative of rainfall, which was more
enriched in δ2H and δ18O relative to snowfall. June 2018 was very wet and coincided with higher, less negative lc‐
excess values in stem water of all species, indicating less evaporative fractionation within plant water sources.
However, from July onwards, with less rainfall, values of lc‐excess in all species became more negative,
particularly in alder, indicating more evaporatively enriched plant water sources. The pattern in the drier 2019
growing season was similar, though early season stem water was generally more evaporatively enriched (more
negative lc‐excess values) than in 2018 (Figure 7; Table 4). Additionally, stem water values of δ2H and lc‐excess
increased and became less negative near the end of the 2019 season, unlike 2018. At the beginning of the 2020
growing season (the year of the highest snow water equivalent), stem water resembled snowmelt, as in 2018. The

Figure 6. (top) Dual isotope plots of vegetation species and (bottom) soil depths by year (2018–2020, left to right). Boxplots showmean, standard deviations and range of
stable isotope values by species and soil depth and precipitation phase. The local meteoric water line (LMWL) described in Equation 6 is illustrated to show the slope
relative to the Global Meteoric Water Line. The LMWL is represented by δ2H = 6.86 * δ18O − 21.59.
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2020 growing season continued the pattern of plants using water enriched in δ2H and δ18O from rainfall in the
middle of the summer, as indicated by higher average lc‐excess values, representative of heavier, less evapo-
ratively enriched rainfall (Table 4; Figure 7). There were no statistically significant relationships found between
7‐, 14‐, and 30‐ day evapotranspiration and lc‐excess values. There are statistically significant non‐linear re-
lationships between 7‐, 14‐, and 30‐day rainfall and lc‐excess among plants (Figure 8; Table 5), that better fit the

Figure 7. Vegetation (right column) and soil (left column) δ2H and lc‐excess bi‐weekly values through the 3 years of the study period.

Table 4
Annual Averages and Standard Deviations of δ18O, δ2H, and Lc‐Excess Values for Each Year by Plant Species

Year All species Black spruce Jack pine Tamarack Alder Labrador tea Leatherleaf

lc‐excess

2018 − 11 ± 12 − 12 ± 8.3 − 8.5 ± 8.6 − 11 ± 13 − 16 ± 23 − 12 ± 13 − 5.5 ± 4.5

2019 − 9.0 ± 11 − 12 ± 7.7 − 11 ± 7.6 − 13 ± 9.2 − 15 ± 10 − 12 ± 9.8 − 10 ± 6.2

2020 − 9.2 ± 10 − 8.4 ± 9.8 − 8.0 ± 6.9 − 6.5 ± 7.4 − 7.9 ± 8.6 − 7.9 ± 12 − 8.6 ± 14

δ18O

2018 − 17 ± 2.6 − 16 ± 1.8 − 16 ± 2.4 − 16 ± 2.2 − 15 ± 3.3 − 15 ± 2.3 − 16 ± 1.5

2019 − 17 ± 2.2 − 17 ± 2.0 − 17 ± 1.7 − 16 ± 1.7 − 17 ± 1.8 − 17 ± 2.2 − 17 ± 1.3

2020 − 17 ± 2.0 − 18 ± 2.3 − 17 ± 1.2 − 17 ± 1.2 − 18 ± 1.8 − 18 ± 2.4 − 17 ± 2.7

δ2H

2018 − 152 ± 14 − 140 ± 11 − 142 ± 17 − 144 ± 10 − 140 ± 9.6 − 139 ± 12 − 136 ± 11

2019 − 147 ± 12 − 151 ± 8.9 − 150 ± 7.4 − 147 ± 4.6 − 154 ± 8.2 − 151 ± 11 − 148 ± 11

2020 − 147 ± 12 − 152 ± 15 − 146 ± 7.0 − 147 ± 8.6 − 152 ± 11 − 150 ± 17 − 148 ± 16
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data than the linear relationships. The degree of evaporative enrichment
indicated in the lc‐excess values in soil and vegetation when 7‐, 14‐, and 30‐
day rainfall is less than 6, 14, and 33 mm, respectively, indicates both over
and understory plant species access older water during these sustained dry
conditions and younger recently precipitated water when it is wetter.

3.4. Soil Water State

Isotope values in soil columns under both dense and sparse canopies are more
comparable to rain rather than snow (Figure 6) except for a few select samples
from shallow soils. Kruskal Wallis rank sum tests indicate that precipitation,
soil, and vegetation δ18O values were not identical (χ2 = 189.26,
p = 2.2 × 10− 16) with soils relatively less depleted in heavier isotopes than
plants (Tables 4 and 6). Average δ18O and δ2H values of soils at depth (i.e.,
>40 cm) trend toward those values of snow but remain clearly influenced by a

Table 5
Results of Linear and Piecewise Linear Regression of Rainfall and
Vegetation Lc‐Excess for the Period of Study

Period

Linear Piecewise

s1 s2r2 p r2 Breakpoint (mm)

7‐day 0.11 <0.001 0.22 6 1.8 − 1.8

14‐day 0.13 <0.001 0.21 14 0.9 − 0.9

30‐day 0.13 <0.001 0.18 33 0.38 − 0.35

Note. s1 and s2 denote slopes before and after the breakpoint and are used to
assess fit relative to linear regression. All results are significant with 90%
confidence.

Figure 8. Lc‐excess versus 7‐day rainfall for vegetation species (top) and soil depths (bottom).
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rainfall signature (Table 6 and Figure 6). Kruskal Wallis rank sum tests demonstrate isotopic signatures of soil
water under dense and sparse canopies were not identical (χ2= 5.3557, p= 0.02). From the middle of the growing
season onwards, soil water at the dense site tended toward more negative lc‐excess than the sparse site. This is
illustrated by lc‐excess patterns in soil columns under sparse and dense canopies in 2020 after day of year 250
(Figure 9).

Each year exhibited very different patterns of δ2H and lc‐excess in the soil columns (Figures 7 and 10). In wet
2018, soil lc‐excess values remained near − 4‰ and δ2H signatures emulated that of snow to the frost table

(∼180‰) immediately following leaf expansion. Ample rain during June
(days 152–181) increased lc‐excess values closer to 0 and δ2H values
migrated to ∼− 135‰, particularly near the soil surface (Figures 7 and 10).
At the beginning of July, drier conditions led to more negative lc‐excess
and evaporatively enriched water in shallow soil depths. This continued
into July when conditions were drier and shallow soil water was evapo-
ratively enriched (∼days 182–200). These more negative lc‐excess values
appeared in deeper soils by the end of July (∼day 212), while lower less
negative lc‐excess values occupied shallower depths. Rainfall events af-
ter ∼ day 212 added rainfall enriched in δ2H (∼− 135‰) which was fol-
lowed by evapotranspiration that resulted in more negative lc‐excess within
the soil column around day 257 (Figures 7 and 10). By the end of the
growing season in 2018, the lc‐excess values were more uniform near
0 throughout the soil column. The dry conditions in 2019 resulted in
different lc‐excess signatures in the soil profile, as there were uniform
more negative lc‐excess values until late July (∼day 205) (Figure 10). This
implies the soil water that remained at the end of the 2018 season in
addition to any 2019 snowmelt infiltration was subject to evaporative
enrichment well into 2019. This mixture is reflected in the isotopic
composition with δ2H values averaging − 151‰ in May and June. δ2H
increased through July and August (days 182–243) in response to rain
corresponding to higher soil moisture near the surface (Figure 11). How-
ever, by the end of the growing season (September, ∼day 244) the soil had
started to dry and lc‐excess values were becoming more negative, indica-
tive of evaporative enrichment (Figures 10 and 11). As in 2019, the 2020
growing season began with higher less negative lc‐excess values and less
enriched δ2H values indicative of younger water shallow in the soil col-
umn. Like 2018, lc‐excess values initially became more negative at the

Table 6
Annual Averages and Standard Deviations of δ18O, δ2H, and Lc‐Excess Values for Each Year by Soil Depth

Year All depths 0–10 cm 10–20 cm 20–30 cm 30–40 cm 40–50 m >50 cm

lc‐excess

2018 − 3.2 ± 51 − 6.1 ± 5.3 − 2.5 ± 5.0 − 1.2 ± 4.1 − 0.5 ± 4.0 − 3.1 ± 1.2 n/a

2019 − 11 ± 7.8 − 14 ± 10 − 13 ± 7.4 − 10 ± 6.8 − 9.8 ± 7.0 − 9.1 ± 1.2 − 9.0 ± 0.8

2020 0.1 ± 4.3 − 3.4 ± 5.1 1.1 ± 3.8 2.6 ± 2.5 2.1 ± 2.5 0.3 ± 0.5 1.4 ± 1.2

δ18O

2018 − 17 ± 2.1 − 18 ± 3.0 − 16 ± 1.0 − 17 ± 0.8 − 18 ± 1.6 − 16 ± 0.9 n/a

2019 − 17 ± 1.5 − 16 ± 1.9 − 17 ± 1.3 − 18 ± 0.6 − 17 ± 1.0 − 17 ± 1.1 − 19 ± 0.6

2020 − 20 ± 1.9 − 20 ± 2.6 − 19 ± 1.6 − 20 ± 1.3 − 19 ± 1.3 − 20 ± 1.1 − 20 ± 1.4

δ2H

2018 − 142 ± 15 − 150 ± 22 − 134 ± 4.5 − 138 ± 5.6 − 147 ± 9.1 − 135 ± 15 n/a

2019 − 150 ± 7.3 − 151 ± 11 − 148 ± 7.0 − 151 ± 4.7 − 150 ± 4.0 − 149 ± 4.2 − 150 ± 5.2

2020 − 156 ± 12 − 164 ± 17 − 153 ± 7.9 − 155 ± 7.7 − 150 ± 7.5 − 157 ± 6.0 − 155 ± 10

Figure 9. Soil isotopic states in 2020; lc‐excess (‰) under sparse (top) and
dense (bottom) canopies during the 2020 growing season. The black dots
denote sampling days and depths. The absence of data below the contour
plots implies the presence of frozen ground and the lower edge of the plots
approximates the frost table depth as soils were sampled only down to the
frost table.
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beginning of the growing season and then increased as new rain consistently entered the soil column. This is
reflected in δ2H values that varied little from July to September (− 152.5 ± 0.98‰) (Figures 7 and 10).

4. Discussion
4.1. Energy Partitioning

Both sparse and dense canopies exhibited comparable Q*. Estimates of Qe/Q* were 0.25 and 0.36 over the sparse
and dense canopies, respectively, which are within the range of that documented across the Canadian taiga (Eaton

Figure 10. Soil isotopic states among all three study years; δ2H (left) and lc‐excess (right) (‰) in the 2018, 2019 and 2020 growing seasons (top to bottom) in soils under
the dense canopy. The black dots denote sampling days and depths. As with Figure 9, the absence of data below the contour plots implies the presence of frozen ground
and the lower edge of the plots approximates the frost table depth as soils were sampled only down to the frost table.
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et al., 2001; Nicholls & Carey, 2021). Bowen ratios are similar to those
documented in other Canadian Shield locations (Amiro & Wuschke, 1987;
Fitzjarrald & Moore, 1994; Spence & Rouse, 2002). Sparse stand rc was high
compared to the ∼300 s m− 1 estimated from sites in northern Quebec (Fitz-
jarrald & Moore, 1994), but lower than the ∼500 s m− 1 observed at a site
further north in the Northwest Territories (Spence & Rouse, 2002). Values of
α were well below 1.26 (Table 3) which is common in these types of boreal
forest canopies (Eugster et al., 2000). Surface resistance had to be less than
175 and 243 s m− 1 at dense and sparse sites, respectively, to result in α values
above 1.26. These rc thresholds are higher than those documented by
McNaughton and Spriggs (1989) in a wetter temperate setting, perhaps
suggesting that equilibrium evaporation occurs despite higher resistance. This
may be an artifact of the relatively sparse canopies. There was less interannual
variability in dense canopy ET than in the sparse canopy. During the drier
2019, when rainfall averaged 106 mm lower than 2018 and 2020, evapo-
transpiration in the dense stand declined by 8 mm (4%). The decrease over the
sparse canopy was 20 mm (15%). It is apparent that greater forest density
imparts increased stability in evapotranspiration through wet and dry years.

Ω represents energy partitioning behavior and explains why the dense canopy
exhibited less variability in Qe. The very small Ω and α values in the sparse
stand suggest ET there is driven more by atmospheric conditions and phys-
iological response (e.g., VPD) than radiation, resulting in a more dynamic
evapotranspirative response. This behavior is aligned with Iida et al. (2009)
who found comparable results in a taiga canopy in eastern Siberia with a
comparable tree density to that of the sparse canopy forest. The dense canopy
forest, on the other hand, had a higher Ω, lower rc and tended to be more freely
evapotranspiring. The slightly higher slope of the Ω * Qe(eq) − Qe curve in
the denser forest (0.27 vs. 0.18) also supports the idea of more freely evap-

otranspiring canopy with increased density. Nakai et al. (2013), too, observed that tree infilling reduces roughness
and dry air movement to the understory with a commensurate increase in Ω. Beringer et al. (2005) found Q*
becomes larger and more important for ET with tree density as Ω increases. Because of this higher sensitivity to
radiative drivers (Figure 5), and more consistent net radiation year‐to‐year (Table 3; Figure 3) than rc (Table 3;
Figure 4) the dense stand exhibited less variability in Qe. Thus, an increase in forest density could result in more
consistency in annual ET over the catchment. These results support those of Jarvis and McNaughton (1986) who
showed Ω will always be larger for more extensive canopies than for isolated individuals. Each canopy was
coupled differently with the atmosphere which influenced energy partitioning, turbulent flux behavior and ET
(conceptually illustrated in Figure 12). The variation in Ω with wetness, particularly in the dense stand, has been
documented before (Hadiwijawa et al., 2020) and reflects altered sources of transpiration (over vs. understory)
and evaporation (intercepted water and forest floor). This implies a change in the main source of transpiration
with wetness that could alter vegetation water use and vadose zone hydrology.

4.2. Vegetation Water Use

During much of the growing season, vegetation isotopic signatures plotted on or near the LMWL, much like
results from the same species in the southern boreal forest (Nehemy et al., 2022) or similar pine forests in Scotland
(Geris et al., 2015). Early in the season, lower, more negative values of δ2H in plant water suggests vegetation
accesses snowmelt (Figure 6), comparable to the findings of Nehemy et al. (2022). The shallow (<20 cm) rooting
depths of both over and understory species (Finger et al., 2016; Gale & Grigal, 1987) is a probable explanation, as
is the necessarily shallow early season frost table (Figure 9). By mid summer (i.e., July) values of δ2H in plant
water increased and lc‐excess became less negative (Figure 7), suggesting that at this time vegetation, inde-
pendent of canopy density or species, tends to use younger soil moisture derived from rainfall rather than any
remaining snowmelt stored in the soil, if the former is available. The non‐linear relationships between 7‐, 14‐, and
30‐day rainfall and lc‐excess values in vegetation imply that plants use younger water most of the year and only
access older, more evaporatively enriched soil water with deeper roots or ectomycorrhiaze when rainfall is

Figure 11. Soil conditions and isotopic states in 2019; soil conditions
including soil temperature (Ts, °C), soil moisture fraction (θ) and lc‐excess
(‰) (top to bottom). As with Figures 9 and 10, the absence of data below the
contour plots implies the presence of frozen ground and the lower edge of the
plots approximates the frost table depth as soils were sampled only down to
the frost table.
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lacking (Table 6). Both over and understory species access a variety of soil water sources during the growing
season. The seasonal averages in Tables 4 and 6 suggest that there is a difference between soil and plant water
which might imply a degree of ecohydrological separation (Brooks et al., 2015) in that plants are drawing water
from sources different than those used to generate runoff. However, as pointed out by Nehemy et al. (2022),
analysis at higher frequencies (Figure 7) reveals little difference between soil and plant water over shorter periods.
The patterns observed here indicate that plants are merely behaving opportunistically (Nehemy et al., 2022;
Nicholls & Carey, 2021) and the differences in seasonal averages are likely biased by observations at the
beginning and end of each growing season.

Black spruce and tamarack have different water use strategies (Nehemy et al., 2022; J. M. Warren et al., 2021).
However, neither stem water δ2H nor lc‐excess values were significantly different between these two species
(Figures 6 and 7; Table 4). Compared to tamarack and jack pine, black spruce demonstrate greater stomatal
regulation in response to warming and drying, (Dang et al., 1997; Dusenge et al., 2021; J. M. Warren et al., 2021).
Black spruce are also believed to have a greater ability to extract water from the soil compared to jack pine (Dang
et al., 1997). However, even if canopy composition changes, the broad similarities across species in the timing and
source of water they use suggests the impact of compositional changes may be limited. That said, with variation in
moisture and temperature, differences between ET rates in the two stands became apparent. Evapotranspiration
during dry conditions in the dense stand did not decline as much as that of the sparse stand. There was a tendency
for plants to use older soil water when conditions were drier, which was reflected in lower lc‐excess values in
2019 among all species (Table 4). If denser stands result in higher, more stable ET rates overall, as suggested by

Figure 12. Conceptual diagram of differences in energy partitioning, vegetation water use and soil state within dense and
sparse canopies under different wetness conditions in the subarctic Canadian Shield. The width of the flux arrows denotes the
magnitude of the flux. Dry conditions (denoted by fewer raindrops and snowflakes) are portrayed in the left column and wet
conditions (more raindrops and snowflakes) in the right column. Sparse canopies are illustrated in the top panels and dense
canopies in the bottom panels (denoted by relatively more plants). The relative magnitudes of the turbulent fluxes are
reflected in the widths of the black (Qh) and green (Qe) arrows. The relative influence of atmospheric conditions (air
temperature, net radiation, wind speed and canopy resistance) are denoted by their relative sizes (e.g., net radiation and air
temperature are more influential over denser canopies). In the soil column, the lower boundary reflects the depth of the frost
table as the growing season progresses. Bluer tones are indicative of younger less evaporatively enriched water. Red tones;
older, more evaporatively enriched water. The three soil water phases discussed in the text are denoted by the vertical black
lines in the soil profiles, exemplified in the upper right panel when the first phase ends when ample new rain is introduced.
The third phase begins with senescence, at which time any new water that has escaped evapotranspiration has drained to
lower depths, leaving more evaporatively enriched water near the surface.
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the eddy covariance measurements, especially in dry years, this would have implications for the age of water that
remains in the soil as canopies become denser.

4.3. Soil Water State

If effective precipitation (i.e., P minus ET) were constant through time, then there would be little change in the
relative proportions ofwater of different lc‐excess signatures stored in the catchment (Hrachowitz et al., 2016). The
strong seasonality observed (Figures 7 and 9) is indicative of how the age ofwater stored below each canopy varies,
because of differences in rates of ET as P was similar at the two stands. The water remaining in the soil is an
amalgamation of all the fluxes over time (Tetzlaff et al., 2021). The variety in lc‐excess caused by the interplay
between ET and P complements findings elsewhere in northern temperate and boreal forests (Hrachowitz
et al., 2016; Nehemy et al., 2022; Penna et al., 2018; Sprenger, Tetzlaff, Buttle, Carey, et al., 2018). The isotopic
signatures in soilwater suggest there can be three phases that comprise each growing season,with the beginning and
end of each defined by a function of wetness conditions (Figure 12). The first phase follows snowmelt and leaf‐out,
where in the absence of rain, the soil steadily warms and dries (Figures 10–12). During this phase, the soil column
contains water that is becoming evaporatively enriched with more negative values of lc‐excess (Figures 9 and 12).
Early in the growing season the shallow frost table keeps water near the surface, preventing water from draining to
deeper layers andmixingwith antecedent waters until later in the season. Thus, when frost tables are shallow, there
is enhanced enrichment of water with heavier isotopes, particularly in dry years (e.g., 2019 in Figures 7 and 10).

Rain, if ample, can add water enriched in δ2H and δ18O to the soil column beginning the second phase, making lc‐
excess less negative (e.g., 2018 and 2020, Figures 7b, 9, and 10). This mixing of antecedent and new water creates
variation inwater ages in the soil column, reflected in patterns of lc‐excess values (Figures 7 and 9). For example, at
a catchment in the southern Yukon, soil water enrichment in heavier isotopes only occurred in shallow soils and
suggested there is a threshold depth at which values remain on the LMWL (Shatilla, 2020). AtBaker Creek, in 2018
and 2020, seasonal lc‐excess values indicate shallow soils became evaporatively enriched relative to deeper soils
(Table 4). In 2019, this pattern was particularly evident as the dry conditions resulted in more negative seasonal lc‐
excess values. McCutcheon et al. (2017) also found soil water isotopic signature variation with soil depth and
season depends on the amount of water available. In contrast to their results, which may be a function of climate,
soils (<50 cm) in the subarctic have less negative lc‐excess values in wetter years, and a lack of evaporative
enrichment; this reverses in dry years. The diverse lc‐excess values in the 3 years of observation reveals the role of
rainfall amounts and timing. This was especially evident in the dense canopy where growing season ET was less
sensitive tomoisture conditions. The final phase occurs at the very end of the growing season as evapotranspiration
rates decrease with leaf senescence and winter dormancy. Any rainfall at this time of year increases lc‐excess
signatures in soil water. However, this water will freeze in place if storage thresholds for runoff production are
not exceeded (Spence&Woo, 2003) and become subject to evaporative enrichment early in the following growing
season.

When there is lower ET in the sparse stand, storage remains higher. The relatively lower ET rates result in soil water
that remains less evaporatively enriched (less negative lc‐excess). This implies that there is an inverse storage effect
(Harman, 2015) in the soil beneath subarctic canopies, in that wetter soils are dominated by younger water. More
rainfall also leads to this condition (Figures 9 and 10). Wetter conditions lead to more water held in storage,
reducingwater ages and soil column travel times, particularly in sparser stands. This effect has been simulatedwith
models of water residence time in small catchments in the boreal forests of Krycklan, Sweden (Sprenger, Tetzlaff,
Buttle, Laudon,&Soulsby, 2018). Sniderhan et al. (2023) documented a trend toward denser forest canopies across
the Baker Creek catchment between 1972 and 2017. The results here imply this trend will be associated with
increased water residence times in the soils in this landscape.

4.4. Implications at the Catchment Scale

The catchment land cover distribution of the Baker Creek catchment is dominated by two types—exposed bedrock
and open water. These two types comprise 62% of the catchment, which is representative of much of the subarctic
Canadian Shield landscape. If we assume that tree infilling will predominantly take place only where soil is
adequate for colonization of tree species (i.e., not exposed bedrock or water bodies), apply the average annual
growing season ET measured from 2018 to 2020 over both canopies (Table 3) and pro‐rate them for a scenario in
which all sparse canopies are replaced with dense canopies, catchment scale ET increases by 11%. This is arguably
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within the uncertainty of observations. There are markedly different seasonal ET rates between sparse and dense
canopies in this landscape. However, there is not enough land into which trees can reasonably expand to create
dense canopies and the difference between sparse and dense canopy ET not sufficiently different that changes
would measurably alter the ET rate at catchment or landscape scales. The only force that might have the ability to
alter vegetation distribution and composition at such a scale to shift catchment scale ET is wildfire (Baltzer
et al., 2021; Spence et al., 2020).

This result is different than that suggested from studies in other ecozones that are experiencing widespread land
cover change associatedwith climate change. For example, along the latitudinal treelinewhere vegetation change is
not constrained by surficial geology, changes in vegetation canopies that may alter evapotranspiration regimes can
extend across more of the landscape. While the results of Nicholls and Carey (2021) suggest that catchment ET
should increase as shrubs and trees expand altitudinally, the portion of land available above the existing treelinewill
influence how much of an impact tree expansion will have in mountainous landscapes. This limitation should be
less apparent at the latitudinal treeline where land is widely available.

The Taiga Shield in northwestern Canada exhibits strong wet and dry cycles (Spence & Rausch, 2005). Super-
imposed on this has been a strong increasing trend (20% over the last half century) in annual precipitation (Zhang
et al., 2019). Soil moisture state is important for runoff production in this landscape (Spence & Woo, 2003) and
catchment scale runoff depends on how often and by how much precipitation can offset ET. During periods of
drought, catchments may become more prone to periods of low flows as higher ET from denser forests results in
fewer instances of exceedance of storage thresholds that govern runoff generation. During wet phases, runoff
productionwill thus depend on the seasonality of enhanced precipitation (i.e., snowmelt vs. rainfall). The impact of
a tendency toward older water in the soil column on aquatic chemistry will depend on this precipitation seasonality
andwhen hillslopes are activated and become hydrologically connected to the stream (Oswald&Branfireun, 2014;
Spence et al., 2015).

5. Conclusions
The objectives of this research were to answer two questions; (a) how does canopy density in the Taiga Shield
influence (a) energy partitioning, (b) vegetationwater use, and (c) soil water state (i.e., age andmoisture), as well as
(b) how much canopy densification is needed to create measurable changes in ET at the catchment scale? While
most available energy was partitioned into sensible heat, latent heat fluxes were consistently higher in the denser
canopy than the sparse. As with many subarctic landscapes, the influence of aerodynamic controls was higher than
radiative controls, but canopies are more sensitive to changes in radiative inputs, and this was the case with the
dense canopy. All sampled vegetation species tended to be opportunistic in their water use, accessing shallow soil
water. Only when conditions were dry did vegetation access deeper older water sources more evaporatively
enriched in heavier isotopes. The result is that the isotopic signature of the water in the soil profile was a complex
mixture that depended onwhenwater was added and removed. Sparse canopies tended to havewetter soil moisture
states and soil water that resembles younger, heavier water sources (i.e., rainfall) enriched in δ2H and δ18O. These
differences imply that densification of the tree canopy could have implications for aquatic chemistry as soil water
residence times will change. However, catchment and landscape scale ET rates in the subarctic Canadian Shield
landscape are likely to be generally insensitive to these changes as the magnitude of the differences between the
sparse and dense canopy were relatively small and the presence of exposed bedrock and the numerous lakes reduce
the portion of the landscape that is subject to tree infilling. This demonstrates the importance of surficial geology for
larger scale impacts of climate induced vegetation change. Implications of changing residence times of soil water
on runoff generation and aquatic chemistry because of tree infilling are less obvious. Theymay be a function of the
frequency of wet and dry cycles in precipitation and the relative rates of P and enhanced ET over denser forests as
this controls when runoff generation thresholds are exceeded.

Data Availability Statement
Data used in this study (Environment and Climate Change Canada, 2024) are available from Environment and
Climate Change Canada's Data Catalogue (Baker Creek Research Watershed Ecohydrology Data 2018 to 2020 ‐
ECCCDataCatalogue). Environment andClimateChangeCanada stationYellowknifeAmeteorological data used
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within the study (Environment and Climate Change Canada, 2023) are available from https://open.canada.ca/data/
en/dataset/9c4ebc00‐3ea4‐4fe0‐8bf2‐66cfe1cddd1d.
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