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Abstract:

Large-scale forest disturbances including mountain pine beetle infestation and forest fires have
generated overstocked lodgepole pine stands in the interior of British Columbia. A critical need is
to determine sustainable management strategies to ensure their healthy growth and provision of
various ecological functions under increased drought risk due to climate change. In 2016, a field
experiment was established to study the effects of juvenile thinning on carbon assimilation and
water use at the both tree- and stand-scales in a 16-year old lodgepole pine stand from June to
October in 2016 and 2017. This study located northeast of Penticton, British Columbia, included
two thinning treatments (T1: 4,500 stems per ha; and T2: 1,100 stems per ha) and one control (C:
27,000 stems per ha), randomly assigned in three blocks. Sap flow and microclimatic variables
were continuously monitered in one plot of each treatment in one block, while tree diameter at
breast height were measured across the three blocks. The results showed that C had the lowest tree
radial growth (0.14 mm?/d), sap flow velocity (64.61 g/cm?d), and highest stand transpiration (4.36
mm/d), while T2 had the highest tree radial growth (1.28 mm?/d), sap flow velocity (149.14
g/cm?*d), and lowest stand transpiration (0.36 mm/d) over the two-year study period. Significant
differences of tree radial growth and sap flow velocity between T1 and T2 only occurred under the
drought conditions (in the summer season of 2017), with T2 having a significant higher resistant
index of sap flow velocity than C and T1, by taking advantage of the change in microclimatic
conditions following intense thinning. At the stand-level, only the stand transpiration of T1
statistically decreased in the drought year. We conclude that the thinning plays a significant and
positive role in maintaining tree growth and water consumption in the short term, and the more
heavily thinning (T2) would be more effective to mitigate the drought effect in young overstocking

lodgepole pine forests in terms of water consumption. These findings improve our understanding
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on how thinning can be used to manage ecological responses to forest practices in a changing

climate.
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1. Introduction

Large-scale forest disturbances have severely impaired the structure and composition of forests
across the world, and consequently affected various ecological processes such as carbon and water
cycles (Bearup et al. 2014, Bonan 2008, Reichstein et al. 2013, Seidl et al. 2014). Following stand-
replacing disturbances or intensive timber harvesting, lodgepole pine (Pinus contorta ssp. latifolia)
is commonly replanted and in many areas it also regenerates naturally in plantations, which often
results in over-dense, uniform cohorts, of which the densities could be larger than 50,000 stems
per ha (Johnstone and Van Thienen 2004, Kashian et al. 2004, Nyland 1998, Turner et al. 2013,
Yang 1998). Such overstocking impedes healthy growth of trees, hampers their ability to produce
merchantable volumes of woods, and seriously affects carbon sequestration and hydrological
processes (Berryman 1982, Brix and Mitchell 1986). This problem could be further compounded
by climate change induced droughts. As a result, two mechanisms of tree mortality, the carbon
starvation (i.e., when carbon consumption by respiration, growth and defense exceeds carbon
assimilation from photosynthesis) and the hydraulic failure (i.e., failed water transport when trees
are under water stress), are often observed in affected forests (McDowell et al. 2008, McDowell
2011). In addition, hydraulic failure has been found to be more ubiquitous than carbon starvation
in causing drought-induced mortality (Adams et al. 2017). Clearly, practical strategies are needed
to manage those highly dense forest stands for wood production, carbon sequestrations and water
conservation, particularly in the context of future climate change impacts (wildfires, droughts, and
beetle attacks) (Seidl et al. 2017, Spittlehouse and Stewart 2003).

Juvenile thinning (or pre-commercial thinning), which reduces the stand density of immature
forests, has been suggested as an effective approach to deal with the overstocking problems of

young lodgepole pine stands due mainly to their low effective self-thinning (Stewart and Salvail
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2017) and slow response to thinning treatments unless being treated early (Bassman 1985, Cole
1973, Lotan and Critchfield 1990). Thinning treatments have been also considered as an effective
strategy to mitigate the effects of drought (Ambrose et al. 2018, Cabon et al. 2018, Del Rio et al.
2017, Elkin et al. 2015, Kohler et al. 2010, Rodriguez-Calcerrada et al. 2011, Sohn et al. 2013). A
review of juvenile thinning experiments conducted in lodgepole pine forests in western Canada
concluded that the treatments improved individual tree growth in terms of diameter and volume
(Chase et al. 2016a, Johnstone and Van Thienen 2004), but the majority of treated stands still had
lower net stand basal area and total volume increments compared to untreated counterparts 20
years after juvenile thinning treatments were applied (Johnstone and Van Thienen 2004). More
interestingly, thinning can promote tree vigor that may thus be helpful in withstanding beetle
attacks (Mitchell et al. 1983), but tree mortality rate in some cases was actually increased under
juvenile thinning due to increased disturbances by snow, wind and certain pests (e.g. Atropellis
canker) (Johnstone and Van Thienen 2004). Therefore, whether juvenile thinning is an appropriate
measure for sustaining various ecological processes and functions is questionable (Daniel et al.
2017, Naudsts et al. 2016), requiring more investigations.

Various studies have reported positive impacts of thinning on the growth performance of individual
trees and tree-water relations under non-drought and drought conditions (Cabon et al. 2018, Kohler
et al. 2010, Laurent et al. 2003, Park et al. 2018, Rodriguez-Calcerrada et al. 2011, Simonin et al.
2007, Sohn et al. 2013, Sohn et al. 2016a). The better performance of trees in the thinned stands
was mainly attributed to enhanced light, soil water, and nutrient availability (Lagergren et al. 2008,
Moreaux et al. 2011, Moreno and Cubera 2008, Skubel et al. 2017a). Therefore, it is reasonable to
assume that a higher thinning intensity can yield better drought resistance of trees in dry regions.

However, this is not always the case, in terms of the carbon assimilation (Sohn et al. 2013), sap
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flow rate (Jiménez et al. 2009, Medhurst et al. 2002), basal area growth and drought intensity
(Kohler et al. 2010). A meta-data analysis by Sohn et al. (2016b) indicated that thinning had no
significant effect on the radial growth of trees during or after drought. Thus, selecting optimal
thinning intensities for sustaining ecological functions such as carbon sequestration and water
conservation is urgently needed (Cabon et al. 2018).

The objective of this study was to evaluate the responses of tree growth, tree-level and stand-level
transpiration under two juvenile thinning treatments over two growing seasons of 2016-2017 in a
young overstocked lodgepole pine (Pinus contorta ssp. latifolia) forest. Drought conditions during
the summer of 2017 provided an excellent opportunity to assess whether thinning could mitigate
the effects of drought. We hypothesized that (1) juvenile thinning could increase tree growth and
tree-level transpiration, but reduce stand-level transpiration, with the more pronounced effects in
more heavily-thinned stands; and that (2) more heavily-thinned stands would consistently maintain
the highest tree growth and tree-level transpiration both under the non-drought and drought
conditions. The results from this study could provide useful information for designing post-
disturbance management strategies for large-scale overstocking young lodgepole forests under

climate change impacts.

2. Materials and Methods

2.1 Study area

The study area is located at the 241 Creek in the Upper Penticton Watershed (UPW),
approximately 26 km northeast of Penticton in the southern interior of British Columbia, Canada
(49°39'34"N, 119°24'34"W) (Figure 1). According to the biogeoclimate zones of British Columbia,

UPW belongs to the drier part of the Engelmann Spruce-Subalpine Fir Zone which is characterized
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as steep, rugged terrain with cold and snowy conditions in the winter (Coupé et al. 1991). The
elevation is around 1675 m a.s.l, and snow cover lasts from early November through middle of
June. Seasonal droughts during the summer often occur. Historical climate records from 1986 to
2014 show that the mean annual precipitation was 763 mm with less than one-third precipitation
in the growing season (between June to October) and the mean annual temperature is1.9 °C
(Winkler et al. 2017). The daily temperature in the studied growing seasons ranged from -8 to 28°C.
The study site is generally south aspect, occupied with even-aged lodgepole pine forests that are
regenerated after logging in 2002. Understory vegetation including Rhodendron albiflorum,
Vaccinium scoparium, Valeriana sitchensis, Tiarella unifoliata, and Arnica latifolia (Hope 2009)
is sparse. Soils were Luvisolic, and were derived from granite parent rock, coarse sandy-loam in
texture, with low water holding capacities. More detailed descriptions can be found in Hudson and

Golding (1997) and Winkler and Moore (2006).
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Figure 1. The study location and the experimental layout of three blocks (C: control; T1:

treatment 1 and T2: treatment 2)

2.2 Experiment design

Three experimental blocks, B1, B2 and B3 (25 m X 75 m each), were established in June 2016.
Each block included two thinning treatments (20 m x 20 m each) and one unthinned control plot
following the completely randomized block design (9 plots in total). Thinning was completed
manually with the slash left on site. The tree densities in treatment 1 (T1) and treatment 2 (T2) are
approximately 4,500 (1.5-m spaced) and 1,100 stems (3-m spaced) per ha, respectively. The
control plots have an averaged density of around 27,000 stems per ha. Trees were counted if their

heights were greater than or equal to 1.3 m.
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2.3 Monitoring of tree growth

Tree growth was quantified as basal area increment (BAlp, mm?). In each plot, 45 trees of similar
diameter size distributions were selected for measurement. Tree diameters at the breast height
(DBH) were measured monthly in the growing season of 2016 and 2017 with an electronic caliper
(Model: 500-196-30, Mitutoyo Corporation, Japan). The initial distribution of DBH frequencies
of the selected trees are showed in Table 1.

Table 1. Distributions of trees in DBH classes in C (control), T1 (treatment 1) and T2 (treatment

2).
DBH (mm) C T1 T2
<30 8.1% 11.0% 1.8%
>30 and <45 54.5% 44.1% 32.7%
>45 and < 60 27.3% 36.4% 47.3%
>60 10.1% 8.5% 18.2%

In addition, home-made dendrometer sensors, following Cattelino et al. (1986), were installed in
five of the selected trees per plot in B1 (15 trees in total) to measure diameter changes (basal
perimeter) at 20 cm above ground. The selected trees cover proportionally the range of diameters
found in each plot. Basal perimeter (tree girth) was recorded every 20 minutes using a CR1000
(Campbell Scientific Inc., Logan, UT, USA). All trees were connected to a central datalogger unit
(CR1000, Campbell Scientific Inc., Logan, UT, USA) by using a multiplexer (AM16/32B,
Campbell Scientific Inc.) located in B1. Changes in areas at the basal height were recorded as
BAIg (mm). A linear relationship between basal diameter and DBH based on additional

measurements from 180 trees in all three blocks is showed below (R? = 0.83):

9
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DBH (mm) = 0.6935 x basal diameter (mm) + 8.5685 (1)

2.4 Measurement of tree-level transpiration and stand-level transpiration

Granier-type sap flow probes (Model TDP-30, Dynamax, Inc., Texas, USA) were also inserted at
the breast height in the five previously selected trees that were equipped with home-made
dendrometers at each plot (15 trees in total) in B1. In consideration of the small DBHs of young
trees (Table 1), each tree was installed with one pair of TDP-30 probes assuming that there were
no systematic variations in sap flow density along the sapwood depth (Clausnitzer et al. 2011). All
the probes were oriented towards the southern exposure, and were fully insulated with thermal
insulation aluminum foil to minimize possible effects of ambient temperature gradients. The
installation and detailed description of the probes can be found in Granier et al. (1990). Sap flow

was calculated with empirical equations (2-4) calibrated from Granier (1987):

K = (ATmax — AT)/AT )
SFD =0.0119 x K!-2! (3)
F =As x SFD x 3600 4)

Where, K is a dimensionless variable calculated from the measured temperature difference
between two thermocouples of the probe (AT, °C). It was assumed that no sap flow occurs at night
when the temperature difference reached its maximum (ATmax, °C). SFD is the sap flow velocity
(g/cm?), F denotes the sap flow rate, (g/h), and As stands for the sapwood area per tree (cm?).

Sapwood area was inferred from the linear relationship between DBH and sapwood area (Equation
(5), R?=0.98) derived from seven trees representing a range of diameters within the stand. This
relationship was assumed to be hold for trees in both the control and thinned plots (Bréda and

Granier 1996).

10
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As (mm?) = 102.81 x DBH (mm) — 3709.3 (5)

Daily mean SFD values for C, T1 and T2 were also upscaled to calculate daily stand-level
transpiration following by Bréda and Granier (1996). Stand sapwood areas were summed
according to the stand densities for the thinned and unthinned stands, DBH distributions (Table 1)
and the DBH-sapwood relationship (Equation (5)).

Eg = SFD X As, (6)

Where, Es is the daily stand transpiration (mm/d); SFD is the mean SFD of the five trees per each
plot for C, T1 and T2, respectively (g/cm?); and As, is the estimated total stand sapwood area (cm?)
for 400 m? plot.

Additional species-specific calibration of the empirical equations (2-4) was not considered, as the
original equations have been widely used in other sap flow studies on lodgepole pine stands (Reid

et al. 2006, Zhang et al. 2015).

2.5 Calculation of resistance index

The resistance of trees to drought was quantified using a resistance index. The resistance index of
tree growth, sap flow velocity and stand transpiration were calculated as the ratio of target variables
under the drought year (Yay) to that in the pre-drought year (Y predy), following Lloret et al. (2011)

and Sohn et al. (2016b):

RI= 2 )

Ypredy
Where, Y4y represents the target variables (i.e., tree mean daily BAlp, mean daily SFD or mean
Es) during the drought year (2017), and Y predy represents the target variables during the pre-drought

year (2016).

11
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2.6 Collection of climate data

One climate station (HOBO weather station, Onset Computer, Bourne MA, USA) was installed in
each plot in B1 to collect climate data including transmitted solar radiation (Rn, W/m?), relative
humidity (RH, %), temperature (T, °C), precipitation (P, mm) and wind velocity (Wv, m/s) at 10-
minute intervals during the study period. The sensors were placed at approximately 2.5 m height
which is just at the canopy level. VPD is calculated from RH and T according to Goff—Gratch
equation (Goff 1946).

Soil volumetric water content (VWC) in B1 was measured at two depths (20 cm and 40 cm) in
three randomly selected locations per plot by EC-5 sensors (Decagon, Pullman, WA, USA) at 20-
minute intervals for the study period. The selection of soil depths was based on studies reporting
that tree transpiration was associated with soil water content at the depth of 10 to 20 cm (Raz-
Yaseef et al. 2012, Sun et al. 2014a). Manual measurements of soil VWC at 20 cm depth in the
three blocks were also made weekly during the growing season of 2017 using a GS-1 portable

measuring system (Decagon, Pullman, WA, USA).

2.7 Statistical analysis

The BAIp of selected trees were converted into daily means in order to adjust for different growing
season lengths in 2016 and 2017.

BAIp among the three treatments was analyzed by ANCOVA with the initial DBH of the trees as
covariate, and the block, treatment and year (drought) as factors. Differences in sap flow velocity
(SFD) were analyzed with mixed-effect models considered the thinning treatments, drought and
date as fixed effects and the tree identity as a random effect on SFD.

In all cases, data were checked to meet the requirements of homogeneity of variance and normality

12
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(and homogeneity of the regression slopes in the ANCOVA). In most cases, the assumptions were
violated, even though multiple methods including log transformation, square roots and cubic roots
transformations and Box-Cox transformation were applied. Therefore, comparisons on BAIp, SFD,
ES, and RI between treatments or between years were performed with independent-t test, if data
met the requirements of homogeneity of variance and normality. Otherwise, the Mann-Whitney U
test was employed.

We were also interested in the response of SFD to VPD, and the relationship between SFD and
VPD has been fitted into an exponential saturation equation (equation (8)) (Ewers et al. 2001,
Tang et al. 2006) or a parabolic equation (equation (9)) (Grossiord et al. 2018).

SFD =a (1 — e~2*VPD) (8)

SFD = mVPD*+nVPD 9)
Where, a, b, m and n are fitted coefficients.

Therefore, the relationship between SFD and VPD were determined by comparing which equations
yielded the best fit (R?). Coefficients of the equation (8) and the equation (9) and their goodness
of fit were listed in Table S5. As the equation (9) yielded higher R?, the sensitivity of SFD to VPD

(Svep, g/cm*kPa) was denoted as:

Sypp = o2 = 2mVPD +n (10)

The extent of drought in 2017 was evaluated by the Standard Precipitation Index (SPI) (Guttman
1999) based on the long-term precipitation data (1953-2017) derived from the Penticton Airport
Climate Station around 20 km southwest of the study site. Correlation was examined using the

Spearman test. A significance level of p < 0.05 was used for all analyses. All data were processed

by R (R Core Team (2014) and SPSS for Windows (SPSS, Inc., USA).

13
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3. Results

3.1 Difference in climatic conditions of the growing seasons in 2016 and 2017

Climatic conditions in the growing seasons varied between 2016 (Figure S1) and 2017 (Figure S2).
Average daily transmitted solar radiation across all blocks was 103.9 and 141.5 W/m? for the
growing seasons of 2016 and 2017, respectively. The average growing season temperature was 7.7
°C in 2016 versus 12.1 °C in 2017. Daily mean RH was 74.5% in 2016 and 56.5% in 2017. As a
result, the daily mean VPD in 2016 (0.34 kPa) was less than half of that in 2017 (0.72 kPa). Daily
mean precipitation over the growing season was nearly 5 times greater in 2016 (1.59 mm) than in
2017 (0.32 mm). Averaged daily soil VWC across blocks were 17.5% and 14.3% for the depths
of 20 and 40 cm in 2016, respectively, while those amounts were reduced to 12.9% and 11.3%,
respectively in 2017. All daily mean environmental variables in 2016 were significantly different
from those in 2017 (all p < 0.01). The Standardized Precipitation Index (SPI) showed that 2016

was a normal to humid year, while 2017 was a typical drought year (Table S1).

3.2 Transmitted solar radiation, soil volumetric water content and VPD between treatments

Transmitted solar radiation and averaged soil VWC across 20 cm and 40 cm depths were
consistently significantly higher in T2, followed by T1 and then C in both years. However, during
the drought year, the soil VWC at 20 cm was not statistically different between C and T1, and soil
VWC at 40 cm was not significantly different between T1 and T2. No significant differences in

VPD between C and T1 was found in the non-drought year. (Table 2).

Table 2. Mean daily transmitted solar radiation, soil volumetric water contents (VWC) and VPD

in 2016 and 2017.

14
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Mean daily variables T2 T1 C

2016
Transmitted solar radiation (W/m?) 150.12  112.1°  496°¢
Soil VWC at 20 cm 19.1%%  184%° 15.1%°
Soil VWC at 40 cm 143%%  16.0%° 12.5%°
Averaged soil VWC across 20 cm and 40 cm depths  16.7%2  17.2%°  13.8%°
VPD (kPa) 039%  032°  032°
2017
Transmitted solar radiation (W/m?) 213.1% 14930 622°¢
Soil VWC at 20 cm 144%%  13.0%°  11.3%°
Soil VWC at 40 cm 121%%  13.7%%  8.0%°
Averaged soil VWC across 20 cm and 40 cm depths  13.2% 2 13.3%°  9.7%°©
VPD (kPa) 0.78%  0.69°  0.72°¢

Different letters in a row indicate significant differences between treatments (P < 0.05).

3.3 Tree growth

The mean daily BAIp in the C, T1 and T2 during the two-year study period were significantly
different from each other, with the mean daily value of 0.14, 0.79 and 1.28 mm?/d for C, T1 and
T2, respectively (all p <0.01). No significant reduction of BAIp before and during drought was
detected for C, T1 and T2. When each growing season was considered separately, BAIp of T2 was
significantly higher to that from C (both years) and T1 (only in the drought year), whilst C and T1

were statistically different only in the non-drought year (Figure 2).
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Figure. 2 Mean daily basal area increment (BAlIp) at the respective growing seasons of 2016 and
2017. Error bars denote the 95% confidence interval, and bars with different letters indicate

significant differences between treatments and between years.

3.4 Sap flow velocity and stand-level transpiration

The thinned stands had significantly higher mean daily SFD than the unthinned stands in each
respective season (Figure 3). However, there was no significant difference in the mean daily SFD
between T1 and T2 in 2016, while the significant difference occurred in the drought season of
2017 (Figure 3). Unlike BAIp, SFD of all the three groups significantly decreased during the

drought, with the decline of 29.6%, 33.4% and 21.5% for C, T1 and T2, respectively.

16
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Figure 3. Mean daily sap flow velocity (SFD) at the respective growing seasons of 2016 and
2017. Error bars denote the 95% confidence interval, and bars with different letters indicate

significant differences between treatments and between years.

At the stand-scale daily transpiration was the highest in C and lowest in T2 during the entire study

period (P <0.001, Figure 4). When 2016 and 2017 were compared, only stand-scale transpiration

of T1 exhibited a significant reduction due to drought (Figure 4).
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Figure 4. Mean daily stand transpiration during the respective growing seasons of 2016 and
2017. Error bars denote the 95% confidence interval, and bars with different letters indicate

significant differences between treatments and between years.

3.5 The resistance indices of tree growth, sap flow velocity and stand transpiration

RI of tree growth of the three groups was significantly higher in the thinned stands than the control,
but no significant difference were found between T1 and T2 (Figure 5 (1)). RI of sap flow velocity,
however, was not significantly different between C and T1 (Figure 5(2)). RI of stand transpiration
in T2 was 1.00, followed by C (0.85) and T1 (0.82). It is note that no statistical test were applied
to test the effect of thinning on RI of stand transpiration. Nevertheless, these results clearly suggest

that T2 has the highest resistance to the drought.
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343 4. Discussion

344  Ourresults generally agree with other studies showing that thinning can greatly increase tree radial
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growth (Chase et al. 2016b, Fernandes et al. 2016, Jimenez et al. 2008, Lindgren and Sullivan
2013, Martin-Benito et al. 2010, Sullivan et al. 2006) and sap flow velocity (del Campo et al. 2014,
Fernandes et al. 2016, Gebhardt et al. 2014, Medhurst et al. 2002, Simonin et al. 2007, Skubel et
al. 2017b), while decreasing stand-level transpiration due to the decrease in stand density
(Forrester et al. 2012, Gebhardt et al. 2014, Moreaux et al. 2011, Simonin et al. 2007, Skubel et al.
2017b, Sun et al. 2014b). Stand-scale transpiration decreased 75.3% and 91.7% in T1 and T2,
where stand densities had been reduced by 83.3% and 95.9%, respectively, in comparison to C.
This relatively smaller percentage reduction in stand transpiration than the percentage decrease in
stand density is due to the enhanced transpiration of individual trees following the thinning
treatments, which is consistent with the finding from Simonin et al. (2007).

The above-mentioned positive effects of thinning on tree radial growth and sap flow velocity are
mainly due to more availability of resources (e.g., light, soil nutrients, soil water content), as a
result of reduced competition after thinning (Gonzalez de Andrés et al. 2018, Park et al. 2018,
Skubel et al. 2017a). Increased light penetration promotes carbon assimilation processes (Aussenac
2000), and open canopy exposure causes higher negative values of leaf water potential, leading to
higher individual tree transpiration (Simonin et al. 2007). On the other hand, decreased
interception of rainfall and total stand transpiration can lead to higher soil moisture that exerts
stronger regulation in maintaining higher stomatal conductance, and thus both higher
photosynthesis and transpiration rates (Giuggiola et al. 2016). Soil nutrients (e.g., N, P, and K
nutrition) have been observed to be increased under juvenile thinning treatments by increasing soil
moisture, temperature and thus microbial activitivies (Carlyle 1995, Chase et al. 2016a, Thibodeau
etal. 2000). Significant differences in some soil nutrients may not occur immediately after thinning

treatments were applied (e.g., NO3-N in Hope (2009) and mineral N and N mieralization rate in
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Carlyle (1995)), but in the long term, enhanced soil nutrients play an important role in tree growth
(Chase et al. 2016a, Jokela et al. 2004). Unfortunately, we did not measure soil nutrients in this
short term study, and thus were not able to account for the effects of changed soil nutrients resulted
from juvenile thinning treatments on tree radial growth and sap flow velocity. Therefore, the
following discussion focused on the effects of increased availability of light and soil water after
thinning for explaining greater growth and transpiration at the individual tree level.

Our two-year results demonstrate that the more heavily thinned treatment (T2) had the more
pronounced effect on tree growth, sap flow velocity, and stand-level transpiration. Significant
improvements in radial growth and tree transpiration in the heavily thinned stand corresponded
with higher light and soil water availabilities, as well as the higher evaporative demand (VPD) in
T2 than the other two stands (Table 2). This finding is consistent with those of Park et al. (2018)
who studied two thinning treatments (light-thinning: 320 tree/ha, and heavy-thinning: 240 tree/ha)
in a 50-year-old Korean pine (Pinus koraiensis) forest. Based on their 4-year study, Park et al.
(2018) found that heavy thinning greatly increased tree growth and sap flow velocity with the
effects being increased over time, while the light thinning had little effect on site water availability
and tree growth, and the resultant enhancement on sap flow velocity declined over time. Thus,
Park et al. (2018) concluded that the heavier thinning was an appropriate management practice for
mature pine plantations in their region.

However, the effects of thinning intensity are subject to interplay among various factors. For
example, Jimenez et al. (2008) failed to find significant differences in tree-level transpiration and
soil water availability under two intensities of thinning treatments (3,850 trees/ha and 1,925
trees/ha) in a 8-year-old Pinus pinaster stand. They attributed those insignificant differences to the

similar reduction in the absolute basal area instead of the percentage area reduction (Jimenez et al.
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2008). Gebhardt et al. (2014), who studied moderate (removal of 43% basal area) and heavy
thinning treatments (removal of 67% basal area) in a 26 year old Norway spruce (Picea abies)
stand, suggested that the effects of heavy thinning would be larger if the understory did not respond
promptly to the increased light and water availability resulted from thinning, and indicated that
repeated moderate thinning was a better option than the heavy thinning, because: (1) wood biomass
production was not maximized by the heavy thinning at the stand level; and (2) the heavy thinning
induced progressive development of understory which not only competed for resources with trees
but also hindered natural regeneration (Gebhardt et al. 2014). In our study, the understory was
sparse, so its effects are expected to be minor, but the role of the understory in the longer term
could become important affecting the difference between the two thinning treatments. This further
highlights a need to examine the long-term effects of the thinning treatments in our studied young
forest stands.

Surprisingly, we didn’t detect significant reductions on the BAIp of all the three groups caused by
the drought, even though the mean daily BAIp was smaller in the drought year than the non-
drought year (except for T2), and the drought-induced earlier cessation of stem growth was
observed (Figure S3). We attributed this insignificance mainly to the great variance in our data of
DBH (high standard deviations in the Table S2) and possible delayed responses, as most studies
found significant decreases of tree growth during the drought period (Eilmann and Rigling 2012,
Julio Camarero et al. 2018). However, Sohn et al. (2013) also found that the more heavily thinned
stands can mantain growth rates during drought, probabaly due to higher soil water availability.
Nevertheless, the significantly lower RI of tree growth in C indicated that the unthinned stands
were more vulnerable to the drought in term of radial growth. In addition, our results on the drought

resistance of tree growth of the thinned stands support the review by Sohn et al. (2016b) who found
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that the RI of tree growth in coniferous species did not significantly vary with the thinning
intensities, based on up to 20 studies across the world. They indicated that the reduction of stomatal
conductance irrespective of thinning treatments, which was found in most of the studies, was likely
the reason. As stomatal conductance is highly influenced by atmospheric evaporative demand and
soil water availability (Edward Boyd Reid et al. 2006, Jiménez et al. 2009), higher soil water
availability and stronger atmospheric regulation in thinned stands can improve RI of tree growth,
as found in our study.

The drought reduction of SFD is consistent with findings reported in the literature for several tree
genera (e.g., Ficus, Tilia, Pinus, Picea and Fraxinus) that experienced droughts (Nadezhdina and
Cermak 2000, Stohr and Losch 2004). To our surprise, we did not find significant differences in
RI of sap flow velocity between C and T1. The explanations may lie in both the regulation of
microclimatic variables that influence stomatal behaviors, and the adjusted physiological
sensitivity of sap flow velocity to environmental regulations. As shown in Figure 3, SFD was not
significantly different between T1 and T2 in 2016, which may be explained by the combined
effects between the slightly higher sensitivity of SFD in T1 to VPD (Figure 6(1)) and the
significantly lower daily VPD in T1 than T2 (Table 2). The daily sensitivities of SFD to VPD (Svrp,
Table S5) were significantly different among the three groups in 2016, with daily averages of 155.4
g/cm*kPa, 364.4 g/cm*kPa and 303.3 g/cm?'kPa in C, T1 and T2, respectively (all p<0.05). The
higher Svep but lower VPD in T1 led to similar magnitudes of SFD as T2 that had lower Svpp but
higher VPD (e.g., the products of daily mean VPD and daily mean Svpp are 116.6 g/cm? in T1 and
118.3 g/cm?in T2). In 2017, the daily Svep was statistically different among the three groups (all
p<0.1), but the mean daily value decreased from that in 2016 to 37.0 g/cm*'kPa, 85.4 g/cm*kPa

and 128.4 g/cm?-kPa for C, T1 and T2, respectively. Clearly, the reduction of the daily Svep in T2
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is the lowest. In addition, the significantly higher daily VPD in T2 might enlarge the differences
in tree sap flow velocity between T1 and T2, while the significantly lower daily VPD in T1 might
reduce the differences between T1 and C. All above explain significantly higher RI of sap flow
velocity in T2, even though there was no significant difference in RI of sap flow velocity between
T1 and C.

The sensitivity of SFD to VPD is greatly influenced by the soil water availability (Bovard et al.
2005, Gyenge et al. 2011), which was supported by our results, as the response of SFD to VPD
among treatments corresponded well with the magnitudes of the averaged soil VWC for each
treatment (Fig S4). The soil VWC of both thinned stands was less responsive to precipitation in
the non-drought year than in the drought year (Fig S4), indicating that soil VWC was not a limiting
factor for tree growth and tree-water consumption (range between 15-20%). In the drought year,
however, the reduction of soil VWC in T1 was steeper than in T2, reaching lower values by the
end of the drought spell (Fig S4), probably due to the higher tree density and stand tranpiration in
T1. As aresult, SFD was greatly reduced in T1 compared to T2, as soil VWC in the former could
have been below 7-8% for several weeks (Fig S4), i.e., below the wilting point for this coarse
sandy-loam soil, consequently the RI of SFD was significantly lower in T1 than in T2, given the
high values recorded in the preceding wet year. This indicates that thinning intensity affects the
vulnerability of tree-water relations to drought, but also indicates the ability of T1 to adjust its
water use to changing soil moisture (shortage/abuncance), and hence a plastic response of the
species.

Thinning modifies microclimate conditions, and consequently leads to major changes in
physiological responses of trees (Aussenac 2000, Chen et al. 1993, Zobel et al. 1976).

Modifications on microclimates under thinning (Anderson et al. 2007, Weng et al. 2007) and
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460  enhanced sensitivities of tree transpiration to VPD by thinning treatments (Gyenge et al. 2011,
461  Tateishi et al. 2015) have been previously reported, but little is known about their combined effects
462  on drought resistance of trees. Our study implies that such combined effects could be more
463  pronounced in the more heavily thinning stands. However, physiological mechanisms governing

464  these combined effects requires further investigation.

1)) O T2
20 4 & T1
300 AC
= k]
d.— o)
é ’
2
B
S 200
-
-
=
=
Z
g 100
=
g
Daily mean VFD a
465 : (P2
aond @) 012
300 e o o T1
<& & C
= & @ 500 o
q‘_
5
i
B o
5 2007
=
=
=
=
; 100+
2
=
Daily mean VPD a
466 : (P2

467  Figure 6. The daily mean sap flow velocity as a function of VPD in 2016 (1) and 2017 (2). Blue,
468 green and red colors denote T2, T1 and C, respectively.
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Interestingly, no significant reduction of the stand-level transpiration in the drought year in
comparison to the non-drought year was found in C and T2 in our study (Figure 4). This
observation is contrary to some previous studies showing that droughts greatly reduce stand-level
transpiration (Schéfer et al. 2014, Stojanovi¢ et al. 2017). The insignificance of stand transpiration
of C between 2016 and 2017 might be due to the greater variance in the dataset (Table S4), while
the insignificant differences of stand transpiration of T2 before and during the drought may be
attributed to the increased total basal area in the thinned stands in the two growing seasons
compensating for the decrease in SFD during the drought. Similar to our observation, Simonin et
al. (2007) discussed that the thinned stands might maintain relatively higher stand transpiration
rates than the unthinned counterparts during the drought period as the higher leaf-level
transpiration in thinned stands could compensate for the reduction of leaf area. Overall, the ability
of maintaining relatively high stand transpiration in the heavily thinned stands indicates the benefit
of heavy juvenile thinning in sustaining tree growth and transpiration under the drought in our

study area.

5. Conclusion

Our study presented the short-term benefits of the juvenile thinning in terms of increasing tree
radial growth, sap flow velocity, and reducing stand transpiration. Those effects were more
pronounced in the more heavily thinned stands, demonstrating that heavier thinning can produce
more ecological benefits, such as carbon sequestration and water conservation. Our results also
showed that the difference in the studied variables between the two thinning treatments was only
significant during the drought period, suggesting that heavier thinning can more effectively

mitigate the negative impacts of the drought. Thus, we conclude that the thinning treatments have
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significantly provided short-term ecological benefits to young overstocking lodgepole pine forests
in the BC interior. More studies on long-term effects of thinning are still needed to support
development of sustainable management for wood production, carbon sequestration and water

conservation in lodgepole pine forests in the context of climate change impacts.
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518 Figure S1. Climate conditions in 2016. Climate variables includes temperature (in blue),

519  transmiteed solar radiation (in gray), RH (in orange), VPD (in green), soil VWC at 20 cm (black

520 dots), soil VWC at 40 cm (black line) and precipitation (in brown) in 2016.
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Figure S2. Climate conditions in 2017. Climate variables includes temperature (in blue),
transmitted solar radiation (in gray), RH (in orange), VPD (in green), soil VWC at 20 cm (black

dots), soil VWC at 40 cm (black line) and precipitation (in brown) in 2017.
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Table S1. Standardized Precipitation Index (SPI) for 2016 and 2017

Month
2016
June 0.91
July 0.17
August -0.37
September 0.75
October 1.95

SPI

2017
-1.69
-1.28
-1.50
-0.76
-1.04

30

Category

2016
Near normal
Near normal
Near normal
Near normal

Very wet

2017
Severely dry
Moderately dry
Severely dry
Near normal
Moderately dry



552 Table S2 (1). Summary of mean daily BAIp for each treatment in the year 2016 and 2017.

553  Different letter represents statistically significant differences between treatments for a given year

554 and between years for a given treatment. Significance level is accepted at P<0.05.
Treatment Mean Da211y BAI Std. Deviation N
(mm~/d)
2016 0.190? 3.276 135
C 2017 0.086%° 4.133 135
Total 0.138 3.723 270
2016 0.9319 1.898 135
TL 2017 0.646" 0.979 135
Total 0.788 1.514 270
2016 1.0954%¢ 3319 134
T2 2017 1.4684 3.427 134
Total 1.281 3.372 268
555
556 Table S2 (2). Summary of p-values from Levene’s test for equality of variances, independent t
557  test (for p-value Levene >0.05) and Mann-Whitney U test (for p-value of Levene <0.05) on daily
558 BAIp among various groups.
Levene’s Test for
Group equality of variances p-value
p-value
C-2016 T1-2016 <0.001 0.005
C-2016 T2-2016 0.197 0.026
C-2016 C-2017 0.001 0.904
C-2016 T1-2017 <0.001 0.039
C-2016 T2-2017 0.022 <0.001
T1-2016 C-2017 0.39 0.032
T1-2016 T1-2017 <0.001 0.186
T1-2016 T2-2017 0.45 0.11
T1-2016 T2-2016 0.029 0.542
T2-2016 C-2017 0.033 0.001
T2-2016 T1-2017 <0.001 0.104
T2-2016 T2-2017 0.308 0.357
C-2017 T1-2017 0.440 0.127
C-2017 T2-2017 0.222 0.003
T1-2017 T2-2017 0.003 <0.001
559
560
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568

Table S3 (1). Summary of mean daily sap flow velocity for each treatment in the year 2016 and
2017. Different letter represents statistically significant differences between treatments for a

given year and between years for a given treatment. Significance level is accepted at P<0.05.

Mean daily sap
Treatment flow velocity Std. Deviation N
(g/cm? d)
2016 78.982 44.43 77
C 2017 55.62¢ 27.54 123
Total 64.61 36.73 200
2016 162.60° 84.08 77
TL 2017 108.339 55.75 123
Total 129.23 72.84 200
2016 171.86° 83.68 77
T2 2017 134.92¢ 54.41 123
Total 149.14 69.38 200

Table S3 (2). Summary of p-values from Levene’s test for equality of variances, independent t
test (for p-value Levene >0.05) and Mann-Whitney U test (for p-value of Levene <0.05) on daily
sap flow velocity among various groups.

Levene’s Test for
equality of

Group variances p-value
p-value

C-2016 TI1-2016 <0.001 <0.001
C-2016 T2-2016 <0.001 <0.001
C-2016  C-2017 <0.001 <0.001
C-2016 T1-2017 0.001 <0.001
C-2016 T2-2017 0.014 <0.001
T1-2016 C-2017 <0.001 <0.001
T1-2016 T1-2017 <0.001 <0.001
T1-2016 T2-2017 <0.001 0.029
T1-2016 T2-2016 0.857 0.494
T2-2016 C-2017 <0.001 <0.001
T2-2016 T1-2017 <0.001 <0.001
T2-2016 T2-2017 <0.001 0.001
C-2017 TI1-2017 <0.001 <0.001
C-2017 T2-2017 <0.001 <0.001
T1-2017 T2-2017 0.458 <0.001
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569  Table S4 (1). Summary of mean daily stand transpiration for each treatment in the year 2016 and

570 2017. Different letter represents statistically significant differences between treatments for a
571 given year and between years for a given treatment. Significance level is accepted at P<0.05.
Treatment Meaq da}ly stand Std. Deviation N
transpiration (mm)
2016 4.79% 3.11 77
C 2017 4.07° 2.52 123
Total 4.36 2.78 200
2016 121° 0.65 77
Tl 2017 0.99° 0.54 123
Total 1.08 0.59 200
2016 0.36° 0.16 77
T2 2017 0.36° 0.14 123
Total 0.36 0.15 200
572
573 Table S4 (2). Summary of p-values from Levene’s test for equality of variances, independent t
574  test (for p-value Levene >0.05) and Mann-Whitney U test (for p-value of Levene <0.05) on daily
575 stand transpiration among various groups.
Levene’s Test p-value
Stand transpiration for equ ality of
variances
p-value
C-2016 T1-2016 <0.001 <0.001
C-2016 T2-2016 <0.001 <0.001
C-2016 C-2017 0.048 0.102
C-2016 T1-2017 <0.001 <0.001
C-2016 T2-2017 <0.001 <0.001
T1-2016 C-2017 <0.001 <0.001
T1-2016 T1-2017 0.062 0.012
T1-2016 T2-2017 <0.001 <0.001
T1-2016 T2-2016 <0.001 <0.001
T2-2016 C-2017 <0.001 <0.001
T2-2016 T1-2017 <0.001 <0.001
T2-2016 T2-2017 0.076 0.852
C-2017 T1-2017 <0.001 <0.001
C-2017 T2-2017 <0.001 <0.001
T1-2017 T2-2017 <0.001 <0.001
576
577
578
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580 Figure S3 Continuously tree girth data from home-made electronic band dendrometer.
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Table S5(1) The coefficients of the fitted relationships according to equation (8).

G 2016 2017
roup b R? a b R?
C  97.0%*  43%% 060  68.5%** 21.7% 0.02

Tl 310.2%%% 2 ]k 0.92 139 2% 4. 5% H% 0.30
T2 204 1%%% D gAik 0.89 213.0%** 5.6%%* 0.12

Table S5(2) The coefficients of the fitted relationships according to equation (9).

Group 2016 2017
m n R? m n R?
C -168.5%**  263.6%** 0.90 111 1%%* 196.3*** 0.74
T1 -282.9%*%*k 547 (F** 0.98 -188.3%*** 343 .9%** 0.87
T2 -245.9%*% 495 THE*® 0.97 -208.4%** 454 .0%** 0.80

Note: Significant level at 0.01***, 0.05**, and 0.1%*.
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608  Figure S4 Averaged daily soil volumetric water contents of C, T1 and T2 with daily precipitation
609 in 2016 and 2017.
610
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