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Climate change and the increase in meteorological drought have generated
global concern over the persistence of ecosystems already in decline from decreased
moisture. Evidence suggests dryland ecosystems have been more impacted by drought
because of their tightly coupled growth-water relationships and high sensitivity to
environmental shift. Removal of competing vegetation to free available moisture can
allow remaining trees to both persist and increase in vigor during periods of drought.
However, in the dry forests of the western North America, the magnitude and duration of
the growth response of angiosperms to such releases are not well understood. I
selected quaking aspen (Populus tremuloides) stands within the dry forests of the Inland
Pacific Northwest (PNW), experimentally treated them with conifer removal from within
and around the aspen, and assessed them together with historically treated aspen
stands. To test aspen vulnerability to future climate change, I used an adapted version

of the forest growth model Physiological Principles for Predicting Growth (3-PGmix) with
specific parameters for aspen in my region.
My objectives were to examine the response of aspen suckers and overstory
stems to removal of competing vegetation and the vulnerability of aspen stems to the
stressors of future climate change. I found aspen sucker growth and density both
increased in the three years following conifer removal. Plant water potential (PWP) was
the strongest predictor of the observed increase. Aspen stem radial growth, as
measured by basal area increment (BAI), was also greater after conifer removal. The
increase over pretreatment growth in average annual BAI continued from post-treatment
year 1 to year 11. PWP was the strongest predictor of the increased BAI. The modeling
under 3-PGmix found most 40-year old stems are at risk of mortality while 70- and 100year old stems in medium and high soil moisture sites are not at risk under future
climate change effects.
My results highlight moisture as the driver of aspen sucker growth, sucker
density, and radial growth in the Inland PNW where aspen occurs in small, localized
drainage catchments, and differ from Rocky Mountain studies where precipitation and
site index are the key drivers. Further, I suggest that release of competition in dry
conifer forests increases soil moisture availability allowing successful regeneration and
growth of moisture-demanding plants. The rapid aspen mortality that occurred under
drought conditions in the Rocky Mountain Region has not yet been documented in the
Inland PNW. My study highlights that some climate-induced aspen mortality could be
expected by 2025 with older stems and those growing in higher moisture sites not being
at risk of mortality while younger stems could be vulnerable to die-off under even
modest future climate conditions.
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CHAPTER 1: GENERAL INTRODUCTION
S Trent Seager

2
Climate change and the associated increase in meteorological drought have
generated global concern over the persistence of ecosystems already in decline from
decreased precipitation (IPCC, 2007). Recent increase in drought and heat effects from
climate disruption has led to tree mortality and larger perturbations to many forest
ecosystems (Allen et al., 2010). In western North America, scientists and managers
have focused on reducing tree mortality and loss of forest ecosystems from compound
disturbances (e.g., fires, droughts) associated with this climate disruption (Agee and
Skinner, 2005; Stephens et al., 2013). The tightly coupled growth-water relationships
and high sensitivity to environmental shift found in dry forest systems provides an
opportunity to identify linkages between climate change, moisture, and resiliency of
trees (D’Odorico and Porporato, 2006).
Dry systems are defined in part by periodic drought, suggesting that current
dryland forests formed under these cyclic climatic events (D’Arrigo et al., 2001; Brown,
2006; D’Odorico and Porporato, 2006). Alternatively, global climate change is
recognized as a more recent event driven by greenhouse emissions and has altered the
variation in precipitation, causing perturbations with increased drought effects on
dryland systems (Dale et al., 2001; Solomon et al., 2007; Allen et al., 2010). Under a
wide range of future climate scenarios, anthropogenic greenhouse gas emissions are
projected to continue to alter mean and extreme temperatures and the water cycle
(Collins et al., 2014) leading to more drought-induced tree mortality, particularly in forest
types found in dryland systems (Allen et al., 2010; Williams et al., 2013). In this
dissertation, I explore the effects of moisture on tree growth in both current climatic
conditions and projected future climate scenarios, representative concentration
pathways (RCP).
Most long-lived plant species in dryland systems have adapted to or tolerate
cyclic droughts and variation in seasonal precipitation (Chesson et al., 2004). However,
deciduous tree species that are more water-demanding than most conifers have
hydrological processes that limit their plasticity (D’Odorico and Porporato, 2006;
Anderegg et al., 2012). It follows that these deciduous trees are more susceptible to
climate variation than conifers and thus can be early indicators of enhanced drought
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stress in conifer-dominated regions. Additionally, it is unknown if such tree species will
survive under future climate conditions, specifically increased growing season
temperatures and decreased moisture availability.
Quaking aspen (Populus tremuloides) is a deciduous, water-demanding tree
found in the dry conifer forests of the western U.S. The sensitivity of aspen to climate
change has been documented in studies across multiple geographic locations (Hogg et
al., 2005, 2008; Worrall et al., 2010; Michaelian et al., 2011). This makes aspen ideal for
studying climate stress in the Inland Pacific Northwest (PNW). Here we consider three
components to aspen response: sucker growth and density to increase in moisture,
overstory growth (measured as basal area increment; BAI) to increase in moisture, and
predicting BAI growth under future climate conditions.
My first two objectives were to examine the response of aspen regeneration
(suckering) and overstory growth (radial stem growth) to an increase in moisture
availability during the growing season. I experimentally treated aspen stands across
central and eastern Oregon with conifer removal and compared those to untreated
control stands. For regeneration response, I measured aspen suckering for three years
post-treatment. To capture overstory response, I measured both experimentally treated
stands and historically treated stands allowing me to investigate radial growth response
across more than ten years. Under my third objective, to better understand the
projected disappearance of aspen across much of Oregon and the Inland PNW based
on aspen bioclimate models (Rehfeldt et al., 2009; Worrall et al., 2013), I tested aspen
growth under future climate scenarios using BAI thresholds to investigate stem death
versus survival.
In Chapter 2, I investigate aspen regeneration response by measuring aspen
sucker growth and density. My objective was to determine if removal of competing
vegetation (conifer overstory) within and around aspen patches would improve moisture
availability and to subsequently test if moisture was the driver of aspen sucker growth
and density in dryland systems. Across a soil moisture gradient, I measured the
response of annual aspen sucker growth and aspen sucker density in pre- and posttreatment plots and compared them to sucker growth and density in untreated plots.
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Using a variety of environmental factors shown to drive vegetation growth, I tested
whether soil moisture (as measured by plant water potential) was the driving factor in
aspen sucker growth and density. This chapter provides insight into an immediate
response (3 years) of aspen regeneration to conifer removal.
In Chapter 3, my objective was to measure aspen overstory response to a multiyear release from conifer competition and to subsequently test if moisture was the driver
of aspen radial growth in the dryland forest of the Inland PNW. I investigated whether
radial growth of aspen stems was significantly greater in treated than in untreated plots.
To better understand the duration of a treatment effect, I measured radial growth
increments across time after release in historically treated plots. Tree growth can be
driven by a variety of environmental factors. Using basal area increments from each
plot, I tested whether moisture availability was the best predictor of aspen radial growth
in general and of change in radial growth following treatment. This chapter provides
insight into aspen overstory response to an immediate increase in moisture availability
through competition removal.
In Chapter 4, my objective was to examine aspen stem survival in the Inland
PNW under the stressors of future climate change. I grew aspen stems across time in
the forest growth model 3-PGmix (Physiological Principles Predicting Growth) by using
field data and published literature to set the model to our study area. I investigated
aspen radial growth response (as BAI) to predicted growing conditions under future
climate change scenarios. This allowed me to test whether stem mortality varied by soil
moisture and stem age. Additionally, I investigated stem growth response across
multiple future climate projections (representative concentration pathways) and climate
years. This provides a better understanding of potential aspen stem death under the
stressors of future climate scenarios.
In the Conclusion, I present the key findings on aspen understory, overstory, and
projected future stem death and survival. I summarize the findings of experimentally
treated aspen stands response in reproduction (via sucker growth and density) and
overstory stems (via radial growth). Historically treated stands offer a longer look (>10
years) into aspen overstory response. Using future climate modeling, the forest growth
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model 3-PGmix, I offer insights into aspen stem death based on stem age and AWS.
While changes in climate patterns has already decreased aspen overstory parts of the
western US (Worrall et al., 2010), this has not been observed in the Inland PNW. This
dissertation explores aspen responses in the region to short-term increase in soil
moisture and long-term stressors of future climate change.
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CHAPTER 2: EFFECTS OF CONIFER REMOVAL ON GROWTH,
REPRODUCTION, AND MOISTURE AVAILABILITY FOR ASPEN
REGENERATION IN A DRYLAND SYSTEM
S Trent Seager and David E. Hibbs
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ABSTRACT
Climate change and the increase in meteorological drought have generated global
concern over the persistence of ecosystems already in decline from decreased
moisture. Evidence suggests dryland ecosystems have been more impacted by drought
because of their tightly coupled growth-water relationships and high sensitivity to
environmental shift. Quaking aspen (Populus tremuloides) is a water-demanding
perennial species found on wetter microsites throughout the dryland ecosystems of
western North America. The primary objectives of this study were to test if removal of
competing vegetation greatly increases sucker growth and density and to examine
whether soil moisture is the driving factor for aspen sucker growth and vegetative
reproduction. We experimentally treated aspen stands associated with dry conifer
forests of ponderosa pine (Pinus ponderosa), lodgepole pine (Pinus contorta), and
western juniper (Juniperus occidentalis) with surrounding and intermixed conifer
removal and then assessed aspen reproduction (root suckering) density and growth.
When comparing pre- and post-treatment aspen suckers, mean sucker growth was 1.9
times greater and mean sucker density was 2.1 times greater in treated plots 3 years
after conifer removal. Annual increment of growth of suckers in treated plots increased
over the three years of the study. We used a model selection procedure, AICc, to test
three indexes of soil moisture measurements, light, soil, temperature, and site index
parameters for individual or combined effects to explain overall (treated and untreated
plots) and changes (treated plots) in sucker growth and density. Through model
averaging, plant water potential (PWP) was the only parameter found to be an important
predictor of sucker density and growth. For every 1.0 MPa increase in PWP, our
analysis predicts a corresponding 19.7 cm increase in sucker growth in year three for all
plots, and a 11.8 cm of growth difference three years after conifer removal in treated
plots. Sucker density is predicted to increase by 2400 ha-1 across all plots for every 1.0
MPa increase in PWP. Treatment is predicted to change sucker density with a 21%
increase from pre-treatment densities for every 1.0 MPa increase in PWP. Our results
suggest moisture is the most important factor in driving aspen sucker growth and
density in dry forest systems. Further, we suggest that release of competition in dry
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conifer forests increases soil moisture availability allowing successful regeneration and
growth, and thus persistence, of moisture-demanding plants.
1. Introduction
Climate change and the increase in meteorological drought have generated
global concern over the persistence of ecosystems already in decline from decreased
precipitation (IPCC, 2007). Drylands cover 40% of Earth’s landmass and are predicted
to be hotspots of climate change (McCluney et al., 2011) as they are more strongly
affected by decreasing moisture and changing patterns of precipitation (Solomon et al.,
2007). The tightly coupled growth-water relationships and high sensitivity to
environmental shift found in these dryland systems provides an opportunity to identify
linkages between climate change, moisture, and resiliency (D’Odorico and Porporato,
2006).
Dry systems are defined in part by periodic drought, suggesting that current
dryland forests formed under these cyclic climatic events (D’Arrigo et al., 2001; Brown,
2006; D’Odorico and Porporato, 2006). Alternatively, global climate change is
recognized as a more recent event driven by greenhouse emissions and has altered the
variation in precipitation, causing perturbations with increased drought effects on
dryland systems (Dale et al., 2001; Solomon et al., 2007; Allen et al., 2010). Both
meteorological and climate-change induced drought can interact to enhance their
effects of decrease in annual precipitation, increase in summer temperature, and early
snowmelt (Mote et al., 2003). In forested systems, these can lead to soil-moisture
depletion and forest dieback (Breshears et al., 2008; Allen, 2009).
Most long-lived plant species in dryland systems have adapted to or tolerate
cyclic droughts and variation in seasonal precipitation (Chesson et al., 2004). However,
deciduous tree species that are more water-demanding than most conifers have
hydrological processes that limit their plasticity (D’Odorico and Porporato, 2006;
Anderegg et al., 2012). It follows that these deciduous trees are more susceptible to
climate variation than conifers and thus can be early indicators of enhanced drought
stress in conifer-dominated regions.
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Quaking aspen (Populus tremuloides) is a deciduous, water-demanding tree
found in the dry conifer forests of the western U.S. The sensitivity of aspen to climate
change has been documented in studies across multiple geographic locations (Hogg et
al., 2005, 2008; Worrall et al., 2010; Michaelian et al., 2011). While stomatal
conductance and therefore photosynthesis, carbon assimilation, and primary
productivity of a tree (or net primary production of the ecosystem) may be driven by
vapor pressure deficit in some forest types, aspen systems are controlled by available
soil moisture (Anderegg et al., 2012). This allows aspen to be an indicator for growing
moisture stress in a dryland ecosystem.
Research on the removal of competing conifers via mechanical treatment in
water-limited dry forests of western U.S. has emphasized the reduction of fuels and
associated fire risks (Graham et al., 1999; Agee and Skinner, 2005; Peterson et al.,
2005). More recently, scientists have focused on the ecological effects of such
treatments (McIver et al., 2013), including understory plant communities and tree
regeneration (Collins et al., 2006; Moghaddas et al., 2007; Bartuszevige and Kennedy,
2009). Among these studies, the emphasis was on soil nutrients, site productivity, or
light as the effects driving tree regeneration and vegetation growth. However, the effects
on water resources from conifer thinning remain largely unaddressed even with
available soil moisture shown to be both the primary limiting factor and the driver of
growth in dryland systems (D’Odorico and Porporato, 2006).
The objective of this study was to determine if removal of competing vegetation
(conifer overstory) would improve moisture availability and to subsequently test if water
was the driver of aspen sucker growth and density in dryland systems. The following
predictions were tested: (1) soil moisture is greater in plots treated with overstory conifer
removal than in control plots; (2) treated plots have significant increase in aspen sucker
growth and density; and (3) available soil moisture is the driver of aspen sucker growth
and density.
2. Materials and methods
2.1 Study area
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The study was conducted in central and eastern Oregon on the Malheur National
Forest (Emigrant Creek and Prairie City Ranger Districts) and Fremont-Winema
National Forest (Chemult and Lakeview Ranger Districts; Figure 2.1). These areas are
characterized by winter precipitation and high summer temperatures. Areas of lower
elevation (<1650 m) are predominately dry pine and mixed conifer forests. Winter
precipitation (38-50 cm) falls as snow and is typically melted by June. Summer
precipitation is low, with <5 cm falling in July and August (NRCS, 2014). The dry forest
ecosystems of the region developed with low-intensity, frequent-fire (Hessburg et al.,
2005, Johnston et al., 2016), which kept mesic sites such as wet meadows and riparian
areas free from conifer encroachment (Agee, 2003; Merschel et al., 2014). Starting in
the late 1800s, fire suppression became common across the study area allowing conifer
encroachment into aspen stands and increased conifer basal area in most vegetation
types (Agee, 2003). Two types of cyclic, meteorological drought affect the region’s
climate: El Nino/Southern Oscillation (ENSO) lasting two to seven years, and the Pacific
Decadal Oscillation (PDO), lasting 20-30 years (Cook et al., 2004; Kitzberger, et al.,
2007; Trouet and Taylor, 2010). The region is also experiencing a climate change-type
drought with decrease in snowpack and summer water shortages (Chmura et al., 2011).
Elk (Cervus canadensis) and mule deer (Odocoileus hemionus) are present across the
study area. Livestock, predominately cattle (Bos taurus) and sheep (Ovis aries), are
present in grazing allotments on both National Forests.
Aspen in the Inland PNW express as small, discrete stands on mesic sites
associated with deep soil at locally low points in the topography (Swanson et al., 2010).
This is different from aspen cover in the Intermountain and Rocky Mountain regions,
where aspen can occur as a cover type in large parkland and forests (Mueggler, 1988).
In our study area, aspen manifest as small (<1 ha), discrete stands within a conifer
matrix and are usually associated with deeper soils and more mesic sites than the
surrounding coniferous forest (Seager, 2010). Study site elevations ranged from 1500 m
to 1780 m.
2.2 Field sampling
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2.2.1 Aspen stand selection
We examined each aspen stand in our study area identified by US Forest
Service district offices as associated with dry forest vegetation types: ponderosa pine
(Pinus ponderosa), lodgepole pine (Pinus contorta), and western juniper (Juniperus
occidentalis). Stands were excluded from the study if they contained any of the following
confounding variables: history of conifer removal in the previous 50 years, ≥10° slope,
incised stream bank, recent flush of aspen suckers, or death of multiple aspen stems
within the last 10 years. Eight aspen stands within three watersheds were selected for
this study. Five stands were experimentally treated with removal of all conifers ≤61 cm
diameter at breast height (DBH) from within and around each stand to a distance of 60
m out past the last live aspen stem (ramet >2.5 m in height). Conifer removal occurred
in two stages as (1) pre-commercial thin of small diameter conifer trees (<31cm DBH),
and (2) felling of large diameter conifer overstory (>31 cm DBH) to stay on site, or
removal of the large diameter conifers over snow. All treatment occurred between
November 2010 and April 2011. Collectively, the treatment was prescribed to minimize
root and soil disturbance and allow for uniform treatment of all areas before growing
year one of the study. One stand in each of the three watersheds was left untreated for
a control. All aspen overstory stems in treated and control plots were left intact to
assure root sucker initiation and growth was not driven by hormones via disturbance of
apical dominance (Doucet, 1989; Shepperd et al., 2001).
2.2.2 Aspen plots
While treated occurred at the aspen stand level, the sampling unit for this study
was an aspen plot. We used a 5 m circular plot to sample aspen suckers. Using ocular
assessment, a plot was placed in the wettest part of each aspen stand with subsequent
plots placed approximately equidistant along the soil moisture gradient to the end of
aspen overstory cover. All plots were >5 m away from their nearest neighbor. Within the
eight stands in our study area, we selected 18 treated and 14 control plots for a total of
32 plots. To account for different domestic livestock and wild ungulate herbivory effects
on aspen suckers, we placed an additional 15 plots along the soil moisture gradient in
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the five treated stands (2-4 in each stand) and used short-term fencing to exclude
herbivory. Exclosure plots were selected and placed using the same criteria and
methods described for other plots in the treated and control stands.
2.2.3 Aspen suckers
In each treatment, control, and exclosure plot, we measured four aspen suckers
(ramets <2.5 m in height) closest to the center of the plot that originated pre-treatment
(growing above ground before November 2010) and four suckers that originated posttreatment (growing above ground after April 2011). If fewer than four suckers were
present, we measured all available suckers. We recorded annual growth increment (cm)
defined by terminal bud scars for the two years prior to treatment and the three years
post-treatment on all sampled suckers. We recorded sucker density as the total number
of pre- and post-treatment suckers in each plot.
2.2.4 Ecological factors
Soil depth was measured by driving a 170 cm long rebar into the ground in the
center of each plot until hardpan or the end of fractured subsoil was reached. To assure
rocks or other obstacles were not treated as the end of subsoil (C or R horizons), all
measurements <140 cm in depth were resampled at a distance of >0.25 m from plot
center. Canopy cover was measured using a moosehorn densiometer with four
readings in the center of each plot, one in each cardinal direction (Fiala et al., 2006).
Slope and aspect were measured using a clinometer (Suunto, Finland) and compass.
Soil moisture potential was measured using predawn plant water potential (Ψleaf) on
individual leaves from aspen suckers. Aspen are shown to have no transpirational water
loss at night (Snyder et al., 2003). Three suckers were sampled per plot, with three
leaves sampled per sucker to control for sample variation. All samples were taken
between September 1 and September 28. The leaves were gathered at predawn
(0300–0600 hours PDT) and individually stored in plastic bags inside black plastic bags
to exclude light until processing (prior to 0700 hours PDT). Predawn Ψleaf
measurements were done using a Scholander-type pressure chamber (PMS
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Instruments Co, Corvallis, Oregon) following sampling standards (Ritchie and Hinkley,
1975). Daytime air temperature and precipitation data were obtained from the Natural
Resources Conservation Services (NRCS) Snowpack Telemetry (SNOTEL) station
database (USDA-NRCS, 2014). Soil maps and data were obtained from Oregon’s
National Forest lands soil resource inventory (Noller et al., 2015).
2.3 Tree cores
We recorded DBH of all live aspen and conifer trees (>2.5 m in height) within
each plot. We measured tree height of each cored tree using a Nikon Aculon Laser
Rangefinder. Tree cores were extracted at breast height (1.4 m) from the dominant or
co-dominant aspen tree in each plot. Each core was prepared using standard
dendrochronological procedures (Stokes and Smiley, 1968). We measured the annual
rings for each core using a Unislide “TA” tree-ring measuring system (Velmex,
Bloomfield, New York, USA). If tree cores did not intersect the center pith, we estimated
the number of missing rings using a clear sheet matching the curvature of the innermost
ring in the sample (Applequist, 1958). Using the oldest and highest quality cores
(easiest to read, widest ring widths), we visually crossdated a subset to create a master
chronology (Yamaguchi, 1991). We used COFECHA to evaluate the accuracy of our
master cores (Grissino-Mayer, 2001). Any correlation problems or errors identified by
COFECHA were visually checked and corrected. Using our master chronology for tree
core dating, we used COFECHA to check our crossdating accuracy for all tree cores
from the dominant or co-dominant tree in each plot. All field measurements were taken
after 1 September 2013, growing year three of the study.
2.4 Data analysis
2.4.1 Controlling for effects
Plots from the same stand or watershed might be stocked by the same aspen
genet (Shirley and Erickson, 2001). We conducted an analysis of variance (ANOVA)
test to compare a complex linear mixed effects (LME) model with random effects on
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sucker growth and density to a simple model of general least squares (GLS) with no
random effects by stand or watershed. This allowed us to test for support of plot
independence (e.g., no spatial autocorrelation, no genetic drivers or signal). To test for
herbivory effects on sucker growth, we performed a two-sample t-test on mean sucker
growth inside and outside the exclosures for each of the five treated stands. All data
were checked for assumptions of normality with a Shapiro-Wilks test so a Welch’s t-test
could be used for those with unequal variance.
2.4.2 Pre- versus post- treatment
To test for a climate influence, we compared temperature and precipitation from
before to after treatment. Since precipitation and temperature are collected at the
watershed level, our analysis was for the three watersheds that contained our plots. For
precipitation and temperature calculations, data from SNOTEL stations (USDA-NRCS
2014) were used for the two pre-treatment years and three post-treatment years for
each watershed. To calculate annual growing degree days (GDD) for each watershed,
we counted the number of days between the last spring and first fall frost (≤ -3 °C;
Lamontagne et al., 1998) where the minimum daytime temperature reached ≥5 °C
(Hogg, 1999; Rehfeldt et al., 2009) for all years of interest. For precipitation, we
calculated annual precipitation (mm per water year) for all years of interest. We
compared average annual precipitation before and after treatment and average annual
GDD before and after treatment using paired t-tests after testing for normal distributions.
We performed paired t-tests for sucker growth and density, comparing before and after
conifer removal in treated plots, to test for a treatment effect. We ran the same analysis
in control plots for comparison.
2.4.3 Aspen sucker growth across time
In stands manipulated with conifer removal or overstory disturbance, aspen
suckers continue to increase growth 2-5 years post-treatment (Bartos et al., 1991,
Jones et al., 2005). To analyze sucker growth across time, we used repeated measures
ANOVA to select the best (lowest AIC/BIC value) LME model with both random and
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fixed effects. To avoid a type I error from running multiple tests of the same type, we
used the Bonferroni corrective error adjustment when comparing sucker growth
between years and estimating their difference. Since Bonferroni divides alpha (0.05) by
the number of comparisons, we adjusted the alpha back to 0.05 (via p.adjust in R) for
ease of reporting p-values in standard form.
2.4.4 Environmental factors
We identified specific environmental factors that affect plant growth (moisture,
light, temperature, nutrition) and then listed the specific iterations of those factors shown
to drive aspen sucker growth and density (Appendix A, Table A2.1). Because moisture
can be measured in multiple ways, we investigated three indexes of moisture
measurements (plant water potential, precipitation, available water storage) for each of
our plots. Additional potential predictors of sucker growth were: canopy cover, growing
degree days, soil depth, and site index; additional predictors of sucker density were:
canopy cover, aspen basal area, and site index (Appendix A, Table A2.2).
To calculate available water storage (AWS) in each plot for use in our analysis,
our soil depth measurements were combined with AWS soil data for the two National
Forests (Noller et al., personal communication), which included separate AWS for
surface and subsurface soil layers and adjustments for rock fragments and the
presence of ash/pumice/cinders. To calculate growing degree days (GDD) for each plot,
SNOTEL data (USDA-NRCS 2014) from the nearest station were used to count the
number of days between the last spring and first fall frost (≤ -3 °C; Lamontagne et al.,
1998) where the minimum daytime temperature reached ≥5 °C (Hogg, 1999; Rehfeldt et
al., 2009) for each of our three growing seasons (2011, 2012, 2013) and then averaged
for the study period. To determine plot precipitation, we calculated annual precipitation
(mm per water year) for all years of interest. For plots that were between two SNOTEL
stations, GDD and precipitation were calculated by averaging the data from both
stations. For plant water potential in each plot, we averaged predawn Ψleaf from three
sucker readings. Each sucker reading included three sampled leaves. Sample variability
was low, suggesting that excised leaves had low transpirational loss. Aspen basal area
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(ABA) was calculated for each plot using DBH of all live aspen. To calculate site index
specific to our study area, we plotted the dominant or co-dominant aspen tree from each
plot by age and height and fit a trendline through zero. To place each tree at index age
50, we used relative height (measured height over predicted height) at measured year.
The subsequent equation was used to calculate site index for each plot at tree age 50.
Our final equation was: site index=(1.2341*500.6032)*relative height (R-squared=0.74,
Appendix A, Figure A2.1).
2.4.5 Model selection of factors affecting aspen sucker growth and density
To investigate factors that influenced aspen sucker growth and density, we used
model selection based on Akaike’s Information Criterion (AIC) that has a second order
bias correction (AICc) for small sample size (Hurvich and Tsai, 1989; Burnham and
Anderson, 2002). The model closest to full reality, or smallest information loss, is given
an AICc of zero. The ranking of the rest of the models is based on the difference to this
theoretical best model, noted as delta AICc (ΔAICc). Models that have ΔAICc<7 should
be considered plausible hypotheses that have support (Burnham et al., 2011). We
developed multiple working hypotheses and carefully identified a priori candidate AICc
models for analysis of the factors, including their interactions (Table 2.1).
In total, we developed 33 models for sucker growth, sucker growth year 3, sucker
growth difference (difference in average annual growth increment from two years before
and the three years after treatment), and sucker growth difference year 3 (difference in
average annual growth increment from two years before and year 3 after treatment;
Table 2.2). Additionally, we developed 32 models for sucker density and sucker density
percent difference (% of total suckers originating post-treatment; Table 2.3). Sample
sizes (plots) allowed for fitting up to three parameter models, including an interaction. A
complex global model that includes all factors would be penalized in AICc and is
assumed to generally fail to be strategic in inference (Burnham et al., 2011). To account
for a combination, interaction, or other unmeasured factor(s) affecting plant growth that
may not be represented in the parameters of our candidate models, we included a null
model of intercept only. AICc gives statistical evidence that the model(s) have
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explanatory power of the observations. When the weight (wi) of the top-ranked model
was not unequivocal (>90), we used model averaging to produce parameter estimates
derived from all plausible models (ΔAICc<7) based on weighted averages (Burnham et
al., 2011; Symonds and Moussalli, 2011). Model averaging provides practical evidence
with an estimate allowing biological significance or meaning (Burnham and Anderson,
1998). We tested for multicollinearity among predictor variables, allowing valid
estimates for individual predictors in our models (Cade, 2015). Analyses were
performed using S-plus (TIBCO Spotfire S+ 8.2, 2010) and R package 3.2.0 (R Core
Team, 2013) statistical software.
3. Results
3.1 Controlling for effects
3.1.1 Auto-spatial correlation and random effects
We found no difference between the sucker growth model with stand and region
effects and the model without those effects (ANOVA: L<0.01; df=10, p>0.99). Similarly,
we found no differences in the sucker density models with and without stand and region
effects (ANOVA: L<0.0001; df=10, p>0.99). These results support our assumption of
plot independence, e.g., plots in the same stand or region were no more alike than plots
from different stands or regions. Subsequently, we removed random effects from any
further analysis of sucker growth or density.
3.1.2 Herbivory effect
We found no evidence of differences in mean sucker growth inside and outside
of large herbivore fenced exclosures in four of the five treated aspen stands (Chemult 1,
2, 3, and Lakeview; Table 2.4). This allowed for the use of these exclosure plots (n=11)
in addition to the regular plots in further analysis. However, one of the treated stands
(Prairie City) did have a difference in mean sucker growth inside and outside the
exclosures (t-test: t6=2.89, p=0.02; Table 2.4). To remove this herbivory signal and
potential confounding effects on further analysis, the four herbivore-accessible plots
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were not used. Only data from the four exclosure plots were used for this site. In the
analysis and results reported below, we included 14 treated plots, 15 treated exclosure
plots, and 14 control plots for a total n of 43.
3.1.3 Precipitation and temperature
With an estimated annual difference of 68.6 mm (95% CI=-58.22 and 195.38) in
our treated and control plots, we found no evidence of a difference in mean precipitation
(paired t-test: t5=1.390, p-value=0.223) when comparing the two years before and the
years after conifer removal. Similarly, with an estimated annual difference of 8.8 days
(95% CI=-8.74 and 26.41), we found no evidence of a difference in mean GDD (paired
t-test: t5=1.292, p-value=0.253) when comparing before and after treatment.
3.2 Treatment effect
3.2.1 Soil moisture gradient
We found moderate evidence of a difference in PWP in plots experimentally
treated with conifer removal when compared to control plots (pooled variance twosample t-test: t41=-2.417, p-value=0.02). Treated plots (n=29) had a mean of -0.45 MPa
(range: -0.10 to -0.80) and were 0.13 MPa higher (95% C.I.: 0.586 and 0.022) than
control plots (n=14, mean of -0.59 MPa; range -0.40 to -1.10). This supports our
assumption that treatment increased the moisture gradient across which aspen is
growing in our study area. Specifically, 31% of the treated plots had higher soil moisture
(>-0.40 MPa) than the wettest control plots. For analysis of all plots, treated and control
plots gave us a moisture gradient of 1.0 MPa (range: -0.10 to -1.10) for sucker growth
(Figure 2.2) and sucker density (Figure 2.3).
3.2.2 Pre- versus post-treatment
We found convincing evidence of a difference between mean growth of suckers
in pre-treatment when compared to post-conifer removal treatment (pairwise t-test:
t42=8.43, p<0.001). Mean annual growth was 1.9 times greater after treatment (Table
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2.5). This supported us completing further analysis of factors affecting sucker growth
difference in treated plots. Conversely, we found no difference in mean annual growth of
suckers in control plots during the same time period (pairwise t-test: t13=0.183,
p=0.857). This supports our assumption that treatment drove the observed difference.
We also found convincing evidence of a difference in the mean sucker density
when comparing treated plots from before to after conifer removal (pairwise t-test:
t42=6.93, p<0.0001). Mean sucker density was 2.1 times greater three years after
treatment than before (Table 2.5). This supported us completing further analysis of
factors affecting sucker density difference in treated plots. While there was moderate
evidence of a difference in mean sucker density in control plots (pairwise t-test:
t13=2.55, p=0.024, Table 2.5) during the same period, we found convincing evidence
that the density difference in treated plots was greater than in control plots (t42=2.97,
p<0.005).
3.3 Aspen sucker growth across time
We found convincing evidence of an interaction of sucker growth by treatment
and year (repeated measures ANOVA: F2,84=17.33, p<0.0001). The difference in sucker
growth between years increased across time in treated plots (Figure 2.4) but not in
control plots (Table 2.6). In treated plots, the greatest difference was between Year 3
and Year 1 (LME: t84=10.03, adjusted p<0.0001). This supports our assumption that in
treated plots, mean annual sucker growth increases across time. Additionally, this
supports our AICc modeling and analysis of both sucker growth and sucker growth
difference in the final year of our study (year 3) separately from average growth across
all growing years.
3.4 Factors affecting aspen sucker growth
Of the 33 models we created to explain aspen sucker growth (ASG) in both
treated and control plots, 17 of the models had a ΔAICc<7. The best hypothesis was a
multi-factor additive model of PWP plus Canopy Cover with an Akaike weight (wi) of
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0.41 (Table 2.7). This model was 3.5 times more likely to be the best model than the
two second ranked models (wi=0.12), a multi-factor additive model comprised of PWP,
Canopy Cover, and Site Index (Appendix A, Table A2.3). With no top-ranked model
considered unequivocal (wi>90), we used the 11 top models (wi=90) to produce
parameter estimates through model averaging. Out of the six parameters and one
interaction in the top models, only PWP had (β)>0.1 cm of growth. For every 1.0 MPa
increase in PWP, annual aspen sucker growth is predicted to increase by 18.4 cm
(Table 2.9).
Of the models for aspen sucker growth in year three (ASGYr3) in both treated
and control plots, 19 of the 33 models had a ΔAICc<7. The best hypothesis was a multifactor additive model of PWP plus Canopy Cover with a weight of 0.31 (Table 2.7). This
model was 2.9 times more likely to be the best model than the second ranked one
(wi=0.11), a multi-factor additive model comprised of PWP, Canopy Cover, and GDD
(Appendix A, Table A2.4). With no top-ranked model considered unequivocal (wi>90),
we used the 19 top models (wi=93) to produce parameter estimates through model
averaging. Out of the seven parameters and two interactions in the top models, only
PWP had (β)>0.1 cm of growth. For every 1.0 MPa increase in PWP, annual aspen
sucker growth was predicted to increase by 19.7 cm (Table 2.9).
For treated plots, we created models to explain aspen sucker growth difference
(ASGdiff), the difference in average annual growth increment of suckers from two years
before and the three years after treatment. Of the 33 models, 19 had a ΔAICc<7
(Appendix A, Table A2.5). The best model of PWP plus Canopy (wi=0.28) was 2.4 times
more likely to be the best model than the second ranked one, a single factor model of
just PWP (wi=0.12; Table 2.7). With no top-ranked model considered unequivocal
(wi>90), we used the top 19 models (wi=93) to produce parameter estimates through
model averaging. Out of the seven parameters and one interaction, only PWP had
(β)>0.1 cm of growth. For every 1.0 MPa increase in PWP, the difference in annual
aspen sucker growth from before to after treatment was predicted to increase by 9.7 cm
(Table 2.8).
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Since treated plots showed an increase in sucker growth across time (Table 2.6),
we tested models to explain sucker growth difference year three (ASGDiffYr3), the
difference in average annual growth increment of suckers from two years before
compared to growing year three after treatment. Of the 33 models, 23 had a ΔAICc<7
(Appendix A, Table A2.6). The best model of PWP plus Canopy (wi=0.25) was 2.2 times
more likely to be the best model than the second ranked one, a multi-factor additive
model of PWP, Canopy, and GDD (wi=0.11; Table 2.7). With no top-ranked model
considered unequivocal (wi>90), we used the 24 top models (wi=96) to produce
parameter estimates through model averaging. Out of the seven parameters and one
interaction in the top models, only PWP had (β)>0.1 cm of growth. For every 1.0 MPa
increase in PWP, the difference in annual aspen sucker growth from before to year
three after treatment is predicted to increase by 11.8 cm (Table 2.8).
3.5 Factors affecting aspen sucker density
Of the 32 models for explaining the aspen sucker density (ASD; density of aspen
suckers that originated during between 2011 and 2013) in both treated and control
plots, the two highest ranking models were a single factor model of Plant Water
Potential and our null hypothesis (both wi=0.15), which were 1.6 times more likely to be
the best model than our next highest ranked model of Precipitation (wi=0.09; Table 2.9).
With all models considered to contain plausible hypotheses (ΔAICc<7; Appendix A,
Table A2.7), the 32 models (wi=100) were used to produce parameter estimates
through model averaging. PWP was the only one of the six parameters and four
interactions to have a sucker density (β)>100 ha-1. For every 1.0 MPa increase in PWP,
sucker density is predicted to increase by 2400 ha-1 (Table 2.10).
For models explaining aspen sucker density percent difference (ASD%diff), the
percentage of suckers in treated plot that originated post-treatment, 25 of the 32 models
ranked with a ΔAICc<7 (Appendix A, Table A2.8). Our best model was a single factor
model of Plant Water Potential (wi=0.18), which was 1.3 times more likely to be the best
model than our second ranked model of our null hypothesis (wi=0.15; Table 2.9). With
no model considered unequivocal (wi>90), we used the 25 top models (wi=97) to
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produce parameter estimates through model averaging. PWP was the only one of the
six parameters and one interaction in our top models to have a density estimate
(β)>1%. For every 1.0 MPa increase in PWP, the difference in sucker density is
predicted to increase by 21% (Table 2.10).
4. Discussion
4.1 The influence of conifer removal on soil moisture gradient
Vegetation has been shown to be limited by moisture availability in dryland
systems (D’Odorico and Porporato, 2006). While aspen manifest in extensive stands in
areas with adequate summer precipitation in the Rocky Mountain region, in our study
area and across the Inland PNW, little precipitation falls during the growing season
(USDA-NRCS, 2014). Winter snowpack and subsequent drainage and subsurface water
storage provide summer soil moisture through lateral and elevational flow. As a water
demanding species, aspen occur where moisture is available throughout the growing
season. Our study found higher levels of soil moisture in plots treated with conifer
removal than in control plots. As such, aspen in treated plots were in a wetter moisture
gradient later into the growing season. These findings support our prediction that
removal of competing conifers would shift the soil moisture gradient across which aspen
grows. Specifically, the more negative readings (<-0.9 MPa) in control plots are
biologically significant as they pass a threshold of drought stress shown to cause
embolism and loss of conductivity in aspen (Anderegg et al., 2013; Way et al., 2013).
Since pre-dawn readings were already reaching critical levels, aspen in these plots
were assumed to be limited in their ability to photosynthesize during the day.
4.2 Significant increase in aspen sucker growth and density
We predicted conifer removal could significantly increase aspen sucker growth
and density. Suckers in our treated plots had significantly greater growth (10.7 cm yr -1)
and density (6703 ha-1) than before treatment. This supports our prediction and other
findings in the Inland PNW where removal of competing conifers (via mechanical
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harvest or insect kill) alone increased sucker growth and density (Jones et al., 2005;
Shepperd et al., 2006; Seager, 2010; Swanson et al., 2010). However, our findings are
in contrast with those from the Rocky Mountain region where encroaching conifers killed
by the mountain pine beetle (Dendroctonus ponderosae) did not result in an increase in
aspen sucker density (Klutsch et al., 2009; Pelz and Smith, 2013; Bretfeld et al., 2015).
4.3 Soil moisture
4.3.1 Soil moisture and sucker growth
Sucker growth is an important indicator of aspen stem recruitment and stand
persistence (Worral et al., 2010), emphasizing the importance in understanding the
drivers. The negative effects of biotic factors (e.g., herbivory, diseases) on the growth of
aspen suckers has been the focus of much research in western North America (Ripple
et al., 2001; Worral et al., 2010; Seager et al., 2013), however, herbivory from large
mammals had little effect in our study (<10% of all plots). Abiotic and environmental
factors are considered the basic drivers of vegetation growth and were the focus of our
study. Our results highlighted moisture (as measured by PWP) as the only factor
present in models explaining average sucker growth, sucker growth in year three across
all plots, average sucker growth difference, and sucker growth difference in year three
in treated plots (Table 2.7). PWP was the only driver to significantly increase sucker
growth, which was substantial across all plots and treated plots (Table 2.8). This gives
support to our prediction that moisture is the driver of aspen sucker growth. Year three
showed the greatest increase in growth in all plots (19.7 cm yr -1) and difference in
growth in treated plots (11.8 cm yr -1). While previous research showed increased
sucker growth across time after conifer removal (Jones et al., 2005), our results are the
first to tie that to moisture.
Our results differ from a review of many other studies (Frey et al., 2002) in that
moisture is an important factor in driving aspen sucker growth. While we included the
many factors found to drive aspen sucker growth in our models, moisture was the only
one to have biological significance. Moisture stress is shown to alter photosynthesis and
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cell growth, with the stress causing physiological effects on water uptake and cell turgor
(Chaves and Pinheiro, 2009). Conversely, aspen suckers with access to moisture
throughout the growing season is positively correlated with sucker length and growth
(Wan et al., 1999).
Our results provide strong practical evidence of the importance of moisture in
driving sucker growth. However, we caution that they were not conclusive. As is
expected with multiple top AICc models, our model averaging results had high standard
errors (Burnham and Anderson, 2002). The exception to this was in treated plots for
aspen sucker growth difference in year three (ASGdiffYr3), which had a much smaller
standard error (Table 2.8). As such, this provides the strongest evidence of moisture
driving growth. Our results differ from other findings that emphasized light, temperature,
and nutrients as drivers of aspen sucker growth both in similar (Jones et al., 2005) and
disparate environmental settings (Fraser et al., 2002; Landhäusser and Leiffers, 2002;
Frey et al., 2003). Due to the complex growing conditions and limited control of field
settings, greenhouse or controlled experiments may provide more insightful results.
While aspen growth can be regulated by complex drivers across its extensive
elevational, latitudinal, and longitudinal range (Chen et al., 2002), we focused
specifically on aspen in dry forests where moisture availability has been shown as the
most important factor to limit vegetation growth (D’Odorico and Porporato, 2006). Our
findings suggest that aspen in our system fit a dryland vegetation model based on
winter-rainfall region (sensu D’Odorico and Porportato, 2006) better than the
Intermountain aspen model (e.g., Bartos and Campbell, 1998; Kulakowski et al., 2004).
In that context, our findings may have important implications for the species’ ability to
persist during future drought events.
4.3.2 Soil moisture and sucker density
Aspen sucker densities are critical to the establishment of new overstory cohorts
(Bartos et al., 1994) and thus the persistence of the species on the landscape during
climatic perturbations (Worral et al., 2010). Many physiological and environmental
factors influence aspen sucker initiation, though soil temperature and nutrients are
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identified as the driving external factors (Fraser et al., 2002). We predicted aspen
sucker density would be driven by soil moisture. Our results found strong practical
evidence that moisture is the driver of aspen sucker density across treated and control
plots, showing biological significance (Table 2.10). The call to examine initial sucker
densities and their role in stand establishment (Frey et al., 2003) is supported by the
body of research that proposes density thresholds for suckers to assure stem
recruitment and stand persistence (Bartos and Mueggler, 1981; Prévost and Potheir,
2003). Our results estimated an increase of sucker density by 2400 ha-1, which would
push many of our observed densities into those needed for stand persistence
(Shepperd, 1993). Additionally, our results found that soil moisture (1.0 MPa in PWP)
increases sucker density by 21% after conifer removal. These findings are in contrast
with previous studies that found soil temperature and nutrients as the drivers of sucker
densities (Fraser et al., 2002). In a literature review, Frey et al., (2003) found hormones
(apical dominance) and genetics as the biggest factors affecting sucker initiation. We
found moisture was the driver of sucker density after accounting for hormones (aspen
overstory retained) and genetics (autospatial analysis). With the high standard error in
the increased suckering from moisture (Table 2.10), further research is needed.
Historically, removal of competing conifers in the dry forests of our study area
has been facilitated by low severity, high frequency fire (Agee, 2003). Fire has been
traditionally viewed as a disturbance that removes aspen ramets and stimulates aspen
suckering (Debyle et al., 1987) that is critical to aspen recruitment across time (Hessl
and Graumlich, 2002). Even for small, isolated stands of aspen, the role of fire is viewed
as a disturbance to cause aspen overstory mortality and subsequent increased light and
soil temperature to stimulate suckering (Keyser et al., 2005). However, it is now
recognized that aspen fire regimes are more complex (Shinneman et al., 2013), which
includes the role of eliminating competition in addition to stimulating suckering (Kurzel et
al., 2007). The importance of removing competing conifers has been highlighted for
aspen suckering, however the specifics of the shift in resources has not been well
defined in the Inland PNW (Jones et al., 2005) or in the Intermountain region (Keyser et
al., 2005; Kurzel et al., 2007). Our results point to those conditions specifically being an
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increase in soil moisture, as measured by late season PWP. With predicted changes in
the growth envelope for aspen (Rehfeldt et al., 2009), our findings offer insight into the
species ability to regenerate and thus persist (Worral et al., 2010). Aspen in the Inland
PNW are growing on the western edge of the species’ extensive range (Little, 1990).
Our study adds to the previous body of work that emphasized aspen in the Pacific
states are growing in a different environment than aspen in the Rocky Mountain or
Intermountain regions (Jones et al., 2005; Shepperd et al., 2006; Seager, 2010). The
disparate growing conditions and climactic patterns found between the regions may
help explain the different drivers and key environmental factors expressed in the
literature, helping inform future research.
5. Conclusion
Climate change induced drought with perturbations in precipitation and
temperature can exacerbate meteorological droughts, causing forest dieback in both
arid and mesic systems (Allen et al., 2010). Release of moisture from competing
vegetation allows remaining plants to persist or increase in density and growth during
drought periods (Anderegg et al., 2012). In our study, plots with conifer removal had
greater soil moisture than control plots with subsequent increased growth and density of
aspen suckers within three years, showing an ability to respond quickly. Where
persistence and/or an increase in aspen sucker growth and density is desired, land
managers should focus on conifer removal. Other studies in the Inland PNW found
similar responses to conifer removal, though their observed sucker growth and density
was attributed to light (Jones et al., 2005; Swanson et al., 2010). Our findings point to
the need for additional studies within the Inland PWN where aspen grows across a
broader moisture gradient, and moisture’s role in sucker growth and density can be
better understood.
Global climate change is predicted to increase loss of aspen in the western US
(Worrall et al., 2010), with some scenarios showing aspen disappearing entirely from
the inland PNW (Rehfeldt et al., 2009). We offer that an increase in soil moisture
through conifer removal may ameliorate predicted multi-year drought and altered
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precipitation pattern effects on aspen, and that sucker growth and density may have a
positive response.
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Watersheds containing aspen stands studied

Figure 2.1. Study Area. Three watersheds in Central and Eastern Oregon: (1) Prairie
City Ranger District on the Malheur National Forest; (2) Chemult Ranger District on the
Fremont-Winema National Forest; and (3) Lakeview Ranger District on the FremontWinema National Forest.
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Table 2.1. AICc parameters for analysis.

Parameter

Abbreviation

Continuous or
Categorical

Unit of Measure

Available Water Storage

AWS

Continuous

mm

Precip

Continuous

mm

Plant Water Potential

PWP

Continuous

MPa

Growing Degree Days

GDD

Categorical

days

Canopy

Continuous

%

Aspen Basal Area

Basal Area

Continuous

m2 ha-1

Site Index

Site Index

Continuous

m

Soil

Categorical

soil texture

Precipitation

Total Canopy Cover

Surface Soil Type
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Table 2.2. Candidate AICc models developed a priori for analysis of sucker growth (all
plots), sucker growth year 3 (all plots), sucker growth difference (treated plots only), and
sucker growth difference year 3 (treated plots only). Additive parameters are noted with
a plus sign (+) and interaction parameters are noted with an asterisk (*).
Model Type

Model Parameters

3-Factor Plant Water Potential (PWP) series

1. PWP + GDD + Canopy
2. PWP + GDD + Site Index
3. PWP + Canopy + Site Index

3-Factor Available Water Storage (AWS) series

4. AWS + GDD + Canopy
5. AWS + GDD + Site Index
6. AWS + Canopy + Site Index

3-Factor Precipitation series

3-Factor Non-moisture series

2-Factors with Interaction

7. Precip + GDD + Canopy
8. Precip + GDD + Site Index
9. Precip + Canopy + Site Index
10. GDD + Canopy + Site Index
11. GDD + Canopy + Soil
12. AWS + GDD + AWS*GDD
13. PWP + GDD + PWP*GDD
14. Precip + GDD + Precip*GDD
15. GDD + Canopy + Canopy*GDD

2- Factor series

16.
17.
18.
19.
20.
21.
22.
23.
24.
25.
26.
27.

PWP + GDD
PWP + Canopy
PWP + Site Index
AWS + GDD
AWS + Canopy
AWS + Site Index
Precip + GDD
Precip + Canopy
Precip + Site Index
GDD + Canopy
GDD + Site Index
Canopy + Site Index

Single Factor series

28.
29.
30.
31.
32.

PWP
AWS
Precip
Site Index
GDD

Null Model

33. Intercept Only
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Table 2.3. Candidate AICc models developed a priori for analysis of aspen sucker
density (all plots) and aspen sucker density percent difference (treated plots only).
Additive parameters are noted with a plus sign (+) and interaction parameters are noted
with an asterisk (*).
Model Type

Model Parameters

3-Factor Plant Water Potential (PWP) series

1. PWP + Site Index + Canopy
2. PWP + Site Index + Basal Area
3. PWP + Canopy + Basal Area

3-Factor Available Water Storage (AWS) series

4. AWS + Site Index + Canopy
5. AWS + Site Index + Basal Area
6. AWS + Canopy + Basal Area

3-Factor Precipitation series

7. Precip + Site Index + Canopy
8. Precip + Site Index + Basal Area
9. Precip + Canopy + Basal Area

3-Factor Non-moisture series

10. Site Index + Canopy + Basal Area

2-Factors Series with Interaction

11.
12.
13.
14.

AWS + Basal Area + AWS*Basal Area
PWP + Basal Area + PWP*Basal Area
Precip + Basal Area + Precip*Basal Area
Basal Area + Site Index + Basal Area*Site
Index

2- Factor series

15.
16.
17.
18.
19.
20.
21.
22.
23.
24.
25.
26.

PWP + Site Index
PWP + Canopy
PWP + Basal Area
AWS + Site Index
AWS + Canopy
AWS + Basal Area
Precip + Site Index
Precip + Canopy
Precip + Basal Area
Site Index + Canopy
Site Index + Basal Area
Canopy + Basal Area

Single Factor series

27.
28.
29.
30.
31.

PWP
AWS
Precip
Basal Area
Site Index

Null Model

32. Intercept Only
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Table 2.4. Differences in mean aspen sucker growth inside and outside of large
mammal herbivore exclosures in five treated aspen stands.

Site

Mean height
inside
exclosure (cm)

Difference in
Mean height
inside vs. outside
(cm)

95% CI

T-statistic

p-value

Chemult 1

22

6.75

(-20.48, 6.98)

t6 = 1.20

=0.27

Chemult 2

23

1.10

(-19.42, 21.59)

t5 = 0.14

=0.89

Chemult 3

18

2.00

(-10.48, 6.48)

t4 = 0.65

=0.55

Lakeview

30

2.25

(-19.73, 15.22

t4 = 0.34

=0.74

Prairie City*

24

12.5

(2.23, 22.77)

t6 = 2.98

=0.02

*

This location was the only one with an herbivory effect and subsequently accessible plots were removed
and only exclosures from this site were used for analysis.
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Sucker Growth (cm yr-1)
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-0.4

-0.2

0

Plant Water Potential (MPa)
treated suckers

control suckers

Figure 2.2. Average sucker growth (cm yr-1) for three years following treatment along
plant water potential (MPa) in treated (circle) and untreated (triangle) plots.
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Figure 2.3. Sucker density (ha-1) of suckers originating after treatment along plant water
potential (MPa) in treated (round) and control (triangle) plots.
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Table 2.5. Differences in mean annual aspen sucker growth and density before (20092010) and after conifer removal (2011-2013) in treated and control plots.
Difference in Mean
Absolute Mean
Treated Plots
Sucker Growth
(cm yr-1)

12 (before)
23 (after)

Treated Plots
Sucker Density
(ha-1)

6200 (before)
12,900 (after)

Control Plots
Sucker Growth
(cm yr-1)
Control Plots
Sucker Density
(ha-1)

Absolute
Difference

95% CI

t-statistic

p-value

10.7

(8.1, 13.3)

t42 = 8.43

<0.001

6703.0

(4720.6, 8685.4)

t42 = 6.93

<0.001

10 (before)
9 (after)

-0.8

(-2.8, 1.2)

t13 = 0.84

=0.413

3500 (before)
5700 (after)

2186.6

(332.7, 4040.5)

t13 = 2.55

=0.024

Average Annual Growth (cm)
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1

2

3

1

2

3

Growing
Year
(1-3)
Growing
Year
Treated Plots

Control Plots

Figure 2.4. Box plots of median sucker growth (cm) in treated and control plots for
growing years 1, 2, and 3. Treated plot medians (n=29): 10.7 cm (range: 4.4 to 24.8),
18.9 cm (range: 9.6 to 39.0), and 28.2 cm (range: 15.5 to 58.6) for years 1, 2, and 3
respectively. Control plot medians (n=14): 9.3 cm (range: 2.0 to 22.3), 9.3 cm (range:
2.0 to 15.8), and 11.0 cm (range: 5.0 to 18.6) for years 1, 2, and 3 respectively. Boxes
depict interquartile range with the whiskers showing the highest and lowest values for
that range. Outliers (>1.5*interquartile range) are depicted as dots above the whiskers.
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Table 2.6. Differences in mean annual aspen sucker growth for Year 2-Year 1, Year 3Year 2, and Year 3-Year 1 in plots treated with conifer removal and in control plots.
Bonferroni p-values adjusted to an a = 0.95.

Comparison

Estimated
Difference
(cm yr-1)

95% CI

t-statistic

Adjusted
p-value

Treated Y2-Y1

8.17

(4.78, 11.22)

t82 = 7.01

<0.0001

Treated Y3-Y2

9.31

(3.91, 14.23)

t82 = 4.95

<0.0001

Treated Y3-Y1

17.48

(12.27, 21.86)

t82 = 10.03

<0.0001

Control Y2-Y1

0.01

(-4.60, 4.62)

t82 = 0.00

>0.99

Control Y3-Y2

1.61

(-5.78, 9.02)

t82 = 0.59

>0.99

Control Y3-Y1

1.62

(-5.08, 8.33)

t82 = 0.66

>0.99
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Table 2.7. Model ranking based on AICc model selection for: aspen sucker growth
(ASG), aspen sucker growth year 3 (ASGYr3); aspen sucker growth difference
(ASGdiff); aspen sucker growth difference (ASGdiff). Only models with an Akaike weight
(wi) ≥0.05 are shown here.
Model Set

ASG

ASGYr3

ASGdiff

ASGdiffYr3

Model
No.

Candidate models

K

AICc

ΔAICc

Akaike weight
(wi)

17
03
01

PWP + Canopy
PWP + Canopy + Site Index
PWP + GDD + Canopy

4
5
5

283.4
285.9
285.9

0.00
2.48
2.56

0.41
0.12
0.11

28

PWP

3

286.0

2.56

0.11

17
03

PWP + Canopy
PWP + Canopy + Site Index

4
5

338.9
341.0

0.00
2.14

0.31
0.11

01

PWP + GDD + Canopy

5

341.2

2.33

0.10

28

PWP

3

341.8

2.89

0.07

17
28
03

PWP + Canopy
PWP
PWP + Canopy + Site Index

4
3
5

281.4
283.2
283.3

0.00
1.76
1.83

0.28
0.12
0.11

01

PWP + GDD + Canopy

5

283.8

2.37

0.09

18

PWP + Site Index

4

284.6

3.16

0.06

17
01

PWP + Canopy
PWP + GDD + Canopy

4
5

333.0
334.6

0.00
1.59

0.25
0.11

03

PWP + Canopy + Site Index

5

334.9

1.87

0.10

28

PWP

3

336.0

2.96

0.06

Note: ΔAICc: AICc relative to the best hypothesis (smallest information loss); Akaike weight: the
probability of each model given the data and the models present. PWP = Plant Water Potential, Canopy
= Canopy Cover, and GDD = Growing Degree Days.
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Table 2.8. Model-averaged coefficients (full average). Parameter estimates from each
model set based on sucker growth. Only parameters with (β)>0.1 cm of growth are
shown here.
Sucker
# of
Total
Growth Standard
Models
Akaike
Estimate
Error
ΔAICc<7 weight (wi)
-1
(cm yr )

AICc Model Set

Parameter

Aspen sucker
growth (ASG)

Plant Water
Potential (MPa)

18.4

45.9

11

90

Aspen sucker growth
Year 3 (ASGYr3)

Plant Water
Potential (MPa)

19.7

60.5

19

93

Aspen sucker growth
difference (ASGdiff)

Plant Water
Potential (MPa)

6.7

21.9

19

93

Aspen sucker growth
difference Year 3
(ASGdiffYr3)

Plant Water
Potential (MPa)

11.8

12.0

23

96
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Table 2.9. Model ranking based on AICc model selection for: aspen sucker density
(ASD), the density of suckers (ha-1) that originated during post-treatment growing years
(3 years; treated and control plots); aspen sucker density percent difference (ASD%diff),
the percent of total suckers that originated post-treatment (treated plots only). Only
models with an Akaike weight (wi) ≥0.05 are shown here.
Model
Set

ASD

ASD%diff

Model
No.

Candidate models

K

AICc

ΔAICc

Akaike
weight (wi)

27
32

PWP
Intercept only (null)

3
2

857.40
857.50

0.00
0.08

0.15
0.15

29

Precipitation

3

858.50

1.02

0.09

15
31

PWP + Site Index
Site Index

4
3

859.30
859.60

1.83
2.11

0.06
0.05

28
16

Available Water Storage
PWP + Canopy

3
4

859.60
859.70

2.11
2.29

0.05
0.05

30

Aspen Basal Area

3

859.80

2.34

0.05

17

PWP + Aspen Basal Area

4

859.90

2.43

0.05

27
32

PWP
Intercept only (null)

3
2

-7.80
-7.40

0.00
0.44

0.18
0.15

17

PWP + Aspen Basal Area

4

-6.30

1.49

0.09

15
29

PWP + Site Index
Precipitation

4
3

-5.70
-5.50

2.18
2.30

0.06
0.06

28

Available Water Storage

3

-5.30

2.56

0.05

16
31

PWP + Canopy
Site Index

4
3

-5.20
-5.10

2.69
2.73

0.05
0.05

Note: ΔAICc: AICc relative to the best hypothesis (smallest information loss); Akaike weight: the
probability of each model given the data and the models present. PWP = Plant Water Potential and
Canopy = Canopy Cover.
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Table 2.10. Model-averaged coefficients (full average). Parameter estimates from each
model set based on sucker density. Only parameters with (β)>100 suckers ha-1 for
aspen sucker density (ASD) and (β)>1% increase for aspen sucker density percent
difference (ASD%diff) are shown here.

AICc Model Set

Parameter

Sucker
Density
Estimate

Aspen sucker
density (ASD)

Plant Water
Potential
(MPa)

2400 ha-1

4100

32

100

21%

29

25

97

Aspen sucker density Plant Water
percent difference
Potential
(ASD%diff)
(MPa)

Standard
Error

# of Models Total Akaike
ΔAICc<7
weight (wi)
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CHAPTER 3: CAN MOISTURE RELEASE INCREASE OVERSTORY
VIGOR OF ASPEN IN A DRY FOREST ECOSYSTEM?
S Trent Seager and David E. Hibbs
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ABSTRACT
Recent increase in drought and heat-induced tree mortality has generated concern for
the persistence of dryland forests globally. Removal of competing vegetation to free
available moisture can allow remaining trees to both persist and increase in vigor during
periods of drought. However, in the dry forests of the western North America, the
magnitude and duration of the growth response of angiosperms to such releases are
not well understood. We selected quaking aspen (Populus tremuloides) stands within
the dry forests of the Inland Pacific Northwest, experimentally treated them with conifer
removal from within and around the aspen, and assessed them after three years to
understand the duration of any response. We also investigated historically treated
aspen stands that varied in time since treatment from 7 to 11 years. Using radial growth
of aspen trees to measure potential response, we analyzed tree cores from 117
dominant or co-dominant aspen from 48 plots across moisture gradients within 12
stands in seven different watersheds. Treatment had a strong effect on aspen radial
growth as measured by basal area increment (BAI) in both experimentally and
historically treated plots. Results showed that experimentally treated trees grew 2.5
times more than untreated trees in the first three years after treatment. We quantified
the amount and duration that BAI remained above pre-treatment baseline in
experimentally and historically treated plots and found an increase over pretreatment
growth in average annual BAI in all treatment series (1-11 years). Our hypothesis was
that moisture is the best driver for aspen overstory radial growth in dry forest systems.
We used AICc as a model selection procedure to test several moisture indexes, light,
soil pH, temperature, and site index parameters for combined, interactive, or individual
effects. We tested aspen BAI across its current range (experimentally treated and
control plots) and of percent change in aspen BAI from before to after conifer removal
(experimentally treated plots only). In treated and control plots, model averaging
identified plant water potential (PWP) to be the best predictor of aspen BAI. Our results
predict an increase of 3.72 cm2 in BAI for every 1.0 MPa increase in PWP. For percent
change in BAI in treated plots, model averaging found that no parameters had predictive
power, suggesting treatments were effective across the spectrum of environmental
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factors found in our study. Our results highlight moisture as the driver of aspen radial
growth in the Inland PNW where aspen occurs in small, localized drainage catchments,
and differ from Rocky Mountain studies where precipitation and site index were the key
drivers. We found treatment effects lasted more than a decade. Further studies are
needed offer insight into the full duration of moisture release and increase in radial
growth of aspen stems following treatment.
1. Introduction
Recent increase in drought and heat effects from climate disruption has led to
tree mortality and larger perturbations to many forest ecosystems (Allen et al., 2010).
Dry forest systems are more strongly affected by disruption of precipitation patterns and
subsequent decrease in available moisture (Solomon et al., 2007). In western North
America, scientists and managers have focused on reducing tree mortality and loss of
forest ecosystems from enhanced perturbations (e.g., fires, droughts) associated with
this climate disruption (Agee and Skinner, 2005; Stephens et al., 2013). Removal of
competing vegetation can free available moisture and allow remaining trees to persist
and increase in vigor during periods of drought. However, the magnitude and duration of
the growth response of deciduous trees to competition releases from conifers are not
well understood (Bose et al., 2014).
Quaking aspen’s (Populus tremuloides; hereafter aspen) sensitivity to available
moisture has been documented across western North America (Hogg et al., 2005, 2008;
Worrall et al., 2010; Michaelian et al., 2011). Variation in stem radial growth in trees is
affected by changes in available moisture allowing tree growth to be a useful indicator of
drought stress and relief (Fritts, 1974; Orwig and Abrams, 1997; Littell et al., 2008;
Huang et al., 2010). Interannual variation in aspen radial growth has been directly linked
to moisture availability (Hogg et al., 2005). This tightly coupled growth-water relationship
allows aspen radial growth to be an indicator for increase in available soil moisture.
Aspen can express as pure forest stands, mixed aspen-conifer stands, or
transitional stands that are replaced by more shade-tolerant tree species (Bartos, 2001;
Rogers et al., 2014). Much research has focused on seral aspen stands that require fire
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or other disturbance to maintain aspen dominance (Shinneman et al., 2013). Smaller
aspen stands show a different dynamic with conifers (Betters and Woods, 1981;
Cumming et al., 2000), allowing conifer removal with the retention of aspen overstory
(Kay, 1997; Shepperd et al., 2001; Seager, 2010).
A review of aspen response to conifer removal in western North America
emphasized while aspen growth will likely increase, potential negative effects (e.g.,
physical wounding, sunscald, water and drought stress) could lead to aspen overstory
mortality (Pelz and Smith, 2013). In eastern Canada, a removal of two-thirds of conifers
was required before aspen radial growth increased (Bose et al., 2014). While the shortterm effects of removal of competing conifers is understood, the duration of increased
soil moisture availability and potential use to increase radial growth by remaining aspen
trees are largely unknown (Bretfeld et al., 2015).
The main objective of this study was to measure aspen overstory response to a
multi-year release from conifer competition and to subsequently test if moisture was the
driver of aspen radial growth in the dryland forest of the Inland PNW. We hypothesized
that: (a) available moisture is greater in plots treated with overstory conifer removal than
in untreated plots; (b) radial growth of aspen stems is significantly greater in treated
plots than in untreated plots; (c) radial growth increases with time since treatment; and
(d) moisture availability is the best predictor of aspen radial growth in general and of
change in radial growth following treatment.
2. Materials and methods
2.1 Study area
The study was conducted in central and eastern Oregon on the Malheur National
Forest (Emigrant Creek and Prairie City Ranger Districts), Deschutes National Forest
(Crescent Ranger District), Fremont-Winema National Forest (Chemult and Lakeview
Ranger Districts) and adjoining Collins Lakeview Forest (Figure 3.1). Study site
elevations ranged from 1470 m to 1775 m. The areas are characterized by winter
precipitation and high summer temperatures. Winter precipitation (30-52 cm) falls as
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snow and is typically melted by June. Summer precipitation is low, with <2.5 cm falling
in July and August (NRCS, 2014). Areas of lower elevation (<1650 m) are
predominately dry pine and mixed conifer forests. The dry forest ecosystems of the
region developed with low-intensity, frequent-fire (Hessburg et al., 2005), which kept
mesic sites free from conifer encroachment (Agee, 2003; Johnston et al., 2016).
Starting in the late 1800s, fire suppression became common across the study area
allowing conifer encroachment into aspen stands (Strand et al., 2009) and increased
conifer basal area in most vegetation types (Johnston et al., 2016).
Aspen in the Inland PNW express as small stands on mesic sites associated with
deep soil at locally low points in the topography (Swanson et al., 2010). This contrasts
with aspen in the Intermountain and Rocky Mountain regions where aspen typically
occurs as large parklands and forests (e.g., Bartos, 2001; Rogers et al., 2010). In our
study area, aspen manifest as small (<1 ha), discrete stands within a conifer matrix and
are usually associated with deeper soils and more mesic sites than the surrounding
coniferous forest (Seager, 2010).
2.2 Field sampling
2.2.1 Aspen stand selection
Within our study area, aspen stands that were identified by the US Forest
Service district offices as associated with dry forest vegetation types: ponderosa pine
(Pinus ponderosa), lodgepole pine (Pinus contorta), and western juniper (Juniperus
occidentalis), were visited for inclusion in our study. We selected two types of aspen
stands, those that had been previously treated (surrounding conifer removal) and those
that had not been treated. Previously treated aspen stands were treated (3-15 years
before 2010) with removal of >95% conifer trees <61 cm diameter at breast height
(DBH) from within and around each stand to a distance of 30-45 m out past the last live
aspen stem (ramet >2.5 m in height). Stands were excluded from this study if they
contained any of the following confounding variables: only partial conifer overstory
removal (<95%), removal or absence of aspen overstory, ≥10-degree slope, or incised
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stream banks. If a stand had a second entry for further treatment of conifer removal, our
study only included the time before the second treatment so as to analyze the initial
signal of release from competition. Four stands within three watersheds that were
historically treated were included in our study. They were initially treated with conifer
removal prior to the growing season in calendar years 1995, 1999, 2007, or 2011. The
stand that was treated in 1995 was subsequently treated with further conifer removal in
2006, so our analysis only includes the 11 years between treatments (1995-2005).
Across three additional watersheds, we selected eight additional stands among
three watersheds, five of which were experimentally treated with removal of all conifers
≤61 cm DBH from within and around each stand to a distance of 60 m out past the last
live aspen stem (ramet >2.5 m in height). Conifer removal occurred in two stages as (1)
pre-commercial thin of small diameter conifer trees (<31cm DBH), and (2) felling of
large diameter conifer overstory (>31 cm DBH) to stay on site, or removal of the large
diameter conifers over snow. All treatment occurred between November 2010 and April
2011. Collectively, the treatment was prescribed to minimize root and soil disturbance
and allow for uniform treatment of all areas before growing year one of the study. Three
stands were left untreated as a control, one stand in each of the three watersheds
associated with experimentally treated stands.
2.2.2 Aspen plots
While treated occurred at the aspen stand level, the sampling unit for aspen
overstory in this study was at the plot-level. Within each stand, we used ocular
assessment to place a 15 m by 5 m plot in the wettest part of the stand with subsequent
plots placed equidistant along the perceived soil moisture gradient to the end of aspen
overstory cover. All plots were >5 m away from their nearest neighbor. Within the four
historically treated, five experimentally treated, and three control stands in our study
area, we selected 48 plots comprised of 19 historically treated plots, 18 experimentally
treated plots, and 11 control plots.
2.2.3 Aspen overstory
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We recorded the DBH of all live aspen and conifer trees (>2.5 m in height) within
each historical, experimental, and control plots. In each plot, three aspen stems (that
were ≥5cm DBH) were sampled by extracting two tree cores (at 90˚angle from one
another) at breast height (1.4 m). We measured the tree height of each cored tree using
a Nikon Aculon Laser Rangefinder. Each core was prepared using standard
dendrochronological procedures (Stokes and Smiley, 1968). For each core, we
measured the annual ring for the five years pre-treatment and the total number of years
post-treatment up to 2013 or, as noted, when a second treatment occurred. Since our
dendrochronological analysis spanned less than two decades, we did not adjust for agerelated trends. We measured the annual rings to the nearest 0.01 mm for each core
using a Unislide “TA” tree-ring measuring system (Velmex, Bloomfield, New York, USA).
Tree core samples were removed from the study if the annual rings of interest were
unreadable or the tree did not pre-date treatment by at least five years. If one of the two
cores collected in a set was unusable, we based our calculations on the remaining good
core. Using this criteria, we removed 27 sets and two singles of the 288 cores initially
collected. We used the remaining 232 cores (115 sets and 2 singles) in our analyses.
Basal area increment (BAI) data were created using the annual ring
measurements from the two cores for each tree as a quadratic mean in addition to DBH
and bark thickness. Using basal area increments in place of ring width decreases agerelated trends of individual stems and stand development (Phillips and Whiton, 1988;
Pederson, 1998). We used cores from dominant and older trees, as previous research
has highlighted that aspen trees older than 80 years continued to grow vigorously after
release from competition (Bose et al., 2014). If only one core was usable, then BAI was
calculated based on that sample. The dominant or co-dominant aspen tree in each plot
was included in the core samples and were used to create a master dendrochronology.
If the dominant or co-dominant tree cores did not intersect the center pith, we estimated
the number of missing rings using a clear sheet matching the curvature of the innermost
ring in the sample (Applequist, 1958). Using the oldest and highest quality cores
(easiest to read, widest ring widths), we visually crossdated a subset of cores to create
a master chronology (Yamaguchi, 1991). We used COFECHA to evaluate the accuracy
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of our master cores (Grissino-Mayer, 2001). Any correlation problems or errors
identified by COFECHA were visually checked, remeasured, and corrected. Using our
master chronology for tree core dating, we used COFECHA to check our crossdating
accuracy for all tree cores from the dominant or co-dominant tree in each plot.
2.2.4 Ecological factors
Soil depth was measured by driving a 170 cm long rebar into the ground in the
center of each plot until hardpan or the end of fractured subsoil was reached. To assure
rocks or other obstacles were not treated as the end of subsoil (C or R horizons), all
measurements <140 cm in depth were resampled at a distance of >0.25 m from plot
center. Slope and aspect were measured using a clinometer (Suunto, Finland) and
compass. Aspen canopy cover was measured using a moosehorn densiometer with
four readings in the center of each plot, one in each cardinal direction (Fiala et al.,
2006). Air temperature and precipitation data were obtained from the Natural Resources
Conservation Services (NRCS) Snowpack Telemetry (SNOTEL) station database
(USDA-NRCS, 2014). Soil maps and data were obtained from Oregon’s National Forest
lands soil resource inventory (Noller et al., unpublished data). Aspen are shown to have
no transpirational water loss at night (Snyder et al., 2003). Plant water potential (PWP)
was measured using predawn plant water potential on individual leaves (Ψleaf). Previous
research assumed Ψleaf of aspen suckers was equivalent to overstory stems (Pataki et
al., 2000). We tested this assumption within 14 plots situated in five stands across our
study area. Our results found that after adjusting height difference of stems for
gravitation potential (0.01 MPa per meter height in water column), there was no
evidence of a difference in PWP between suckers that were <1m away from their
associated ramet (pooled variance two-sample t-test: t26=-0.688, p-value=0.4975).
Subsequently, suckers were used to measure PWP as Ψleaf. Three suckers <1 m away
from the ramet of interest were sampled per plot, with three leaves sampled per sucker
to control for sample variation. All samples were taken between September 1 and
September 28, 2013. The leaves were gathered at predawn (0300–0600 hours PDT)
and individually stored and double-bagged in black plastic bags to exclude light until
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processing (prior to 0700 hours PDT). Predawn Ψleaf measurements were done using a
Scholander-type pressure chamber (PMS Instruments Co, Corvallis, Oregon) following
sampling standards (Ritchie and Hinkley, 1975).
2.4 Data analysis
2.4.1 Before versus after treatment
To test for climate influence, we compared precipitation and temperature before
and after treatment. Since precipitation and temperature are collected at the watershed
level, our analysis was for the five watersheds that contained our plots. Data from
SNOTEL stations (USDA-NRCS, 2014) were used for the five pre-treatment years and
all post-treatment years for each watershed. To calculate annual growing degree days
(GDD) for each watershed, we counted the number of days between the last spring and
first fall frost (≤-3 °C; Lamontagne et al., 1998) where the minimum daytime temperature
reached ≥5 °C (Hogg, 1999; Rehfeldt et al., 2009) for all years of interest. For
precipitation, we calculated annual precipitation (mm) per water year (OctoberSeptember) for all years of interest. We compared average annual precipitation and
average annual GDD pre- and post-treatment using paired t-tests. If distributions were
non-normal, we used a rank-sum test.
We performed paired t-tests for BAI, comparing pre- and post-treatment in
historically treated plots and separately in experimentally treated plots, to test for a
treatment effect. We ran the same analysis in the experimental control plots for
comparison.
2.4.2 BAI across time
To analyze average annual BAI in all historically and experimentally treated plots
across time, we used repeated measures ANOVA with both random effects (individual
plot) and fixed effects (year) to select the best LME model (lowest AIC value). To avoid
a type I error from running multiple tests of the same type, we used the false discovery
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rate (FDR) corrective error adjustment by adjusting the p-values (via p.adjust in R) when
comparing BAI between years and estimating their difference.
2.4.3 Environmental factors
To investigate factors that influenced aspen BAI, we only used data from
experimentally treated plots and their associated control plots. The field data collected
in 2013 was applicable to time since treatment (three years) in these plots. Historically
treated plots were treated 7-18 years before data collection and were not included in
this analysis.
Moisture, light, temperature, and nutrition are the main environmental factors that
drive plant growth. We focused on the specific iterations of the factors shown to affect
aspen radial growth (as measured by BAI; Table 3.1). To calculate available water
storage (AWS) in each, our soil depth measurements were combined with AWS soil
data (Noller et al., personal communication), which included separate AWS for surface
and subsurface soil layers and adjustments for rock fragments and the presence of
ash/pumice/cinders. GDD was calculated for each plot across the growing seasons
post-treatment. To determine plot precipitation, data from the nearest SNOTEL station
(USDA-NRCS 2014) for the water year (October through September) were averaged for
the five pre-treatment years and the three post-treatment years. For plots situated
between two SNOTEL stations, GDD and precipitation were calculated by averaging the
data from both stations.
For PWP in each plot, we averaged predawn Ψleaf from three sucker readings.
Each sucker reading included three sampled leaves. Sample variability was low,
suggesting that excised leaves had low transpirational loss. Total basal area (TBA) was
calculated for each plot using aspen basal area (ABA) and conifer basal area which
were derived from the DBH of all live overstory aspen and conifers respectively. To
calculate site index specific to our study area, we plotted the dominant or co-dominant
aspen tree from each plot by age and height and fit a trendline through zero. To place
each tree at index age 50, we used relative height (measured height over predicted
height) at measured year. The subsequent equation was used to calculate site index for
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each plot at tree age 50: site index=(1.2341*500.6032)*relative height (r2=0.74, Appendix
B, Figure B3.2).
Because moisture can be measured in multiple ways, we investigated three
indexes of moisture measurements (plant water potential, available water storage,
annual precipitation) for each of our plots. Additional potential predictors of BAI were:
aspen canopy cover, GDD, soil pH, and site index as a representation of the
productivity for trees. To account for competition among trees in each plot, we included
TBA.
2.4.4 Model selection of factors affecting BAI and delta BAI
As above, we only used data from experimentally treated and control plots where
field sampling (PWP) could be linked to post-treatment years (three years). Historical
plots were not used in this analysis. We used model selection based on Akaike’s
Information Criterion (AIC) that has a second order bias correction (AICc) for small
sample size (Hurvich and Tsai, 1989; Burnham and Anderson, 2002). The model
closest to full reality, or smallest information loss, is given an AICc of zero. The ranking
of the rest of the models is based on the difference to this theoretical best model, noted
as delta AICc (ΔAICc). Models that have ΔAICc<7 should be considered plausible
hypotheses that have support (Burnham et al., 2011).
We developed multiple working hypotheses and carefully identified a priori
candidate AICc models for analysis of the factors, including additive and interactive
models. In experimentally treated and control plots, sample size (n=29) allowed for
fitting models with up to three parameters for BAI year 3 (BAI Y3). For treated plots
only, sample size (n=18) allowed for fitting models with up to two parameter models for
percent difference in BAI year 3 (comparing average BAI from five years before
treatment to BAI from year three post-treatment; %Diff Y3). In total, we developed 31
models for BAI Y3 (Table 3.2) and 19 models for percent difference in BAI year 3 (Table
3.3). To account for a combination, interaction, or other unmeasured factor(s) affecting
radial growth that may not be represented in the parameters of our candidate models,
we included a null model of intercept only.
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AICc gives statistical evidence that the model(s) have explanatory power of the
observations. When the weight (wi) of the top-ranked model was not unequivocal (>90),
we used model averaging to produce parameter estimates derived from all plausible
models (ΔAICc<7) based on weighted averages (Burnham et al., 2011; Symonds and
Moussalli, 2011). Model averaging provides practical evidence with an estimate allowing
biological significance or meaning (Burnham and Anderson, 1998). We tested for
multicollinearity among predictor variables using the Pearson method in R cor and
considered >0.85 to be correlated and required removal of one of the variables. This
allowed for valid estimates for individual predictors in our models (Cade, 2015).
2.4.5 Plot independence
Ramets in an aspen stand may be from the same genet, and aspen stands within
a watershed may originate from the same genet (Shirley and Erickson, 2001),
potentially confounding analysis of environmental drivers with a genetic signal (Wang et
al., 2000). We explored plot independence (e.g., no spatial autocorrelation, no genetic
drivers or signal) by testing for random effects on BAI by using stand and watershed as
site effects. For all experimentally treated and control plots (n=29) and for
experimentally treated plots only (n=18), we conducted an analysis of variance
(ANOVA) test. We compared a complex linear mixed effects (LME) model with all
variables (Table 3.1) plus random effects (stand and watershed) to a simple model of
general least squares (GLS) with all variables but no random effects. In our
experimentally treated and control plots, we found no difference between the BAI Y3
model with stand and watershed effects and the model without either (ANOVA: L=0.045;
df=10, p>0.99). Similarly, in experimentally treated plots only, we found no differences
in the %Diff Y3 models with and without stand and watershed effects (ANOVA:
L<0.0001; df=10, p>0.99). These results support our assumption of plot independence,
e.g., plots in the same stand or watershed were no more alike than plots from different
stands or watersheds. Subsequently, we removed random effects from any further
analysis. All analyses in this study were performed using S-plus (TIBCO Spotfire S+ 8.2,
2010) and R package 3.2.0 (R Core Team, 2013) statistical software.
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3. Results
3.1 Controlling for effects
3.1.1 Precipitation and temperature
In all of our treated and control plots, we found no significant difference (e.g., pvalue <0.05) in mean precipitation or GDD for the years before (2006-2010) and after
(2011-2013) conifer removal in our experimentally treated and paired control plots
(Appendix B, Table B3.2). Similarly, in our historically treated plots, we found no
significant difference in mean precipitation or GDD for the five years before treatment to
all years after treatment (Appendix B, Table B3.3).
3.1.2 Total basal area as competition
TBA is often used as a metric of competition (stand density) within plots or
stands (Filipescu and Comeau, 2007). We included TBA to control for variation that
different levels of stand density could have on our parameters of interest (Table 3.1) in
our AICc analysis. Only control plots had conifer basal area, so TBA in treated plots was
equal to ABA. Subsequently, treated and control plots analyzed together had highly
correlated TBA and ABA (r=0.69, t1,27=4.967, p-value<0.0001). While the number of
aspen trees per hectare had little correlation to ABA (r=0.31, t1,27=1.687, pvalue=0.103), preliminary analysis showed a strong positive correlation between ABA
and number of large diameter aspen trees per hectare (r=0.85, t1,27=8.472, pvalue<0.0001; Appendix B, Figure B3.2). Additionally, we found convincing evidence
that large diameter aspen trees were positively correlated to larger BAI at year 3 (Figure
B3.3). We found a strong correlation between DBH and BAI for aspen trees (r=0.52,
t1,75=5.295, p-value<0.0001; Appendix B, Figure B3.3). This suggests that in our
system, rather than TBA indicating the traditional role of competition, it is a
representation of stand structure among plots.
3.2 Treatment effect

60
3.2.1 Comparison of plant water potential
We found convincing evidence of a difference in PWP in year three between
plots experimentally treated with conifer removal when compared to control plots
(pooled variance two-sample t-test: t27=-2.485, p=0.019). Treated plots (n=18) had a
mean of -0.44 MPa (range: -0.10 to -0.80) and were 0.17 MPa higher (95% C.I.: 0.030
and 0.316) than control plots (mean=-0.61; range -0.40 to -1.10 MPa). This supports our
assumption that treated plots would have a higher minimum and maximum PWP.
3.2.2 Before versus after treatment
In experimentally treated plots, we found convincing evidence of a difference
between the mean BAI when comparing before and after conifer removal (pairwise ttest: t17=5.587, p<0.001). Mean BAI was 1.3 times greater after treatment (Table 3.4).
While we found suggestive but inconclusive evidence that the mean BAI in control plots
increased during the same time period (pairwise t-test: t10=2.284, p=0.046), the mean
BAI in treated plots increased 2.5 times more than in control plots (Table 3.4). This
supports our hypothesis that treatment drove the observed difference.
3.3 BAI across time
In our experimentally treated and control plots, we found evidence of an
interaction of BAI by treatment and year (repeated measures ANOVA: F2,54=3.586,
p=0.0345). Annual BAI was greater in years 2 and 3 when compared to year 1 in treated
plots (LME: t54=1.577, adjusted p=0.003 and LME: t54=3.268, adjusted p=0.009,
respectively). In control plots, there was no difference between years (Table 3.5). This
supports our prediction that in treated plots, BAI would increase within the first 3 years.
In our historically treated plots, we found convincing evidence (p-value <0.001)
that the mean BAI was greater in years 2 through 9 and year 11 post-treatment when
compared to their respective 5-year pre-treatment average (Figure 3.2 and Appendix B,
Table B3.4). We found evidence (p-value <0.018) that the mean BAI in post-treatment
years 1 and 10 were larger than their 5-year pre-treatment average (Figure 3.2 and
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Appendix B, Table B3.4). The original treatment calendar year varied by 17 years
(range: 1995-2011), reducing the effect of any regional climate pattern on posttreatment year growth. Post-treatment response did not return to pre-treatment levels
within 11 years. This supports our prediction that in treated plots average annual BAI
continues to be greater than pre-treatment levels across time.
3.4 Factors affecting BAI
Of the 31 models we created to explain BAI in both experimentally treated and
control plots in year 3 (BAI Y3), seven of the models had a ΔAICc<7 (Appendix B, Table
B3.5). The best hypothesis was an additive model of PWP plus TBA with an Akaike
weight (wi) of 0.48 (Table 3.6). This model was 4.3 times more likely to be the best
model than the second ranked one (wi=0.11), an additive model of AWS and TBA. With
no top-ranked model considered unequivocal (wi>90), we used the nine top models
(wi=86) to produce parameter estimates through model averaging. Out of the four
parameters in the top models, all of them had a positive estimate (Table 3.7). Only PWP
had (β)>0.05 cm2 of BAI. For every 1.0 MPa increase in PWP, annual BAI is predicted
to increase by 3.72 cm2.
3.5 Factors affecting change in BAI
Of the 19 models to explain the %Diff Y3 (percent change from five-year pretreatment average to year three post-treatment), all 19 had a ΔAICc<7 (Appendix B,
Table B3.6). The best model was our null of intercept only (wi=0.21), and it was 1.3
times more likely to be the best than the second ranked model of AWS (wi=0.16; Table
3.6). With no top-ranked model considered unequivocal (wi>90), we used all 19 models
(wi=100) to produce parameter estimates through model averaging. Out of the eight
parameters in the models, three had an absolute predicted effect >1% (Table 3.7).
However, the estimated absolute percent change in BAI with the associated increase in
PWP, soil pH, and aspen canopy were all small (<10%) with large standard errors
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(49.3%, 23.1%, 26.8%, respectively) removing any practical evidence or biological
significance and meaning.
4. Discussion
4.1 Conifer removal influence on soil moisture
Trees in dryland forests are limited by moisture availability (D’Odorico and
Porporato, 2006). Winter precipitation is an important factor for patterns of tree growth
in the Inland PNW, as snowpack provides moisture run-off into the growing season
when very little precipitation is available (Brubaker, 1980). In our study, late season
(September) mean PWP was 39% higher in experimentally treated plots than in control
plots. This supports our prediction that treated plots would have an associated higher
soil moisture and suggests conifer removal increases moisture.
While photoperiod (Fracheboud et al., 2009) in conjunction with temperature and
atmospheric CO2 (Taylor et al., 2008) drive leaf senescence, lack of soil moisture can
interrupt radial growth within the growing season (Hogg et al., 2005; Anderegg et al.,
2013). We found treated plots had higher moisture availability than control plots in
September and that higher moisture availability led to much higher radial growth.
4.2 Significant increase in BAI
A review of aspen response to conifer removal emphasized while aspen growth
will likely increase, potential negative effects (e.g., physical wounding, sunscald, water
and drought stress) could lead to aspen overstory mortality (Pelz and Smith, 2013). A
study on variable retention harvest with a high percentage (80-90%) of conifer removal
found aspen mortality increasing from 30% at year five to 50% at year 10 (Solarik et al.,
2012). We did not observe such overstory mortality in our experimentally or historically
treated plots. Contrary to potential negative effects, experimentally treated trees grew
2.5 more than untreated trees within the first three years following treatment. This
supports our prediction that removal of competing conifers would significantly increase
aspen radial growth. The lack of any negative effects of treatment in our study along
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with the increase tree growth within the first three years in treated plots differ from those
in other parts of the Intermountain Region and western North America (Pelz and Smith,
2013; Bretfeld et al., 2015).
4.3 Treatment and radial growth of aspen stems
4.3.1 Initial release and lag effect
Research shows that drought affects aspen stem growth for up to four years
following a return to normal moisture (Anderegg et al., 2012). Following a mountain pine
beetle outbreak and subsequent high conifer mortality, aspen ring-width did not
increase until three years post disturbance (Bretfeld et al., 2015). Our study differs from
those in other parts of the Intermountain Region in that we found an immediate
response (year 1 post-treatment) in aspen overstory growth (Appendix B, Table B3.4).
The lack of lag time of treatment response in this study could be interpreted as aspen in
our systems were not as physiologically stressed as those in the Rocky Mountain
region. However, we suggest that the environmental and edaphic conditions of aspen in
the Inland PNW are defined by winter precipitation and low topographical sites with
deeper soils, which differs from the summer precipitation and diverse edaphic
conditions aspen are found in the Rocky Mountain region (Jones and DeByle, 1985;
Bartos and Amacher, 1998; Chen et al., 2002). These conditions allow aspen stems to
respond sooner when released from competition. This is supported by the increase in
aspen sucker density and growth following conifer removal in the Inland PNW (Jones et
al., 2005, also see Chapter 2 this dissertation), which differed greatly from similar
studies in the Rocky Mountain region (Klutsch et al., 2009; Pelz and Smith, 2013;
Bretfeld et al., 2015).
4.3.2 Long-term release and sustained effect
Compared to pre-treatment baselines, mean increase of BAI in experimentally
and historically treated plots was significant by year 1, appeared to peak at year 7, and
remained significantly greater than pre-treatment years through the duration of our
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study period (year 11; Figure 3.2). This suggests that release of resources by removal
of competing vegetation lasts more than a decade. However, past the peak at year
seven, BAI begins a trend towards returning to pre-treatment levels. Since there were
relatively few treatments older than 11 years in our study area, future studies should
investigate duration of release into the second decade following conifer removal. The
increase in BAI was indifferent to calendar year of treatment initiation, providing further
support to our findings that climate was not a driver of the ability of an aspen stand to
respond to treatment release (Appendix B, Table B3.2, B3.3) and suggesting that
treatment is effective across a range of annual precipitation and growing season
temperatures.
The increase of BAI can be viewed as an indicator of decrease risk of aspen
mortality. Growth rates integrate many environmental and physiological variables on
vigor, and as such can serve as an index of mortality risk (Kobe and Coates, 1997;
Wyckoff and Clark, 2002). Aspen stem growth rates, as measured by annual increment,
was found to be the most important predictor of survival in mixed conifer stands (ReyesHernández and Comeau, 2014). Our findings highlight the effectiveness of treatment to
increase aspen stem vigor, alleviating mortality risk from both long-term and short-term
stresses.
4.4 Indicators of BAI
Aspen growth and response can be regulated by complex drivers across its
extensive range (Chen et al., 2002). Radial growth of aspen stems has been shown to
be driven by multiple climatic variables that shift based on latitude, site index, and local
environmental factors (Hogg et al., 2002; Leonelli et al., 2008; Huang et al., 2010).
Because our study focused on dryland ecosystems, we hypothesized that available
moisture would be the most important driver of aspen radial growth. Treated plots had
more moisture across a wider range of moisture than our control plots, providing
support of this hypothesis. Our results found that moisture is the best predictor of BAI at
year three (BAI Y3) across experimentally treated and untreated control plots. This
supports our hypothesis and provides us with practical evidence of a 3.72 cm2 increase
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in BAI for every 1 MPa in PWP, which is biologically significant (Hogg et al., 2002).
Since a decline in radial growth may lead to greater hydraulic impairment (Anderegg et
al., 2012), an increase in moisture suggests a positive feedback loop of increased
overstory vigor and increased hydraulics for water use in individual aspen stems. While
TBA showed a moderate increase in BAI Y3 (Table 3.7), it was not a parameter of
interest. We included TBA in our models to remove potential variation from different
competition levels among plots. The fact that TBA had a positive effect instead of
negative via competition is likely an artifact of having different sized trees in the plots.
Moisture stress is shown to alter photosynthesis and cell growth, with the stress
causing physiological effects on water uptake and cell turgor (Chaves and Pinheiro,
2009). Conversely, the release of water stress affects cambial cells and allows radial
growth (Winget and Kozlowski, 1965). Previous research emphasized the effect of
precipitation (Hogg et al., 2008) and its interaction with site index (Leonelli et al., 2008)
as the best explanation of aspen radial growth at local level. When considering aspen
stands across an area spanning western and central Canada, precipitation held as the
driver of aspen radial growth (Hogg et al., 2002). In our system where little precipitation
falls during the growing season (Mote, 2006), aspen moisture availability is based on
winter precipitation drainage to local depressions. We found that annual or growing
season precipitation is less useful for predicting aspen growth. A direct measure of local
moisture availability for aspen, such as PWP is a better predictor of BAI in our system.
In this context, our findings provide further support that aspen in our system fit a dryland
vegetation model based on winter-rainfall region (sensu D’Odorico and Porportato,
2006) better than the Intermountain aspen model (Bartos and Campbell, 1998;
Kulakowski et al., 2004). Although the latter is not identified as a summer-rainfall region
in aspen literature, biophysical and bioclimate models from the region clearly identify
summer precipitation as a key indicator of the presence and/or persistence of aspen
overstory (e.g., Brown et al., 2006; Rehfeldt et al., 2009; Worral et al., 2013).
Our analysis of BAI percent difference in Year 3 (%Diff Y3) within treated plots
found that no models had explanatory power higher than our null model (Table 3.6).
Further, our model averaging found that no parameter had any explanatory power with
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biological significance (Table 3.7). Thus, treatment response was not affected by pretreatment conditions. Conifer removal could effectively increase in aspen overstory
growth and vigor in stands associated with dry conifer forests in the Inland PNW
indifferent to pre-treatment conditions. In areas predicted to experience an increase in
the frequency and severity of drought and growing season temperatures (Abatzoglou et
al., 2014), this treatment could aid in aspen stem survival and overstory persistence
(Worral et al., 2013).
Our study offers support to other research where overstory vigor and radial
growth increased with conifer removal or variable retention of aspen in aspen-conifer
forests (Solarik et al., 2012; Pelz et al., 2013; Bose et al., 2014; Bretfeld et al., 2015).
Based on our findings across treated and untreated plots, future research should focus
on a broader soil moisture gradient among treated plots, allowing a better
understanding of the role of moisture in post-treatment release of aspen radial growth.
5. Conclusion
Recent research highlights the need for better regional and global understanding
of individual tree mortality and forest dieback from global climate change induced
drought across regionally and globally (Adams et al., 2009, Allen et al., 2010). In the
western US, aspen research has found reduced xylem growth predisposes aspen stems
to mortality during extreme drought and heat events (Worral et al., 2010; Anderegg et
al., 2013). For the Inland PNW, we found that moisture was the strongest driver for
radial growth of aspen overstory, increasing stem vigor and thus predicted survival
rates. The increase in aspen overstory vigor in treated plots lasted more than a decade.
Where aspen persistence is desired, land managers should focus on conifer removal as
a means to decrease resource competition including late growing season soil moisture.
Perturbations in climate patterns leading to drought and increased growing
season temperatures has already decreased aspen overstory in parts of the western US
(Worrall et al., 2010). Our findings are in contrast to the predictions of aspen overstory
disappearing in eastern Oregon and the Inland PNW (Rehfeldt et al., 2009) in part
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because the models are based on drivers of aspen growth and persistence in systems
quite different from ours.
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Figure 3.1. Study Area of six watersheds in Central and Eastern Oregon: (1) Crescent
Ranger District on the Deschutes National Forest; (2) Prairie City and (3) Emigrant
Creek Ranger Districts on the Malheur National Forest; (4) Chemult and (5) Lakeview
Ranger Districts on the Fremont-Winema National Forest; and (6) Collins Lakeview
Forest.
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Table 3.1. AICc parameters of interest for analysis of Basal Area Increment (BAI).
Ecological
Driver

Parameter

Abbreviation

Continuous
or Categorical

Unit of
Measure

Measured
at Plot or
Stand Level

Available Water
Storage

AWS

Continuous

mm

plot

Precipitation

Precip

Categorical

mm

stand

Plant Water
Potential

PWP

Continuous

MPa

plot

Temperature

Growing
Degree Days

GDD

Categorical

days

stand

Soil pH

Soil pH

Soil

Categorical

pH

stand

Light

Aspen Canopy
Cover

Canopy

Continuous

%

plot

Potential

Site Index

Site Index

Continuous

m

plot

Moisture
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Table 3.2. Candidate AICc models developed a priori for analysis of BAI in year 3 (BAI
Y3) in all experimental plots (treated and control). Additive parameters are noted with a
plus sign (+) and interaction parameters are noted with an asterisk (*).
Model Type

Model Parameters

3-Factor Plant Water Potential (PWP) series

1.
2.
3.

PWP + Canopy + GDD
PWP + Canopy + Soil
PWP + Soil + GDD

3-Factor Available Water Storage (AWS) series

4.
5.
6.

AWS + Canopy + GDD
AWS + Canopy + Soil
AWS + Soil + GDD

3-Factor Non-moisture series

7.
8.

GDD + Canopy + Soil
PWP + GDD + PWP*GDD

2-Factor Moisture series with interaction

9.
10.
11.
12.

PWP + Canopy + PWP*Canopy
AWS + GDD + AWS*GDD
AWS + Canopy + AWS*Canopy
Precip + AWS + Precip*AWS

2-Factor series

13.
14.
15.
16.
17.
18.
19.
20.
21.
22.
23.
24.
25.
26.
27.

PWP + GDD
PWP + Site Index
PWP + Soil
PWP + Canopy
PWP + TBA
AWS + GDD
AWS + Site Index
AWS + Soil
AWS + Canopy
AWS + TBA
Precip + AWS
Site Index + GDD
Site Index + Soil
Site Index + Canopy
Site Index + TBA

Single Factor series

28.
29.
30.

PWP
AWS
Site Index

Null Model

31.

Intercept Only
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Table 3.3. Candidate AICc models developed a priori for analysis percent difference BAI
year 3 (%Diff Y3) in treated plots only. Additive parameters are noted with a plus sign
(+).
Model Type

Model Parameters

2- FACTOR SERIES
Plant Water Potential

1.
2.
3.
4.
5.

PWP + GDD
PWP + Site Index
PWP + Soil
PWP + Canopy
PWP + TBA

Available Water Storage

6.
7.
8.
9.
10.

AWS + GDD
AWS + Site Index
AWS + Soil
AWS + Canopy
AWS + TBA

Precipitation
Other Environmental Factors

11. Precip + AWS
12.
13.
14.
15.

Site Index + GDD
Site Index + Soil
Site Index + Canopy
Site Index + TBA

SINGLE FACTOR SERIES
16. PWP
17. AWS
18. Site Index
Null Model

19. Intercept Only
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Table 3.4. Differences in mean annual BAI before (2009-2010) and after conifer removal
(2011-2013) in experimentally treated and control plots.
Difference in Mean

Treated Plots
2

Absolute
Mean

Absolute
Difference

95% CI

t-statistic

p-value

6.57 (before)

1.96

(1.22, 2.6)

t17 = 5.59

<0.001

0.79

(0.02, 1.57)

t10 = 2.28

=0.046

BAI (cm )

8.53 (after)

Control Plots

6.86 (before)

BAI (cm2)

7.65 (after)
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Table 3.5. Differences in mean annual BAI between post-treatment years (2011-2013)
in plots treated with conifer removal and in control plots. FDR p-values adjusted.

Comparison

Estimated
Difference
(cm2)

95% CI

t-statistic

Adjusted
p-value

Treated Y2-Y1

1.58

(0.42, 2.74)

t54 = 3.90

=0.003**

Treated Y3-Y2

-0.03

(-1.25, 1.19)

t54 = -0.07

=0.963

Treated Y3-Y1

1.55

(0.19, 2.90)

t54 = 3.27

=0.009**

Control Y2-Y1

1.11

(-4.49, 4.64)

t54 = 2.15

=0.082

Control Y3-Y2

-1.53

(-3.90, 5.98)

t54 = -2.80

=0.021*

Control Y3-Y1

-0.42

(-0.37, 2.59)

t54 = -0.69

=0.735

** convincing evidence with p-value <0.01
* moderate evidence with p-value <0.04
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Figure 3.2. Aspen basal area increment from 5-years before treatment to 11-years posttreatment in experimentally treated plots (n=18) and historically treated plots (n=19). A)
n= 38 plots; B) n= 20 plots; C) n= 14 plots. Repeated measures ANOVA with estimated
β as dots and 95% confidence intervals as bars. Dashed line is 5-year pre-treatment
average for each set of years (adjusted as n shifts across time). Statistical significance
noted as “a” (p-value <0.018) and “b” (p-value <0.001) from repeated measures ANOVA
comparison of each post-treatment year to corresponding 5-year pre-treatment average.
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Table 3.6. Model ranking based on AICc model selection for: BAI Year 3, the basal area
increment (cm2) from growing year 3 in the study (2013 in manipulative and control
plots); and percent difference BAI Year 3 (% Diff BAI Year 3), the percentage difference
in BAI from 5-year pre-treatment average to Year 3 post-treatment (treated plots only).
Only models with an Akaike weight (wi) ≥0.05 are shown here.
Model
Model Set

BAI Year 3

% Diff BAI
Year 3

Akaike weight

Candidate models

K

AICc

ΔAICc

17

PWP + TBA

4

161.40

0.00

0.48

22

AWS + TBA

4

164.30

2.92

0.11

27

Site Index + TBA

4

164.90

3.46

0.09

31

Intercept only (null)

2

165.00

3.56

0.08

28

PWP

3

165.80

4.43

0.05

19

Intercept only (null)

2

41.40

0.00

0.20

09

Canopy + AWS

4

41.90

0.49

0.16

17

AWS

3

42.00

0.53

0.15

10

TBA + AWS

4

43.60

2.20

0.07

11

AWS + Precip

4

44.20

2.76

0.05

18

Site Index

3

44.30

2.84

0.05

16

PWP

3

44.30

2.88

0.05

06

GDD

4

44.40

3.00

0.05

No.

(wi)

Note: ΔAICc: AICc relative to the best hypothesis (smallest information loss); Akaike weight: the
probability of each model given the data and the models present. PWP = Plant Water Potential; TBA =
Total Basal Area; AWS = Available Water Storage.
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Table 3.7. Model-averaged coefficients (full average). Parameter estimates from each
model set based on BAI. Only parameters with (β)>0.01 cm2 of growth are shown for
BAI Year 3 and absolute (β)>1% for percent difference in BAI Year 3.

AICc Model Set

BAI Year 3

%Diff Year 3

Parameter

Plant Water
Potential (MPa)

BAI Estimate
Standard
(per parameter
Error
unit)

3.72 cm2

# of
Models
ΔAICc<7

Total Akaike
weight (wi)

7

86

19

100

3.98

Total Basal Area
(m2 ha-1)

0.04 cm2

0.03

Plant Water
Potential (MPa)

1.5 %

49.3

Soil pH

4.1 %

23.1

Aspen Canopy (%)

-9.0 %

26.8

84

CHAPTER 4: PREDICTED STEM VULNERABILITY IN A MOISTUREDEMANDING TREE SPECIES FROM CLIMATE CHANGE EFFECTS IN A
DRY SYSTEM
S Trent Seager and David E. Hibbs
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ABSTRACT
Recent global patterns of tree mortality have been attributed to climate-induced heat
and moisture stress as a result of anthropogenic climate change. Future climate
scenarios predict an increase in the duration and intensity of drought. In western North
America, recent widespread mortality of quaking aspen (Populus tremuloides) leads to
concerns that current climate disruption may already be driving shifts in tree species
distribution, and supports aspen as an early regional indicator of drought-induced tree
die-off. Aspen in the Inland Pacific Northwest (PNW) did not experience the recent
drought-induced die-off documented in the Rocky Mountain region. While aspen
bioclimate models predict aspen disappearing in nearly all of the Inland PNW by 2060,
the prediction remains questionable since aspen has yet to exhibit any pattern of
episodic mortality. This may be because of the unique sites occupied by aspen in this
region. To test for aspen vulnerability to future climate change in the Inland PNW, we
used an adapted version of the forest growth model Physiological Principles for
Predicting Growth (3-PGmix) with specific parameters for aspen in our region. We used
modeled basal area increment (BAI) with two approaches to setting minimum growth
thresholds to assess vulnerability to mortality. We modeled low, medium, and high
plant-available soil water (ASW) under two future climate projections based on
greenhouse gas concentration trajectories, known as representative concentration
pathways (RCP). Using RCP 4.5 and 8.5, we grew aspen plots across time and
analyzed average stem BAI at ages 40, 70, and 100 for each predicted future climate
year: 2025, 2055, and 2085. We produced 27 models under each of the two RCPs and
classified the results as vulnerable based on two thresholds: lowest observed BAI and
calculated relative difference between BAI of live and dead aspen stems. Our separate
thresholds for stem vulnerability to death found similar results. Under our first threshold
in RCP 4.5 and 8.5, 37% and 41% of models showed stem vulnerability from too low of
BAI, respectively. Under our second threshold, the models with stem vulnerability
increased to 48% and 52%. Age and soil moisture had the strongest effect on BAI
where younger aspen stems and those growing in lower soil moisture sites were more
vulnerable to stem death. Most 40-year old stands in all ASW levels in all future years
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under both RCPs were shown as vulnerable to stem death. While older stems in
medium and high soil moisture sites remained above mortality thresholds, the
vulnerability of all younger stems to mortality could preclude many stands from reaching
these older ages. The modeled results show vulnerability of 40-year old stems in all
ASW levels starting in 2025 and continuing across time under both RCPs. This
highlights threats to regenerating stands, which are necessary for the persistence of
aspen in the Inland PNW. While the rapid aspen mortality that occurred under drought
conditions in the Rocky Mountain Region has not yet been documented in the Inland
PNW, our results show that some aspen stems could be vulnerable to die-off under
even modest future climate conditions.
1. Introduction
Climate-driven heat and drought effects has led to increased tree mortality
around the world (Allen et al., 2010; Anderegg et al., 2012). Under a wide range of
future climate scenarios, anthropogenic greenhouse gas emissions are projected to
continue to alter mean and extreme temperatures and the water cycle (Collins et al.,
2014) leading to more drought-induced tree mortality, particularly in forest types found
in dryland systems (Allen et al., 2010; Williams et al., 2013).
Climate change is predicted to disrupt multiple components of the growing season
for trees in the Inland Pacific Northwest (geographic area east of the Cascade
Mountains in Oregon and Washington, and west of the Rocky Mountains in Idaho)
including warmer, drier years (Mote et al., 2003). While climate change is to include
some positive effects for tree growth (e.g., increased access to CO2), these are
projected to be greatly outweighed by the negative effects (e.g. increased temperature
stress) for an overall negative impact on tree growth and survival (Hamann and Wang,
2006; Young et al., 2017). The shift in climatic conditions in the Inland Pacific Northwest
(PNW) under future climate change is: an increase in temperature, increase in winter
precipitation, and decrease in summer precipitation (Christensen et al., 2007; Wang et
al., 2016). The increase in temperature is predicted to alter snowmelt timing and
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decrease summer moisture availability, some of which has already started to occur
(Mote et al., 2003; Mote 2006).
Quaking aspen’s (Populus tremuloides, hereafter aspen) sensitivity to available
soil moisture has been documented across the species wide range in western North
America (Hogg et al., 2005, 2008; Worrall et al., 2010; Michaelian et al., 2011). While
aspen typically experience decline from stem exclusion and through long-term
successional loss, the recent widespread episodic mortality in the Rocky Mountain
region lead to concerns that current climate disruption may already be driving shifts in
this species’ distribution, and supports aspen as an early indicator of drought-induced
tree die-off (Worral et al., 2008, 2010; Anderegg et al., 2013). To test drivers of aspen
decline and potential areas of future loss at the continental scale, bioclimate models
were created for the tree species (Rehfeldt et al., 2009, Worral et al., 2013). In these
models, specific iterations of temperature and precipitation are the strongest
environmental factors of accurately predicting current aspen distribution and projecting
future aspen loss under climate change scenarios. While these models predict aspen
disappearing in nearly all of the Inland PNW by 2060, the prediction remains uncertain
since aspen in the region have yet to exhibit any pattern of episodic die-off. This may be
because of the unique sites occupied by the tree species in this region. Different from
other parts of the Intermountain West (geographic region in the Western US between
the front ranges of the Rocky Mountains on the east and the Sierra Nevada and
Cascade Mountains on the west), aspen manifest here as small stands, occurring on
low topographical sites with deeper soils and sometimes associated water sources
(Seager, 2010; Swanson et al., 2010).
In this study, we look at aspen radial growth, as measured by basal area
increment (BAI), to assess stem vulnerability to mortality under future climate change
scenarios. Research shows that slow growth can be an indicator of mortality in trees in
general (Maxime et al., 2016) and in aspen specifically (Ireland et al, 2014). Age has
shown to affect radial growth in aspen. While one study found no indication of agerelated death of aspen stems during drought die-off (Worrall et al., 2010), a more recent
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study shows that radial growth goes up as stems get older and that younger trees were
more susceptible to drought-induced mortality (Ireland et al., 2014).
The main objective of this study is to assess the vulnerability of aspen stems in the
Inland PWN to the stressors of future climate change. We modeled aspen radial growth
response to predicted growing conditions under future climate change scenarios to
determine if: (a) stem vulnerability to mortality varied by soil moisture; (b) stem age
modified that vulnerability; and (c) stem growth (basal area increment) response varied
by future climate projections (representative concentration pathways) and climate year.
2. Materials and methods
2.1 Study area
Field data was collected in central and eastern Oregon on the Malheur National
Forest (Emigrant Creek and Prairie City Ranger Districts), Deschutes National Forest
(Crescent Ranger District), and the Fremont-Winema National Forest (Chemult and
Lakeview Ranger Districts; Figure 4.1). Study site elevations ranged from 1470 m to
1775 m. Aspen in the Inland PNW express as small stands on mesic sites associated
with deep soil at locally low points in the topography (Swanson et al., 2010). This is
different from the Intermountain and Rocky Mountain regions where aspen typically
occurs as large parklands and forests (e.g., Bartos, 2001; Rogers et al., 2010). In our
study area, aspen manifest as small (<1 ha), discrete stands within a conifer matrix and
are usually associated with deeper soils and more mesic sites than the surrounding
coniferous forest (Seager, 2010).
2.2 Field sampling
2.2.1 Aspen tree cores
We selected 37 aspen plots (15 m by 5 m) within aspen stands that had been
treated with conifer removal on the three National Forests. Plots were placed
equidistant along the perceived soil moisture gradient to the end of aspen overstory
cover. All plots were >5 m away from their nearest neighbor. In each plot, all aspen
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stems were measured for diameter at breast height (DBH) and three aspen stems (that
were ≥10 cm DBH) were sampled for radial increment by extracting two tree cores (at
90˚angle from one another) at breast height (1.4 m). All field measurements and
samples were taken after 1 September and before 1 November, 2013. Each core was
prepared using standard dendrochronological procedures (Stokes and Smiley, 1968).
For each core, we measured the annual ring for the three years up to 2013. Since our
dendrochronological analysis spanned less than two decades, we did not adjust for agerelated trends. We measured the annual rings to the nearest 0.01 mm for each core
using a Unislide “TA” tree-ring measuring system (Velmex, Bloomfield, New York, USA).
The dominant or co-dominant aspen tree in each plot was included in the core samples
and were used to determine a stand age for each plot. If the dominant or co-dominant
tree cores did not intersect the center pith, we estimated the number of missing rings
using a clear sheet matching the curvature of the innermost ring in the sample
(Applequist, 1958). Using the oldest and highest quality cores (easiest to read, widest
ring widths), we visually crossdated a subset of cores to create a master chronology
(Yamaguchi, 1991). We used COFECHA to evaluate the accuracy of our master cores
(Grissino-Mayer, 2001). Any correlation problems or errors identified by COFECHA
were visually checked, remeasured, and corrected. Using our master chronology for
tree core dating, we used COFECHA to check our crossdating accuracy for all tree
cores from the dominant or co-dominant tree in each plot. Each plot that had trees of
similar diameter (10 cm spread) after excluding smaller stems (<5 cm DBH) were
included in this study for a total of 16 of the 37 plots. Tree core samples were removed
from the study if the annual rings of the previous three years were unreadable or the
core could not be accurately aged. Of the 96 cores sampled from the 16 plots, we used
78 cores (39 sets) for our analyses. Basal area increment (BAI) data were created using
the annual ring measurements from the two cores for each tree as a quadratic mean in
addition to DBH and bark thickness. Using basal area increments in place of ring width
decreases age-related trends of individual stems and stand development (Phillips and
Whiton, 1988; Pederson, 1998).
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2.3 Modeling aspen growth
2.3.1 Description of 3-PGmix
The debate of empirical models versus process models to help scientists and
forest managers to meet information challenges (Korzukhin et al., 1996) has led to
hybrid models being developed that use the strengths of each. The forest growth model
3-PG (Physiological Principles Predicting Growth) is one such hybrid model. This
dynamic, process-based model uses a monthly time step with matched temporal
climatic data (Landsberg and Waring, 1997; Landsberg and Sands, 2010) while allowing
physiological parameters to stay fixed (Bryars et al., 2013). The model has been widely
used for diverse tree species from different parts of the world through a
parameterization process (Sands and Landsberg, 2002; Sands, 2010). 3-PG has
evolved over time resulting in 3-PGPJS 2.7 that modified how relationships are
parameterized (Sands 2010). Since the model was developed for even-age
monocultures, it has not been as readily applied to mixed-aged and mixed-species
forest stands. A recent study (Forrester and Tang, 2016) adapted the 3-PGPJS 2.7 model
to work for forest growth with mixed-species. This model, entitled 3-PGmix, was adapted
to include deciduous tree processes (e.g., leaf out) with the resulting basal area and
other outputs highly correlated with measured values. 3-PGmix allows for deciduous tree
species only, including a single species. We note that the 3-PGmix model version used
for this study had been modified from its original inception (Forrester, 2016).
2.3.2 3-PGmix parameters
3-PGmix (August 2016 version) comes with 116 parameters with standard values
provided for five tree species to fit in the new model. The model also provides the
original parameters for Eucalyptus globulus (Sands and Landsberg, 2002) along with 36
other model runs for various tree species (Forrester and Tang, 2016). 3-PGmix calculates
tree growth using specific deciduous inputs, including leaf out and leaf fall times as
bookends for the growing season (see Appendix C, Table C4.1). We used published
data to correct the model for Populus tremuloides, including previous 3-PG studies on
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Populus hybrids (Amichev et al., 2010; Headlee et al., 2013). All parameters used in our
modeling are presented here, cited from their original use in a 3-PG model or published
literature (see Appendix C, Table C4.1).
As a clonal species, aspen behaves differently than many other deciduous trees
by producing large numbers of suckers (sprouts from roots) following a disturbance or
flush of resources (Frey et al., 2003). To adapt the model to aspen, we modified the
self-thinning rule, seedling mortality rate, specific leaf area for young and mature aspen,
and initial stocking from the 3-PGmix standard parameters and model inputs (Appendix
C, Table C4.1). To mimic the mesic sites where aspen manifest in our study area,
usually associated with deep soil at locally low, moisture-collecting points in the
topography, we modified the fertility rating and the minimum ASW to emulate access to
a water table (Sands, 2010).
2.3.3 Past and Future Climate
3-PGmix uses maximum and minimum temperature, precipitation, solar radiation,
and frost days as climate data in the calculation of tree growth. For our study area, we
downloaded the needed climate data from ClimateWNA (Wang et al., 2016) using the
Google interface map. For historical climate, we downloaded data from 1985-2010 for
all sites then averaged them into a single climate set. For missing data points, we
averaged the previous 5 years. ClimateWNA provides multiple model options for future
climate scenarios (Wang et al., 2012, 2016). We used the second generation Canadian
Earth Systems Model (CanESM2) of the Canadian Centre for Climate Modelling and
Analysis with two different future climate projections, representative concentration
pathways (RCP) 4.5 and 8.5 (Arora et al., 2011). The RCP 2.6 scenario is the most
conservative estimate where the RCP of greenhouse gasses assumes a decrease or
stabilization of anthropogenic effects. This option is not offered by ClimateNA under
future climate scenarios within CanESM2. RCP 4.5 and 8.5 yield warmings of 2.3°C and
4.9°C respectively between 2006 and 2100 (Arora et al., 2011). CanESM2 only offers
three future years of climate data: 2025, 2055, and 2085. To provide the model with
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annual climate data between future years to grow trees across time, we incrementally
stepped the data between the given years.
2.4 Model parameterization and validation
2.4.1 Observed BAI
We used a single BAI to represent each of our field plots by averaging all stem
BAIs within each plot. To normalize growth, account for recent treatment, and remove a
single-year signal, we used a 3-year average from 2011-2013. We assigned the age of
plot to the oldest stem at the time of sampling (2013).
2.4.2 Modeling BAI
We populated 3-PGmix with standard and modified parameters for aspen
(Appendix C, Table C4.1) and average climate across our study area. For initial runs,
we used climate data from the reference period of 1985 to 2010 which captures the
greatest variation in recent history (IPCC, 2014; Dick Waring, personal communication).
3-PG and all subsequent versions provide multiple model outputs (Landsberg and
Waring, 1997; Sands and Landsberg, 2002; Sands 2010; Forrester and Tang 2016). We
used stem density (ha-1) and basal area (m2ha-1) at the stand level to calculate average
BAI (cm2) per stem per year. All models were run in annual time-steps. We verified each
model run by checking stem density mortality curve in the annual time-step outputs and
leaf area index (LAI) in monthly time-steps outputs. To adjust the model to our study
site, we varied the self-thinning rule, fertility rating, initial stocking density, and minimum
ASW until the modeled output stayed within ecophysiological parameters (Bossel, 1996)
of aspen and closely matched the regression line (0.0874 to 0.0854 slope) of our
measured BAI values from multiple sites (Appendix C, Figured C4.1). We then modified
ASW to produce three versions of the model that captured the higher, medium, and
lower spread of BAI observations (Appendix C, Figure C4.2). The 3-PGmix output most
closely matching our low, medium, and high observations were at 160, 210, and 300
mm maximum ASW, respectively (Appendix C, Figured C4.1). While the reported ASW
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varies greatly in our study area (range: 36.8 to 226.1 mm; Chapter 3, this dissertation),
we note that soil depth measurements were limited to 172 cm. In addition, summertime
subsurface flow would increase apparent ASW. Combined, maximum ASW might
exceed reported values.
We ran these three levels of ASW under future climate change RCP 4.5 and 8.5.
We originated the stands so they would be age 40, 70, and 100 for each predicted
future climate year: 2025, 2055, and 2085 (Appendix C, Figure C4.3, Figure C4.4,
Figure C4.5, Figure C4.6).
3. Results
3.1 BAI thresholds for stem vulnerability
Our 16 field measured plots ranged in age from 30 to 150 years old and the BAI
in live stems ranged from 4.57 cm2yr -1 to 16.73 cm2yr -1 (Appendix C, Figured C4.1),
which were higher than those reported in other parts of the western US (Kaye et al.,
2004; Ireland et al., 2014; DeRose et al., 2015). While different studies compared BAI
among aspen stems based on: ploidy level (i.e., diploid to triploid; DeRose et al., 2015);
ungulate browsing (Kaye et al., 2004); and healthy and unhealthy stands during
defoliation and drought (Hogg et al., 2002), we were interested in assessing the
thresholds for stem vulnerability. A northern Arizona study specifically compared BAI
difference in live and dead aspen stems and found that the BAI from dead stems were
significantly lower than live stems (Ireland et al., 2014). This suggests that aspen stems
with growth below a threshold do not survive. We assumed that our minimum BAIs
(Figure 4.2) represent a near-threshold for mortality in our study area since no stems
below that were present to be measured. However, our lowest BAI fluctuated with stand
age (Figure 4.2).
In the absence of a measured BAI threshold for aspen stem death in our study
plots, we used two different approaches to apply under future climate scenarios. For our
first approach, we used the lowest BAI available from our plots across all stem ages
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(4.57 cm2yr -1; Figure 4.2). We then used this to assess all stems, indifferent to age, for
a vulnerability threshold for stem survival.
For our second approach, we calculated average BAI for each stem age of
interest (40, 70, 100 years) from our observed BAI plots (Figure 4.2). We then used the
published data from Ireland et al. (2014) to calculate the difference between live stem
BAI and dead stem BAI for the ages of interest (40, 70, 100 years). Since our observed
BAI were much higher than other reported aspen BAI in the literature (Hogg et al. 2002;
Kaye et al., 2004; Ireland et al., 2014; DeRose et al., 2015), we applied the calculated
relative difference of live and dead stem BAI to our data. We note that in Ireland et al.
(2014) there exists a range between measured live and dead stems where no BAIs
were recorded. For the purposes of our study, we considered this range as live BAI so
as to not overestimate stem death. From this, our second threshold for assessing stem
vulnerability was: 5.06, 3.16, and 5.34 cm2yr -1 for 40-, 70-, and 100-year old stems,
respectively (Appendix C, Table C4.2).
We used our first and second thresholds separately in our analysis. We defined
stem vulnerability as a stem with a modeled BAI less than the given threshold.
Conversely, we defined stems with any modeled BAI that was greater than or equal to
the given threshold as not vulnerable to stem death (Appendix C, Table C4.2).
3.2 Modeling BAI under future climate RCP 4.5
We produced 27 models for BAI under RCP 4.5 by running three ASW levels
(160, 210, 300 mm) to three stand ages (40, 70, 100 years old) at three future climate
years (2025, 2055, 2085). The resulting predicted BAIs varied greatly across ASW,
stem age, and future year with a total range from 1.59 to 15.56 cm2yr -1 (Table 4.1).
Soil moisture had a strong effect on BAI where an increase in soil moisture was
associated with an increase in BAI. This effect held at all three ages in all three future
climate years (Appendix C, Table C4.3) with an average increase in BAI of: 2.02 cm2yr -1
(range: 0.78 to 3.51) when increasing low to medium ASW, 4.18 cm2yr -1 (range: 0.56 to
6.61) when increasing medium to high ASW, and 6.20 cm2yr -1 (range: 1.40 to 10.00)
when increasing low to high ASW (Table 4.1).
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3.2.1 First threshold for stem vulnerability
Based on our first threshold (lowest observed BAI; 4.57 cm2yr -1), 10 of the 27
BAI models predicted that aspen were vulnerable to die-off under future climate
scenarios (Table 4.1). Stem vulnerability was greater towards low ASW and younger
age (Table 4.1). The modeled BAIs that were vulnerable to stem death under future
climate stress included six of the nine low ASW and seven of the nine of the 40-year old
stems (Figure 4.3). Specifically, 40-year old aspen stems were vulnerable in all three
future climate years for both low and medium ASW in addition to the 40-year old stem in
high ASW for future year 2085. The 70-year old stems in low ASW were predicted to be
vulnerable to stem death for all future climate years.
Conversely, towards higher ASW and older stems in each future climate year,
stems were above the thresholds. The 70-year old stems in medium and high ASW
were above the threshold for stem mortality in all three future years (Table 4.1). All the
100-year old stems (all three ASW, all three future climate years) had BAI above the
vulnerability threshold (Figure 4.1).
We found that climate effect carried over into future years. Our stems were
originated so that they would be at each of our ages of interest (40, 70, 100 years) at
each of the given future climate years (2025, 2055, 2085). Some plots grew through
time where 40-year old stands became 70- and then 100-years old in future years
(Table 4.1). While some older stems were noted to be above the threshold because of
their given BAI in that year, earlier iterations of the plot were modeled to be below the
threshold and vulnerable to stem death in previous climate years. When a 70-year old
plot of stems is vulnerable to stem death in 2025, it may not grow into a 100-year old
plot in 2055. After accounting for vulnerability to stem death in previous climate years,
the 17 modeled BAIs predicted to be above the threshold was reduced by four to 13
(Table 4.1). This carry-over effect meant stem vulnerability to death for eight of the nine
low ASW stems and six of the nine medium ASW stems.
3.2.2 Second threshold for stem vulnerability
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Our second threshold for BAI (5.06, 3.16, and 5.34 cm2yr -1 for 40-, 70-, and 100year old stems, respectively) found 13 of the 27 BAI models under RCP 4.5 were
predicted to be vulnerable to stem death (Table 4.1). Similar to our first threshold,
potential stem death was greater towards low ASW and younger age and stems that
were not vulnerable were greater towards higher ASW and older stems in each future
climate year. For direct stem vulnerability and death, the 40-year old stems in high ASW
were vulnerable in 2025 and 2055 and the 100-year old stems in low ASW were below
the threshold in 2085. Under this second threshold, all 40-year old stems were predicted
to be vulnerable and at risk of stem death across all ASW and all future climate years
(Table 4.1).
All 14 models projected to not be at risk and above our second threshold were
found in the 17 models above our first threshold. Three additional sets of stems were
predicted to be vulnerable to death from low BAI and three more faced indirect
vulnerabilities from previous climate years (Table 4.1).
While some older stems were noted to survive because of their given BAI in that
year, their plot would not have survived previous climate years. After accounting for this,
we found that the 14 modeled BAIs predicted to survive was reduced by half to seven
(Table 4.1). All three additional stem deaths unique to this threshold were predicted in
high ASW.
3.3 Modeling BAI under future climate RCP 8.5
We produced 27 models under RCP 8.5 by running three ASW levels (160, 210,
300 mm), at three stand ages (40, 70, 100 years), in three future climate years (2025,
2055, 2085). The resulting predicted BAIs varied greatly across ASW, stem age, and
future year with a total range from 0.75 to 15.48 cm2yr -1 (Table 4.2).
Soil moisture had a strong effect on BAI under RCP 8.5. We found an increase in
BAI with each associated increase in ASW for all three future climate years (Appendix,
Table C4.5). The increase in BAI from: low to medium ASW averaged 2.24 cm2yr -1
(range: 0.35 to 4.71), medium to high ASW averaged 3.87 cm2yr -1 (range: 0.75 to 6.49),
low to high ASW averaged 6.11 cm2yr -1 (range: 1.10 to 10.15; Table 4.2).
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3.3.1 First threshold for stem vulnerability
Based on our first threshold (lowest observed BAI; 4.57 cm2yr -1), 11 of the 27
BAI models predicted that aspen stems would be vulnerable to death under future
climate scenarios in RCP 8.5 (Table 4.2). Stem vulnerability was greater towards low
ASW and younger age (Table 4.2). The 11 modeled BAIs that were vulnerable under
future climate conditions included 67% of low ASW, 33% of medium ASW, and 22% of
high ASW (Table 4.2). For age, 89% of the 40-year old stems were vulnerable to stem
death (Figure 4.4). Specifically, 40-year old stems were predicted to be vulnerable in all
three future climate years in all ASW with the exception of high ASW for 2025. The 70year old stems in low ASW were predicted to be vulnerable to stem death for all future
climate years.
Stems above the threshold and not predicted to be at risk were greater towards
higher ASW and older stems in each future climate year. The 70-year old stems in
medium and high ASW had BAIs higher than our threshold in all three future years
(Table 4.2). All the 100-year old stems (all three ASW, all three future climate years)
had high enough BAIs to be above the threshold (Figure 4.4).
While some older stems had a predicted BAI higher than the threshold in that
year, their plot would have been at risk of potential stem death from previous climate
years. After accounting for this, the 16 modeled BAIs originally predicted to be above
the threshold were reduced by six to 10 (Table 4.2). This carry-over effect increased the
graduated stem vulnerability along the ASW series to: 89% in low, 67% in medium, and
33% in high ASW.
3.3.2 Second threshold for stem vulnerability
Based on our second threshold for BAI, we found 14 of the 27 BAI models
predicted that aspen would be vulnerable to stem death under RCP 8.5 (Table 4.2).
Similar to our first threshold, stem vulnerability was greater towards low ASW and
younger age, and less towards higher ASW and older stems in each future climate year.
Stem vulnerability to death was greater towards low ASW and younger age. The
14 modeled BAIs that were below the threshold under future climate stress included
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89% of low ASW, 33% of medium ASW, and 33% of high ASW (Table 4.2). All 40-year
old stems (all ASW; all future years) were predicted to be vulnerable to stem death
(Figure 4.4). Additionally, the 70-year old stems in low ASW were below the threshold
and susceptible to stem death for all future climate years.
All 13 models above the second threshold and projected to not to be at risk were
found in the 16 models above our first threshold under RCP 8.5 (Table 4.2). Specifically,
all 70- and 100-year old stems in medium and high ASW are predicted to be above the
threshold and not at risk under future climate. The only low ASW plot not at risk was
100-year old stems in 2055.
We found that climate effect carried over into future years. While some older
stems had a predicted BAI higher than the threshold in that year, their plot would have
been at risk for stem death in previous climate years. After accounting for potential stem
death in previous climate years, the 14 modeled BAIs originally predicted to be above
the threshold was reduced by six to eight (Table 4.2). This carry-over effect increased
the graduated stem vulnerability along the ASW series to: 89% in low, 67% in medium,
and 67% in high ASW.
4. Discussion
4.1 BAI for this region
BAI observed in this study was high even among younger and lower productive
sites. Our mean BAI was double to triple that reported in other published studies in
Western North America (Kaye et al., 2004; Ireland et al., 2014; DeRose et al., 2015).
We found an average of 9.04 cm2yr -1 with a maximum of 16.73 cm2yr -1 (Figure 4.2). The
BAI ranges reported in other studies varied from 2.00 to 9.00 cm2yr -1 (Kaye et al., 2004;
Ireland et al., 2014; DeRose et al., 2015). That aspen growth in our study is much
greater from other regions supports our suggestion that aspen manifest differently in
Inland PNW, primarily from edaphic conditions interacting with watershed drainage to
local topographical depressions (Jones et al., 2005; Swanson et al., 2010). Similar to
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other studies, we found that BAI increases across time, with older trees having higher
BAI (Figure 4.2).
4.2 BAI thresholds
We considered two separate thresholds for BAI growth that would make aspen
stems vulnerable to future climate conditions. One threshold was based on field
observations from this study and the second was a calculated relative difference
between BAI in live and dead aspen stems in another study (Ireland et al., 2014). The
two approaches were quite different with the first being static across all ages and the
second including age-specific thresholds (Figure 4.3, 4.4). In practice, the thresholds
generated very similar results (Table 4.1, 4.2). The difference in number of stems above
our first threshold that were predicted to be vulnerable to stem death under the second
was: three in RCP 4.5 and two in RCP 8.5. The stems above the threshold had BAIs
that averaged only 0.35 cm2yr -1 (range: 0.03 to 0.64 cm2yr -1) over the threshold (Table
4.1, 4.2), close enough to be considered biological vulnerable to stem death. That we
used two very different approaches to create thresholds, and yet found similar patterns
and predictions among stem age and ASW, strengthened our findings.
4.3 Younger stems and low ASW sites
Our study finds that while aspen in the Inland PNW are not currently
experiencing episodic mortality and are shown to respond positively via sucker and
radial growth to increase in soil moisture (see Chapters 2 and 3, this dissertation), under
predicted future climate change, stems are predicted to be at risk of death through
mortality events driven by drought and increased temperature. We found stems growing
in more xeric sites and younger stems were more vulnerable to death.
For xeric sites, noted as low ASW, stem vulnerability was nearly uniform across
all ages (40, 70, 100 years), all future climate years (2025, 2055, 2085), and
greenhouse gas concentration trajectories (RCP 4.5 and 8.5; Figure 4.3, 4.4). The few
stems in low ASW with BAI large enough to be above the threshold were older (100
years) with most projected to have been vulnerable from climate stress in previous
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years (2025, 2055; Table 4.1, 4.2). The pattern of potential episodic aspen mortality
occurring in xeric sites is consistent with other studies (Worrall et al., 2010) and
predictions (Frey et al., 2004; Worrall et al., 2013). In our area, we found individual
stands might have both mesic and xeric plots as aspen grow in low topographic sites
and spread into surrounding areas. Aspen stands in our region may shrink in size as our
model predicts that stems in low ASW are more vulnerable. However, part of the stand
would persist in the localized edaphic conditions that allow greater ASW. This is
different from the observations of entire stands dying on xeric sites in the Rocky
Mountain region (Worrall et al., 2010, 2013).
For younger stems (40 years), vulnerability to stem death was uniform across all
ASW (low, medium, high) and all future climate years (2025, 2055, 2085) in both RCP
4.5 and 8.5. This is in contrast to research in Colorado where younger aspen stands
(<30 years-old) remained healthy and were not affected by drought and temperature
stress that lead to overstory loss and mortality of older stems in some stands (Worral et
al., 2010). However, recent studies on aspen mortality in the Rocky Mountain region
support our findings that young aspen are at greater risk of mortality (Hanna and
Kulakowski, 2012; Ireland et al. 2014). The prediction of younger trees being vulnerable
to stem death could be an artifact of younger trees having lower BAI. Since both our
static and age-specific BAI thresholds found the same pattern, we believe that younger
trees are at greater risk of death. Trees with larger BAI across time would have larger
DBH, and thus would have increased competitive abilities and storage capacity than
smaller trees (Wunder et al., 2008). For aspen, older trees would also have more
extensive root system to access available soil water (Shepperd et al., 2001).
4.4 Aspen under future climate
While RCP 8.5 yields temperature warmings more than two times that of RCP
4.5 (Arora et al., 2011), we found that the vulnerability of younger stems and stems
growing in low soil moisture held for both RCP 4.5 and 8.5. This suggests that episodic
aspen mortality could occur in even under modest future climate changes, and that
pattern of mortality may not increase under more severe climate stressors. We offer this
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is because aspen in the Inland PNW are sub-irrigated by moisture collecting from a
larger watershed. Aspen in the region are found on low topographical sites with deep
soil that receive subsurface water from lateral and elevational flow. Future climate
change predicts increased winter and decreased summer precipitation for the Inland
PNW (Mote, 2006). More important to aspen systems in the region, snowmelt is
predicted to occur earlier in the year, further limiting soil moisture during the increased
temperatures of the growing season (Mote et al., 2003). Our results suggest these
changes would decrease aspen radial growth to the point of vulnerability to mortality for
younger stems and for stems on low soil moisture sites.
In our study, we found older stems in medium and high soil moisture grew
enough to have a radial growth above the threshold, allowing them to survive under
future climate change scenarios (Figure 4.3, 4.4). It is important to note that aspen is a
short-lived species. Older stems that survive episodic mortality events are expected to
face senescence within 50 to 100 years (e.g., 150- to 200-years-old). With no younger
stems surviving, even stands on mesic sites would eventually experience the standlevel senescence observed in other parts of the Intermountain Region (Kurzel et al.,
2007).
In our study area, aspen stems showed an increase in radial growth when
competing conifer trees were removed and soil moisture increased (see Chapter 3, this
dissertation). While that study focused on the removal of competing conifers within the
immediate area (60 m), a decrease in conifer basal area and understory thinning at a
larger scale could increase soil moisture availability to the aspen stands. This release of
moisture is typically seen as decreasing stress on neighboring trees (Clyatt et al., 2016).
However, aspen in our region grow in localized drainage catchments, allowing them to
benefit from moisture release from landscape-level treatments. Efforts across the region
are underway to decrease conifer basal area as part of a larger focus on fuels, fire risk,
wildlife, and forest health (Graham et al., 1999; Agee and Skinner, 2005; Peterson et
al., 2005; Bartuszevige and Kennedy, 2009). This larger level of moisture release may
help decrease the mortality of younger aspen trees in high and medium soil moisture
sites in our study.
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5. Conclusion
Recent research highlights the need for better regional and global understanding
of individual tree mortality and forest dieback from global climate change induced
drought across regionally and globally (Adams et al., 2009, Allen et al., 2010). In the
western US, aspen research has found reduced radial growth predisposes aspen stems
to mortality during extreme drought and heat events (Worral et al., 2010; Anderegg et
al., 2013).
In the absence of rapid overstory loss of aspen in the Inland PNW, scientists and
mangers were uncertain about predicted future loss in the region based on aspen
bioclimate models (Rehfeldt et al., 2009; Worral et al., 2013). Our hypothesis testing via
a process model support their predictions in part, as younger stems have vulnerability to
death across a large moisture gradient in all future years. Older stems in medium and
high soil moisture were not at risk, but aspen stands may still face collapse with no
younger stems recruiting into the overstory. With the increase in aspen radial growth
from decreased conifer competition and subsequent increase in soil moisture (see
Chapter 3, this dissertation), treatment of conifer removal may help decrease aspen
stem mortality under projected climate change. Managers should consider larger
landscape-level treatments of decreased conifer basal area and increased soil moisture
to counter the increased drought and moisture stress predicted in future climate years.
Perturbations in climate patterns leading to drought and increased growing
season temperatures has already decreased aspen overstory parts of the western US
(Worrall et al., 2010). While this has not been noted in the Inland PNW, our models
suggest aspen stems are vulnerable to die-off that could occur under future climate
changes within the next 10 years. Scientists and managers should focus on monitoring
to detect early signs with an emphasis on younger stems and xeric sites.
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Figure 4.1. Study Area where aspen field data was collected in Central and Eastern
Oregon: (1) Crescent Ranger District on the Deschutes National Forest; (2) Prairie City
and (3) Emigrant Creek Ranger Districts on the Malheur National Forest; and (4)
Chemult and (5) Lakeview Ranger Districts on the Fremont-Winema National Forest.
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Figure 4.2. Observed BAI from 16 even-aged field plots (graph A). Lowest observed BAI
across all ages with 4.57 cm2yr-1 as the lowest at 85 years (graph B). Age-related trends
from observed BAI for years of interest: 40-, 70-, and 100-year-old plots (graph C).
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Table 4.1. Basal area increments (BAI) and corresponding stem survival or death for aspen under future climate scenarios
of RCP 4.5 (CanESM2) with low, medium, and high soil moisture availability. Stems predicted to die noted with brackets
and T1 and/or T2 for the associated threshold.
RCP 4.5

RCP 4.5

RCP 4.5

Future Climate Year 2025

Future Climate Year 2055

Future Climate Year 2085

BAI (cm2yr -1) at stand age:

BAI (cm2yr -1) at stand age:

BAI (cm2yr -1) at stand age:

40a

70b

100

40c

70a

100b

40

70c

100a

Low
(160 mm)

[1.59]

[3.07]

5.48

[1.41]

[2.76]

5.681,2

[0.96]

[2.85]

[5.18]1

T1,T2

T1,T2

T1,T2

T1,T2

T1,T2

T1,T2

T2

Medium
(210 mm)

[2.37]

4.71

[2.31]

4.651,2

[1.80]

4.721,2

8.691,2

High
(300 mm)

[4.84]

8.752

14.892

ASW

a

8.87

T1,T2

T2

9.05

T1,T2

9.18

15.48

[4.60]
T2

T1,T2

9.112

15.56

[2.36]
T1,T2

This stand can be tracked across time as it is 40 years old in 2025, 70 years old in 2055, and 100 years old in 2085.
This stand can be tracked across time as it is 70 years old in 2025 and 100 years old in 2055.
c
This stand can be tracked across time as it is 40 years old in 2055 and 70 years old in 2085.
T1
2
-1
Stem death from falling below the threshold based on lowest observed BAI (4.57 cm yr ).
T2
Stem death from falling below the threshold based on calculated relative difference in BAI between live and dead stems (5.06, 3.16, and 5.34
2
-1
cm yr for 40, 70, 100 years respectively).
1
These stems have a BAI high enough to survive on this given year; however the stems will not survive from the previous predicted calendar
year’s (2025 or 2055) climate effects in order to grow to this age based on threshold one (T1).
2
These stems have a BAI high enough to survive on this given year; however the stems will not survive from the previous predicted calendar
year’s climate effects based on threshold two (T2).
b
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Table 4.2. Basal area increments (BAI) and corresponding stem survival or death for aspen under future climate scenarios
of RCP 8.5 (CanESM2) with low, medium, and high soil moisture availability. Stems predicted to die noted in brackets with
T1 and/or T2 for the associated threshold.
RCP 8.5

RCP 8.5

RCP 8.5

Future Climate Year 2025

Future Climate Year 2055

Future Climate Year 2085

BAI (cm2yr -1) at stand age:

BAI (cm2yr -1) at stand age:

BAI (cm2yr -1) at stand age:

40a

70b

100

40c

70a

100b

40

70c

100a

Low
(160 mm)

[1.67]

[2.97]

[5.21]

[1.44]

[2.71]

5.741,2

[0.75]

[2.55]

[4.82]1

T1,X2

T1,T2

T2

T1,T2

T1,T2

T1,T2

T1,T2

T2

Medium
(210 mm)

[2.95]

4.86

9.19

[1.90]

5.341,2

[1.10]

4.181,2

9.531,2

High
(300 mm)

[4.87]

8.571,2

14.712

ASW

a

T1,T2

T2

8.99

T1,T2

9.12

15.36

[3.95]
T1,T2

T1,T2

8.982

15.48

[1.85]
T1,T2

This stand can be tracked across time as it is 40 years old in 2025, 70 years old in 2055, and 100 years old in 2085.
This stand can be tracked across time as it is 70 years old in 2025 and 100 years old in 2055.
c
This stand can be tracked across time as it is 40 years old in 2055 and 70 years old in 2085.
T1
2
-1
Stem death from falling below the threshold based on lowest observed BAI (4.57 cm yr ).
T2
Stem death from falling below the threshold based on calculated relative difference in BAI between live and dead stems (5.06, 3.16, and 5.34
2
-1
cm yr for 40, 70, 100 years respectively).
1
These stems have a BAI high enough to survive on this given year; however the stems will not survive from the previous predicted calendar
year’s (2025 or 2055) climate effects in order to grow to this age based on threshold one and two (T1, T2).
2
These stems have a BAI high enough to survive on this given year; however the stems will not survive from the previous predicted calendar
year’s climate effects based on threshold two (T2).
b
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Figure 4.3. RCP 4.5 basal area increment (BAI) from 3PGmix. Future climate years:
2025, 2055, and 2085 shown under RCP 4.5 with moisture levels as low (160 mm),
medium (210 mm), and high (300 mm). Thresholds for stem survival shown as: dashed
line for first threshold (lowest observed BAI) and solid line for second threshold (dead to
live ratio BAI).
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Figure 4.4. RCP 8.5 basal area increment (BAI) from 3PGmix. Future climate years:
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CHAPTER 5: GENERAL CONCLUSION
S Trent Seager
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Climate change induced drought with disturbances in precipitation and
temperature can exacerbate meteorological droughts, causing forest dieback in both
arid and mesic systems (Allen et al., 2010). Recent research highlights the need for
better regional and global understanding of individual tree mortality and forest dieback
from global climate change induced drought across regionally and globally (Adams et
al., 2009, Allen et al., 2010). In the western US, aspen has been used as an indicator of
drought stress from decreased precipitation and increased summer temperatures
(Worral et al., 2010). Much research has emphasized the vulnerability of aspen stems
and stands across the Rocky Mountain region of western North America (Hogg et al.,
2008; Anderegg et al., 2013). While some studies have looked at aspen in the Inland
PNW (Shirley and Erickson, 2001; Wall et al., 2001; Jones et al., 2005), little research
has focused on aspen response to climate change in the region. In this dissertation, I
studied the short-term effects of reduced competition and the long-term effects of
climate change on aspen. Specifically, I investigated aspen understory and overstory
response to an increase in growing season soil moisture and aspen stem death under
future climate conditions using the model 3-PGmix.
In Chapter 2, I investigated the effects of moisture release on aspen
regeneration. Release of moisture from competing vegetation allows remaining plants to
persist or increase in density and growth during drought periods (Anderegg et al., 2012).
While other studies in the Inland PNW found increased aspen sucker growth and
density following conifer removal was in response to light (Jones et al., 2005; Swanson
et al., 2010), I found moisture was the driving factor. In my study, plant water potential
(PWP) increased growth and density of aspen suckers within three years. These
findings show an ability of aspen to respond quickly to an increase in soil resources.
The importance of removing competing conifers has been highlighted for aspen
suckering; however, the specifics of the shift in resources has not been well defined in
the Inland PNW (Jones et al., 2005) or in the Intermountain region (Keyser et al., 2005;
Kurzel et al., 2007). My results point to the driver of aspen sucker growth and density
being an increase in soil moisture, as measured by late season PWP.
Global climate change is predicted to increase loss of aspen in the western US
(Worrall et al., 2010), with some scenarios showing aspen disappearing entirely from
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the inland PNW (Rehfeldt et al., 2009). My findings support that an increase in soil
moisture through conifer removal may ameliorate drought and increased temperature
effects on aspen, allowing sucker growth and density to have a positive response.
In Chapter 3, I found that PWP was the strongest driver for radial growth of
aspen overstory, increasing stem growth (as BAI). PWP is a direct measure of local
moisture availability for aspen, and served as a better predictor of BAI in our system
than annual precipitation or AWS. Further, my findings provided support that aspen in
the Inland PNW fit a dryland vegetation model based on winter-rainfall region (sensu
D’Odorico and Porportato, 2006) better than the Intermountain summer-rainfall region
(Bartos and Campbell, 1998; Kulakowski et al., 2004). While biophysical and bioclimate
models from the Rocky Mountain region identify summer precipitation as a key indicator
of the presence and/or persistence of aspen overstory (e.g., Brown et al., 2006;
Rehfeldt et al., 2009; Worral et al., 2013), I found that late season soil moisture
(measured as PWP) was the key driver of aspen stem radial growth.
For stands treated with conifer removal, increased BAI occurred within one year
and lasted more than ten years. Further, my findings emphasize that conifer removal
could effectively increase in aspen overstory growth and vigor in stands associated with
dry conifer forests in the Inland PNW across a wide gradient of pre-treatment
conditions. In areas predicted to experience an increase in the frequency and severity of
drought and growing season temperatures (Abatzoglou et al., 2014), conifer removal in
and around stands could aid in aspen stem survival and aspen overstory persistence
(Worral et al., 2013). Research has found reduced xylem growth predisposes aspen
stems to mortality during extreme drought and heat events (Anderegg et al., 2013). My
findings offer support to other research where overstory vigor and radial growth
increased with conifer removal or variable retention of aspen in aspen-conifer forests
(Solarik et al., 2012; Pelz et al., 2013; Bose et al., 2014; Bretfeld et al., 2015).
In Chapter 4, I investigate aspen radial growth (BAI) as an indicator of stem
vulnerability under projected future climate conditions. In the western US, aspen
research has found aspen stems with an increased BAI are more likely to survive with
dead aspen stems having consistently smaller BAI initially and across time (Ireland et
al., 2014). To assess aspen stem vulnerability, I used 3-PGmix and grew aspen stems
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under future climate conditions. My 3-PGmix output models for RCP 4.5 and 8.5 found
younger stems (40-year old) and stems in low ASW were vulnerable to stem death.
Older stems, especially those in medium and high ASW were not at risk.
In the absence of rapid overstory loss of aspen in the Inland PNW, scientists and
mangers were uncertain about predicted future loss in the region based on aspen
bioclimate models (Rehfeldt et al., 2009; Worral et al., 2013). My results support their
predictions in part, as younger stems have vulnerability to death across a large moisture
gradient in all future years. Conifer removal decreased resource competition,
specifically soil moisture that may ameliorate such effects. While older stems are not
shown to be at risk in the future models, aspen stands may still face collapse with no
younger stems recruiting into the overstory (Worral et al., 2010).
This dissertation provides evidence through experimentally treated aspen stands
that in the short-term (3 years) aspen reproduction (via sucker growth and density) and
overstory stems (via radial growth) respond positively to an increase in soil moisture
availability through conifer removal. Through the investigation of historically treated
stands, I found the aspen overstory stem response continued for more than 10 years.
For short-term aspen stand persistence, decreased competition may ameliorate drought
and increased growing season temperature effects on aspen suckers and overstory
stem. Through future climate modeling, I found that long-term aspen face climate
stresses that could make stems vulnerable to death among many younger aspen (40
years old) and aspen growing in low ASW (160 mm). While changes in climate patterns
has already decreased aspen overstory parts of the western US (Worrall et al., 2010),
this has not been observed in the Inland PNW. My future climate models suggest aspen
stems could be vulnerable within the next 10 years. Scientists and managers should
focus on monitoring aspen stems, with an emphasis on soil moisture gradient and
younger stems, to detect early signs of aspen stem death within the Inland PNW.
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Appendix A: Supplemental Material associated with Chapter 2:

Effects of conifer removal on growth, reproduction, and moisture availability for aspen
regeneration in a dryland system
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Figure A2.1. Tree cores from dominant or co-dominant aspen tree in each plot across
study area. A trendline was fit through zero and equation was used to calculate site
index for each plot at tree age 50. To place each tree at age 50, we used relative height
(measured height over predicted height) at measured year. Our final equation was site
index =(1.2341*500.6032)*(relative height).

133
Table A2.1. Specific environmental and ecological factors that could drive aspen sucker
density (ASD) and aspen sucker growth (ASG) based on published literature.
Environmental and
Ecological Factors

Driver of Aspen Sucker Density (ASD)
or Aspen Sucker Growth (ASG)

Citations

ASD increases with soil moisture

Frey et al. 2003

ASG increases with soil moisture

Jones and Debyle 1985

ASD increases with soil temperature

Hogg et al. 2001

Temperature

Aspen growth can be predicted with GDD

Rehfeldt et al. 2009;
Hogg 1999

Light

ASG increases with light

Frey et al. 2003

Soil pH

ASG increases with optimal pH

Frey et al. 2003

ASD correlated to root abundance and
distribution (basal area)

Frey et al. 2003

Aspen basal area increases with moisture

Frey et al. 2003

Moisture

Sucker Potential
(ASD)

Growth Potential
(ASG)

ASD correlated to aspen basal area and site
with an interaction

Comeau et al. 2006

Aspen growth increases with site indices

Dreiessche et al. 2003

Site index captures environmental drivers of
aspen

Chen et al. 2002

Light, temperature, and pH drive sucker
growth

Frey et al. 2003
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Table A2.2. Measurements taken of environmental and ecological drivers of aspen
sucker density (ASD) and aspen sucker growth (ASG).

Driver

Moisture

Aspen Sucker
Density
or Aspen
Sucker Growth

ASD and ASG

Measurement

Plot or
Stand Level

Available Water Storage ~ f (soil type *
soil depth)

Plot

Precipitation (snow water equivalent)

Stand

Plant Water Potential (as Ψleaf)

Plot

Temperature

ASD and ASG

Growing Degree Days (>5 C)

Stand

Light

ASD and ASG

Canopy cover (aspen, conifer, total)

Soil pH

ASG

Soil pH

Sucker
Potential

ASD

Aspen Basal Area (root density and
distribution)

Plot

Growth
Potential

ASG

Site Index ~ f (tree height and age)

Plot

Plot
Stand
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Table A2.3. Model ranking based on AICc model selection for 33 models of aspen
sucker growth (ASG) the average annual growth increment of suckers from growing
years 1-3 for both treated and control plots. Only models with ΔAICc<7 are shown here.
Model

Candidate models

No.

K

AICc

ΔAICc

Akaike
weight (wi)

17

ASG ~ PWP + Canopy

4

283.4

0.00

0.41

03

ASG ~ PWP + Canopy + Site Index

5

285.9

2.48

0.12

01

ASG ~ PWP + GDD + Canopy

5

285.9

2.56

0.11

28

ASG ~ PWP

3

286.0

2.66

0.11

18

ASG ~ PWP + Site Index

4

288.2

4.85

0.04

16

ASG ~ PWP + GDD

4

288.4

5.02

0.03

13

ASG ~ PWP + GDD + PWP*GDD

5

289.4

5.98

0.02

33

ASG ~ intercept (null)

2

289.5

6.17

0.02

20

ASG ~ AWS + Canopy

4

290.2

6.78

0.01

25

ASG ~ GDD + Canopy

4

290.2

6.86

0.01

23

ASG ~ Precipitation + Canopy

4

290.4

6.99

0.01

Note: ΔAICc: AICc relative to the best hypothesis (smallest information loss); Akaike weight: the
probability of each model given the data and the models present. PWP = Plant Water Potential,
Canopy = Canopy cover, GDD = Growing Degree Days, and AWS = Available Water Storage.
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Table A2.4. Model ranking based on AICc model selection for 33 models of aspen
sucker growth year 3 (ASGYr3), the average annual growth increment of suckers for
growing year 3 for both treated and control plots. Only models with ΔAICc<7 are shown
here.
Model
Candidate models
No.
17 ASGYr3 ~ PWP + Canopy

K

AICc

ΔAICc

4

338.9

0.00

Akaike
weight (wi)
0.31

01

ASGYr3 ~ PWP + GDD + Canopy

5

341.0

2.14

0.11

03

ASGYr3 ~ PWP + Canopy + Site Index

5

341.2

2.33

0.10

28

ASGYr3 ~ PWP

3

341.8

2.89

0.07

33

ASGYr3 ~ intercept (null)

2

343.1

4.22

0.04

23

ASGYr3 ~ Precipitation + Canopy

4

343.4

4.53

0.03

27

ASGYr3 ~ Canopy + Site Index

4

343.5

4.58

0.03

25

ASGYr3 ~ GDD + Canopy

4

343.5

4.65

0.03

20

ASGYr3 ~ AWS + Canopy

4

343.5

4.66

0.03

15

ASGYr3 ~ GDD + Canopy + GDD*Canopy

5

343.6

4.73

0.03

18

ASGYr3 ~ PWP + Site Index

4

343.8

4.86

0.03

11

ASGYr3 ~ GDD + Canopy + Soil

5

343.8

4.89

0.03

16

ASGYr3 ~ PWP + GDD

4

344.1

5.17

0.02

30

ASGYr3 ~ Precipitation

3

345.2

6.27

0.01

31

ASGYr3 ~ Site Index

3

345.4

6.48

0.01

29

ASGYr3 ~ AWS

3

345.4

6.53

0.01

32

ASGYr3 ~ GDD

3

345.4

6.54

0.01

07

ASGYr3 ~ Precipitation + GDD + Canopy

5

345.4

6.55

0.01

13

ASGYr3 ~ PWP + GDD + PWP*GDD

5

345.5

6.59

0.01

Note: ΔAICc: AICc relative to the best hypothesis (smallest information loss); Akaike weight: the
probability of each model given the data and the models present. PWP = Plant Water Potential, Canopy
= Canopy cover, GDD = Growing Degree Days, and AWS = Available Water Storage.
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Table A2.5. Model ranking based on AICc model selection for aspen sucker growth
difference (ASGdiff) in average annual growth increment of suckers from 2 years before
to 3 years after treatment of conifer removal. All models had a ΔAICc<7 and are shown
here.
Model
Candidate models
No.
17 ASGdiff ~ PWP + Canopy

K

AICc

ΔAICc

4

281.4

0.00

Akaike
weight (wi)
0.28

28

ASGdiff ~ PWP

3

283.2

1.76

0.12

03

ASGdiff ~ PWP + Canopy + Site Index

5

283.3

1.83

0.11

01

ASGdiff ~ PWP + GDD + Canopy

5

283.8

2.37

0.09

18

ASGdiff ~ PWP + Site Index

4

284.6

3.16

0.06

33

ASGdiff ~ intercept only (null)

2

285.3

3.82

0.04

16

ASGdiff ~ PWP + GDD

4

285.6

4.14

0.04

27

ASGdiff ~ Canopy + Site Index

4

286.4

4.92

0.02

20

ASGdiff ~ AWS + Canopy

4

286.6

5.15

0.02

23

ASGdiff ~ Precipitation + Canopy

4

286.7

5.25

0.02

25

ASGdiff ~ GDD + Canopy

4

286.8

5.35

0.02

30

ASGdiff ~ Precipitation

3

286.9

5.48

0.02

02

ASGdiff ~ PWP + GDD + Canopy + Site Index

5

287.2

5.72

0.02

32

ASGdiff ~ GDD

3

287.6

6.11

0.01

31

ASGdiff ~ Site Index

3

287.6

6.13

0.01

29

ASGdiff ~ AWS

3

287.6

6.14

0.01

07

ASGdiff ~ Precipitation + GDD + Canopy

5

287.6

6.17

0.01

13

ASGdiff ~ PWP + GDD + PWP*GDD

5

288.1

6.61

0.01

11

ASGdiff ~ GDD + Canopy + Soil

5

288.1

6.67

0.01

Note: ΔAICc: AICc relative to the best hypothesis (smallest information loss); Akaike weight: the probability
of each model given the data and the models present. PWP = Plant Water Potential, Canopy = Canopy
cover, GDD = Growing Degree Days, AWS = Available Water Storage.
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Table A2.6. Model ranking based on AICc model selection for aspen sucker growth
difference year 3 (ASGdiffYr3), average annual growth of suckers from 2 years before
treatment of conifer removal to growing year 3 after treatment. Only models with a
ΔAICc<7 are shown here.
Model
No.
17
03
01
28
23
20
27
33
25
11
18
15
07
16
30
09
06
29
04
31
32
10
02

Candidate models

K

AICc

ΔAICc

ASGdiffYr3 ~ PWP + Canopy
ASGdiffYr3 ~ PWP + Canopy + Site Index
ASGdiffYr3 ~ PWP + GDD + Canopy
ASGdiffYr3 ~ PWP
ASGdiffYr3 ~ Precipitation + Canopy
ASGdiffYr3 ~ AWS + Canopy
ASGdiffYr3 ~ Canopy + Site Index
ASGdiffYr3 ~ intercept only (null)
ASGdiffYr3 ~ GDD + Canopy
ASGdiffYr3 ~ GDD + Canopy + Soil
ASGdiffYr3 ~ PWP + Site Index
ASGdiffYr3 ~ GDD + Canopy + GDD*Canopy
ASGdiffYr3 ~ Precipitation + GDD + Canopy
ASGdiffYr3 ~ PWP + GDD
ASGdiffYr3 ~ Precipitation
ASGdiffYr3 ~ Precipitation + Canopy + Site Index
ASGdiffYr3 ~ AWS + Canopy + Site Index
ASGdiffYr3 ~ AWS
ASGdiffYr3 ~ AWS + GDD + Canopy
ASGdiffYr3 ~ Site Index
ASGdiffYr3 ~ GDD
ASGdiffYr3 ~ GDD + Canopy + Site Index
ASGdiffYr3 ~ PWP + GDD + Site Index

4
5
5
3
4
4
4
2
4
5
4
5
5
4
3
5
5
3
5
3
3
5
5

333.0
334.6
334.9
336.0
336.6
336.6
336.9
337.0
337.0
337.1
337.4
337.7
337.7
337.9
338.6
338.8
339.0
339.0
339.1
339.2
339.2
339.3
339.6

0.00
1.59
1.87
2.96
3.54
3.62
3.86
3.94
4.01
4.08
4.37
4.64
4.65
4.88
5.56
5.81
5.95
6.01
6.10
6.14
6.14
6.25
6.62

Akaike
weight (wi)
0.25
0.11
0.10
0.06
0.04
0.04
0.04
0.04
0.03
0.03
0.03
0.03
0.03
0.02
0.02
0.01
0.01
0.01
0.01
0.01
0.01
0.01
0.01

Note: ΔAICc: AICc relative to the best hypothesis (smallest information loss); Akaike weight: the probability
of each model given the data and the models present. PWP = Plant Water Potential, Canopy = Canopy
cover, GDD = Growing Degree Days, AWS = Available Water Storage.
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Table A2.7. Model ranking based on AICc model selection for 32 models of aspen
sucker density (ASD), the density of suckers (ha-1) that originated during post-treatment
growing years (3 years). All models had a ΔAICc<7 and are shown here.
Model
No.
27
32
29
15
31
28
16
30
17
21
22
23
01
24
18
02
19
25
20
26
03
12
14
07
08
09
13
11
04
10
05
06

Candidate models
ASD ~ PWP
ASD ~ intercept only (null)
ASD ~ Precipitation
ASD ~ PWP + Site Index
ASD ~ Site Index
ASD ~ AWS
ASD ~ PWP + Canopy
ASD ~ ABA
ASD ~ PWP + ABA
ASD ~ Precipitation + Site Index
ASD ~ Precipitation + Canopy
ASD ~ Precipitation + ABA
ASD ~ PWP + Site Index + Canopy
ASD ~ Site Index + Canopy
ASD ~ AWS + Site Index
ASD ~ PWP + Site Index + ABA
ASD ~ AWS + Canopy
ASD ~ Site Index + ABA
ASD ~ AWS + ABA
ASD ~ Canopy + ABA
ASD ~ PWP + Canopy + ABA
ASD ~ PWP + ABA + PWP*ABA
ASD ~ ABA + Site Index + Site Index*ABA
ASD ~ Precipitation + Site Index + Canopy
ASD ~ Precipitation + Site Index + ABA
ASD ~ Precipitation + Canopy + ABA
ASD ~ Precipitation + ABA + Precipitation*ABA
ASD ~ AWS + ABA + AWS*ABA
ASD ~ AWS + Site Index + Canopy
ASD ~ Site Index + Canopy + ABA
ASD ~ AWS + Site Index + ABA
ASD ~ AWS + Canopy + ABA

K

AICc

ΔAICc

3
2
3
4
3
3
4
3
4
4
4
4
5
4
4
5
4
4
4
4
5
5
5
5
5
5
5
5
5
5
5
5

857.40
857.50
858.50
859.30
859.60
859.60
859.70
859.80
859.90
860.70
860.80
860.90
861.60
861.70
861.80
861.80
861.90
861.90
862.00
862.00
862.30
862.40
862.90
863.20
863.30
863.30
863.40
864.00
864.20
864.30
864.30
864.40

0.00
0.08
1.02
1.83
2.11
2.11
2.29
2.34
2.43
3.30
3.37
3.46
4.17
4.27
4.36
4.38
4.41
4.49
4.53
4.61
4.85
4.93
5.50
5.74
5.87
5.91
5.96
6.58
6.73
6.83
6.90
6.98

Akaike
weight (wi)
0.15
0.15
0.09
0.06
0.05
0.05
0.05
0.05
0.05
0.03
0.03
0.03
0.02
0.02
0.02
0.02
0.02
0.02
0.02
0.02
0.01
0.01
0.01
0.01
0.01
0.01
0.01
0.01
0.01
0.01
0.01
0.01

Note: ΔAICc: AICc relative to the best hypothesis (smallest information loss); Akaike weight: the
probability of each model given the data and the models present. PWP = Plant Water Potential, AWS =
Available Water Storage, and Aspen Basal Area = ABA.
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Table A2.8. Model ranking based on AICc model selection for 32 models of aspen
sucker density percent difference (ASD%diff), the percentage of total suckers that
originated post-treatment. Treatment plots only. Models with ΔAICc<7 are shown here.
Model
No.
27
32
17
15
29
28
16
31
30
02
03
12
26
19
22
23
24
18
21
01
20
25
09
04
06

Candidate models
ASD%diff ~ PWP
ASD%diff ~ intercept only (null)
ASD%diff ~ PWP + ABA
ASD%diff ~ PWP + Site Index
ASD%diff ~ Precipitation
ASD%diff ~ AWS
ASD%diff ~ PWP + Canopy
ASD%diff ~ Site Index
ASD%diff ~ ABA
ASD%diff ~ PWP + Site Index + ABA
ASD%diff ~ PWP + Canopy + ABA
ASD%diff ~ PWP + ABA + PWP*ABA
ASD%diff ~ Canopy + ABA
ASD%diff ~ AWS + Canopy
ASD%diff ~ Precipitation + Canopy
ASD%diff ~ Precipitation + ABA
ASD%diff ~ Site Index + Canopy
ASD%diff ~ AWS + Site Index
ASD%diff ~ Precipitation + Site Index
ASD%diff ~ PWP + Site Index + Canopy
ASD%diff ~ AWS + ABA
ASD%diff ~ Site Index + ABA
ASD%diff ~ Precip + Canopy + ABA
ASD%diff ~ AWS + Site Index + Canopy
ASD%diff ~ AWS + Canopy + ABA

K

AICc

ΔAICc

3
2
4
4
3
3
4
3
3
5
5
5
4
4
4
4
4
4
4
5
4
4
5
5
5

-7.80
-7.40
-6.30
-5.70
-5.50
-5.30
-5.20
-5.10
-5.00
-4.00
-3.80
-3.50
-3.50
-3.30
-3.20
-3.20
-3.10
-3.00
-2.90
-2.70
-2.60
-2.50
-1.10
-0.90
-0.90

0.00
0.44
1.49
2.18
2.30
2.56
2.69
2.73
2.81
3.85
4.07
4.33
4.34
4.50
4.66
4.67
4.76
4.87
4.92
5.10
5.21
5.32
6.74
6.91
6.92

Akaike
weight (wi)
0.18
0.15
0.09
0.06
0.06
0.05
0.05
0.05
0.04
0.03
0.02
0.02
0.02
0.02
0.02
0.02
0.02
0.02
0.02
0.01
0.01
0.01
0.01
0.01
0.01

Note: ΔAICc: AICc relative to the best hypothesis (smallest information loss); Akaike weight: the
probability of each model given the data and the models present. PWP = Plant Water Potential; ABA
= Aspen Basal Area; and AWS = Available Water Storage.
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Appendix B: Supplemental material associated with Chapter 3:

Can moisture release increase overstory vigor of aspen in a dry forest ecosystem?
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Table B3.1. Measurements taken of environmental and ecological drivers of basal area
increment (BAI).

Measurement
Available Water Storage ~ f (soil type * soil depth)
Precipitation (total per water year)
Plant Water Potential (as Ψleaf)
Growing Degree Days (≥5 C)
Canopy Cover (aspen)
pH
Site Index ~ f (tree height and age)

Plot or Stand
Level
Plot
Stand
Plot
Stand
Plot
Stand
Plot
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35.00
y = 1.2341x0.6032
r² = 0.74445

Height (meters)

30.00
25.00
20.00
15.00
10.00
5.00
0.00
0

20

40

60

80

100

120

140

160

180

Age (years)

Figure B3.1. Tree age from dominant or co-dominant aspen trees in each plot across
study area. A trendline was fit through zero and this equation was used to calculate site
index for each plot at tree age 50. To place each tree at age 50, we used relative height
(measured height over predicted height) at measured year. Our final equation was site
index =(1.2341*500.6032)*(relative height).
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# of aspen per hectare

25

A.

20
15

R² = 0.10923

10
5
0
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120

# of trees per hectare >20 cm DBH

16

B.

14
12

R² = 0.73567

10
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2
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0
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40
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80

100

120

Stand Aspen Basal Area
Figure B3.2. No significant correlation between aspen basal area and (A.) number of
aspen trees per hectare (r=0.31, t1,27=1.687, p-value=0.103). Significant positive
correlation between aspen basal area and (B.) number of trees per hectare that were
>20 cm DBH (r=0.85, t1,27=8.472, p-value<0.0001).
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25.00

BAI by aspen tree

20.00

15.00

R² = 0.3921

10.00
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50.00

60.00

DBH by aspen tree
Figure B3.3. Significant positive correlation between DBH and BAI for aspen trees
(r=0.52, t1,75=5.295, p-value<0.0001).
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Table B3.2. Differences in average growing degree days (³5 C) and average annual
precipitation (mm) per water year in experimentally treated and control plots.
Comparison is 5-years before (2006-2010) to three years after (2011-2013) treatment of
conifer removal. Watersheds include control plots.
Watershed

Estimated Difference

95% CI

t-statistic

p-value

GDD (days)
Chemult

20.5

(-68.91, 27.91)

t2 = 1.822

=0.21

Prairie City

18.3

(-54.53, 17.86)

t2 = 2.179

=0.16

Lakeview

16.0

(-106.39, 74.39)

t2 = 0.762

=0.53

m=9

=0.79

Precipitation (mm)
Chemult1
Prairie City

26.33

(-104.18, 156.85)

t2 = 0.868

=0.48

Lakeview

6.33

(-122.66, 135.33)

t2 = 0.211

=0.85

1

Wilcoxon rank-sum test. Hypothesis: m=0.
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Table B3.3. Differences in average annual growing degree days (³5 C) and average
annual precipitation (mm) per water year for historically treated plots. Comparison is 5year pre-treatment averages to all post-treatment average years after treatment of
conifer removal.

Watershed

Years
PostTreatment

Estimated
Difference

95% CI

t-statistic

p-value

GDD (days)
Collins

7

6.2

(-21.61, 9.21)

t4 = 1.12

=0.33

Crescent 1

7

5.4

(-19.47, 30.27)

t2 = 0.603

=0.58

Crescent 2

14

6.2

(-45.34, 32.94)

t4 = 0.440

=0.68

Emigrant Creek

11

17.9

(-4.71, 40.51)

t4 = 02.20

=0.09

Precipitation
(mm)
Collins

7

33.8

(-3.83, 71.43)

t4 = 2.494

=0.07

Crescent 1

7

84.6

(-440.65, 271.45)

t4 = 0.659

=0.54

Crescent 2

14

153.2

(-385.11, 691.51)

t4 = 0.790

=0.47

Emigrant Creek

11

144.9

(-333.91, 44.11)

t4 = 2.129

=0.10
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Table B3.4. Differences in mean annual BAI for post-treatment years 1-11 (CY 19952005) when compared to 5-year pre-treatment average in historically treated plots
(n=11) in one watershed. Measurements and analysis ended in CY 2006 when second
treatment occurred. FDR p-values adjusted.
Comparison

Estimated
Difference
(cm2)

95% CI

Post Yr1 - Pre Average

0.98

Post Yr2 - Pre Average

t-statistic

Adjusted
p-value

(0.18, 1.78)

t56 = 2.46

=0.017*

1.88

(1.09, 2.68)

t56 = 4.74

<0.001**

Post Yr3 - Pre Average

2.59

(0.91, 4.27)

t56 = 3.09

=0.005**

Post Yr4 - Pre Average

3.45

(0.90, 4.23)

t41.8 = 3.31

=0.002**

Post Yr5 - Pre Average

3.91

(1.21, 6.61)

t41.8 = 4.10

<0.001**

Post Yr6 - Pre Average

4.43

(2.04, 6.82)

t41.8 = 5.25

<0.001**

Post Yr7 - Pre Average

5.13

(1.91, 8.36)

t41.8 = 4.51

<0.001**

Post Yr8 - Pre Average

3.46

(2.30, 4.62)

t39 = 6.01

<0.001**

Post Yr9 - Pre Average

3.24

(2.20, 4.29)

t39 = 6.29

<0.001**

Post Yr10 - Pre Average

3.01

(0.72, 5.30)

t39 = 2.66

=0.011**

Post Yr11 - Pre Average

1.98

(0.68, 3.28)

t39 = 3.08

<0.001**

** convincing evidence of a difference
* moderate evidence of a difference
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Table B3.5. Model ranking based on AICc model selection for 32 models of BAI Year 3
(BAI Y3) the average basal area increment of aspen ramets for growing year 3 for both
treated and control plots. Only models with ΔAICc<7 are shown here.
Model
Candidate models
No.
17 BAI Y3 ~ PWP + TBA

K

AICc

ΔAICc

4

161.40

0.00

Akaike
weight (wi)
0.48

22

BAI Y3 ~ AWS + TBA

4

164.30

2.92

0.11

27

BAI Y3 ~ Site Index + TBA

4

164.90

3.46

0.09

31

BAI Y3 ~ intercept (null)

2

165.00

3.56

0.08

28

BAI Y3 ~ PWP

3

165.80

4.43

0.05

29

BAI Y3 ~ AWS

3

167.40

6.02

0.02

30

BAI Y3 ~ Site Index

3

167.50

6.05

0.02

Note: ΔAICc: AICc relative to the best hypothesis (smallest information loss); Akaike weight: the
probability of each model given the data and the models present. PWP = Plant Water Potential, TBA =
Total Basal Area, and AWS = Available Water Storage.
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Table B3.6. Model ranking based on AICc model selection for 19 models of percent
difference in BAI Year 3 (%Diff Y3) the percent change in average basal area increment
from 5 years pre-treatment to growing year 3 post-treatment (treated plots only). All
models had a ΔAICc<7 and are shown here.
Model
No.
19
17
09
10
11
18
16
06
08
07
15
05
04
14
03
13
12
01
02

Candidate models
%Diff Y3 ~ intercept (null)
%Diff Y3 ~ AWS
%Diff Y3 ~ Canopy + TBA
%Diff Y3 ~ AWS + TBA
%Diff Y3 ~ Precip + AWS
%Diff Y3 ~ Site Index
%Diff Y3 ~ PWP
%Diff Y3 ~ AWS + GDD
%Diff Y3 ~ AWS + Soil
%Diff Y3 ~ AWS + Site Index
%Diff Y3 ~ Site Index + TBA
%Diff Y3 ~ PWP + TBA
%Diff Y3 ~ PWP + Canopy
%Diff Y3 ~ Site Index + Canopy
%Diff Y3 ~ PWP + Soil
%Diff Y3 ~ Site Index + Soil
%Diff Y3 ~ Site Index + GDD
%Diff Y3 ~ PWP + GDD
%Diff Y3 ~ PWP + Site Index

K

AICc

ΔAICc

Akaike
weight (wi)

2
3
4
4
4
3
3
4
4
4
4
4
4
4
4
4
4
4
4

41.40
42.00
43.00
43.60
44.20
44.30
44.30
44.40
45.20
45.20
45.30
45.30
45.50
45.60
45.70
45.90
47.60
47.60
47.60

0.00
0.53
1.52
2.20
2.76
2.84
2.88
3.00
3.77
3.77
3.81
3.88
4.02
4.20
4.25
4.40
6.16
6.18
6.19

0.21
0.16
0.10
0.07
0.05
0.05
0.05
0.05
0.03
0.03
0.03
0.03
0.03
0.03
0.03
0.02
0.01
0.01
0.01

Note: ΔAICc: AICc relative to the best hypothesis (smallest information loss); Akaike weight: the
probability of each model given the data and the models present. AWS = Available Water Storage,
Canopy = Aspen Canopy Cover, TBA = Total Basal Area, Precip = Precipitation, PWP = Plant Water
Potential, and GDD = Growing Degree Days.

151
Appendix C: Supplemental material associated with Chapter 4:

Predicted stem death in a moisture-demanding tree species from climate change effects
in a dry system
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Table C4.1. Parameters used for 3-PGmix
Parameter description from 3-PGmix
Biomass partitioning and turnover
Allometric relationships & partitioning
Foliage:stem partitioning ratio @ D=2 cm
Foliage:stem partitioning ratio @ D=20 cm
Constant in the stem mass v. diam. Relationship
Power in the stem mass v. diam. Relationship
Maximum fraction of NPP to roots
Minimum fraction of NPP to roots
Litterfall & root turnover
Maximum litterfall rate
Litterfall rate at t = 0
Age at which litterfall rate has median value
Average monthly root turnover rate
If deciduous, leaves are produced at end of this month
If deciduous, leaves all fall at start of this month

Populus tremuloides
Value
Units

3-PGmix
name

Source

pFS2
pFS20
aWS
nWS
pRx
pRn

0.71
0.2
0.081
2.46
0.34
0.17

-

Headlee et al., 2013

gammaF1
gammaF0
tgammaF
gammaR
leafgrow
leaffall

0.1
0.083
18
0.015
5
10

1/month
1/month
months
1/month
month
month

Headlee et al., 2013
Headlee et al., 2013
Headlee et al., 2013
Sands and Landsberg, 2002
field observation, this study
field observation, this study

Headlee et al., 2013
Headlee et al., 2013
Amichev et al., 2010
Headlee et al., 2013

NPP & conductance modifiers
Temperature modifier (fT)
Minimum temperature for growth
Optimum temperature for growth
Maximum temperature for growth

Tmin
Topt
Tmax

5
20
40

deg. C
deg. C
deg. C

Amichev et al., 2010
Amichev et al., 2010
Amichev et al., 2010

Frost modifier (fFrost)
Days production lost per frost day

kF

1

days

Amichev et al., 2010

Soil water modifier (fSW)
Moisture ratio deficit for fq = 0.5
Power of moisture ratio deficit

Swconst
Swpower

0.7
9

-

Headlee et al., 2013
Headlee et al., 2013

fCalpha700
fCg700

1.4
0.7

-

Sands and Landsberg, 2002
Sands and Landsberg, 2002

0

-

Headlee et al., 2013

Atmospheric CO2 modifier (fCO2)
Assimilation enhancement factor at 700 ppm
Canopy conductance enhancement factor at 700 ppm
Fertility effects
Value of ‘m’ when FR = 0

m0
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Value of ‘fNutr’ when FR = 0
Power of (1-FR) in ‘fNutr’
Age modifier (fAge)
Maximum stand age used in age modifier
Power of relative age in function for fAge
Relative age to give fAge = 0.5
Stem mortality & self-thinning
Mortality rate for large t
Seedling mortality rate (t = 0)
Age at which mortality rate has median value
Shape of mortality response
Max. stem mass per tree @ 1000 trees/hectare
Power in self-thinning rule
Fraction mean single-tree foliage biomass lost per dead tree
Fraction mean single-tree root biomass lost per dead tree
Fraction mean single-tree stem biomass lost per dead tree
Canopy structure and processes
Specific leaf area
Specific leaf area at age 0
Specific leaf area for mature leaves
Age at which specific leaf area = (SLA0+SLA1)/2
Light interception
Extinction coefficient for absorption of PAR by canopy
Age at canopy cover
Maximum proportion of rainfall evaporated from canopy
LAI for maximum rainfall interception
LAI for 50% reduction of VPD in canopy
Production and respiration
Canopy quantum efficiency
Ratio NPP/GPP
Conductance
Minimum canopy conductance
Maximum canopy conductance
LAI for maximum canopy conductance
Defines stomatal response to VPD
Canopy boundary layer conductance

fN0
fNn

0.26
1

-

Headlee et al., 2013
Headlee et al., 2013

MaxAge
nAge
rAge

200
4
0.95

years
-

field observation, this study
Sands and Landsberg, 2002
Sands and Landsberg, 2002

gammaN1
gammaN0
tgammaN
ngammaN
wSx1000
thinPower
mF
mR
mS

0
10
1
1
116
1.7
0
0.2
0.2

%/year
%/year
years
kg/tree
-

Sands and Landsberg, 2002
This study
Headlee et al., 2013
Sands and Landsberg, 2002

SLA0
SLA1
tSLA

19
14
5

m2/kg
m2/kg
years

Headlee et al., 2013
Wang and Curtis 2001
Headlee et al., 2013

k
fullCanAge
MaxIntcptn
LAImaxIntcptn
cVPD

0.77
8
0.01
7.3
5

years
-

Headlee et al., 2013

alphaCx
Y

0.09
0.43

molC/molPAR
-

Headlee et al., 2013

MinCond
MaxCond
LAIgcx
CoeffCond
Blcond

0
0.02
3.33
0.05
0.05

m/s
m/s
1/mBar
m/s

Sands and Landsberg, 2002
Sands and Landsberg, 2002
Sands and Landsberg, 2002
Sands and Landsberg, 2002
Headlee et al., 2013

This study
Sands and Landsberg, 2002
Sands and Landsberg, 2002
Sands and Landsberg, 2002

Headlee et al., 2013
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Wood d13C
The ratio of diffusivities of CO2 and water vapour in air
d13C difference of modelled tissue and new photosynthate
Fractionation against 13C in diffusion
Enzymatic fractionation by Rubisco

RGcGw
D13CtissueDif
aFracDiffu
bFracRubi

0.66
2
4.4
27

per mil
per mil
per mil

Sands and Landsberg, 2002
Sands and Landsberg, 2002
Sands and Landsberg, 2002
Sands and Landsberg, 2002

Wood and stand properties
Branch and bark fraction (fracBB)
Branch and bark fraction at age 0
Branch and bark fraction for mature stands
Age at which fracBB = (fracBB0+fracBB1)/2

fracBB0
fracBB1
tBB

0.65
0.24
4

years

Headlee et al., 2013
Headlee et al., 2013

Basic Density
Minimum basic density - for young trees
Maximum basic density - for older trees
Age at which rho = (rhoMin+rhoMax)/2

rhoMin
rhoMax
tRho

0.39
0.35
2

Mg/m3 = g/cm3
Mg/m3 = g/cm3
years

Headlee et al., 2013
Headlee et al., 2013
Headlee et al., 2013

Stem height
Constant in the stem height relationship
Power of DBH in the stem height relationship
Power of competition in the stem height relationship

aH
nHB
nHC

3.789662288
0.4228882
0

-

Forrester and Tang 2016
Forrester and Tang 2016
Forrester and Tang 2016

Stem volume
Constant in the stem volume relationship
Power of DBH in the stem volume relationship
Power of height in the stem volume relationship
Power of DBH^2 x height in the stem volume relationship

aV
nVB
nVH
nVBH

0.000135849
0
0
0.84041

-

Forrester and Tang 2016
Forrester and Tang 2016
Forrester and Tang 2016
Forrester and Tang 2016

3

-

Forrester and Tang 2016

Crown shape
Crown shape (1=cone, 2=ellipsoid, 3=half-ellipsoid, 4=rectangular)

crownshape

Crown diameter
Constant in the crown diameter relationship
Power of DBH in the crown diameter relationship
Power of height in the crown diameter relationship
Power of competition in the crown diameter relationship
Power of relative height in the crown diameter relationship

aK
nKB
nKH
nKC
nKrh

0.478619572
0.9781
0
0
0

-

Forrester and Tang 2016
Forrester and Tang 2016
Forrester and Tang 2016
Forrester and Tang 2016
Forrester and Tang 2016

Live-crown length
Constant in the LCL relationship

aHL

1.712788303

-

Forrester and Tang 2016
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Power of DBH in the LCL relationship
Power of LAI in the LCL relationship
Power of competition in the LCL relationship
Power of relative height in the LCL relationship
Diameter distributions
Constant in the relationship for Weibull scale parameter of D distribution
Slope of DBH in relationship for Weibull scale parameter of D distribution
Slope of height in relationship for Weibull scale parameter of D distribution
Slope of age in relationship for Weibull scale parameter of D distribution
Slope of competition in relationship for Weibull scale parameter of D
distribution
Constant in the relationship for Weibull shape parameter of D distribution
Slope of DBH in relationship for Weibull shape parameter of D distribution
Slope of height in relationship for Weibull shape parameter of D distribution
Slope of age in relationship for Weibull shape parameter of D distribution
Slope of competition in relationship for Weibull shape parameter of D
distribution
Constant in the relationship for Weibull location parameter of D distribution
Slope of DBH in relationship for Weibull location parameter of D distribution
Slope of height in relationship for Weibull location parameter of D distribution
Slope of age in relationship for Weibull location parameter of D distribution
Slope of competition in relationship for Weibull location parameter of D
distribution
Intercept of CV of D distribution vs age relationship
Slope of CV of D distribution vs age relationship
ws distributions
Constant in the relationship for Weibull scale parameter of ws distribution
Slope of DBH in relationship for Weibull scale parameter of ws distribution
Slope of height in relationship for Weibull scale parameter of ws distribution
Slope of age in relationship for Weibull scale parameter of ws distribution
Slope of competition in relationship for Weibull scale parameter of ws
distribution
Constant in the relationship for Weibull shape parameter of ws distribution
Slope of DBH in relationship for Weibull shape parameter of ws distribution
Slope of height in relationship for Weibull shape parameter of ws distribution
Slope of age in relationship for Weibull shape parameter of ws distribution
Slope of competition in relationship for Weibull shape parameter of ws
distribution
Constant in the relationship for Weibull location parameter of ws distribution
Slope of DBH in relationship for Weibull location parameter of ws distribution

nHLB
nHLL
nHLC
nHLrh

0.5298452
0
0
0

-

Forrester and Tang 2016
Forrester and Tang 2016
Forrester and Tang 2016
Forrester and Tang 2016

Dscale0
DscaleB
Dscalerh
Dscalet

2.19880444
0
0
0
0

-

Forrester and Tang 2016
Forrester and Tang 2016
Forrester and Tang 2016
Forrester and Tang 2016
Forrester and Tang 2016

0.565164366
0
0
0
0

-

Forrester and Tang 2016
Forrester and Tang 2016
Forrester and Tang 2016
Forrester and Tang 2016
Forrester and Tang 2016

0
0
0
0
0

-

Forrester and Tang 2016
Forrester and Tang 2016
Forrester and Tang 2016
Forrester and Tang 2016
Forrester and Tang 2016

aBCV
bBCV

0.467277616
0

-

Forrester and Tang 2016
Forrester and Tang 2016

wsscale0
wsscaleB
wsscalerh
wsscalet

2.466157647
0
0
0
0

-

Forrester and Tang 2016
Forrester and Tang 2016
Forrester and Tang 2016
Forrester and Tang 2016
Forrester and Tang 2016

0.817106217
0
0
0
0

-

Forrester and Tang 2016
Forrester and Tang 2016
Forrester and Tang 2016
Forrester and Tang 2016
Forrester and Tang 2016

DscaleC
Dshape0
DshapeB
Dshaperh
Dshapet
DshapeC
Dlocation0
DlocationB
Dlocationrh
Dlocationt
DlocationC

wsscaleC
wsshape0
wsshapeB
wsshaperh
wsshapet
wsshapeC
wslocation0
wslocationB

0
0

Forrester and Tang 2016
Forrester and Tang 2016
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Slope of height in relationship for Weibull location parameter of ws distribution
Slope of age in relationship for Weibull location parameter of ws distribution
Slope of competition in relationship for Weibull location parameter of ws
distribution
Intercept of CV of ws distribution vs age relationship
Slope of CV of ws distribution vs age relationship
Conversion factors
Intercept of net v. solar radiation relationship
Slope of net v. solar radiation relationship
Molecular weight of dry matter
Conversion of solar radiation to PAR

wslocationrh
wslocationt
wslocationC
awCV
bwCV
Qa
Qb
gDM_mol
molPAR_MJ

0
0
0

Forrester and Tang 2016
Forrester and Tang 2016
Forrester and Tang 2016

0.513333594
0

-

Forrester and Tang 2016
Forrester and Tang 2016

-90
0.8
24
2.3

W/m2
gDM/mol
mol/MJ

Forrester and Tang 2016
Forrester and Tang 2016
Forrester and Tang 2016
Forrester and Tang 2016

Forrester and Tang (2016) parameters from Liquidambar formosana provided as values for 3-PGmix.
Sands and Landsberg (2002) parameters from Eucalyputs globulus as default values for 3-PG.
Headlee et al., (2013) and Amichev et al., (2010) parameters from Populus hybrids.
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Modeled Data

Figure C4.1. Slopes for observed data (= 0.0953) and for modeled data (= 0.0854). The
modeled data became the standard for all variables in 3PGmix where only soil moisture
was modified with this set as medium soil moisture.
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(A) High
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(B) Medium
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(C) Low
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Plot age (years)
3-PGmix BAI

Observed BAI

Figure C4.2. 3PGmix model run simulations (triangle) and observed BAI (circles) and for:
(A) high soil moisture with available water storage set at 300 mm; (B) medium soil
moisture with available water storage set at 210 mm; and (C) low soil moisture with
available water storage set at 160 mm. All other parameters the same.
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Table C4.2. Lowest and average basal area index (BAI) generated to create thresholds
based on Oregon observed data (this study) and Northern Arizona study (Ireland et al.,
2014) for live and dead stems.
BAI (cm2yr-1) of aspen stems
Oregon Stems:
Live

N Arizona Stems Ratio:
Dead to Live

Oregon Stems:
Survival Threshold

(stem age)

(stem age)

(stem age)

40

70

100

40

70

100

40

70

100

4.99

7.90

77.5%

63.3%

68.3%

5.06

3.16

5.39

7.83 10.14

9.67

68.2%

56.9%

54.4%

5.34

5.77

5.26

Low BAI1 6.52
Average
BAI
1

For N Arizona ratio, low BAI (mean-1 SE) from live stems was compared to high BAI (mean+1 SE) from
dead stems

Supplemental information: Oregon data are 20-year span (30-50) with 3-year averages
for 40 year-old stems, 10-year span (65-75) with 3-year averages for 70-year old
stems, and 15-year span (95-110) with 3-year averages for 100-year old stems (this
study). Low BAIs representing single plot’s 3-year average (see details, this study).
Arizona data are 10-year averages for each stem year and low BAIs representing
subtraction of the standard error of the given mean where values were derived from
estimations based on published graphs in supplemental data (Ireland et al., 2014).

Modeled BAI (cm2yr-1)

160

Climate Year
Figure C4.3. RCP 4.5 basal area increment (BAI) 3-PGmix model output for high ASW
with trees originating at 1985 and grown to 100 years through 2085. Predicted BAI for
future years calculated from the average line.
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Figure C4.4. RCP 4.5 basal area increment (BAI) 3-PGmix model output for low ASW
(160 mm) with trees originating at 1985 and grown to 100 years through 2085.
Predicted BAI for future years calculated from the average line.
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Figure C4.5. RCP 8.5 basal area increment (BAI) 3-PGmix model output for high ASW
(300 mm) with trees originating at 1985 and grown to 100 years through 2085.
Predicted BAI for future years calculated from the average line.

163
16

14

Modeled BAI (cm2yr-1)

12

10

8

6

4

2

0
0

10

20

30

40

50

60

70

80

90

100

Calendar Year
Figure C4.6. RCP 8.5 basal area increment (BAI) 3-PGmix model output for low ASW
(160 mm) with trees originating at 1985 and grown to 100 years through 2085.
Predicted BAI for future years calculated from the average line.
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Table C4.3. ASW effect in RCP 4.5. Comparison of basal area increments (BAI) for aspen between soil moisture
availability levels under future climate scenarios of RCP 4.5 (CanESM2).

Comparison of ASW:

RCP 4.5

RCP 4.5

RCP 4.5

Future Climate CY 2025

Future Climate CY 2055

Future Climate CY 2085

% increase at stand age:

% increase at stand age:

% increase at stand age:

40

70

100

40

70

100

40

70

100

Medium to Low

32.9%

34.8%

38.2%

39.0%

40.6%

37.2%

46.7%

39.6%

40.4%

High to Medium

51.0%

48.7%

42.7%

49.8%

49.0%

41.8%

23.7%

46.1%

41.6%

High to Low

67.1%

66.6%

64.6%

69.3%

69.7%

63.5%

59.3%

67.4%

65.2%
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Table C4.4. Calendar year effect in RCP 4.5. Comparison of basal area increments (BAI) between calendar year (CY) and
stand age for aspen under climate scenarios RCP 4.5 (CanESM2). Numbers in bold represent >20% absolute difference.

ASW

Low
(160 mm)

Medium
(210 mm)

High
(300 mm)

Difference between

Difference between

Difference between

CY 2055 to 2025

CY 2085 to 2055

CY 2085 to 2025

% difference at stand age:

% difference at stand age:

% difference at stand age:

40

70

100

40

70

100

40

70

100

-11.3%

-10.1%

3.6%

-31.9%

3.3%

-8.8%

-39.6%

-7.2%

-5.5%

-2.5%

-1.3%

2.0%

-22.1%

1.5%

-4.0%

-24.1%

0.2%

-2.0%

-5.0%

-0.8%

0.5%

-48.7%

-4.0%

-4.3%

-51.2%

-4.7%

-3.8%
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Table C4.5. ASW effect in RCP 8.5. Comparison of basal area increments (BAI) for aspen between soil moisture
availability levels under future climate scenarios of RCP 8.5 (CanESM2).

Comparison of ASW:

RCP 8.5

RCP 8.5

RCP 8.5

Future Climate CY 2025

Future Climate CY 2055

Future Climate CY 2085

% increase at stand age:

% increase at stand age:

% increase at stand age:

40

70

100

40

70

100

40

70

100

Medium to Low

43.4%

38.9%

43.3%

24.2%

49.3%

36.2%

31.8%

39.0%

49.4%

High to Medium

39.4%

46.7%

40.2%

51.9%

40.5%

41.9%

40.5%

51.2%

35.2%

High to Low

65.7%

67.4%

66.1%

63.5%

69.8%

62.9%

59.5%

70.2%

67.2%
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Table C4.6. Calendar year effect in RCP 8.5. Comparison of basal area increments (BAI) between calendar year (CY) and
stand age for aspen under climate scenarios RCP 8.5 (CanESM2). Numbers in bold represent >20% absolute difference.

ASW

Low
(160 mm)

Medium
(210 mm)

High
(300 mm)

Comparison of:

Comparison of:

Comparison of:

2055 to 2025

2085 to 2055

2085 to 2025

% difference at stand age:

% difference at stand age:

% difference at stand age:

40

70

100

40

70

100

40

70

100

-13.8%

-8.8%

10.2%

-47.9%

-5.9%

-16.0%

-55.1%

-14.1%

-7.5%

-35.6%

9.9%

-2.2%

-42.1%

-21.7%

6.0%

-62.7%

-14.0%

3.7%

-18.9%

-1.5%

0.8%

-53.2%

-4.6%

-5.0%

-62.0%

-6.0%

-4.2%
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Figure D5.1. As I drove around the state for five years to collect data on aspen plots, I
was accompanied by only one other, my dog Loki. He was my best friend, constant field
companion, and very happy and eager field tech. I will miss him dearly.

