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ABSTRACT

A long-term study on group selection and irregular group shelterwood silvi-
cultural systems began in 1994 to determine their effectiveness in managing
habitat for woodland caribou (Rangifer tarandus caribou). The systems are
being applied in the very dry, cold Sub-Boreal Pine Spruce (SBPSxc) and the
very dry, very cold Montane Spruce (MSxv) biogeoclimatic subzones located
on the high-elevation Chilcotin Plateau in west-central British Columbia.
Microclimate was monitored in paired partial cut and clearcut treatments
in three study blocks over a range of elevations. In these harsh growing
environments, partial cutting strongly influenced the air and soil tempera-
ture, frost events, and snow-free date. As the microclimate variables changed
over the 16-year study period, so did vegetation layers in the partial cuts and
clearcuts. In addition, an outbreak of the mountain pine beetle (Dendrocto-
nus ponderosae) killed 61% of the mature trees in the partial cut treatments
during the middle part of this study (2003-2008) and this mortality and
subsequent degeneration of the trees could be affecting the microclimate.
Over the study period, all blocks had frequent and sometimes severe (air
temperature < - 4°c) frosts throughout the growing season. Partial cuts sub-
stantially reduced the number and severity of frosts. In the later portion of
the study period, a trend toward decreasing numbers of frosts was noted, as
well as decreasing differences among the treatments as the growth of the tree

regeneration and other vegetation layers began to shelter the sensor locations.

The difference in soil temperature index (sT1) between pairs of partial cut and
clearcut pairs diminished over time. The year-to-year pattern of accumulated
growing season STI was strongly correlated with snow-free date.

The growing season soil moisture regime observed in the clearcut and
partial cut openings underwent a major change over the period of this
study. In the early years following logging (1997-2003), volumetric soil water
content (8 ) was typically higher in the clearcuts than the partial cut open-
ings. By 2008, § in the clearcuts was often lower than that in the partial cut
openings for at least part of the growing season. This has been attributed to
the faster growth of regeneration in the clearcuts and the loss of mature trees
surrounding the partial cut openings to mountain pine beetle.

Snow-free dates were approximately 2 weeks later at the highest-elevation
site in comparison to the lowest site. This lowered soil temperatures and
shortened growing seasons at the highest site.
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1 INTRODUCTION

Lodgepole pine (Pinus contorta) forests in the very dry, very cold Montane
Spruce (MSxv) and very dry, cold Sub-boreal Pine-Spruce (SBPSxc) biogeo-
climatic subzones represent a significant portion of the forest in the Chilco-
tin. Much of this forest is important habitat for northern caribou, an ecotype
of woodland caribou (Rangifer tarandus caribou). Under the Cariboo-Chilco-
tin Land Use Plan (Government of British Columbia 1995), northern caribou
are considered a key management species. Federally, under the Species at Risk
Act, northern caribou are considered threatened, and qualify for protection
and recovery.

In winter, caribou prefer mature lodgepole pine forests with high amounts
of terrestrial lichen and low snow depths that allow for easy cratering. They
also frequent forested areas where arboreal lichens are concentrated. Arbo-
real and terrestrial lichens are consumed in nearly equal amounts through-
out the winter (Cichowski 1989). Clearcutting is the most commonly used
silvicultural system in lodgepole pine forests, but this system removes the
arboreal lichen and damages terrestrial lichen through physical disturbance,
slash loading, loss of substrate, and increased solar radiation (Waterhouse
et al. 2011). Arboreal lichen dispersal is slow and it may take many decades
before a regenerating stand in a clearcut develops the canopy architecture
and microclimate necessary to support lichen in amounts comparable to old
stands (Stevenson et al. 2001).

The Itcha-Ilgachuz research project on the Chilcotin Plateau in central
British Columbia was established in 1994 to test whether silvicultural systems
based on partial cutting with extended cutting cycles would reduce the effects
of forest harvesting on forage lichens. This study tested a group selection sys-
tem, based on removal of 33% of the forest every 8o years in small openings
(15 m diameter), and two irregular shelterwood treatments (whole-tree and
stem-only harvesting methods) in which 50% of the stand area is cut every 70
years in 20-30 m diameter openings. Additional background information on
this project can be found in Armleder and Waterhouse (2008), Waterhouse et
al. (2010), and Waterhouse et al. (2011).

In addition to maintaining caribou forage species, it is also important that
the silvicultural systems are adequately regenerated with trees. Partial cut-
ting modifies the microclimate, and this effects establishment, survival, and
growth of lichen, tree regeneration, and other vegetation species. Important
microclimate variables in the partial-cut openings include near-ground air
temperature (and associated frost events), soil temperature, and soil mois-
ture.

Beginning in the late 1990s, an outbreak of the mountain pine beetle
(Dendroctonus ponderosae) started in west-central British Columbia. This
outbreak spread rapidly throughout the Interior of British Columbia to en-
compass an estimated 18.1 million ha by 2012 (Rex et al. 2013). Beetle-caused
tree mortality was first documented in the partial cut blocks of the Itcha-Ilga-
chuz research project in 2003. By 2008, mortality in the mature forest of the
research blocks averaged 61% (Waterhouse 2011). This large-scale disturbance
throughout the northern caribou habitat has raised new research questions




(Armleder and Waterhouse 2008; Daintith and Waterhouse 2015), such as:

o How will the mostly dead forest surrounding the partial cut openings
affect caribou forage species and habitat use, as well as tree regeneration?

o How will tree mortality and subsequent degeneration through foliage,
branch, and bole loss change the microclimate within the partial cut
openings?

Sagar et al. (2005) described microclimate in the Itcha-Ilgachuz proj-
ect area from 1997 to 2003 in the irregular group shelterwood (whole tree
harvested) and paired clearcut treatments. Over the 7-year period, all blocks
had frequent and often severe (air temperature < - 4°c) frosts throughout the
growing season. The partial cut treatment substantially reduced the number
and severity of frosts, especially on the edges (north or south) of the small
openings. Many studies have demonstrated that residual forest cover in the
form of shelterwoods or small openings reduces the incidence of frost and
raises nighttime minimum air temperatures (Hungerford and Babbitt 1987;
Zasada et al. 1999; Pritchard and Comeau 2004; Voicu and Comeau 2006).

Sky view factor, when used as a way of quantifying the residual forest
cover, has been shown to be correlated with increased minimum air tempera-
tures (i.e., lower sky view factors increase minimum air temperature) (Groot
and Carlson 1996; Blennow 1998) and lessened duration of frost (Sagar and
Waterhouse 2010). Although loss of canopy elements attributed to moun-
tain pine beetle attack will likely increase sky view factor, the remaining tree
boles still obscure a significant portion of the sky. It has also been shown that
the canopy and boles of large trees enhance aerodynamic mixing of warmer
air down to the surface (Granberg et al. 1993). Larger shrubs and advanced
regeneration also contribute to lower sky view factor from the viewpoint of
small seedlings (~ 15 cm in height). Sagar (2014) presented anecdotal evi-
dence that advanced regeneration in a shelterwood lowered the duration of
frost at ground level.

Sagar et al. (2005) showed that partial cuts had lower soil temperature and
soil temperature index (STI) values compared with their paired clearcuts.
Harvesting of timber increases solar irradiance at the soil surface, which
warms the soil (Chen et al. 1993; Bhatti et al. 2000). Even within partial
cuts, the north-edge (south-facing) microsites were the most favourable for
seedling growth, with the highest soil temperatures, earlier snow-free dates,
and more solar irradiance. With the increasing light transmittance related to
canopy loss in beetle-attacked areas, we might expect more solar irradiance
to reach the ground in the partial cuts, increasing soil temperature and ac-
cumulated STI.

Human-caused disturbances in the form of clearcuts and small openings,
as well as natural disturbances such as a pine beetle outbreak, modify the
hydrologic cycle by eliminating overstorey vegetation, which both intercepts
a significant portion of annual snow and rainfall and also uses a large por-
tion of water received by the soil through canopy transpiration (Spittlehouse
2006; Silins et al. 2007; Schnorbus 2011; Winkler et al. 2014). Mature, high-
elevation forests intercept 20-30% of annual snow and rain, as shown in a
study from the southern interior of British Columbia (Spittlehouse et al.
2004; Winkler et al. 2010). Small openings, similar to clearcuts, have more
water reaching the soil surface compared to mature forest; however, unlike
clearcuts, the root systems from the surrounding uncut forest can access soil




2.1 Site Description

water within small openings. With the death of surrounding mature trees

during the middle of our study period, we would expect increased water

availability within the small openings.

The progression of hydrological properties after natural or human-caused
disturbances to a mature forest state has been called “hydrologic recovery”
(Schnorbus 2011). This recovery accompanies the development of vegeta-
tion over time, including tree regeneration in both beetle-killed stands and
clearcuts. Standing dead trees and vegetation in beetle-killed stands moder-
ate the hydrologic cycle (i.e., reduce water yield) in comparison to clearcuts.
Teti (2009) estimated that it will take 20-25 years for clearcuts to catch up
with beetle-killed stands in this respect. Brown et al. (2013) showed that
evapotranspiration from an attacked forest in north-central British Columbia
was maintained at pre-attack levels due to increased growth of understorey
vegetation and surviving mature trees. However, the beetle-killed forests in
our study area lack a significant amount of understorey vegetation and tree
regeneration, and clearcut regeneration grows faster than that in partial cut
openings owing to more light and warmer soils. This may lead to a relatively
slower hydrological recovery (more available water and higher soil moisture)
in the partial cut openings compared to the clearcuts.

In our study, the continuum of changing microclimate conditions during
the 16-year period since the openings were created in the partial cut blocks is
examined within the context of human-made and natural disturbances. The
key environmental variables examined were near-ground air temperature,
soil temperature, soil moisture, and snow cover duration. These variables in-
teract with biological variables, such as tree death and vegetation abundance
(herb, shrub, terrestrial lichen), which in turn affect caribou habitat quality.
The objectives of this study were to:

1. compare the key environmental variables between blocks (elevational
effect) and treatments (clearcut and irregular group shelterwood with
whole-tree harvesting partial cut), and between microsites within partial
cut openings (north and south edges and centre); and

2. examine temporal changes occurring to environmental variables in the
context of the changing biological environment.

2 METHODS

The study area is located about 110 km northwest of Alexis Creek, B.C., on
the Chilcotin Plateau in west-central British Columbia (Figure 1). The five
study blocks in the main trial are located within 30 km of Satah Mountain
(52°28'N, 124°43'W). For microclimate measurements, three blocks were
selected to cover the 1290-1640 m elevational range of the study area: block 1
(1290 m) is in the very dry, cold Sub-Boreal Pine-Spruce (SBPSxc) subzone;
block 3 (1420 m) is transitional between the SBPSxc and MSxv subzones;
and block 5 (1640 m) is in the very dry, very cold Montane Spruce (MSxv)
subzone. The forest canopy throughout the study area is almost exclusively
lodgepole pine. Soils in the study area are orthic dystric brunisols with a
sandy loam texture on glacial till parent material.

The MSxv subzone occurs at middle to upper elevations surrounding the
Itcha and Ilgachuz Mountains and at mid-elevations on the eastern slopes of
the Coast Mountains. The Lodgepole pine-Grouseberry-Feathermoss site
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FIGURE 1 Location of study area within British Columbia and positions of blocks 1-5 near Satah Mountain.

series (MSxv/o1) is predominant in the MSxv blocks. Understorey vegeta-
tion is dominated by low-growing forbs, dwarf shrubs, mosses, and lichens.
Crowberry (Empetrum nigrum) and grouseberry (Vaccinium scoparium) are
characteristic species, and a nearly continuous cover of mosses is present (i.e.,
Pleurozium schreberi, Ptilium crista-castrensis, and Dicranum spp.) (Steen and
Coupé 1997).

The SBPSxc subzone occurs at elevations below the MSxv subzone along
the east side of the Coast Mountains and extends as far north as the Rainbow
Range. In block 1, the Lodgepole pine-Kinnikinnick-Feathermoss site type
(SBPSxc/o1) is the predominant site series. Understorey vegetation is low
growing and dominated by kinnikinnick (Arctostaphylos uva-ursi), pinegrass
(Calamagrostis rubescens), and a rich variety of lichens, primarily Cladonia
species (Steen and Coupé 1997).

2.2 Study Design The set-up of the main research trial was based on a randomized block
and Treatments design. The five blocks were selected from several operational blocks sched-

uled and approved for harvesting. Each 60-80 ha study block was split into
four 15-20 ha treatment units and randomly assigned a silvicultural system.
The treatments were: (1) no harvest; (2) irregular group shelterwood with
stem-only harvesting (1G5-s0); (3) irregular group shelterwood with whole-
tree harvesting; (1IGs—wT) and (4) group selection with stem-only harvesting
(Gs-so) (Figure 2).

Harvesting on the trial blocks was done between January and April, 1996.
The 1Gs systems were designed to remove 50% of the area every 7o years, us-
ing small openings. In both of the shelterwood treatments, the area cut aver-
aged 39%, openings were about 30 m in diameter, and skid trails were 3-4 m
wide.

Clearcuts were not part of the original study design but were added to
provide comparisons to partial cuts for the planted stock, natural regenera-
tion, lichen, and microclimate studies. Each clearcut is large (> 30 ha) and at




2.3 Data Collection
at Permanent
Sample Plots

=

1GS-WT

1GS-50

| I
0 75 150
Scale (m)

FIGURE 2 Layout of partial cut treatments in block 5 (GS = group selection with
stem-only harvesting; IGS-WT = irregular group shelterwood with whole-
tree harvesting; and IGS-SO = irregular group shelterwood with stem-only
harvesting).

similar elevation to the study blocks. Suitable clearcuts were located adjacent
to blocks 1 and 3. For block s, the paired clearcut used for the planted stock
study and microclimate monitoring was 1.2 km from block 5, and the clear-
cut used for the lichen and vegetation studies was adjacent to block 5. Two
different clearcuts were used because of the timing of the harvesting and site
preparation treatments. The clearcut paired with block 1 was harvested at the
same time as the trial block. The clearcut paired with block 3 was harvested
1.5 years before the trial block, during the summer of 1994. The clearcut
paired with block 5 for the planted stock and microclimate study was harvest-
ed 4-6 months before the trial block, whereas the other clearcut used for the
lichen and vegetation study was harvested 6-11 months after the trial block.

2.3.1 Vegetation A grid of 2m” vegetation sampling plots was installed

in each no-harvest and partial cut treatment unit (36-50 plots) within

the trial blocks and the three clearcut blocks (40 plots each). The percent
cover of herbs, dwarf shrubs, shrubs, and regeneration less than 1.3m tall
was visually estimated within the plot. For regeneration over 1.3m tall the
percent cover was estimated in two layers: a lower layer (under 1.5m) that
was visually estimated, and an upper layer (over 1.5 m) that was measured
with a moosehorn. The moosehorn instrument is a periscope that vertically
projected a grid of points at 12° (Waterhouse et al. 2011), and the grid points
touching the tree canopy were converted to percent cover. The vegetation
data were collected by layer, but an overlap occurred between the layers,
especially between the lower and upper canopy of regeneration taller than




2.4 Weather Station
Locations and
Instrumentation

1.3m. All treatments in the trial blocks were measured in 1995 (pre-harvest),
1998, 2000, 2004, and 2008. The clearcuts were measured in 2001, 2005,
2008, and 2014.

2.3.2 Light and sky view factor To assess sky view factor and light
transmittance, canopy photographs were taken in 2007 at each vegetation
sampling plot. The photographs were retaken in 2013 in the no-harvest
control and 1GS-S0 treatments in all five blocks. Photo locations were
subdivided into forested (>3 m from opening edge), forest edge (<3 m
from opening edge), open edge (in opening <2 m from edge), and open
(>2 m from edge). See Teti (2007) and Waterhouse and Dunbar (2008) for a
description of the procedures used for fieldwork and data analysis. Analysis
yielded estimates of seasonal (9 April-1 September) daily average values for
direct and diffuse solar radiation, as well as canopy transmittance and sky
view factor. Light transmittance is the ratio of solar radiation (direct and
diffuse) reaching the photograph height of 1.3 m to that incident on the top
of the canopy. Sky view factor is the fraction of total long-wave radiation
incident on a horizontal surface that has been received from the sky (Oke

1987).

2.3.3 Tree mortality attributed to mountain pine beetle In 1995 (pre-
harvest), the three closest overstorey canopy trees to each permanent sample
plot were selected for an arboreal lichen abundance survey. The sample

trees had a minimum diameter at breast height (1.3 m) of 10 cm. In the 2004
assessment, the wildlife tree class (1=alive; 2=in decline; 3 =recently dead,
>75% bark; 4=25-75% bark; 5<25% bark) and mountain pine beetle attack
were recorded. The beetle attack on dead trees in classes 4 and 5 most likely
resulted from an earlier infestation in the 1980s. Recently dead trees were
most likely attacked by mountain pine beetle in 2003. In 2008, the trees were
classified as alive (=1) or dead (=5), with or without mountain pine beetle,
and whether they were standing or fallen. An estimate of mortality was
made in 2006 from the permanent growth and yield plots (n =20 plots, 16.93
m radius; one per treatment unit). The percentage of dead trees was based
on those of 12.5 cm or larger diameter at breast height recorded as alive in
1996 (n=1296) but dead in 2006. This measurement assumes that most were
beetle-killed trees, with the current green attack excluded.

This project monitored microclimate in the IGS-WT treatments and clearcuts
from 1997 to 2013. One opening was randomly selected in the block 1, 3, and
5 partial cut treatments. All clearcut microclimate measurement locations
were on flat to gently sloped ground at least 50 m from the forest edge. The
soil type, elevation, slope, and aspect of the clearcuts were very similar to the
partial cuts, except in block 5 where the climate station in the paired clearcut
was on a slight, north-facing slope (2%) and the one in the partial cut was on
an east-facing slope (8%).

Within each clearcut, soil and air temperatures were monitored at two
locations, whereas soil moisture and precipitation were monitored in one
location only. For reporting purposes, soil and air temperature were averaged
over the two locations. In the partial cut treatments, soil and air temperature
were monitored at one location in each of the three microsites within the
small openings. The microsites were located approximately 10 m apart in
30m wide openings at the north edge, centre, and south edge. Edge micro-




sites were generally within 5m of the canopy drip line. Soil moisture mea-
surements were made only at the north-edge microsites of the partial cuts.

The instrumentation at each station included unshielded thermistors
mounted 15 cm above the ground for measuring air temperature, and soil
temperature thermistors at 1 and 15 cm beneath the mineral/organic inter-
face. The thermistors (Model 107; Campbell Scientific, Edmonton, Alberta)
were covered in black or white shrink tubing (effective diameter of 5 mm), or
conically shaped and potted in a clear epoxy resin (effective diameter of 10
mm). Soil water potential was measured at depths of 3 and 15 cm beneath the
mineral/organic interface using gypsum blocks (Model 207; Campbell Scien-
tific). Soil volumetric water content was measured with water content reflec-
tometers (Model cs615; Campbell Scientific) at 3cm beneath the mineral/
organic interface. The water content reflectometers were calibrated against
gravimetric samples for the soil type at each location. Rainfall was measured
in the clearcuts only, using tipping bucket rain gauges (Models TE525 or
TE525m; Texas Electronics Inc., Dallas, Texas). The measurements made in
blocks 1, 3, and 5 are summarized in Table 1.

TABLE 1 Summary of microclimate measurements made in blocks 1, 3, and 5

Treatment Measurement Microsite Replicates

Clearcuts Air temperature, 15 cm Open 2
Air temperature, 1 m (block 5 only) Open 1
Soil temperature, 1 cm Open 2
Soil temperature, 15 cm Open 2
Soil water potential, 3 cm Open 1
Soil water potential, 15 cm Open 1
Volumetric soil water content, 3 cm Open 1
Rainfall Open 1

Partial cuts Air temperature, 15 cm North edge 1
Air temperature, 15 cm Centre 1
Air temperature, 15 cm South edge 1
Soil temperature, 1 cm North edge 1
Soil temperature, 1 cm Centre 1
Soil temperature, 1 cm South edge 1
Soil water potential, 3 cm North edge 1
Soil water potential, 15 cm North edge 1
Volumetric soil water content, 3 cm North edge 1

The air temperature thermistors had a small nighttime radiation error
(about - 0.5°C) compared to the fine-wire thermocouples (Sagar et al. 2005).
Some of the below-ground soil temperature sensors failed over time when
water infiltrated through cracks in the epoxy or shrink tubing surround-
ing the thermistors. Over time, gypsum blocks are expected to degrade as
soil chemistry and freeze-thaw cycles cause the gypsum to dissolve. Their
expected useful lifetime is 2-5 years. Data from the 2004 and 2005 growing
seasons indicated failing gypsum blocks.

Upgrades to, and replacement of, instruments were carried out at all
blocks during May 2006. Soil thermistors were replaced with twisted and sol-
dered thermocouples (24 AWG Chromel-Constantan) placed in a 3 cm long
piece of quarter-inch brass tubing and encased in epoxy resin. Air tempera-




2.5 Analysis

ture thermistors were replaced with unshielded, 30 AwG Chromel-Constan-
tan (Omega Engineering Inc., Laval, Quebec) fine-wire thermocouples, con-
structed by twisting and soldering the wire, which gave an effective diameter
of 0.5 mm for the junction. A panel temperature reference thermistor (Model
44002A; YSI Inc., Yellow Springs, Ohio) was also added to all dataloggers at
this time to support the thermocouple measurements. Because all datalogger
measurement channels were used up, measurement of 1cm soil temperature
for north-edge locations in the partial cuts was discontinued at this time.

All gypsum blocks were replaced with new sensors (Model 207; Campbell
Scientific). Finally, the tipping bucket rain gauge in the block 3 clearcut was
replaced with a Texas Electronics (Model TE525WS) rain gauge.

Monitoring of microclimate began at blocks 1 and 3 in 1997, and in 1998 at
block 5. Soil moisture monitoring was added in June 1999, and rain gauges
were added to the clearcuts in June 2000. An unshielded fine-wire thermo-
couple was installed at a height of 1 m on the block 5 clearcut to monitor air
temperature above the winter snowpack, starting in 2005. Data were col-
lected and stored using Campbell Scientific, Model crRiox dataloggers. All
climate stations were dismantled in the fall of 2013. For more details, refer to
Sagar et al. (2005).

Analysis focussed on growing season microclimate conditions in the blocks.
To standardize comparisons among different years and blocks, the growing
season was defined as the period from 1 May through 30 September. This
period was used to calculate soil temperature index (ST1), mean soil tem-
perature, and mean minimum air temperature. The frequency and severity
of summer frost events was determined for the period 1 June until 15 August,
when the current year’s growth on seedlings is most sensitive to frost damage.
Bud flush for lodgepole pine typically occurs after 1 June in the MSxv and
higher elevations of the SBPSxc.

Soil temperature index is calculated in the same way as growing degree
days. The sT1 for a particular day would be the total degrees that the daily
average soil temperature exceeds a threshold temperature. For example, if a
5°C threshold is set and the daily average temperature was 7°C, then the sT1
equals “2” for the day. The temperature threshold used in this analysis was
5°C. The phrase “soil temperature index” is used here to avoid the assumption
that the index is related to seedling growth and phenology. The STI integrates
such factors as solar irradiance, near-ground air temperature, snow-free
season, and soil physical properties. These factors may affect seedling growth
and survival; however, no growth effect should be inferred based on the sT1
alone.

Soil water stress was defined as occurring when the soil water potential
at a depth of 15 cm was less than —1.0 MPa. Previous research has found
“permanent wilting points” for many plants to range between -1.0 and -2.0
MPa, with the often-quoted value being —1.5 Mpa (Richards and Wadleigh
1952). In this study, a day when soil water potential was measured at less than
-1.0 MPa was identified as a soil water stress day. The number of these days
was totalled for each growing season and block.

The snow-free date was determined for each year and block by observing
daily minimum and maximum 1 cm soil temperature. The 1cm soil tem-
perature sensors are close enough to the bottom of the snowpack that daily
minimum and maximum temperatures measure very close to 0°c during




3.1 Tree Mortality
Attributed to
Mountain Pine Beetle

3.2 Vegetation Cover

the snowmelt period, when the soil is being flushed with snowmelt water.
Snowmelt was assumed to be completed when the daily maximum 1 cm soil
temperature first rose above +0.5°C. In some cases, snow cover was tempo-
rarily re-established by late snowfalls for a few days.

3 RESULTS AND DISCUSSION

Attack of mature lodgepole pine by the mountain pine beetle is a recurring
natural disturbance event on British Columbia’s Chilcotin Plateau. According
to Waterhouse et al. (2011), the mountain pine beetle outbreak in this area
during the mid-1980s resulted in 7-21% mortality of mature lodgepole pine
on the study blocks. As of 2003, 3% of the permanently marked sample trees
in the study blocks were dead from new mountain pine beetle attack. Tree
mortality rose to 15% in 2004, 47% in 2006, and 61% in 2008. This remained
unchanged as of 2013. Table 2 summarizes the percentage of trees attacked
by mountain pine beetle in the IGS—WT treatment units for 2004 and 2008.
Mortality in 2004 ranged from 0% in block 5 to 18.9% in block 3. Although
the outbreak was slower to reach block 5, by 2008 it had the highest attack
rate among the three blocks at 67%.

TABLE 2 Percent of sample trees attacked by mountain pine beetle in the irreqgular
group shelterwood treatments with whole-tree harvesting in 2004 and

2008
2004 2008
Block % dead % dead
1 9.8 59.1
3 18.9 46.4
5 0.0 67.2

Most of the mountain pine beetle attack on the study blocks occurred
from 2004 to 2007 (green attack phase), with needles turning red from 2005
to 2009 (red attack). In the third year after green attack, the needles are dull
orange to grey, then drop from the trees (Cole and Amman 1969). On our
study site, the bulk of the attacked trees would have been bare by 2010 (grey
attack). A small amount of tree fall occurred during the study. From post-
harvest (1996) to 2008, 5.0% of the trees within the permanent sample plots
of the SBPS blocks fell, and this increased to 5.1% by 2013. By 2008, 4.3% of
the sample trees in the MS blocks fell, and this increased to 10.5% in 2013.

Figures 3 and 4 show time series of average percent cover for each vegetation
layer in the 1GS—WT treatments (forest and opening locations combined) and
clearcuts. For these treatment units, the trend was a decrease in vegetation
cover in each layer immediately after logging (1998), followed by increas-

ing vegetation cover with time. The layer containing regeneration taller than
1.3 m was not measured in 1995, so this layer is not included, whereas it is
included for 1998. Vegetation cover is higher in block 5, mainly due to greater
cover by dwarf shrubs and herbaceous plants. This is a result of more grow-
ing season precipitation in the higher-elevation MSxv subzone.
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Percent cover by vegetation layer for blocks 1, 3, and 5 in the irregular
group shelterwood treatment with whole-tree harvesting (forest and
opening plots combined) from pre-harvest in 1995 to 2008.
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In the clearcut treatments, the herb layer increased from 2001 to 2005,
then in 2014 it decreased in blocks 1 and 5, whereas in block 3 it consistently
decreased from 2001 to 2014. The dwarf shrub layer in blocks 1 and 3 also
increased from 2001 to 2005, then declined; however, in block 5 it remained
unchanged from 2001 to 2014. The shrub layer increased modestly over time
in block 5 but remained stable in blocks 1 and 3. One clear trend is that the
percent cover of small (< 1.3 m) and large (>1.3 m) regeneration increased up
to 2008. By 2014, large regeneration had increased dramatically in all blocks
(Figure 4) as a result of recruitment from the smaller regeneration class.
Although the percent cover of regeneration is relatively small in 2008, a good
portion of the large regeneration was 1.3—2 m tall, representing a significant
amount of leaf area index and beginning to visually dominate the clearcuts.
By 2014, the regeneration was the dominant vegetation layer, with many tree
heights exceeding 2 m.

Figure 5 shows light transmittance and sky view factor for the no-harvest
and 1Gs (partitioned by forested and open locations) treatments determined
from canopy photographs taken in 2007 and 2013. The 2007 sky view factor
and transmittance numbers portray the canopy with an undetermined loss
attributed to the mountain pine beetle infestation, which began affecting the
sites in 2003. Winkler et al. (2014) found little change in canopy transmit-
tance until the fourth year following pine beetle attack in a young (35-year-
old) lodgepole pine stand in the southern interior of British Columbia, when
transmittance increased approximately 8% from pre-attack levels. The pro-
cess of canopy loss, with more infested trees dying, the loss of needles from
already-dead trees, and possibly some windthrow of dead trees, continued
from 2007 to 2013. By 2013, the vast majority of attacked trees were classified
as grey attack (no needles). This is reflected in the large increase of transmit-
tance and sky view factor, especially in the no-harvest treatment units (23
and 25%, respectively) and the forested locations within the 1Gs treatment
units (10 and 13%, respectively; see Figure 5). There was only a 3% increase in
transmittance and a negligible increase in sky view factor for the 1Gs-opening
locations during the period, and these values are within the measurement er-
ror associated with calculating values from canopy photos. The opening loca-
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3.3 Soil Temperature

tions are less influenced by loss of canopy and boles in the surrounding forest
because there is already a higher proportion of open sky. Also, by 2013 it is
possible that advanced regeneration (>1.3 m) in the openings offset increases
in transmittance and sky view factor caused by loss of canopy and boles in
the surrounding forest.

Low soil temperature affects the growth and vigour of seedlings by hamper-
ing root uptake of water and nutrients, thereby decreasing a seedling’s ability
to photosynthesize (Delucia 1986). Lajzerowicz et al. (2004) showed that
growth and photosynthesis in Engelmann spruce and subalpine fir seedlings
decreases as soil temperature decreases within the range of 5-15°C. Sagar et
al. (2005) reported that soil temperatures were below 10°C for much of the
growing season at the south-edge microsites on all blocks, and at all mi-
crosites in the block 5 partial cut. Appendix 1 gives the seasonal (1 May-30
September) mean 15 cm soil temperature for all blocks, treatments, and
microsites over the period 1997-2013. The means over the whole study period
range from 6.4°C at the block 5 south-edge microsite to 10.1°C at the block

1 clearcut treatment. Growing season soil temperatures on all study blocks
exceeded the 5°C threshold, which is needed for significant root elongation
(Lopushinsky and Max 1990).

Figure 6 shows total 5°C ST1 for each treatment and microsite in blocks 1,
3, and 5 (see Appendix 2 for full data set). The patterns observed at all three
blocks are similar, with clearcuts accumulating significantly more STI than
partial cut locations and, at least initially, south-edge (north-facing) micro-
sites accumulating the fewest STI among the partial cut microsites. See Sagar
et al. (2005) for a detailed discussion of the effects of microsites and block
elevation on soil temperature (1997-2003). These patterns are explained by
larger solar input to the soil surface in the clearcuts and north-edge locations,
given similar surface compositions.

Vegetation cover, including mature trees, would be expected to affect how
much solar radiation reaches the ground and thus is an important factor in
determining STI accumulation at a given location. Vegetation cover affects
soil warming in several ways, one of which is through its effect on snow cover
and snow cover ablation rates. Teti (2009) found that 64% of the variance
in snow cover ablation rates could be explained by light transmittance. The
second way is through regulation of the amount of net radiation available at
the soil surface to heat the soil once snowmelt is complete.

Little warming of soil can take place when snow cover is present; there-
fore, the date when snowmelt is complete in the spring (see Section 3.6)
marks the beginning of significant soil warming and sT1 accumulation. Based
on this observation, the snow-free date should be a strong determinant of
total seasonal STI accumulation. To test this hypothesis, we performed a
linear regression analysis to see how much of the total seasonal ST1 variance
could be attributed to snow-free dates in the clearcuts and centre microsites
of the partial cut treatments (Table 3). Snow-free date explained up to 54%
of the variance (block 3 clearcut) and was above 25% for all but the block 5
partial cut. The slopes of the linear regression lines were significant (= 0.05)
for all locations except the block 5 partial cut. The 2004 growing season, with
its peak or near-peak STI accumulation, had the earliest snow-free dates for
blocks 1 and 3. The foregoing discussion suggests that snow-free date may ex-
plain a significant amount of the year-to-year variation in seasonal total sTI

13
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FIGURE 6  Growing season (1 May-30 September) total 5°C soil temperature index
based on 15 cm soil temperatures for all microsites and treatments in each
block (1997-2013).
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TABLE 3 The adjusted percent of variance (R?), probability, and linear regression model for day of year versus total
seasonal soil temperature index accumulation in the clearcuts and the centre microsite of the partial cut
treatments for the period 1999-2013

Block 1 Block 3 Block 5

Treatment R? P

Equation R? P Equation R? P Equation

Clearcut 0.27  0.029
Partial cut  0.49 0.003

Y =-5.33x + 1400 0.54 0.001 yY=-7.09x+1585 0.39 0.010 Y=-6.40x+1496
Y=-5.61x+1300 044  0.004 Y=-545x+1202 0.09 0.159 y=-3.61x+969

3.4 Air Temperature

accumulation, along with other factors such as total seasonal solar irradiance
and air temperature.

Figure 6 may also be interpreted in light of the changing vegetation cover
over time at the blocks. For this purpose, it is useful to focus on the changing
relationships among the various treatments. Even though regeneration cover
and height has increased significantly in the clearcuts and forest openings
(1997-2013), it does not impede warming as much as the overstorey canopy.
The overstorey has transitioned from predominantly live to mostly dead
without needles over the study period, yet it still intercepts solar radiation
and reduces sky view factor. Light transmittance, and therefore solar input,
has not significantly increased in the openings from 2007 to 2013, so mortal-
ity (mostly needle loss) in the adjacent forest is not substantially influencing
STI. There was still generally more sT1 accumulated in the clearcuts than the
paired partial cuts in the later part of the study period.

In the future, the total sTI accumulation among the treatments and mi-
crosites will converge because of forest regrowth in both the clearcuts and
partial cuts. Figure 6 shows evidence that this process is starting. In block 1,
STI accumulation at the centre microsite shows a relative decrease over the
period 2005-2013 and converges with that at the south edge. This could be
caused by specific elements of advanced regeneration that are beginning to
shade the centre location (best growing location). In the block 3 partial cut,
the spread among microsites has lessened over time. This could be related to
the increasing size of regeneration and extensive fall of mature trees adjacent
to this particular opening. In block 5, the difference between the clearcut and
the warmest partial cut microsites (north and centre) was fairly large in the
beginning of the study but was effectively zero by 2013. Regeneration growth
may cause a decreasing amount of solar radiation to reach the soil surface
in the clearcut, along with a relative increase in solar radiation at the north
and centre microsites (foliage loss on dead trees or tree fall) but not the south
edge. These changing patterns suggest that the effects of natural disturbance
and also regrowth of vegetation cover are not homogeneous over the land-
scape.

Air temperature is an important environmental factor that affects the survival
and growth of trees and lichen. Summer frost has been identified as a seri-
ous problem in some high-elevation tree plantations (Stathers 1989; Steen et
al. 1990). The physiological effects of frost on seedlings have been studied by
Delucia and Smith (1987), and Lundmark and Hillgren (1987). Dang et al.
(1992) found that the combination of a hard frost and subsequent exposure

to high levels of direct solar irradiance on a seedling the next day is especially
damaging; conversely, shading after the frost enhances recovery by limiting
excess trapped light energy within needles.
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Harvesting, particularly clearcutting, can also cause an increase in dam-
aging summer frost events related to the loss of the forest sheltering effect.
When circular openings had a diameter larger than about 0.6 tree heights,
increasing sky view factor (>o0.3) caused lower long-wave radiation at the
surface and lower nighttime minimum air temperatures than in the forest,
especially in the opening centre (Groot and Carlson 1996). Jordan and Smith
(1995) also demonstrated that a reduction in sky view factor raised leaf tem-
peratures in a subalpine meadow.

Sagar et al. (2005) discussed the frequency and severity of summer grow-
ing season frost events at the high-elevation blocks in this study. Summer
frost was still frequent in all blocks, treatments, and microsites over the pe-
riod 2004-2013, and the patterns observed are similar to those from 1997 to
2003 (Appendix 3). During the 76-day period from 1 June to 15 August there
were, on average, more than 40 nights when 15 cm air temperature dropped
below o°C in the block 1 and 5 clearcuts. Severe frost (air temperature <-4°C)
occurred in all blocks, treatments, and microsites. Extreme minimum air
temperatures (lower than — 9°cC) have also been recorded in the clearcuts
during the growing season (Appendix 4). Frequency and severity of grow-
ing season frosts were lower in the partial cut openings than in the clearcuts
throughout the study, with approximately twice as many severe frosts in the
clearcuts as the partial cut centre microsites. This pattern was also noted for
extreme minimum temperatures.

Figure 7 shows annual growing season (1 June-15 August) numbers of
frosts (air temperature < 0°C) and severe frosts (air temperature < - 4°c) for
all treatments and microsites at blocks 1, 3, and 5 from 1997 to 2013. Through-
out the study, clearcut locations had significantly higher numbers of frosts
than partial cut microsites, with the exception of block 3 for the period
2008-2013. Among the partial cut microsites, south-edge and centre loca-
tions had the most frosts, whereas north-edge locations had the fewest (Sagar
et al. 2005). Figure 8 shows growing season mean minimum 15 cm air tem-
peratures (Appendix 5). When Figures 7 and 8 are compared, lower seasonal
mean minimum air temperatures are associated with higher frost frequen-
cies. Another notable feature of these figures is the relatively lower numbers
of frosts and higher minimum air temperatures during the 2004 and 2005
growing seasons, which was likely related to more cloud cover during these
seasons. Cloud cover moderates nighttime air temperatures by decreasing
loss of long-wave radiation to the sky. These seasons also had the highest
rainfall amounts during the study. This illustrates how the effects of large-
scale weather patterns are superimposed on local environmental conditions
to influence near-ground microclimate.

During the last 6 years of this study (2008-2013), a trend towards a gen-
eral decline in the number of growing season frosts occurred at all blocks.
Although the absolute numbers of frosts (< 0°c) in the partial cuts are not
necessarily at their lowest frequency of the study period, the length of this
trend is significant. By 2013, severe frost events (< - 4°C) in all three clearcuts
had reached their lowest frequency of occurrence. Figure 8 shows that grow-
ing season mean minimum air temperatures rose in most treatments during
this period. These trends can be explained by the increasing height and den-
sity (Figures 3 and 4) of regeneration in the clearcuts and openings. As the
regeneration gets taller, the ground surface surrounding the sensor positions
“sees” less sky (lower sky view factor), which leads to increased net radiation
and higher nighttime air temperatures.
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At blocks 1 and 3, differences in the number of frosts among the microsites
has diminished as the regeneration has grown (Figure 7). This was also noted
for sTI accumulation at the partial cuts. By 2013, the partial cut microsites at
block 1 have nearly identical seasonal mean minimum air temperatures (Fig-
ure 8), and the separation between them and the clearcut has decreased. By
2009, the number of frosts in the clearcut at block 3 was no longer markedly
higher than that in the coldest partial cut microsite. In fact, during the 2013
growing season, two of the three partial cut microsites had more frosts than
the clearcut. All block 3 microsites, including the clearcut, show a conver-
gence in seasonal mean minimum temperatures, beginning in 2008. Because
the block 3 clearcut treatment was logged one to two growing seasons earlier
than the other blocks, it provides an insight into how the patterns of frost and
temperature may change on blocks 1 and 5. As of 2013, the block 3 clearcut
has the tallest and densest regeneration of the three clearcuts, which explains
the more advanced homogenization of microsites with respect to near-
ground air temperatures.

The beetle-caused death of the mature trees followed by needle loss
increased sky view factor, especially near the sensors positioned on the edge
of openings. Canopy photographs taken in 2007 and 2013 in the 1GS treat-
ment units at opening edge locations showed an average increase in sky view
factor of 3%. It is difficult to detect in the data whether the loss of sheltering
effect caused by the beetle attack had any influence on air temperatures in
the near-ground environment. Although sky view factor did increase by a
small amount, standing dead trees with no needles still obscure a significant
portion of sky and therefore contribute to the sheltering effect. If an effect did
occur, then it was likely overwhelmed by the increasing cover provided by
regeneration during the last 5 years of the study.

Figure 9 shows cold season (1 October-30 April) daily minimum 1 m air
temperature in the block 5 clearcut for each season from 2005 to 2013. There
were very few days during these seven seasons when daily minimum air
temperature did not drop below freezing, and these days were confined to
October and April. Extreme minimum temperatures fell to — 40°C or below
on a total of 7 days during four winters. The coldest temperature, —46.1°C,
was recorded on both 17 and 18 January 2012. Minimum temperatures below
-20°C occurred from late October to late April.

19



Block 5 Clearcut

10
g ‘ i 3 ll”pl
v l 'l‘ W \"u‘
£ H \‘I !*' ‘\l(”“ Nﬁ % 5 L i‘ £ 45 li !
g7 -rt» 7l " gl In , “ A n‘“ 'i[ i““; “ ”’“
qé- .,, " ‘ tlnu;mb l[l l' H‘l ' ‘ n ," I\\ |'I“’ “| ||'
: Wi g g iyt i i '; ,n i l’hiw‘
5 -20 T aeddllIx ! » 2l ' l Ty ‘| y il 5:; ”l """
£ o LR i "' ‘ "‘
S ‘ ‘( q l ‘ ‘ ’
c —B— 2005-2006 ¢
5 30 | T T f ) i T | T I WS, -+ M . ¥ Wkt Y
E 2007-2008 | ‘
'é —— 2008-2009 \ '{
——2009-2010 )
40 —A—2010-2011 |
—%—2011-2012
—+—2012-2013
=50 T T T T T T T T T T
1 Oct 22 Oct 12 Oct 3 Dec 24 Dec 14 Jan 4 Feb 25 Feb 17 Mar 7 Apr 28 Apr
Date

FIGURE 9 Daily cold season (1 October-30 April) minimum 1 m air temperature in the block 5 clearcut for each year
during the period 2005-201 3.

3.5 Precipitation and
Soil Moisture

Figure 10 shows total growing season rainfall for the block 1, 3, and 5
clearcuts over the period 2002-2013. Periods of measurement varied from
season to season but typically were late May to early October. Appendix 6
contains the complete rainfall data set, including periods of measurement for
each year and data notes. Rainfall was greatest at block 5, the highest-eleva-
tion block, and typically, but not always, lowest for block 1, the lowest-eleva-
tion block. In dry seasons, rainfall ranged from about 75 to 130 mm, whereas
in the wettest seasons rainfall ranged from 200 to 300 mm. During the time
of this study, the 2004 and 2005 seasons had notably high rainfall. The 2002,
2006, and 2009 seasons had relatively low rainfall at all blocks.

Although volumetric soil water content (8 ) was measured only at one
location in each weather station block, examining trends in 6 over time can
still give insight into the effects of partial cutting and mortality related to the
mountain pine beetle in this ecosystem. Comparing soil moisture regimes
in the clearcut treatments with those in the partial cut opening provides a
useful contrast. Figure 11 compares daily 6 and rainfall in the clearcut and
partial cut treatments of each block during two representative years of this
study. The year 2001 illustrates the post-logging period before the mountain
pine beetle outbreak in the partial cuts, whereas the year 2008 represents
conditions after the beetle outbreak at the point of maximum tree mortal-
ity. In 2001, the clearcuts began each growing season with higher 6 than
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FIGURE 10 Seasonal total rainfall at the block 1, 3, and 5 clearcuts. Incomplete data
have been excluded.

the partial cuts and this level was maintained throughout the season. Two
factors may contribute to this pattern. First, mature forests have lower net of
precipitation (rain and snow) reaching the ground than clearcuts (Winkler et
al. 2010; He et al. 2013). Second, growing season water use in mature forests
is typically higher than that in new clearcuts with relatively little vegetation
(Spittlehouse 2006). By 2008, 8, in the clearcuts was either close to that in
partial cut openings, or lower for parts of the growing season. This indicates
some fundamental changes in the site water balance. These changes may in
part be related to the natural disturbance caused by the mountain pine beetle
(i.e., decreased canopy interception and evapotranspiration) and also to the
growth of vegetation in the clearcuts and partial cuts. Bhatti et al. (2000)
found that the post-harvest vegetative recovery attributed to shrubs, herba-
ceous plants, and planted jack pine seedlings led to increased soil moisture
draw-down in a northern Ontario clearcut.

To further explore the continuum of the changing water balance on these
blocks, the mean (1 July-30 September) daily difference in 8, between the
clearcut and partial cut treatments was compared for each block from 1999
to 2013 (Figure 12). In general, the greatest positive difference (i.e., 8 in the
clearcuts was greater than that in the partial cuts) was at the beginning of
this period. The difference showed a general decline throughout the period,
becoming negative (i.e., & in the clearcuts less than that in the partial cuts)
at two of the three blocks, and close to zero in the third block (block 3) by
2013. This shift in water use patterns began before the first significant moun-
tain pine beetle mortality on the blocks in 2004. This indicates that water use
on the clearcuts was increasing faster than that in the partial cut openings,
likely due to the faster growth of regeneration and herbaceous plants on the
clearcuts. In a study of planted stock on the research blocks, Waterhouse et
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al. (2010) found that height growth of lodgepole pine was approximately 30%
greater in the clearcuts than the partial cut openings and diameter growth
was 50% greater.

Mortality of the mature lodgepole pine likely contributed to lower water
use in the partial cuts after about 2004. Beetle-killed trees may have influ-
enced the soil moisture regime through increased net precipitation after
about 2008, when forests in the study area were entering the grey attack
phase, and decreased canopy transpirations during the green attack phase
(2004-2007), both of which would tend to increase soil moisture in the par-
tial cuts. This finding is consistent with the work of Spittlehouse (2007), Pugh
and Gordon (2012), and Pendall et al. (2010) who predicted that mountain
pine beetle attack and subsequent death of the mature forest would lead to
decreased evapotranspiration and increased soil moisture during the first
year after pine beetle infestation (green attack phase). These factors, which
would tend to increase soil moisture in the openings, would have been partly
offset because of the increased evapotranspiration related to the growth of
regeneration and other vegetation species (see Figure 3). The apparent effect
of mountain pine beetle on the water balance may be limited by the fact that
soil water measurements in the openings were made 5 m from the forest edge
and not in the uncut mature forest area of the partial cuts.

Figure 13 compares the seasonal (1 May-30 September) total soil water
stress days (days when soil water potential is <-1.0 MPa) for the periods
1999-2003 and 2006-2009. During the 1999-2003 period, there were mar-
ginally more soil water stress days in the partial cut blocks, whereas during
the 2006-2009 period there were significantly more stress days in the clear-
cut blocks. The increased use of water in clearcut blocks may be related to the
higher growth rates of shrubs, herbs, and regeneration than in the partial cut

70
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FIGURE 13 Seasonal (1 May-30 September) total soil water stress days averaged
for the periods 1999-2003 and 2006-2009 in the clearcut (CC) and
partial cut (north-edge microsite, PCN) for each block. Soil water stress
day is defined as a day when the mean soil water potential is less than
-1.0MPa.
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3.6 Snow-free Dates

openings. More water may also be available in the partial cut blocks because
there is less consumption by the overstorey canopy. Annual growing season
soil water stress days are reported for all blocks, treatments, and microsites in
Appendix 7.

Snow-free dates are compared for the clearcuts and partial cut microsites
for each year over the period 1998-2013 (Figure 14). Appendix 8 presents
the snow-free dates for all blocks, treatments, and microsites. Because of the
varying synoptic weather patterns that affect snow accumulation and abla-
tion, it is difficult to draw any conclusions regarding the effect of vegetation
regrowth and beetle-caused tree mortality on the inter-annual variations of
snow-free date. Nevertheless, the effect of elevation is clear. The snow-free
dates at block 5 were 2—3 weeks later than those in blocks 1 and 3. The reasons
are the larger snowpacks and slower melting attributed to the lower average
air temperatures at higher elevations. Clearcuts generally were snow free a
few days earlier than the earliest-melting partial cut block (except at block
5). South-edge (north-facing) microsites were the latest-melting microsites
because of the shading from trees to the south.

As new forests grow in the clearcuts and partial cuts, snow-free dates are
expected to converge in a fashion similar to soil temperature and minimum
air temperature. We can already see evidence of this, especially in blocks 3
and 5. At block 3, the south-edge location typically had a snow-free date that
was 1-2 weeks later than the centre position during the years 1998-2010.
During the years 2011-2013, only a few days difference in snow-free data was
evident between these locations. During the first 4 years of the study at block
5, a wide separation in snow-free dates occurred between the north- and
south-edge locations, with intermediate dates at the clearcut and centre loca-
tions. During the last 3 years of the study, there is little difference in snow-
free dates among the south-edge, centre, and clearcut locations.
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4 SUMMARY

The fundamental goal of the Itcha-Ilgachuz Project was to test partial cut
silvicultural systems as an alternative to clearcuts in maintaining the integrity
of caribou habitat. In this report, we compare microclimate conditions in
partial cut openings with those in nearby clearcuts in the context of regener-
ating young forests and dying mature forests.

The patterns observed for sT1 at all three blocks are similar, with clearcuts
accumulating significantly more sTI than partial cut locations and, at least
initially, south-edge (north-facing) microsites accumulating the fewest STI
among the partial cut microsites. Over time, the clearcut and partial cut
openings will progress towards a mature forest structure and expectations
are that the soil temperature regimes will converge. Some evidence of this
occurring was seen over the duration of this study. In addition, during the
early years of this study, distinct differences in soil temperature regimes were
evident among the different microsites in the partial cut openings (Sagar et
al. 2005). These differences are diminishing over time as regeneration and
other vegetation layers develop in the openings. The snow-free date, which
is partly controlled by large-scale synoptic weather patterns, explained 37%
(range: 9-54%) of the variance in annual totals of STI.

Frequent, and sometimes severe, growing season frosts on these study
blocks were common in the first part of the study period (Sagar et al. 2005).
In the later part of the study, the overall frequency of frost events declined in
both clearcut and partial cut treatments. Partial cut openings lowered the fre-
quency and severity of growing season frosts compared to the clearcuts in the
earlier part of the study; however, the differences diminished in the later part
of the study period. Frequencies and overall severity of growing season frosts
are expected to decrease to similar levels in both the partial cut opening and
clearcuts as the forest regrows. These trends were seen in the data beginning
around 2008. Also, conditions within the partial cut openings at the different
microsites are homogenizing, with the centre locations experiencing simi-
lar frequencies of frost to edge locations. The higher rainfall, and probably
cloudier conditions, in the 2004 and 2005 growing seasons likely contributed
to markedly low frost frequencies.

Changes to soil moisture regimes attributed to human-caused disturbanc-
es such as clearcut logging are well documented. Mature forests intercept
more precipitation and also tend to have higher water use than new clearcuts
(Spittlehouse 2006). In the early years of this study, soil volumetric water
content (8,) in the clearcuts was consistently higher than that in the partial
cut openings, but the differences trended down through time. By 2013, 8, in
the clearcuts was less than in the partial cuts at blocks 1 and 5, and close to
zero in block 3. Between 1999 and 2013, the difference between the elevated
6, levels in the clearcuts and those in the partial cut openings decreased
with time, and in fact was reversed at block 5 (i.e., higher 6 in the partial cut
openings). This change appears to be driven by the faster rate of regeneration
growth in the clearcuts and possibly the loss of mature forests around the
partial cut opening related to the mountain pine beetle infestation.

28



LITERATURE CITED

Armleder, H. and M. Waterhouse. 2008. Mountain pine beetle and north-
ern caribou: the Itcha-Ilgachuz experience. In: Mountain Pine Beetle:
From Lesson Learned to Community-based Solutions, Conf. Proc., June
10-11, 2008. B.C. J. Ecosyst. Manag. 9(3):102-105. http://jem.forrex.org/
index.php/jem/article/download/402/317 (Accessed Mar. 2015).

Bhatti, ].S., R.L. Flemming, N.W. Foster, E.R. Meng, C.P.A. Bourque, and P.A.
Arp. 2000. Simulations of pre- and post harvest soil temperature, soil
moisture, and snowpack for jack pine: comparison with field observa-
tions. For. Ecol. Manag. 138:413-426.

Blennow, K. 1998. Modeling minimum air temperature in partially and clear
felled forests. Agric. For. Meteorol. 91:223-235.

Brown, M.G., T.A. Black, Z. Nesic, V.N. Foord, D.L. Spittlehouse, A.L. Fre-
deen, R. Bowler, N.J. Grant, PJ. Burton, J.A. Trofymow, D. Lessard, and
G. Meyer. 2013. Evapotranspiration and canopy characteristics of two
lodgepole pine stands following mountain pine beetle attack. Hydrol.
Process. 28(8):3326-3340. DOI: 10.1002/hyp.9870.

Chen, ], J.E Franklin, and T.A. Spies. 1993. Contrasting microclimates
among clearcut, edge and interior of old-growth Douglas-fir forest.
Agric. For. Meteorol. 63:219-237.

Cichowski, D. 1989. Seasonal movements, habitat use, and winter feeding
ecology of woodland caribou in west-central British Columbia. MA
thesis. Univ. British Columbia, Vancouver, B.C.

Cole, WEE. and G.D. Amman. 1969. Mountain pine beetle infestations in
relation to lodgepole pine diameters. U.S. Dep. Agric., For. Serv., Inter-
mtn. For. Range Stn., Ogden, Utah. Res. Note INT-95. www.fs.fed.us/rm/
pubs_int/int_rnogs.pdf (Accessed Mar. 2015).

Daintith, N.M. and M.J. Waterhouse. 2015 . Natural regeneration in partial
cuts and mature forests after mountain pine beetle infestation in the
West Chilcotin. Prov. B.C., Williams Lake, B.C. Res. Note. In review.

Dang, Q.L., VJ. Lieffers, and R.L. Rothwell. 1992. Effects of summer frosts
and subsequent shade on foliage gas exchange in peatland tamarack and
black spruce. Can. J. For. Res. 22:973-979. www.nrcresearchpress.com/
doi/pdf/10.1139/x92-130 (Accessed Mar. 2015).

Delucia, E.H. 1986. Effect of low root temperature on net photosynthesis,
stomatal conductance and carbohydrate concentration in Engelmann
spruce (Picea engelmannii Parry ex Engelm.) seedlings. Tree Physiol.

2:143-154.

Delucia, E.H. and W.K. Smith. 1987. Air and soil temperature limitations on
photosynthesis in Engelmann spruce during summer. Can. J. For. Res.

17:527-533.

29


http://jem.forrex.org/index.php/jem/article/download/402/317
http://jem.forrex.org/index.php/jem/article/download/402/317
www.fs.fed.us/rm/pubs_int/int_rn095.pdf
www.fs.fed.us/rm/pubs_int/int_rn095.pdf
www.nrcresearchpress.com/doi/pdf/10.1139/x92-130
www.nrcresearchpress.com/doi/pdf/10.1139/x92-130

Government of British Columbia. 1995. The Cariboo-Chilcotin land-use
plan: 9o day implementation process. Final Report. www.for.gov.bc.ca/
tasb/slrp/lrmp/williamslake/cariboo_chilcotin/news/files/reports/goday_
implementation.pdf (Accessed Mar. 2015).

Granberg, H.B., M. Ottosson-Lofvenius, and H. Odin. 1993. Radiative and
aerodynamic effects of an open pine shelterwood on calm and clear
nights. Agric. For. Meteorol. 63:171-188.

Groot, A. and D.W. Carlson. 1996. Influence of shelter on night temperatures,
frost damage, and bud break of white spruce seedlings. Can. J. For. Res.
26(9):1531-1538. www.nrcresearchpress.com/doi/pdf/10.1139/x26-172
(Accessed Mar. 2015).

He, L., V.Y. Ivanov, G. Bohrer, J.E. Thomsen, C.S. Vogel, and H. Moghaddam.
2013. Temporal dynamics of soil moisture in a northern temperate
mixed successional forest after a prescribed intermediate disturbance.
Agric. For. Meteorol. 180:22-33.

Hungerford, R.D. and R.E. Babbitt. 1987. Overstory removal and residue
treatments affect soil surface, air, and soil temperature: implications for
seedling survival. U.S. Dep. Agric., For. Serv., Intermtn. For. Range Exp.
Stn., Ogden, Utah. Res. Pap. INT-RP-377. www.fs.fed.us/rm/pubs_int/
int_rp377.pdf (Accessed Mar. 2015).

Jordan, D.N. and W.K. Smith. 1995. Microclimate factors influencing the
frequency and duration of growth season frost for subalpine plants.
Agric. For. Meteorol. 77:17-30.

Lajzerowicz, C.C., M.B. Walters, M. Krasowski, and H.B. Massicotte. 2004.
Light and temperature differentially colimit subalpine fir and Engelmann
spruce seedling growth in partial-cut subalpine forests. Can. J. For. Res.
34(1):249-260. www.nrcresearchpress.com/doi/pdf/10.1139/x03-198
(Accessed Mar. 2015).

Lopushinsky, W. and T.A. Max. 1990. Effect of soil temperature on root and
shoot growth and on budburst timing in conifer seedling transplants.
New For. 4(2):107-124.

Lundmark, T. and J.E. Hallgren. 1987. Effects of frost on shaded and exposed
spruce and pine seedlings planted in the field. Can. J. For. Res. 17:1197-
1201. www.nrcresearchpress.com/doi/pdf/10.1139/x87-184 (Accessed
Mar. 2015).

Oke, T.R. 1987. Boundary layer climates. 2nd ed. Methuen and Co., London,
UK.

Pendall, E., B. Ewers, U. Norton, P. Brooks, W.]. Massman, H. Barnard, D.
Reed, T. Aston and J. Frank. 2010. Impacts of beetle-induced forest
mortality on carbon, water and nutrient cycling in the Rocky Mountains.
FLUXNET, Berkeley, Calif. http://fluxnet.ornl.gov/sites/default/files/
FluxLetter_Vol3_No1.pdf (Accessed Mar. 2015).

30


www.for.gov.bc.ca/tasb/slrp/lrmp/williamslake/cariboo_chilcotin/news/files/reports/90day_ implementation.pdf
www.for.gov.bc.ca/tasb/slrp/lrmp/williamslake/cariboo_chilcotin/news/files/reports/90day_ implementation.pdf
www.for.gov.bc.ca/tasb/slrp/lrmp/williamslake/cariboo_chilcotin/news/files/reports/90day_ implementation.pdf
www.fs.fed.us/rm/pubs_int/ int_rp377.pdf
www.fs.fed.us/rm/pubs_int/ int_rp377.pdf
http://fluxnet.ornl.gov/sites/default/files/FluxLetter_Vol3_No1.pdf
http://fluxnet.ornl.gov/sites/default/files/FluxLetter_Vol3_No1.pdf

Pritchard, ].M. and P.G. Comeau. 2004. Effects of opening size and stand
characteristics on light transmittance and temperature under trembling
aspen stands. For. Ecol. Manag. 200:119-128.

Pugh, E. and E. Gordon. 2012. A conceptual model of water yield effects
from beetle-induced tree death in snow-dominated lodgepole pine for-
ests. Hydrol. Process. DOI: 10.1002/hyp.9312

Rex, J., S. Dubé, and V. Foord. 2013. Mountain pine beetles, salvage logging,
and hydrologic change: predicting wet ground areas. Water 5(2): 443-
461. doi: 10.3390/W5020443.

Richards, L.A. and C.H. Wadleigh. 1952. Soil water and plant growth. In:
Soil physical conditions and plant growth. B.T. Shaw (editor). Academic
Press, New York, N.Y,, pp. 73-251.

Sagar, R.M. 2014. Shelterwood trial microclimate: 2013 (new sites). Prov.
B.C. Internal Rep. Proj. EP1104.01.

Sagar, R.M. and M.]. Waterhouse. 2010. Microclimate studies in uniform
shelterwood systems in the Sub-Boreal Spruce zone of central British
Columbia. B.C. Min. For. Range, For. Sci. Prog., Victoria, B.C. Tech.
Rep. 057. www.for.gov.bc.ca/hfd/pubs/docs/tr/tros7.pdf (Accessed Mar.
2015).

Sagar, R.M., M.]. Waterhouse, and B. Chapman. 2005. Microclimate studies
in silvicultural systems on the Chilcotin Plateau of British Columbia: the
Itcha-Ilgachuz project (1997-2003). B.C. Min. For., Res. Br., Victoria,
B.C. Tech. Rep. 022. www.for.gov.bc.ca/hfd/pubs/Docs/Tr/Tro22.htm
(Accessed Mar. 2015).

Schnorbus, M. 2011. A synthesis of the hydrological consequences of large-
scale mountain pine beetle disturbance. Nat. Resources Can., Can. For.
Serv,, Victoria B.C. Mountain Pine Beetle Work. Pap. 2010-o01. http://cfs.
nrcan.gc.ca/pubwarehouse/pdfs/32211.pdf (Accessed Mar. 2015).

Silins, U,, V. Lieffers, D. Reid, B. Brabender; K. Bladon, and P. Pifa. 2007.
Stand water balance in absence of mountain pine beetle: synthesis of
several Alberta studies to characterize “reference” water use of lodgepole

pine. In: Proc. Mountain pine beetle and watershed hydrology workshop:

preliminary results of research from BC, Alberta, and Colorado.
T. Redding (editor). 10 July 2007. Kelowna, B.C., pp. 21-22.

Spittlehouse, D. 2006. Annual water balance of high elevation forests and

clearcuts. In: Proc., 27th Conf. Agricultural and Forest Meteorology, Am.

Meteorol. Soc., San Diego, Calif. http://ams.confex.com/ams/
pdfpapers/110083.pdf (Accessed Mar. 2015).

. 2007. Influence of the mountain pine beetle on the site water bal-
ance. In: Proc., Mountain pine beetle and watershed hydrology work-
shop: preliminary results of Research from BC, Alberta, and Colorado.
T. Redding (editor). 10 Jule 2007. Kelowna, B.C., pp. 25-26.

31


http://cfs. nrcan.gc.ca/pubwarehouse/pdfs/32211.pdf
http://cfs. nrcan.gc.ca/pubwarehouse/pdfs/32211.pdf
http://ams.confex.com/ams/ pdfpapers/110083.pdf
http://ams.confex.com/ams/ pdfpapers/110083.pdf

Spittlehouse, D.L., R.S. Adams, and R.D. Winkler. 2004. Forest, edge and
opening microclimate at Sicamous Creek. B.C. Min. For., Victoria, B.C.
Res. Rep. 24. www.for.gov.bc.ca/hfd/pubs/docs/rr/rr24.htm
(Accessed Mar. 2015).

Stathers, R.J. 1989. Summer frost in young forest plantations. For. Can. and
B.C. Min. For., Victoria, B.C. FRDA Rep. 073. www.for.gov.bc.ca/hfd/
pubs/Docs/Frr/Frroy3.htm (Accessed Mar. 2015).

Steen, O.A. and R.A. Coupé. 1997. A field guide to forest site identification
and interpretation for the Cariboo Forest Region. B.C. Min. For.,
Victoria, B.C. Land Manag. Handb. 39. www.for.gov.bc.ca/hfd/pubs/
docs/Imh/lmh39.htm (Accessed Mar. 2015).

Steen, O.A., R.J. Stathers, and R.A. Coupé. 1990. Identification and manage-
ment of summer frost-prone sites in the Cariboo Forest Region. For.
Can. and B.C. Min. For., Victoria, B.C. FRDA Report 157.
www.for.gov.bc.ca/hfd/pubs/Docs/Frr/Frri57.htm (Accessed Mar. 2015).

Stevenson, S.K, H.M. Armleder, M.]. Jull, D.G. King, B.N. McLellan, and D.S.
Coxson. 2001. Mountain caribou in managed forests: recommendations
for managers. 2nd ed. B.C. Min. Environ., Lands Parks, Victoria, B.C.
Wildlife Rep. R-26. www.env.gov.bc.ca/wld/documents/techpub/r26_mt-
caribou.pdf (Accessed Mar. 2015).

Teti, P. 2007. Procedure for analyzing canopy photos taken with the Nikon
Coolpix 4500 and fisheye adapter using Photoshop, Sidelook, and Scion
Image. B.C. Min. For. Range, Williams Lake, B.C. Internal Rep.

. 2009. Effects of overstorey mortality on snow accumulation and
ablation: phase 2. Nat. Resources Can., Can. For. Serv., Pac. For. Cent.,
Victoria, B.C. Mountain Pine Beetle Work. Pap. 2009-15. http://cfs.
nrcan.gc.ca/pubwarehouse/pdfs/30497.pdf (Accessed Mar. 2015).

Voicu, M.F. and P.G. Comeau. 2006. Microclimate and spruce growth gradi-
ents adjacent to young aspen stands. For. Ecol. Manag. 221(1-3):13-26.

Waterhouse, M.J. 2011. Lichen and vegetation responses to mountain pine
beetle damage in partial cuts and mature forests in the West Chilcotin in
2008. Prov. B.C., Williams Lake, B.C. File Rep EP1208.

Waterhouse, M.]J., H.M. Armleder, and A.L.F. Nemec. 2011. Terrestrial lichen
response to partial cutting in lodgepole pine forests on caribou winter
range in west-central British Columbia. Rangifer 31(19):119-134.
http://septentrio.uit.no/index.php/rangifer/article/download/1996/1857
(Accessed Mar. 2015).

Waterhouse, M.J. and S. Dunbar. 2008. EP1208 summary of canopy density
and light transmittance 2007 based on fisheye photos. Prov. B.C.,
Williams Lake, B.C. File Rep EP1208.

Waterhouse, M.J., E.C. Wallich, N.M. Daintith, and H.M. Armleder. 2010.
Planted stock performance 10 years after partial cutting in west-central
British Columbia. For. Chron. 86(1):118-129.

32


www.for.gov.bc.ca/hfd/ pubs/Docs/Frr/Frr073.htm
www.for.gov.bc.ca/hfd/ pubs/Docs/Frr/Frr073.htm
www.for.gov.bc.ca/hfd/pubs/docs/lmh/lmh39.htm
www.for.gov.bc.ca/hfd/pubs/docs/lmh/lmh39.htm
www.env.gov.bc.ca/wld/documents/techpub/r26_mt�caribou.pdf
www.env.gov.bc.ca/wld/documents/techpub/r26_mt�caribou.pdf
http://cfs. nrcan.gc.ca/pubwarehouse/pdfs/30497.pdf
http://cfs. nrcan.gc.ca/pubwarehouse/pdfs/30497.pdf

Winkler, R., S. Boon, B. Zimonick, and D. Spittlehouse. 2014. Snow
accumulation and ablation response to changes in forest structure and
snow albedo after attack by mountain pine beetle. Hydrol. Process.
28:197-209.

Winkler, R.D., R.D. Moore, T.E. Redding, D.L. Spittlehouse, D.E. Carlyle-
Moses, and B.D. Smerdon. 2010. Hydrologic processes and watershed
response. In: Compendium of forest hydrology and geomorphology in
British Columbia. R.G. Pike, T.E. Redding, R.D. Moore, R.D. Winker,
and K.D. Bladon (editors). B.C. Min. For. Range, For. Sci. Prog., Victoria,
B.C., and FORREX Forum for Research and Extension in Natural Re-
sources, Kamloops, B.C. Land Manag. Handb. 66, pp. 133-177. www.for.
gov.bc.ca/hfd/pubs/Docs/Lmh/Lmh66.htm (Accessed Mar. 2015).

Zasada, J.C., R.M. Teclaw, D.S. Buckley, and ].G. Isebrands. 1999. Effects of
frost on hardwood regeneration in northern Wisconsin. In: Proc. 12th
Central Hardwood Forest Conference, Feb. 28-Mar. 2, 1999, Lexington,
Ky. J.W. Stringer and D.L. Loftis (editors). U.S. Dep. Agric. For. Serv,,
South. Res. Stn., Ashville, N.C. Gen. Tech. Rep. SRS-24, pp. 17-24.

33


www.for. gov.bc.ca/hfd/pubs/Docs/Lmh/Lmh66.htm
www.for. gov.bc.ca/hfd/pubs/Docs/Lmh/Lmh66.htm

‘uour 9)9[dwod uo paseq J0u s[e10] 0s ‘€107 19qualdag 9z UO PI[JUBSIP 21oM SUONR)S  £10T
“Ke]y Zz—1 eyep Sursstur ;no Tenyaed S ypofg 600t
‘aun( €-Aejq T “ejep Sursstwr oI S YOO L0OT
"S9)TSOIDTUT JOSUSS [} TBIU UMOPMO[q 0] Paje[aI aq Aeur sayrsorotwr woaj wiayed SurSueyd no [ented € yporg  Sooz
‘uomye[noOTed Ul pasn sem ¢ ‘dax A[uo Jnoredad 1Ypojg  Sooz pue vooz
sndnyZ-Amn( Lz porrad Lep-zrt oy 10§ uonisod a8pa-yInos Y YIm uorssardax
® U0 paseq sem arnjeradura) J10s ueaw ‘uonisod 23pa-1I0u ) 10 ‘ejep JUISSIW Jo asnedaq uonisod a1)uad 1) 10J PajenoTed 10U sem drnjeradura) Jros ueaw :nd [ented <€ yoorg rooc
"eJep OU 0S dun( ¥ Uo pafrey Josuas :93pa yjrou o [enred € yporg  €ooz
"wo1ss91391 TeauT] SUTSN BJRp SUISSTW 10J Pa3da110d (Aey §T-T1Idy Lz ejep SuIssIur :a15uad pue sa3pa yinos pue yiiou 9nd [enied Tyo0[g 1007
‘uorssa1dar reaury Sursn eyep Surssiuwr 10§ Pa3darIod dun( ¢-[udy of ejep peq no fented T yoo[g 0007
‘Toquuaydag Zz—/1 eyep SuIsSIUI :noIedp ‘IYo0[g 6661
‘(K| Lz-AeIA T eIRp OU “o'T) ARIN 8T UO UBZAq UOTIOIY[OD vep nd [ented S yoojg 66T
“ToquI2AON €-3sndny g ejep Sursstwa :no [enred € yoofg 8661
“A[n( 1-aun( S uonisod a1uad 10§ BEp OU :$IND [enred € pue I SYOO[g 66T
‘(oun( b—Aepq T eIep OU “oT) dun( § o uedaq SurrojiuOW € pue T SOOI  L66T
"0,I°0 < SEM J2sgJo JT sarnjeradurs) 1os 0] parjdde sem wonoarIod v
1$910N]

"UOTJRIAID PIepUR)S PUE UBIUI JO SUOTIB[NO[ED UT Pasn JoU ejep pAy3ysHg

L0 80 80 80 L0 90 90 80 90 90 90 80 as
9 S'L 8L S8 8L 6'L '8 S'6 L'L 98 06 1ot UeIN
9L 16 €6 0’6 ¥'6 6'8 0’6 901 6 16 €0T1 It €10T
9 08 €8 8 08 9L 9L €6 6L €8 6'8 1ot ¢10c
'S 69 89 s 0L 69 69 €8 L 9L ¥'8 06 110t
09 L'L 6L 8 8L 8L '8 V6 9L '8 06 ot 010T
98 01 €0I1 I'6 8 08 7’8 6’6 6L 8'8 ¥'6 0T 600C
9 S'L 8L L8 L'L 8L 6L €6 V'L 8 L8 8'6 800C
9 S'L 9L ot €L L'L 8L 6'8 S'L '8 68 S'6 £00T
S9 VL '8 6 8L L'L '8 6'6 V'L 06 6 S0I1 900¢
VL 88 S8 8'6 9'8 €8 €8 901 8 76 ¥'6 S0t S00C
V'L €8 88 6’6 6'8 S'6 7’6 T'TT 88 oI 00T (! ¥00C
6'S 0L L S8 €L 8L - L6 €L L8 88 (! €00T
19 1T’ €L ¥'8 L L'L 8 €6 89 €8 ¥'8 96 00T
S'G 19 99 VL 69 €L LL '8 L 8 '8 16 100¢
6'S 89 €L '8 €L 6'L '8 €6 V'L S8 L8 €6 000T
19 L L 6L L 08 '8 06 V'L S8 9'8 I'e 6661
88 76 L6 - 18 16 96 01T 16 90T S0T1 I'TT 8661
- - - - 98 7’6 9'6 A 16 0T 701 90T L661
(8paynos)  (amuad)  (a8ps yrrou)  INdOILID (38pa ynos)  (amuad) (38pa ypr0ou)  MOIBID (8p> ynos) (emuad)  (38pa yyrou) mdIed)) uoseas
o [enaed  Inod[enied  Inod [endeq o [enaed  Indoenied  Jnd [enaed o ented  nd[enied  Ind [enied
S ¥oig €YPold IY201d

‘pa10Ul00} 3Je spouad UoID3||0d elep 3y} 03 sUoNdadX] "€ |0Z-666 1 POMd 2yl 10} D18 SUOIIRIASP pPJepuels pue SUBs|A
"€10Z 01 /661 WOl) 91ISOIDIW pue JuUsWieal) 420|q yoes 4o} ‘(D,) saimesadwal [10s wd G| Ajiep uesw (Jaquiaidas gs—AelA |) uoseas buimosn | XIANIddY

34




“puot 2)9[dw0d UO Paseq Jou S[e0) 0S ‘€T0T 19quIa)dag 9T U0 PI[JULIUSIP dIoM SUOTR)S  £10T
*sao1put arnjeradua) Jros Sursstur ot ey Jamaj A[qeqoad Aejnr Zz-1 eyep Surssijy 600t
-aun( €-AeJA 1 ‘eyep Surssiur noIeap S Yooy  £ooz
"S9)TSOIDTUI JOSUIS N[} TBIU UMOPMO[q 0} Paje[aI aq Aeur sayrsororwr woay wioyed SurSueyd :no rented € yporg  Sooz

‘uotje[nO[ed Ul pasn sem z ‘dax A[uo :norea]d 1 yoorg

Soot pue ¥0ot

‘ejep s Jeaf snoradxd ursn anuad YIm Uorssardar A4q pajewunsa an[eA fejep ou 0s aun( ¥ uo paqrey Josuas :93pa yIou o [ented € yporg ooz
ke g1-[11dy Zz eyep Sursstwa :anjuad pue sa3pa Yynos pue yjrou nod [ented TYPO[ 1007
"ejep s 1eaf snoraaid uo paseq sadrpur arnjeradua) [ros Sursstua pajewnsa dun( z—idy o€ ejep peq nod [ented Ty20[g 0007
‘0 28p2 ynos
pUe OT > a1uad pue a3pa 10U :sLep 2213op Surmord Jurssru pajewunss sAep 2213op Surmord Jursstw Sz uey) a1ow ou A[qeqoid cxoquraydag Lz—/T eyep SUISSTUI :JNOIBI[D TYOO[d 6661
"(Aejnr Lz—AeI] T eyep ou “a°T) AeJAr 8T UO UBZOq UOIIOA[[0d BIep :nd [enpred S yoofg 8661
“ToquI2AON €-3Isndny g ejep Sursstwa :no enred € yoofg 661
“A[n( 1-aun( S uonisod a1uad 10§ BEp OU :$IND [enred € pue I SYOO[g 66T
‘(dun( b-LAepq 1 eyep ou “o71) dun( § uo uedaq Surrojiuowr :€ pue I PO L66T

1S9JON]

"UOTJRIAID pIepUR)S PUE UBIUI JO SUOTIR[NO[ED UT Pasn JoU ejep pAy3ysHg

oL 06 €8 88 74 99 79 ¥6 €L 1L S9 (49 as
€LE S6¥ SIS €9 0¢s S¢S 6¥S wL 86V 819 659 118 UBIN
LY 059 S99 %9 L9 <19 ¥79 V8 199 w9 16L €€6 €10¢
90¥% 09s <09 €65 46 06¥ 06¥ 91L ws 9LS 659 €08 [4{4
SLT 9s¥ (44 L6v 8S¥ 44 LEV 609 Ly €05 v6S L69 rroc
vee Y8y ¥0S 765 61S L8V 48 1L €87 6LS 99 018 010T
Lv¥ 8¢9 9¢9 8¢L ¥8¢ Iss 865 16L ¥ ¥¥9 60L L68 600¢
8¢¢ 08¥ 60S 659 805 10s (48 9 9s¥ LS 9 08 800¢
65¢ <0s 867 S09 YLy 00S 11s 8.9 9Ly 865 6¢£9 SLL £00¢
8¢ 0S¥ 169 904 SIS €09 §6s 108 9% S99 869 VL8 900¢
LSV 909 LS €5L 909 ovs 0€s 998 ws 669 69 L¥8 S00¢
66V 695 009 L9L 6€9 01Z 69 o6 1€9 118 G8L 1s6 ¥00¢
9C¢ 8¢V €9V €9 (454 S¢S L8S €LL Svvy 9 679 L86 €00¢
9s¢ 8y €9v 879 YLy LIS SLS qeL 1ov LS 085 092 200T
8¢ Ive L6¢ 05 oy 09% €05 LS9 9ty €LS v6S 989 100C
81¢ 8¢ ey 95 1354 0¢s s 90L 9% 919 9¢9 669 0002
Is¢ Svvy LTV 95 ¥or 0€s 655 L89 0Lv (48 809 €99 6661
8Ly ¥Cs 06S - 68¢ sy €87 (40 LL9 VLS 6€8 £V6 8661

- - - - 6Cv 00¥% ws 129 €8V SIS LE9 199 L661
(8paynos)  (amuad)  (a8ps yrrou)  JNdOILID (38pa yInos)  (amuad) (98pa yprou) moxed))  (38pa yinos) (dnuad)  (a8pa yiiou) mdIed)) Tedx

o [enaeqd  Jmd [enaed  Ind [enaeq o [enreq o [endeq  Ind [enied o enaeq o [enaeq  Ind [enied
S Pporg €ord 1Po1d
‘pa10ul00} 24k spolad uonRdd||0d
elep oy} 03 suondadx] "€ 10Z-666 1L POMad 9y} UO paseq dJe SUOIRIASP plepuels pue SUBA "9}ISOIdIW pue ‘quawieal) “Do|q yoes Joj sainjesadwa)
JI0S WD G| Uo paseq xapul ainjesadwal (10§ "€ 10Z 03 /661 W0l xapul ainjesadwia) [10S DS [e10) (Joaquiandas gs—Aely |) uosess buimoln  Z XIANIddV

35



14 6 14 8 € L i L ! 4 ! € 1 C C 14 as
6 0¢ 1T €¢ 8 8¢ 4! |84 ! € ! 14 0 € € 1T UBIN
8! 61 4! (44 01 61 91 LT 0 ! 0 ! 0 ! ! € €10¢T
8 8¢ 8 8¢C 8 8¢ 4! 8¢ 0 0 0 1 0 0 ! 14 10T
S [4% L 43 S 6¢C 6 8¢ ! € 1 € ! € C 8 110C
€l ¥e €l [43 €l €c 91 Sy 4 9 € L C 9 9 L1 010C
9 Le 9 LE 9 [4% 0T Sy ! L ! 6 ! L C 91 600¢
LT 44 81 oF ST 0¥ 1c 45 ! [4 ! € 0 ! 14 1T 800¢
4! e 4! 8¢ 8 8¢C €1l Ly ! I 1 ! 0 0 14 01 £00¢
L Le L LE 9 [4% 6 |84 0 ! 0 1 0 1 C 8! 900¢
6 0T L1 ve 6 [44 61 0¥ 0 ! 0 ! 0 ! € 8 S00¢
€ 81 S (44 € 61 8 6T 0 [4 0 [4 0 [4 0 0T 700¢
01 153 €l 6¢ 01 8¢C 91 i 0 € 0 9 0 € 0 6 €00C
ST Le 14! 37 01 Ic 0¢ 1S 4 9 € L C 9 S 91 00¢
8 0¢ 01 Le 9 LT 4! o 0 S 0 S 0 S C 01 100T
14 1c 9 €C 14 61 1T ¥e 0 [4 0 [4 0 [4 0 6 000T
8 ¥e 4! 6¢ 01 LT 81 0¥ 0 S 0 S 0 S 9 L1 6661
C IT € ST C 4! S 14 I 4 1 C I C ! 9 8661
9 1c 8 Cl 8 S¢C ST 84 0 S ! € 0 9 C 8! L661
Am( uoseag Am( uoseag Am( uoseag Am( uoseag Am( uoseag Amf( uoseag Am( uoseag Am( uosedg Ieax
(38pa ynos) (amyuad) (8pa yyr0U) moIed) (38pa ynos) (amyuad) (8p> yy10U) moIedD
no fenaeg o fenreg o [enaeg o fenreg o fenreg o [enaeg
(0,0>) s1s01j [e30], (0, % >) S1SOIJ 219A3G
1Y2o1d

‘€ 10Z-666 | Polad 2y} J0j a1 SUOIIRIASP PJepUR]S PUR SUBSJA "91ISOJIDIW pue Jusawieal) ¥2ojq yoes je (D,) ainjesadwa) Jie
Wwd G| wnuwiuiw Ajiep uo paseg ‘¢ 10Z 01 /66| Wody 1eak yoes jo A|nf 1oy pue (3snbny G |—aun( ) UOSesSs 3y} JO) S}SOIJ IDASS pUR SJUBAD 150l) [e10] € XIANIddVY

36




i4 L i4 9 € S S 8 ! € I (4 1 I I € as
6 6¢C L ¥e S 61 1T 143 ! € I 4 0 I I 9 UeaN
0T 1c 9 81 9 14! 8 L1 0 0 0 0 0 0 0 1 €10¢
8 6¢C L 9¢ L 144 8 9¢ 0 1 0 I 0 I 0 1 C10¢
4! 8¢ 6 €c S €C 6 9¢ 0 0 0 0 0 0 ! ! 110T
4! 6¢C 4! 6¢C 4! 14 0T 6¢C 4 L i4 9 4 ¥ € 9 010C
9 [43 i4 9C i4 144 L €€ ! L I 9 1 ¥ I L 600¢
81 6¢ 91 €C 11 9¢ 1c Ly 4 S 0 4 0 0 € 8 800¢C
11 1€ L LT i4 ST id! 44 1 1 ! ! 0 0 [4 4 £00¢
8 €€ 9 6¢C € 81 L 9¢ 0 1 0 ! 0 ! 1 L 900¢
8 1c S €1l € 6 L1 8¢ 0 0 0 0 0 0 (4 S S00C
[4 14! [4 €l ! 4! 9 9¢ 0 C 0 4 0 I 0 9 ¥00¢
4! LT 8 1c L 81 61 w 0 C 0 [4 0 [4 [4 8 €00¢
01 e 01 14 6 €C ST v 1 L € ¥ 1 (4 € 6 200¢
8 [43 L 8¢C i4 144 €1 0¥ ! L 0 (4 0 (4 I 6 100T
€ S¢C ! 61 ! 91 S 0¢ 0 C 0 I 0 0 0 9 000¢
L (44 4 61 4 81 0T 9¢ 0 € 0 € 0 € ! S 6661
4 4! 1 6 1 8 € 4! 1 1 0 0 0 0 1 1 8661
9 (44 4 ¥ 4 01 6 9¢ 0 € 0 0 0 (4 I 9 L661
Am( uoseas Am( uoseag Am( uoseag Am( uoseag Amn( uoseas Am( uoseag Am( uoseag Am( uoseag Tedx
(28pa yinos) (amuad) (38pa yrr0u) ndIeID (28p> yinos) (amudd) (38pa yrrou) ndIedD
no renreq no renaeq mo enaeq no renaeq no renaeq mo enaeq
(0,0 >) s1s013y [RI0], (0, —>) $1501] 919A9§
€Y2o1d

psnunuo) € XIAN3ddVY

37



-dun( z-Tuady o€ ejep peq :nod [ented ‘TyPoO[g  000T

“ToquIaAON €-1snSny g eyep Jursstur ;no renred ‘€ yoolg 8661

K[ 1-aun( S uonisod a1uad 10§ vEp OU :$IND [enred € pue I SYdO[g  L66T
‘(oun( F-£ep 1 ejep ou “a°7) aun( S uo uedoq Surroyruows € pue I O[T L66T
1S9I0N

*(as) UOTJBIASD pIEpUE)S PUE ULIW UI PIPNOUT Jou S[[22 ‘porrad 10§ eyep )a1dwoour ajes1put s[joo papeys

€ 9 € 9 € 9 S 8 ! C I (4 0 (4 € 9 as
9 €C 8 ¥e S 61 91 S¥ 0 C 0 4 0 I ¥ 11 UesN
L L1 0T 81 S 01 0¢ 9¢ 0 0 0 0 0 0 (4 [4 €10¢
€ 14! 9 81 € 4! ST 8¢ 0 1 0 I 0 0 I S C10¢
6 (44 6 9¢ 9 61 0T 8¢ 0 0 0 0 0 0 ! [4 110T
L 1¢ 01 81 8 (44 0¢ 09 4 € € i4 1 (4 S 4! 010¢
i4 9¢ i4 LT 4 61 1T (374 0 ! 0 I 0 I (4 L 600¢
4! 6¢C 4! €e 0T LT 61 s 0 0 0 0 0 0 IT 81 800¢C
S 61 S 81 € 14! 4! S¢ 0 0 0 0 0 0 [4 9 £00¢
€ 0C i4 €C 4 L1 L1 15 0 C 0 (4 0 ! ¥ (44 900¢
6 61 6 [44 L ST 1c Ly 0 0 0 0 0 0 S 4! S00C
[4 91 [4 L1 ! €l L1 Ly 0 C 0 4 0 [4 0 11 ¥00¢
9 0C I8! LT € 91 €C 8¢ 0 € 0 € 0 € i4 ST €00¢
8 8¢ 6 0¢ 6 14 1C €S 0 € 0 € 0 € 9 4! 200¢
8 LE 8 9¢ L €€ 81 9¢ I S I 9 1 S S 0¢ 100T
i4 LT i4 8¢C € S¢C 8 184 0 1 0 I 0 0 I 11 000¢
6 €C 8 [44 L 0C 4! S¢ 1 S ! ¥ 0 € L 11 6661
€ 11 € 11 € 01 - - 1 1 ! ! 0 0 - - 8661
- - - - - - - - - - - - - - - - L661
Am( uoseag Am( uoseag Am( uoseas Am( uoseag Amn( uoseag Am( uoseag Am( uoseag Am( uoseag Tedx
(28pa yinos) (amuad) (38pa yrrou) ndIeID (28pa yinos) (amuad) (38pa yrrou) ndIeID
no renreq o renaeq mo enaeq no renteq nod renaeq mo enaeq
(0,0 >) s1s01jy [e10], (0, —>) $1504J 219A9§
S YPord

psnuinuo) € XIANAddV

38




APPENDIX 4 Extreme air temperatures for the season (1 June-15 August) and July of each year from 1997
to 2013. Based on daily minimum 15cm air temperatures (°C) at each block, treatment, and
microsite. Exceptions to the data collection periods are footnoted.

Block 1
Clearcut Partial cut (north edge) Partial cut (centre) Partial cut (south edge)
Year Season July Season July Season July Season July
1997 -8.4 -6.3 -6.0 -3.9 -5.0 -4.1 -5.8 -3.6
1998 -8.0 -8.0 -5.0 -4.2 -54 -4.4 -5.0 -4.1
1999 -12.4 -6.0 -8.8 -3.1 -9.0 -33 -8.5 -3.0
2000 -8.2 -3.8 -4.7 -1.8 -5.6 -2.3 -5.0 -1.8
2001 -8.5 -6.4 -5.6 -3.2 -6.3 -4.0 -6.1 -3.2
2002 -10.9 -10.5 -8.0 -6.8 -8.9 -7.6 -7.8 -7.0
2003 -9.3 -4.0 -6.5 -2.9 -8.0 -3.5 -7.0 -2.6
2004 -7.8 -3.3 -5.3 -2.5 -6.0 -2.9 -5.4 -2.3
2005 -5.9 -4.8 -4.7 -3.3 -4.6 -3.7 -4.3 -3.3
2006 -9.7 -6.4 -5.6 -3.5 -6.5 -3.8 -6.0 -3.6
2007 -6.0 -6.0 -3.6 -3.6 -4.3 -4.3 -4.1 -4.1
2008 -8.2 -6.4 -5.5 -3.8 -5.8 -4.1 -5.6 -4.1
2009 -10.9 -9.5 -7.8 -6.5 -7.9 -6.7 -8.0 -6.6
2010 -9.3 -8.2 -6.9 -6.0 -7.1 -6.1 -7.1 -6.1
2011 -7.1 -5.9 -4.7 -4.2 -5.1 -4.2 -4.9 -4.4
2012 -5.5 -4.6 -3.8 -34 -4.3 -3.4 -3.8 -3.3
2013 -5.7 -4.3 -4.1 -2.9 -4.4 -3.0 -4.2 -3.0
Extreme -12.4 -10.5 -8.8 -6.8 -9.0 -7.6 -85 -7.0
Block 3
Clearcut Partial cut (north edge) Partial cut (centre) Partial cut (south edge)

Year Season July Season July Season July Season July
1997 -5.7 -4.2 -4.0 -1.7 -2.3 -1.9 -5.1 -2.7
1998 -5.5 -5.5 =33 -33 -3.7 -3.7 -4.4 -4.4
1999 -8.0 -4.9 -5.2 -1.8 -5.7 -2.5 -6.4 =35
2000 -6.0 -3.0 -39 -0.7 -4.4 -1.7 -4.7 -2.0
2001 -8.9 -5.1 -5.6 -3.1 -6.0 -4.0 -6.7 -4.3
2002 -7.8 -7.8 -4.7 -4.5 -54 -5.2 -5.8 -4.7
2003 -9.2 -4.4 -5.3 -1.7 -6.2 -1.9 -6.7 -2.2
2004 -7.0 -2.8 -4.0 -0.6 -4.8 -1.3 -5.3 -1.3
2005 -4.7 -4.4 -1.9 -1.9 -2.3 -2.1 -3.1 -3.1
2006 -8.5 -5.6 -4.2 -2.6 -6.1 -33 -6.2 -3.8
2007 -5.4 -5.4 -3.0 -3.0 -4.5 -4.5 -4.5 -4.5
2008 -54 -5.1 -3.8 -3.2 -4.5 -4.0 -5.3 -4.5
2009 -7.8 -6.4 -6.2 -4.9 -6.9 -5.9 -7.2 -6.1
2010 -7.6 -7.6 -6.2 -6.2 -6.6 -6.5 -6.8 -6.8
2011 -4.0 -4.0 -3.1 -3.1 -34 -3.3 -3.8 -34
2012 -4.0 -2.3 -4.1 -2.2 -4.2 -2.4 -4.4 -2.6
2013 -4.4 -2.2 -3.3 -3.3 -34 -3.4 -3.8 -3.8

Extreme -9.2 -7.8 -6.2 -6.2 -6.9 -6.5 -7.2 -6.8




APPENDIX 4 Continued

Block 5
Clearcut Partial cut (north edge) Partial cut (centre) Partial cut (south edge)

Year Season July Season July Season July Season July
1997 - - - - - - - -
1998 - - -3.6 -3.6 -4.3 -4.3 -4.2 -4.2
1999 -8.0 -8.0 -6.2 =32 -6.5 -4.1 -6.7 -4.0
2000 -7.2 -4.5 -3.8 -0.8 -4.7 -1.6 -4.4 -1.5
2001 -8.5 -7.1 -6.1 -4.0 -6.6 -4.7 -6.3 -4.6
2002 -10.4 -4.6 -6.8 -34 -7.4 -39 -7.1 -3.8
2003 -7.8 -5.6 -5.7 -0.9 -6.9 -1.6 -6.0 -1.2
2004 -8.4 =35 -5.1 -0.6 -5.8 -0.8 -5.6 -0.7
2005 -7.0 -6.6 -2.8 -1.6 -3.3 -2.2 -3.1 -2.0
2006 -9.7 -8.7 -4.7 -2.7 -6.2 -4.0 -5.5 -3.3
2007 -6.3 -5.7 -2.3 -1.8 -2.6 -2.4 -2.9 -2.9
2008 -8.4 -8.4 -2.8 -2.4 -3.7 -3.1 -3.8 -2.9
2009 -7.2 -6.3 -4.2 -2.2 -5.1 -2.5 -5.1 -2.2
2010 -9.2 -9.2 -5.7 -5.7 -6.5 -6.5 -6.3 -6.3
2011 -4.6 -4.6 -2.5 -2.5 -2.9 -2.9 -33 -33
2012 -5.1 -3.9 -3.9 -1.2 -4.0 -1.7 -4.4 -1.6
2013 -4.6 -4.6 -2.0 -1.1 -2.3 -2.0 -2.8 -1.7
Extreme -10.4 -9.2 -6.8 -5.7 -74 -6.5 -7.1 -6.3

Shaded cells have incomplete data for this year and location; see notes below.

Notes:

1997 Blocks 1 and 3: monitoring began on 5 June (i.e., no data 1 May-4 June).
1997 Blocks 1and 3, partial cuts: no data for centre position 5 June-1 July.
1998  Block 3, partial cut: missing data 8 August-3 November.

2000 Block 1, partial cut: bad data 30 April-2 June.
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APPENDIX 6 Seasonal total rainfall (mm) in block 1, 3, and 5 clearcuts for
2000-2013. Exceptions to the data collection periods are

footnoted.
Year Block 1 Block 3 Block 5 Measurement period
2000 163.1 - - 3 June-13 September
2001 172.7 - 71.1* 19 May-21 October
2002 77.2 115.8 133.3 14 June-16 October
2003 105.9 96.8° 112.2° 31 May-6 October
2004 259 244 306 29 May-21 October
2005 197 253 328 27 May-11 October
2006 75 92 116 24 May-30 September
2007 149 131¢ 247 4 June-29 September
2008 126 103 153 28 May-1 October!
2009 71 83 169 28 May-27 September
2010 103 3¢ 124 2 July - 30 September
2011 95.5 146 224.5 15 June-25 September
2012 228 39¢ 114 9 June-25 September
2013 127 154 212 28 May-25 September

a 2001 Block s5: Total rainfall for the period 7 August-21 October (new funnel was installed
on 7 August).

b 2003 Blocks 3 and 5: Rain gauges significantly out of level on 15 August 2003 site visits;

undetermined amount of rainfall lost.

2007 Missing data 1 July-9 August.

2008 Block 1: Except 25 May.

2010 Missing data mid-July-30 September.

2011 Missing data about mid-August-25 September.

2012 Block 1: Missing data about late June-6 September; block 3: missing data from about

17 July—26 September.
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