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1. Introduction

Forests play a critical role in combating climate change effects through increased carbon uptake,
nutrient cycling, and stabilizing water processes on a local level through evapotranspiration (ET).
Stand level water use can also impact larger watershed or regional water transport (Ellison et al.,
2017; van Noordwijk & Ellison, 2019). Forest ET rates are driven by water availability, solar
energy, canopy cover, tree rooting area, sapwood area, and stomatal conductance (Irvine et al.,
2004). Young trees have lower T because of less canopy, sapwood, and rooting areas, but they
have higher stand T rates typically because of high stand density from tree competition,
especially in water-abundant systems (Sanchez-Pérez et al., 2008).

Forest management techniques were identified to restore and preserve stand resources. Many
restoration techniques originate from focusing on commercial forestry practices and preserving
water, increasing carbon storage, and nutrient cycling (Komatsu, 2020). However, the effects of
climate change have shifted forest management strategies to focus on preserving forest resilience
and ecosystem services (Bosch & Hewlett, 1982; Komatsu, 2020; Wang et al., 2020). One
method for increasing stand productivity and minimizing water demand is thinning. Stem
removal improves tree radial growth, root development, and canopy cover, which decreases
stand T and increases tree T. Studies have shown that thinning can aid ecological health through
drought mitigation (Sohn et al., 2016), decreased fire risk (Niemeyer et al., 2020), improved
radial tree growth (N. McDowell et al., 2002; Wang et al., 2019), and whole-ecosystem carbon-
water exchange (Kerhoulas et al., 2013; N. G. McDowell et al., 2006; Serengil et al., 2007).
Effective forest management strategies must account for physical and biotic characteristics and
water limitations to effectively preserve, restore, or regenerate prodiuctive and resilient forests.

In water-limited regions, species have adapted to utilizing both surface and groundwater
resources to counteract limited water access during the growing season (Dawson & Pate, 1996;
Kerhoulas et al., 2013). The southern interior of British Columbia, Canada, has experienced drier
summers and fire risk because of climate change, logging, and fire suppression (Silins et al.,
2014; Winkler et al., 2021). Thinning was implemented at the Upper Penticton Creek (UPC)
experimental watershed to quantify the effectiveness of thinning juvenile lodgepole pine (Pinus
contorta) on stand hydrologic function. The effects of thinning on stand productivity and general
changes in water cycling have been intensively studied (Asbjornsen et al., 2011; Liu et al., 2011,
Molina & del Campo, 2012; Reid et al., 2006; Serengil et al., 2007). However, how thinning
impacts water sourcing and water uptake strategies is still widely unknown and site-specific.

This study aims to expand on the current understanding of how thinning young stands changes T
at both the tree and stand level and water use strategy. By measuring tree sap fluxes, soil
moisture, and stable water isotope analysis of stem water compared to precipitation and
groundwater, | hope to determine the ratio of lodgepole pine water sources at UPC and how
thinning changes surface water or groundwater dependencies, and how lodgepole pine uptake
changes over the growing season. | hypothesize that (1) deeper soil water will be the primary
water source for lodgepole pines because of limited summer precipitation events, but that (2)
unthinned stands will rely more heavily on precipitation events for water uptake-the growing
season progresses. Furthermore, (3) | expect that all stands will become increasingly dependent



on groundwater over the growing season as surface water and soil moisture decrease, but that the
thinned stands will maintain constant groundwater access while the unthinned trees experience
restricted water access. Through a detailed partitioning of transpiration sources, we can better
understand how lodgepole pines use water, where they access water from, if water uptake
changes seasonally, and how thinning affects their water use and uptake strategies.

2. Methods
2.1.Study site

Our study site is at the Upper Penticton Creek (UPC) experimental watershed 26 km northeast of
Penticton, British Columbia, Canada (49°39'34" N, 119°24'34" W), which originated in the 1980s
as a long-term paired watershed study focused on the impacts of deforestation on hydrological
processes. The thinning experiment was established in 2016 when 16-year-old stands were
thinned to two different treatment levels, moderately thinned (T1: 4,500 stems ha*) and heavily
thinned (T2: 1,100 stems ha™) compared to a control (C: 27,000 stems ha*). Each treatment plots
are 20 by 20 m with 5 m of space between plots and repeated across three 25 m by 75 m blocks.

The biogeoclimatic zone of UPC is dry cold Engelmann Spruce Subalpine Fir (Coupe et al.,
1991; Lloyd et al., 1990; Wang et al., 2019). Dominant canopy species across the watershed
include Douglas Fir (Pseudotsuga menziesii), Engelmann Spruce (Picea engelmannii), and
lodgepole pine. The daily temperature ranges from -11.3 C in December to approximately 19.2 C
in July, and the mean annual temperature is 1.9 C (Winkler et al., 2017). Mean annual
precipitation from 1986 to 2014 is approximately 770 mm, with 60% of that being snowfall, and
late winter snow depth can range between 1 to 1.5 m and can last until mid-June (Wang et al.,
2019; Winkler et al., 2021). The elevation is approximately 1675 m. The soil is coarse sandy
loam derived from morainal and glaciofluvial sediments and coarse-grained granitic bedrock,
with low water holding capacity and well-drained (Hope, 2011). Soil depth ranges from 0.5 to
0.6 m.

Tree growth will be quantified by calculating basal area increment (BAI) from 45 trees with
similar diameter at breast height (DBH) per plot. DBH for each of the 45 trees per plot and ten
mature trees has been measured biannually since 2016 to monitor changes in radial growth and
stand growth rates.

2.2.Meteorological monitoring

Multiple long-term meteorological stations were installed across UPC in 1991 and monitor air
temperature, surface and soil temperature, relative humidity, solar radiation, wind speed, rainfall,
snow depth, and snow temperature (Winkler et al., 2017, 2021). Soil moisture probes will also
be deployed across the thinned plots for the growing season of 2021. Groundwater levels were
recorded twice daily from 2007 to 2010, and in 2013 one of the wells (approximately 30 m deep)
began recording hourly depth to groundwater levels as a part of the BC Observation Well
Network. Depth to groundwater at UPC ranges from 3.1 to 11.6 m below the surface, and
approximately 19% of annual precipitation contributes to groundwater recharge, and



groundwater contributes about 1.3% of measured streamflow (Hunter et al., 2020; Winkler et al.,
2021).

2.3.Sap flux data

Granier-type sap flow sensors are deployed annually over the growing season since the thinning
experiment began. Sixteen thermal dissipation probes (Model TDP-30, Dynamax, Inc., Texas,
USA) will be inserted at the beginning of this summer at breast height across five trees per
treatment plot (C, T1, and T2) in one block (B1) and will be insulated with thermal insulation
aluminum foil to prevent error caused by ambient temperature. Heat pulses will be recorded
every 30 minutes using a CR1000 (Campbell Scientific Inc., Utah, USA). Each tree will have
one probe, and I assume that the sapwood area is symmetrical in each tree. Sapwood area (As)
was calculated from DBH using the equation from Wang et al. (2019) (Eq 1, R?>=0.98).

Empirical equations (Eq 2-4) calibrated from Granier will be used to calculate tree-level sap
fluxes (1985). K is a dimensionless term calculated from the measured difference in the sensor
probes' heat pulse (AT) and the maximum sensor temperature assuming no nighttime sap fluxes
(ATmax). Sap flow velocity (SFD) (g/cm?) is calculated from a modified specific heat formula and
used with sapwood area to determine tree flow rates (F, g/hr). Daily stand transpiration (Es) will
be calculated by upscaling daily mean SFD and summed stand sapwood area using stand density

(Asg) (Eq 5).

2.4.1sotopic composition
2.4.1. Sample Collection

Woody tissue from 3 trees per treatment across the three blocks will be collected during three
distinct hydrological phases during the growing season. The first planned sample period is early
June, when there is still high soil moisture and more available snow-melt at shallower rooting
zones. The second sampling time will be in August during the drier period of the growing
season. The final sampling will occur in mid-September when light rain events become more
common, potentially alleviating some surface water limitations. | will collect approximately 6
cm sapwood cores at breast height (1.4 m) during each sample collection period and remove the
bark and phloem to avoid the Péclet effect (Sanchez-Pérez et al., 2008; Sohn et al., 2014). Cores
will immediately be placed in tightly sealed vials and placed in a cooler until after sample
collection, where vials will be stored at less than -8°C (Kerhoulas et al., 2013; Sanchez-Pérez et
al., 2008; Sohn et al., 2014). Samples will be collected midday when flow is highest to maximize
sample volume and assume no daily isotopic composition variation (Kerhoulas et al., 2013).

Soil will be collected by digging a pit at each treatment and collecting five samples at 20 cm
intervals, immediately bagged and stored in a cooler until transported to a freezer at -18°C until
extraction (Kerhoulas et al., 2013). Soil sample results will be used with soil moisture data to
determine the water isotope profile in the vadose zone. When possible, groundwater samples
from a well at UPC and seasonal precipitation events without evaporative fractionation will also
be collected for comparison.

2.4.2. Sample Analysis



Water will be extracted through one-hour cryogenic vacuum distillation to extract at least 2 mL
of water from each sample. However, glass wool will be included to pack the soil samples before
extraction to avoid particle movement (Kerhoulas et al., 2013; West et al., 2006). After water is
extracted from the sample, the water will be refrigerated until analyzed. All water samples will
be analyzed for their stable water isotopic composition using the Los Gatos Research (LGR)
liquid water isotope analyzer at the University of British Columbia Okanagan (Kelowna, BC,
Canada) to measure 580, §*’0, and §*H. The "delta" notation refers to the isotopic composition
of the sample relative to a standard (Vienna Standard Mean Ocean Water, V-SMOW)
(Gonfiantini, 1978; Kerhoulas et al., 2013; Sanchez-Pérez et al., 2008). 580 is found from
R¥80sampie and R¥¥Ov.smow and expressed in parts per thousand (Eq 6) (Barbour, 2007; Dawson
& Pate, 1996; Kerhoulas et al., 2013; Meinzer et al., 2001; Sanchez-Pérez et al., 2008).

2.5.Data Analysis

All statistical analysis will be conducted in R Studio (version 1.3.1073) using the appropriate
tests to determine site distinctions and seasonal variance (RStudio Team, 2020).

3. Expected Results
3.1.Sap flow and transpiration

Results of sap flow monitoring during the two years immediately after thinning showed
significantly higher, and transpiration in the control plot and increased tree mean daily sap flow
in the two thinning treatments (Wang et al., 2019). Changes in radial growth from 2019 to 2020,
and previous years, indicate that the largest annual increase in DBH was in the heavily thinned
stand, then the moderately thinned, and that the change in diameter was less in the control plot,
but statistical analysis of the data has not been conducted (Figure 1)(Wang et al., 2019).
Preliminary results of tree sap flow from 2020 show prominent seasonal variation in
transpiration rates between the three treatments (Figure 2). There is more cumulative tree-level
transpiration in the two thinned plots than the control plot (Figure 3). Growing season data from
2021 will likely support the patterns seen in previous growing seasons that tree-level
transpiration is higher in thinned stands and stand-level transpiration is less than the control.
Combining sap flow data with meteorological data will also provide more insight into potential
seasonal variation drivers in peak sap flow periods.

3.2.Seasonal water use

Lodgepole pines have deep rooting zones and the ability to source groundwater (Andrews et al.,
2012). The literature on water isotopic ratios and seasonal variation in uptake across similar
species and climates indicates that lodgepole pine water sourcing depends on soil moisture and
water availability (Andrews et al., 2012; Andrews & Science, 2009; Meinzer et al., 2007). |
suspect that, like similar coniferous subalpine forests, that the isotopic signatures from tree
samples will indicate that lodgepole pines across all treatments are relying on both surface water
and groundwater sources. However, because thinning reduces competition, lodgepole pines in
thinned stands are likely to have a higher groundwater uptake volume. As the growing season



progresses, the control plot will experience a faster decrease in soil moisture, particularly in
shallow soils. As stated in my hypothesis, | expect that the groundwater uptake ratio will have
the most significant seasonal variance in the control plot because of high stand water demands,
but that access will be limited. Towards the end of the growing season, when precipitation events
begin to occur more frequently, the response of more densely populated stands will shift uptake
ratios towards surface water more quickly. These results will be obtained through rigorous
statistical modeling of seasonal water uptake depending on soil moisture and stand transpiration.
Distinct seasonal trends will be identified through changes in the isotopic ratio variance across
the three sample periods (wet early growing season, mid-dry growing season, and late-wet
growing season). The analysis of distinct isotopic ratios between treatments and over time,
informed by meteorological data and sap flow-based water demand, will give us the information
to potentially say something significant about how lodgepole pine water strategies, how stand
density impacts water availability and water uptake, and seasonal distinctions in water sources.

4. Implications

Discovering where lodgepole pines source their water and how they use water throughout the
growing season will provide details on water cycle processes at UPC. This study will inform how
forest regeneration and thinning young stands can alter water sources and shift local water
partitioning. If thinned stands can rely more heavily on groundwater, and snow-melt, rather than
summer precipitation events, then transpiration may be more consistent across the growing
season, they can mitigate the effects of drought, increase runoff to preserve streamflow, and
allow surface water the potential to infiltrate as groundwater recharge (Andrews et al., 2012;
Kerhoulas et al., 2013). The high water demands of young, dense, regenerating forests can lead
to water budget deficits, leading to high vegetation mortality rates and poor stream health
(Asbjornsen et al., 2011; Irvine et al., 2004). Integrating isotopic analyses into a stand-level
water budget focusing on transpiration will provide new insights into how water is stored and
transported. This study will help inform future thinning management practices to preserve or
restore hydrologic function in regenerating forests efficiently.

This study sets out to determine the effects of thinning young lodgepole pines on water strategy
and seasonal water uptake. This study's scope is limited in its direct application to other forests
because water strategies are highly species-specific and intrinsically connected to both the local
water cycle and stand composition. One application of these findings is to better partition
transpiration by source with these results and deduce the total ET percentage into surface water
evaporation, surface water transpiration, and groundwater transpiration at UPC. Partitioned ET
could be used in combination with other studies to infer more significant impacts of thinning on
general water processes, which can be used to inform management practices in other water-
limited regions. When using thinning as a water management strategy, the stand's water uptake
strategies may influence how and where trees source water, and this information is critical for the
future of stable water access in the face of climate change. As climate change intensifies, we
must use informed management strategies that account for the future unknowns of water flow so
that diverse ecosystems can adapt and preserve water function.



5. Funding

Funding for this study and other research at UPC focused on young forest water use is provided

by the British Columbia Ministry of Forestry.

6. Equations
As(mm?) = 102.871 * DBH(mm) — 3709.3
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Figure 1. Change in diameter at breast height (A DBH) between October 2019 and October of
2020 for the control (B1C), moderately thinned (B1T1), and heavily thinned (B1T2) stands with

sap flow sensors and a mature stand adjacent to the thinning plots.
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Figure 2. Mean daily tree sap flow from A. the control plot, B. the moderately thinned plot, and

C. the heavily thinned plot from July to October of 2020.
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Figure 3. Mean cumulative sap flow for each treatment between July and October of 2020.

8. Budget
Item Quantity Unit Price Total Cost
Two-thread increment borer | 1 $200-250
Glass screw top vials 81 $0.75 $60.75
Sealable Plastic bags 80 $0.40 $35.94
Cryogenic extractionsetup |1 Unknown NA
680 analysis 167 ~$15 $2,505
Parafilm 1 $40.00 $40
Total ~$2,891.69
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