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ABSTRACT

REFORESTATION PRACTICES AND MICROSITE EFFECTS ON THE PERFORMANCE
OF CONTRASTING SYMPATRIC TREE SPECIES: A CASE-STUDY FOR ADAPTIVE

SILVICULTURE

In the central-southern Rocky Mountain region, warming climate in low-elevation Engelmann
spruce forests may limit future viability of spruce but favor sympatric species like ponderosa
pine, prompting consideration of both species in adaptive reforestation efforts. We used a
planting experiment to systematically evaluate survival and root growth of these contrasting
species to microsite conditions resulting from silvicultural regeneration treatments in a spruce
forest on the Uncompahgre Plateau, Colorado. Our assessment targeted the effects of varying
levels of canopy cover generated by different regeneration treatments, paired with and without
microsite shelter from coarse woody debris. For explaining survival, we also considered the
potential for covarying microsite influences of vegetation, soil, or litter cover, soil moisture and
depth, surrounding natural tree regeneration, and seedling size. Survival of pine was twice that
of spruce, but the relative effects of microsite variables were similar, possibly due to the severe
drought during our study and the stress of first-season establishment. Coarse woody debris
shelter benefitted survival of both species, likely from shading of succulent stem tissue and
improved soil moisture retention. Influences of canopy cover were comparatively indistinct
overall, which may reflect reduced capacity for temperature and moisture buffering on extremely
dry sites. Survival was also strongly negatively affected by seedling height, suggesting a

potential benefit of lower above-to-belowground biomass ratios for establishment in stressful



environments. Root growth was seemingly limited by light for both species in the most dense,
unharvested canopy environments, and for pine in coarse woody debris shelter. Our results
imply that adaptive reforestation efforts in similar environments should consider more drought-
adapted, sympatric species as viable alternatives or supplements to moisture-dependent species at
their current lower range limits. Additionally, our results show that first-season seedling
survivorship is strongly dependent on facilitating influences of adjacent, non-living shelter,
especially compared to canopy cover effects, and seedling development prior to outplanting,

favoring lower shoot-to-root ratios.
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CHAPTER 1: REFORESTATION PRACTICES AND MICROSITE EFFECTS ON THE
PERFORMANCE OF CONTRASTING SYMPATRIC TREE SPECIES: A CASE-STUDY

FOR ADAPTIVE SILVICULTURE

1.1 Introduction

Research related to adaptive management and adaptive silviculture practices is motivated
in part by the need to support forestry professionals with systematic evaluation of relevant
management options for effectively responding to anticipated effects of climate change on forest
dynamics (e.g., Kemp et al. 2015, Sousa-Silva et al. 2018). Considerable attention has been
given to potential climate change-related impacts on forest composition, structure, and function,
but there is a need for more thorough investigation of the mechanisms of potential impacts and
the opportunities for different silvicultural approaches to address these mechanisms (Keenan
2015; Fahey et al. 2018). These concerns have in part been resolved through development of
conceptual and integrative frameworks for practical implementation of adaptive management
ideas (DeRose and Long 2014), and are increasingly incorporated into operational-scale field
trials of different silvicultural strategies and tactics (e.g., Nagel et al. 2017; Yousefpour et al.
2017; Halofsky et al. 2018; Fahey et al. 2018). However, adaptive approaches seek to manage
uncertainty surrounding the extent and outcomes of environmental change, which are dependent
on ecological responses and feedbacks occurring at local to regional geographic scales and at
different time scales (Jacobs et al. 2015; Messier et al. 2016; Fischer 2018). Consequently, there
is a need to better understand mechanisms of uncertainty and change as they relate to
environmental and practical concerns in local- and regional-specific management applications,

and at relevant time scales (Keenan 2015; Kemp et al. 2015; Lawrence 2017; Fahey et al. 2018;



Sousa-Silva et al. 2018). More specifically, to effectively manage toward desired future
conditions in the context of uncertainty (or within envelopes of acceptable conditions; Matonis et
al. 2016; Golladay et al. 2016), silviculture practitioners will in part rely on continuous, case-
study scale research which provides robust estimation of outcomes relevant to silvicultural
strategies and practices in local- and regional-specific environments. A necessarily iterative
process (e.g. Lawrence 2017; Halofsky et al. 2018) given the gradual unfolding of climate
change effects, case-study applications evaluating mechanisms of change in forest dynamics and
the influence of silvicultural practices can be time- and resource-efficient contributions in this
regard.

Regeneration and reforestation (hereafter reforestation) practices are among the foremost
concerns in adaptive silviculture, especially given uncertainty in the pace and extent of climate
change and species’ autecological and synecological responses to varying degrees of
environmental change (Messier et al. 2016; Nolan et al. 2018; North et al. 2019). In this way,
adaptive reforestation practices, including but not limited to regeneration treatments and planting
practices, are essential for ensuring forest cover and function through securing new cohorts of
trees. This requires managing for the greater sensitivity of juvenile trees to limiting conditions
that define a species’ viability (Pulliam 2000; Malis et al. 2008), which may be exacerbated or
diminished with climate change impacts (e.g., Bell et al. 2014). Specifically, while the climate-
related processes that could drive changes to forests at landscape scales are complex, the
restrictive nature of conditions suitable for seedling establishment relative to adult survival
suggests regeneration failures are a plausible mechanism for changes in species distributions and
forest cover and function as a result of climate change (Mok et al. 2012; Bell et al. 2014;

Copenhaver-Parry et al. 2017). These concerns are likely to be amplified in areas that are



marginal relative to the general distribution of a species (Bell et al. 2014; Dobrowski et al 2015),
such as lower and upper elevation range extents (Kroiss and HilleRisLambers 2015), but will
depend in part on species-specific adaptations to abiotic extremes or variability (e.g., Ibdiez et
al. 2007; Larson and Funk 2016). In these areas, adaptive approaches to reforestation may
therefore include managing for a diversity of species with different adaptations to current or
expected environmental conditions, namely climate (Aitken et al. 2008; Hof et al. 2017; Guldin
2019). These concerns underscore the need for local and regional reforestation efforts to better
account for biophysical microsite influences (Lembrechts et al. 2018), especially those affected
by silvicultural practices, for the various species (mixes) which silviculture seeks to regenerate
(Chmura et al. 2011; Larson and Funk 2016; Anderson and Puettmann 2017; Nolet et al. 2018;
Guldin 2019). Consequently, there is a need to evaluate reforestation options and tools in terms
of species responses to microsite conditions, especially those that relate to components of the
silvicultural regeneration treatment environment (Grossnickle 2018). Reforestation options are
therefore critical considerations in adaptive silviculture that is responsive to climate change, as
these provide the basis for ensuring forest cover and function, implying the need to more
precisely account for microsite influences on performance of species of interest, especially in
sensitive marginal distribution areas.

Adaptive silviculture approaches to reforestation in the central-southern Rocky Mountain
region will likely need to consider greater frequency of growing season drought conditions
resulting from reduced snowpack and increased summer temperatures in the future (Lukas et al.
2014). These anticipated changes may restrict survivorship of mesic, high-elevation species,
especially at their lower elevation range (marginal) limits (Conlisk et al. 2017; Kueppers et al.

2017), while favoring or expanding that of more xeric, montane species (Rehfeldt et al. 2014;



Elsen and Tingley 2015). Yet, silviculture provides opportunities to mediate the pace and extent
of climate-induced changes in these forest communities, especially through manipulating forest
structure and composition. Management of structural conditions like density of canopy trees can
influence microsite temperature and moisture relations for juvenile trees (Chen et al 1999;
Aussenac 2000; Gray et al. 2002; von Arx et al. 2013; De Frenne et al. 2013; Davis et al. 2019).
In this way, silvicultural practices directly influence the presence and distribution of niche
conditions for different species which are desired for reforestation. However, adaptive
reforestation approaches in marginal distribution spaces in this region must account for the
precise nature of both high-elevation and montane species’ responses to microsite conditions
generated by silvicultural treatments. It is therefore useful to evaluate the performance of
different species, with contrasting silvics and diverging expectations of future viability, in
reforestation efforts relative to microsite influences in regeneration environments, especially
those arising from silvicultural regeneration treatments.

In the central-southern Rocky Mountain region, and locations like the Uncompahgre
Plateau in particular, these concerns are present in the management of regeneration in low-
elevation Engelmann spruce (Picea engelmannii; hereafter “spruce”) forests. Spruce has been
historically difficult to regenerate in this region with both even-aged (e.g. clearcut regeneration
treatments) and uneven-aged, selection-based systems (Alexander 1987; Davy 2016). However,
silvicultural tactics used to alleviate stress of extreme temperatures and moisture availability,
such as facilitating shade or scarifying seedbeds to reduce competition with other vegetation,
have generally resulted in higher survival and seedling densities than practices not specifically
addressing those driving stressors (Day 1963 and 1964; Ronco 1967 and 1970; Alexander 1987).

For instance, research on opening sizes and tree-density related effects from silvicultural



practices suggests that spruce typically favor low (Hill et al. 2018) to intermediate (Alexander et
al. 1985; Alexander 1987) amounts of canopy cover in selection-based regeneration treatments,
or artificial or topographic sheltering in the absence of canopy cover (e.g. clearcuts; Alexander
1966 and 1984; Jacobs and Steinbeck 2001). Recent modeling efforts suggest that, at lower
elevations of its range, climate warming will result in spruce population declines (Conlisk et al.
2017; Kueppers et al. 2017). Similarly, bioclimate modeling, inclusive of Uncompahgre Plateau,
suggests that climate conditions may effectively preclude spruce persistence after 40-50 years
(Rehfeldt et al. 2015). However, spruce is a particularly important species locally on the
Uncompahgre Plateau for conservation efforts via (adaptive) forest management, due to its value
as a timber species, role in wildlife habitat (e.g. elk), and aesthetics and recreation (CFRI 2017).
Ponderosa pine (Pinus ponderosa; hereafter “pine”) is a sympatric species on the
Uncompahgre Plateau which may be better adapted to these forecasted changes, especially for its
superior ability to withstand drought and better leverage warmer conditions for growth (e.g.,
Rehfeldt et al. 2014; Carroll et al. 2017). However, it is unclear to what extent pine’s
characteristic occupation and dominance of comparatively moisture limited montane forests in
this area translates into a relative advantage in actively changing low-elevation spruce forests,
specifically for young seedlings used in reforestation efforts (e.g., Petrie et al. 2016). Because of
anticipated climate change effects in these low-elevation spruce forests, adaptive silviculture in
these areas might consider reforestation options including both species. However, there are no
examples that we are aware of which systematically examine the performance of these candidate
reforestation species relative to the influences of silvicultural practices and resulting microsite

conditions in these forests.



Spruce is a highly moisture dependent species (reviewed in Hill et al. 2018), and young
seedlings may be acutely dependent on microsite influences that facilitate moisture availability in
low-elevation forest stands (Conlisk et al. 2017; Kueppers et al. 2017) on the Uncompahgre
Plateau or similar environments in the central-southern Rocky Mountain region. Silvicultural
regeneration practices which retain sufficient canopy cover (e.g. uneven-aged systems) and
coarse woody debris on the forest floor may help create regeneration niches with relatively high
moisture availability, favored by spruce (e.g., Rehfeldt et al. 2015; Davy 2016). Conversely,
pine may be less influenced by such practices (Sheppard et al. 2006) in these spruce stands,
particularly because pine regeneration potential may increase with elevation, as documented
repeatedly after disturbance events (e.g. Stein 1988; Puhlick et al. 2012; Dodson and Root 2013;
Chambers et al. 2016; Rother and Veblen 2016). Additionally, direct results generated by
silvicultural treatments, like changes in canopy cover or woody debris microsites, affect seedling
performance concurrently with other features of seedling microsite environments (e.g. Gray et al.
2002; Chmura et al. 2011; Anderson and Puettmann 2017). These features may include soil
characteristics (e.g. moisture, texture, depth) and soil cover by other vegetation or dead organic
matter (i.e. litter or debris). Accounting for the relative effects in the seedling microsite
environment, which can covary with those generated by silvicultural treatments, will be an
essential part of informing reforestation options in these forests (Larson and Funk 2016;
Lembrechts et al. 2018).

To address this issue we established a planting experiment in a low-elevation spruce
forest on the Uncompahgre Plateau to assess seedling establishment of pine and spruce under
different silvicultural reforestation practices, and covarying biophysical microsite influences.

Our objective in this study was to determine the relative effects of silvicultural treatment



variables designed to facilitate spruce regeneration, namely varying levels of canopy cover and
coarse woody debris shelter, and other microsite variables on the early survival and growth of
both species to inform reforestation strategies and tactics in an adaptive management context.
The driving questions for the experiment were focused on evaluating reforestation options from
both a species and a silvicultural practices perspective, that is: (1) how does survival and growth
of spruce and pine compare and vary with canopy cover, coarse woody debris shelter, and other
concurrent microsite variables? And, (2) what are the effects of canopy cover and woody debris
on survival and growth of spruce and pine, relative to other microsite variables? We
hypothesized that spruce would show strong sensitivity to influences on moisture availability,
whereas pine responses would not be as sensitive. Specifically, we expected that spruce survival
would benefit from intermediate to dense canopy cover and coarse woody debris. In contrast, we
expected that pine survival would be favored in intermediate to low canopy cover and show
relative indifference to coarse woody debris shelter, except in the most exposed (open) canopy
environments. Both species were expected to be sensitive to influences on moisture availability
like soil moisture, competing vegetation, and retention effects of litter and debris cover. Pine
was expected to show greater sensitivity to light availability. Lastly, we expected growth to
benefit from intermediate to low canopy cover, but to be indifferent to coarse woody debris
shelter. Our results contribute new knowledge and insight into the effects silvicultural treatments
on sympatric species with differing silvics in terms of their microsite environments, with

implications for adaptive silviculture.



1.2 Methods
1.2.1 Study Area

We established our comparative planting study of Engelmann spruce and ponderosa pine
in May 2018 in an active timber sale area about 3.7 km northwest of Columbine Pass on the
Uncompahgre National Forest, in southwest Colorado (~ 38° 26' N, 108° 25' W; Figure 1). The
sale area covered an elevation gradient from 2717-2792 m in a spruce-dominated forest near the
upper elevational extent of the Uncompahgre Plateau, a landform which rises from the
surrounding valleys and is largely physiographically distinct from the surrounding mountains
(Hedge et al 1968). Topography of the sale area is predominantly northerly in aspect and flat, as
slopes are typically less than 10%. Some slopes as high as 30% occur in at edges of the sale area
which approach ephemeral stream bottoms (USDA NRCS 2018). Soils are almost exclusively
sedimentary-derived complexes which are characterized by minimal organic layers, and rapidly-
draining sandy and clay loam soils with low water holding capacity (Hughes et al. 1995; USDA
NRCS 2018). Bedrock may occur only 10-30 inches below the surface in these soils, which can
present substantial limitations to productivity in some areas (Hughes et al. 1995). While
geospatial soil data (USDA NRCS 2018) do not suggest varied substrate at coarse resolution,
visual observations in the area clearly suggest some locations are dominated more than others by
continuous rock material visible at and above the soil surface. Engelmann spruce is the
dominant tree species in the study area, but the Uncompahgre Plateau represents a regional
physiographic margin of its distribution, due to the geographic separateness of the Plateau from
surrounding spruce forests and the low elevations of these forests relative to the typical
altitudinal range of spruce in the central Rocky Mountains (Alexander 1987). Ponderosa pine is

a co-dominant overstory species in northern portions of the study area and becomes the dominant
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Figure 1. Detail map and inset locator map of the study area, which encompasses part of the active timber sale in
which this planting study was established. The study area specifically was located between two ephemeral stream



bottoms bordering portions of the timber sale which had been harvested at the time of this study. Harvest areas (data

via Todd Gardiner, personal communication, April 11, 2018) are indicated by light green shading (group-selection
treatment) and light brown shading (individual-tree selection treatment). Unharvested areas were used for a no
treatment comparison and are shaded in blue, surrounding harvest openings. Elevation of the area ranges from

2717-2792 m, and slopes are largely < 10% with northerly aspects. Plots in our study are indicated by the circular

symbols; two seedlings of each species were planted at each plot location, with one planted in coarse woody debris

shelter and one planted without. All data, unless otherwise indicated, retrieved from the USDA NRCS Geospatial

Data Gateway (USDA NRCS 2018).

species at lower elevations. Pockets of Douglas-fir (Pseudotsuga menziesii) are also present, and
aspen (Populus tremuloides) are abundant in both the canopy and understory. Though subalpine
fir (Abies lasiocarpa) is also a ubiquitous associate of spruce in the area, mortality of canopy fir
at the time of study was close to 100% due to previous spruce budworm activity.

Data from the nearest weather station, at Columbine Pass, indicate that the area receives
about 84.5 cm annual precipitation on average (Figure 2; 1987-2017 data from SNOTEL site
409, ~ 2,870 m, 38°25° N, 108°23” W, https://wcc.sc.egov.usda.gov/nwcc/site?sitenum=409), the
majority of which arrives in the form of snow. In contrast, growing season (May-September)
precipitation accounts for only about 26% of annual totals and arrives predominantly in July-
September. Temperatures (Figure 2) typically reach their annual average maximum (30.7° C) in
July or August and average near 12.8° during the growing season. Winters are cold, and the
average annual winter temperature is approximately -1.0° C. Conditions during our study period
(May-October 2018) diverged considerably from these average conditions (1987-2017), being
warmer and drier in nearly every month on average (Figure 3). Notably, average temperatures
over the growing season period were 1.6° C higher, and precipitation, totaling only 7.87 cm, was
36% of the average over this period. In addition, monthly precipitation accumulation was highly
variable, with over 50% coming during July 2018 and zero accumulation recorded in June 2018.
Compounding these warmer and drier growing season conditions, winter temperatures and

precipitation (October 2017-April 2018) saw precipitation accumulations only 38% of average
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Figure 2. Mean annual temperature (MAT; top panel) and mean annual precipitation (MAP; bottom panel) near the
study site for 1987-2018, inclusive of our study period (May-October 2018). Dashed lines indicate mean conditions
for the period 1987-2018, and red lines represent the linear trend over this period. Weather conditions for our study
period diverged sharply from these average conditions (see Figure 3) but are more consistent with the linear trends
displayed here and expected for this region (Lukas et al. 2014). Climate data were downloaded from the Columbine
Pass USDA NRCS SNOTEL site (site 409, ~ 2,870 m, 38°25° N, 108°23” W,
https://wcc.sc.egov.usda.gov/nwcc/site ?sitenum=409).

and temperatures 2.28° C higher on average (Figure 3). These conditions, particularly higher
average winter and annual temperatures, may reflect changes in climate which are predicted to

occur in this region (Lukas et al. 2014).

11


https://wcc.sc.egov.usda.gov/nwcc/site?sitenum=409

on

Departure from 1987-2017 in © C (gray)and cm (red)
in o

Oct Nov Dec Jan Feb Mar Apr May Jun Jul Aug Sep

Figure 3. Temperature (gray) and precipitation (red) deviations from average conditions near the study site (1987-
2017) for the 2018 water year (October 2017 — September 2018), inclusive of our study period growing season
(May-September 2018). All mean monthly temperatures were above average conditions (gray bars), and all months
except July were lower in precipitation accumulation than average conditions (red bars). Notably, zero precipitation
was recorded in June 2018. Climate data were downloaded from the Columbine Pass USDA NRCS SNOTEL site
(site 409, ~ 2,870 m, 38°25° N, 108°23* W, https://wcc.sc.egov.usda.gov/nwece/site?sitenum=409).

1.2.2 Experimental Design and Measurements

We randomly located plots within the study area (Figure 1) for planting tree seedlings
and examining the effects of varying levels of canopy cover, woody debris, and vegetation and
soil microsite (~ <1 m?; Gray and Spies 1997) characteristics on the performance of planted

seedlings. Plots were distributed evenly within three canopy environments resulting from

12



silvicultural regeneration treatments (or no treatment) and representing contrasting levels of
canopy (or, overstory) cover for tree seedlings. Point generation for plots and definition of
treatment environments and strata was accomplished using geospatial data processing tools
available in ArcMap 10.5.1 (ESRI Inc., Redlands, CA, USA). Sampled canopy treatment
environments included: (1) group-selection openings with little to no canopy cover; (2)
individual-tree selection areas, with variable canopy cover; and (3) unharvested areas with
continuous canopy cover (Figure 1). Group-selection openings in our study area (~ 6.8% of total
area; 12 openings, ~ 1.13 ha each) typically reflected complete overstory removal, though often a
few legacy canopy trees were retained, in addition to some advance regeneration. Moreover,
these openings were heterogeneous in shape and size, but mostly long and narrow (Figure 1),
resulting in edge effects dominating relative to opening interiors. Ground cover in these
openings was a mix of juvenile trees (especially aspen), herbaceous vegetation, varying sizes of
woody debris and litter, and bare mineral soil. The individual-tree selection treatment area (~
18.5% of total area) varied from location to location within the treatment in residual canopy
species proportions (namely spruce, pine, Douglas-fir, and aspen) and structure (e.g. groups of
smaller trees like spruce and aspen, or single large Douglas-fir, pine, or spruce). Within this
treatment area, ground cover ranged from large inter-tree spaces with woody debris and rock to
shrubby and herbaceous vegetation-dominated interspaces. Finally, our non-harvested
environments (74.7% of total area) were highly variable in canopy tree density, but were
primarily dominated by spruce and dead subalpine fir in the canopy. Considerable variation in
vertical structure was also present, with a strong presence of juvenile and intermediate canopy
trees. Ground cover was often vegetated, though we encountered many sections of bare mineral

soil, rock, and debris. While plots were distributed based on these categorizations of canopy
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cover, we also sought to evaluate species’ responses over a continuous gradient to better estimate
canopy effects. We accomplished this by sampling basal area of canopy trees and openness of
the canopy/sky with hemispherical photographs (see below for details).

Based on prior observations, we determined that the northern, slightly lower elevation
section of the study area included greater proportions of ponderosa pine and more exposed rock
at the ground surface. We therefore chose to stratify our plot distribution based on division of
the total area by an elevation band close to this apparent transition from higher to lower elevation
in the study area. The resulting strata each covered roughly 200 m of elevation range, and our
stratification of plots was made according to the proportion of total study area of each stratum,
about 2/3 and 1/3 for the higher- and lower-elevation stratums, respectively. Plots were deemed
unsuitable if the random location was not conducive for planting. Criteria for planting
unsuitability included bedrock, stumps, skid roads and thick debris piling from harvest
operations, and excessive depressions or mounds relative to the surroundings usually resulting
from harvest operations or windthrow. Plots were also unsuitable if the point fell outside the
boundary of the opening type for which it was generated (i.e. if the geospatial definition did not
correspond well to the actual harvest boundary). If a point failed to meet the criteria above, it
was shifted 5 m in a randomly selected cardinal direction. If this procedure failed to produce a
suitable plot location, the plot was discarded. In total, 206 plots were established in the study
area, 69 in both group-selection and non-harvested canopy environments, and 68 in the
individual-tree selection canopy environment.

Plot layout was designed to accommodate seedling plantings for both species and
measurements of microsite biophysical variables potentially affecting the performance of each

seedling in a given plot. The design was structured around a plot center produced by our
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randomly generated points (see preceding details). Around each plot center, a 1 m? area was
established, with each side of the square set perpendicular to the four cardinal directions and
corners of the square serving as seedling planting locations (Figure 4). To achieve our objective
of assessing the microsite effects of coarse woody debris (“CWD”) shelter on seedling
performance within each canopy type, we created microsite shelter with coarse woody debris
placed on the north side of each plot square (Landis 2010; Davy 2016). We chose the nearest
piece of CWD to plot center which had a diameter of at least 7.6 cm, or 75% of the minimum
target height (10.2 cm; Richard Gilbert, personal communication, July 20, 2018) of our
seedlings. We chose this size to ensure that the debris provided sufficient sheltered (shaded)
microsite conditions for planted seedlings (e.g. Germino et al. 2002; Maher et al. 2015). Data
from prior work on the effects of CWD for spruce regeneration in harvest openings in nearby
sites suggests that temperatures are significantly moderated on the north side of CWD in this
area, keeping temperatures 5.5°C below ambient conditions on average; this difference
significantly enhanced spruce germination in the study (Davy 2016). If the nearest piece of
CWD meeting the size criterion above was shorter than the plot edge (1 m) or was unmovable
(e.g. trapped under other logs, overly decayed, or too large to feasibly move), we chose the next
nearest piece that was within 2.5 cm diameter of the original piece. Instances of these exceptions
were rare, occurring at only about 5% (11) of plots. The chosen piece of debris was laid on the
north side of the plot square and measured at three equidistant locations (0 m, 0.5 m, 1 m) along
the plot edge to determine its average height above the ground surface in order to assess whether

size of debris had an influence beyond the categorical presence of the CWD microsite effect.
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Figure 4. Plot design structured around randomly generated points (plot center). Plots were 1 m2, oriented with
sides perpendicular to cardinal directions. Coarse woody debris, at least 7.6 cm diameter, were used to create
microsite shelter for planting at the north edge of plots. One seedling of each species, Engelmann spruce and

ponderosa pine, was planted in a microsite location and non-microsite (open) location, at the corners of the plot.

Subplots (0.5 m2) were used to sample vegetation (by life-form), soil, and litter/debris cover around plot center.

From plot center, basal area (m2 ha-1) of overstory trees (> 5 cm DBH) was sampled with variable radius plots, and
counts of juvenile trees (<5 cm DBH) were tallied by 0.5 m height classes in 3.6 m radius fixed plots. Soil cores

—-._‘_‘“-.-
Ground cover

(%) plot

Non-sheltered (open) planting locations

were also taken at plot center to estimate soil volumetric moisture content at each plot, and hemispherical

photographs taken at plot center (30 cm height above ground surface) to precisely estimate canopy cover, or sky
exposure, experienced by seedlings.
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We planted 824 spruce and pine seedlings (412 of each; 2 per species per plot) in late
June 2018 over the course of five days. Seedlings were 1-0 containerized (108.2 cm® plug
volume; Richard Gilbert, personal communication, July 20, 2018) stock grown at U.S. Forest
Service facilities (Bessey Nursery, Halsey, Nebraska). Seedlings were randomly planted on plot
corners (Figure 2), with one of each species planted with CWD microsite shelter (north side of
CWD on the north edge of a plot), and one of each planted without CWD shelter (south side of a
plot). Hoedad tools were used to remove surface vegetation and debris (scalp) in a circle of ~15
cm radius at each planting position (USDA FS 2002; Landis 2010), and subsequently used to
plant each seedling. At the time of planting we measured diameter at root collar (DRC) and
height from DRC to the top of the terminal bud for each seedling. Size was measured to account
for the potential effects of planting stock size on survival (e.g., Davis and Jacobs 2005;
Grossnickle and MacDonald 2018).

To assess the potentially covarying influences of forest structure, ground cover, and soil
moisture on seedling performance, we sampled these characteristics at each plot center. Counts
of juvenile trees within a fixed area plot of 3.6 m radius from plot center were recorded for 0.5 m
height classes. Juvenile trees were considered those less than 5 cm diameter at breast height
(DBH), and can be either competitive or facilitative influences for seedlings (e.g., Callaway
1998). Density of canopy, or overstory trees (e.g., Alexander 1987; Shepperd et al. 2006) was
sampled with variable-radius plots using a 2.30 basal area (m? ha™') factor prism to tally trees
greater than 5 cm DBH by species. Heights, a measure of local productivity, were also recorded
for each overstory tree. Percent cover of vegetation in major life form groups (forb, shrub,
graminoid, moss), bare soil, woody debris and litter, and rock were estimated in 5% increments

within a 0.5 m? quadrat situated about plot center. Cover measurements were used to estimate
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potential productivity within a given microsite (e.g., Day 1963 and 1964; Newsome et al. 2016;
Bonnet et al. 2005; Puhlick et al. 2012; Fleming et al. 1998; Callaway et al. 1996; Ouzts et al.
2015; Pinto et al. 2012). Finally, soil cores (0-20 cm) were extracted using a 2.2 cm dia. corer
from each plot center during 3 consecutive days (same weather conditions) in July 2018 to
estimate relative moisture availability at a given plot location (Day 1963; Kolb and Robberecht
1996; Puhlick et al. 2012; Gill et al. 2015; Feddema et al. 2013). Depth to restriction was
recorded in all plots where the 20 cm depth was not possible. Soil samples were weighed in the
field, bagged, and oven dried at 105° C to constant mass (Saxton and Rawls 2006)for
determining gravimetric moisture content (percentage of dry weight). We used the dimensions
of the soil core to calculate soil bulk density and subsequently estimate volumetric water content
(VWCO).

To obtain more precise estimates of the effects of canopy tree density on seedling
environments (Chen 1997; Feller 1998; Keyes et al. 2007; Holmgren et al. 2011; von Arx et al.
2013), hemispherical photographs were taken at plot centers using a DSLR camera, mounted on
a self-leveling mechanism equipped with a fish-eye lens (24MP DSLR Compact OMount,
Regent Instruments, Inc., Québec, Canada), in pre-dawn and overcast sky conditions to ensure
adequate contrast between vegetation and sky. Photos were taken at about 30 cm height above
the ground to represent conditions experienced by planted seedlings with greater direct relevance
than higher positions above the ground (e.g. >1 m; Davis et al. 2019). Photographs were
processed using WinsCanopy Pro 2016a software (Regent Instruments, Inc., Québec, Canada) to
obtain estimates of percent openness of the sky (% of sky), which can be representative of
available photosynthetically active radiation and exposure to atmospheric fluctuations in

temperature and moisture. Openness, unlike some alternative measures of canopy cover,
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accounts for unequal projection of hemisphere elements captured by a fish-eye lens (e.g., Frazer

et al. 1997; Glatthorn and Beckschifer 2014; Hall et al. 2017).

1.2.3 Seedling Performance: Survival and Root Growth

Our measures of seedling performance relative to planting environments included
survival and root growth, estimated by total root biomass (Grossnickle 2005a; Grossnickle
2012). We chose to specifically evaluate survival and root growth as measures of performance
of each species in the first season following planting, since both are indicative of seedlings
establishing in the outplanting environment and thus are indicative of future viability (e.g. Davis
and Jacobs 2005; Grossnickle 2018). While growth or biomass accumulation can be indicative
of seedling establishment in the outplanting environment (Davis and Jacobs 2005; Grossnickle
2005a and 2012; Kolb and Robberchet 1996), specific conditions favoring growth often do not
correspond directly to influences on survival (Lopushinsky and Beebe 1976; McTague and Tinus
1996; Rose et al. 1997; Pinto et al 2012). Plots were revisited one month after planting and again
at the end of October 2018 to assess seedling survival. Seedlings with green foliage and
succulent tissue at our final assessment were considered survivors. All surviving seedlings were
carefully excavated with shovels in October 2018, placed in plastic bags, and cold stored for
transport back to lab facilities in Fort Collins, CO to process for biomass sampling. Biomass
sampling consisted of washing soil from the roots of each seedling, separating aboveground and
belowground (root) biomass at the root collar, and bagging each component for oven drying
(e.g., Balisky and Burton 1997). Samples were dried in ovens at 55° C to constant mass, about 3

days, and subsequently weighed for dry mass.
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1.2.4 Statistical Analysis
1.2.4.1 Survival

We sought to analyze seedling survival of each species relative to the effects of canopy
cover (density) resulting from silvicultural regeneration treatments (or none), shade or shelter
provided by CWD (or none), and potentially concurrent influences by microsite characteristics of
ground cover, soil moisture and depth, other juvenile trees, and seedling size attributes. Our
analysis consisted of first using non-parametric permutation tests (rcompanion package in R,
Mangiafico 2019) to assess survival of each species and microsite variables for potential
differences between each of the three sampled canopy environments (pairwise comparisons;
significance set at o = 0.05). We began with this step to understand potential differences in
survival responses and observed microsite conditions within each canopy environment based on
our sampling design and to facilitate interpretation of treatment type and microsite effects on
seedling survival. However, for a more precise understanding of the range of microsite
influences present within and across treatment (or none) environments, we sought to explain
survival relative to a gradient of conditions across the study area. Therefore, we subsequently
used generalized linear models with a logit link and binomial distribution (i.e. logistic
regression) to model survival. For these logistic models, a success was defined as survival to the
point of our final assessment in October 2018. Each species (spruce and pine) was modeled
separately, given their contrasting silvics and expectation that they would respond differently to
microsite conditions like shade, moisture, and competition. Our objective in this regard was
explaining observed variation in survival for each species given microsite conditions, and
developing classification metrics for predictive (survival versus non-survival) inference.

Because our sampling design included paired observations for a species at each plot location
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(survival nested within plot), we used mixed effects to account for non-independence inherent in
this design (Harrison et al. 2018). Specifically, we allowed for estimation of random intercepts
for each plot. All models were developed with the /me4 package (Bates et al. 2015) in R
(version 3.4.1, R Core Team, 2017).

Furthermore, since our research questions and design primarily concerned the influences
of canopy cover levels and CWD shelter, we included variables for these components a priori in
all models. For each component, our data contained two highly correlated measurements. We
used biological reasoning, interpretability, and corrected Akaike’s Information Criteria (AICc;
Burnham and Anderson 2002) from univariable model statements to choose among correlated
variables. We considered models within AAIC. < 6.00 to have similar support (Harrison et al.
2018). For an estimate of canopy cover variability, descriptive of variation across and within
regeneration treatments and the no treatment comparison, we chose to use the openness variable
obtained from processing our hemispherical photographs rather than sampled overstory basal
area (Pearson’s r = -0.82). This decision was based on the more direct interpretation of openness
as a measure of how much shade a seedling received since it reflects the canopy environment
resulting from tree heights, and crown shapes and porosity of foliage, which is not directly
evident from basal area estimates. Additionally, support for the openness variable was higher
than that for basal area (AAIC. = 6.10). We also considered the potential for a non-linear
relationship of survival with openness (e.g. Holmgren et al. 2011), but found that support was
similar (AAIC. = 1.93) so chose to retain only a linear term. As a measure of the influence of
CWD shelter, we chose to proceed with a two-level factor variable rather than the continuous

measure of CWD average size (Pearson’s r = 0.92). Support for both variables in univariable
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models was similar (AAIC. = 4.00), but we considered the two-level factor variable to be simpler
for interpretation.

Microsite characteristics considered in our survivorship models included soil VWC, soil
depth, percentage cover of bare soil, litter/debris, and vegetation, and average heights of
juveniles and overstory trees. We also accounted for the potential effects of seedling size
(reviewed in Grossnickle 2018) by including seedling height and DRC samples (at time of
planting) in our set of potential predictors. Interactions were considered for our openness
variable and CWD treatment, openness and soil VWC (e.g. Gray et al. 2002; Davis et al. 2019),
and height and DRC (Grossnickle 2005b). To reduce potential complexity in specifying a full
(global) model for the basis of model selection, we first attempted dimension reduction. We
accomplished this by evaluating the support of each individual variable relative to within-group
support of other similar variables by comparing models of all possible variable combinations
within a group (see next paragraph for further group details). All model specifications for this
process included the base structure of openness, CWD treatment, and the Plot random effect.
Favoring parsimony, we selected models from each group that had substantial support above
other models (AAIC. < 6.00) in the group and above our base terms model. We used the

resulting set of predictors to subsequently specify our global model.

In this group filtering, or dimension reduction process, we grouped soil VWC and depth,
ground cover measurements, average heights of juveniles and overstory trees, and seedling
height and DRC with their corresponding interactions (as considered above). We grouped
variables this way to determine the potential contributions of these microsite characteristics, first
within similar groups of variables (i.e. soils, ground cover, other tree vegetation, and seedling

size), beyond our base treatment (canopy cover and CWD shelter) considerations. We expected
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some of these groups or individual variables to contribute significantly to understanding
variation in observed survivorship, but considered that not all measured characteristics of similar
influences (for example, seedling height and DRC, or vegetation versus bare soil ground cover)
would add substantial support over single variables. Our ground cover measurements began with
the highest number of individual potential predictor variables, and so represented the greatest
obstacle to meaningful dimension reduction. We first chose to sum percentage cover of all
sampled vegetation, as distributions of survivors and non-survivors for both species experienced
the same direction of effect by all (quadrat-) sampled vegetation life-forms (i.e. survivors were
associated with less percentage cover of each vegetation type). However, the resulting summed
vegetation variable, and other ground cover variables of bare soil, and litter/debris cover all had
similar univariable support in within-group model comparisons. To further reduce complexity of
this group of variables and leverage the relatively strong within-group correlations (Pearson’s |r|
> 0.5), we performed principal components analysis to establish no more than two axes
accounting for the group variation to be used in final model specification and selection. Finally,
we evaluated multicollinearity among predictor variables selected for final model development
for each species as a result of this group filtering (dimension reduction) process, though no high
correlations (Pearson’s |r| > 0.7) were detected.

To develop a final model for each species, we first specified the full model with variables
retained from the within-in group comparisons and filtering process. We expected microsite
characteristics other than our base (canopy cover and CWD) treatment variables to account for
some variation in survivorship of both species, but considered that the effects of some
characteristics may change or become irrelevant with the effects of other characteristics

accounted for. That is, it was not known prior to model development which combination of our
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microsite variables would account for variance in our data, and it would be reasonable to assume
that certain variable groups may be more or less important in a model conditional on the
presence of others. Therefore, our final model selection process considered all possible
combinations of variable groups (which in some cases were individual variables from a group,
described above) in addition to base treatment terms as equally valid final candidate models. As
with preceding steps, we ranked candidate models with AIC.. However, in choosing a single
final model for facilitating interpretation, models with similar support (AAIC. < 6.00) were
further evaluated for their classification performance since we sought a final model with high
discriminatory power for distinguishing survivors and non-survivors for each species. In these
instances, we constructed confusion matrices from observations and predicted probabilities using
a general threshold of 0.5 for distinguishing predicted successes, and compared classification
metrics emphasizing success rates (since survival rates were low, dominating the total sample
size). Specifically, we favored sensitivity (ratio of true positive predictions to all actual
positives) and positive predictive value (PPV; ratio of true positive predictions to all positive
predictions, akin to 1 minus the false positive rate). We also examined 95% confidence intervals
of individual model estimates to determine reliability (whether confidence intervals included
zero), and thus usefulness of individual terms in a given model. While we sought parsimony, our
final candidate models with similar support differed by only one-two terms, so we also weighed
the ecological benefit of additional information leading to better model discrimination ability.

Model fit of our final selected models included the preceding assessment of classification
metrics as well as computing area under the curve (AUC) of a receiver operating characteristic
(ROC) curve (Fawcett 2006) for the model (pROC package, Robin et al. 2011). AUC is

commonly used as a measure of model fit for the discriminatory power of a model as assessed
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across all possible thresholds distinguishing the probability of a successful event (here, survival).
Plotted as a relationship between true-positive (sensitivity) and false-positive prediction rates,
AUC is maximized with high sensitivity and PPV, and is no better than random guessing at
values near 0.50. AUC ultimately indicates the probability that a randomly chosen positive and
negative observation will classified correctly. Individual model term estimates were examined
for strength of support, or significance, with 95% confidence intervals. Where confidence
intervals overlapped zero, estimates were considered unreliable, or insignificant. Finally, we
examined the relative strength of effect for each model term, or more specifically the relative
importance of the variation in observed values for one variable than another in explaining
survival, by comparing model coefficient estimates. Since the data were standardized and
centered prior to model development, no additional standardization was necessary. To aid
interpretation of effects of final model terms (i.e. evaluating effects on survival across the range
of observed values for each term while holding other term constant), we evaluated partial effects
of each term while holding others constant at their mean values using the effects package (Fox

and Weisberg 2018).

1.2.4.2 Growth: Root Biomass

We attempted to analyze total root biomass in all surviving seedlings to determine any
treatment effects on growth performance of each species, which should be indicative of seedlings
establishing in the outplanting environment. New accumulation of root biomass was considered
most important for seedling establishment in the first season after planting (e.g., Davis and
Jacobs 2005), but aboveground biomass was not expected to differ meaningfully after one

season, particularly in drought conditions (Grossnickle and MacDonald 2018). Additionally,
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relating aboveground to belowground plant mass ratios may be meaningful in explaining
establishment success (Grossnickle 2005a; Grossnickle 2018), but seedlings in this experiment
were grown to the same development (e.g. target height, container size) specifications and so
would not be expected to differ significantly in these ratios. Therefore, only root biomass data
were analyzed for differences across treatments as a measure of seedling performance among
survivors. The root biomass data were non-normal with non-constant variance and attempts at
transformation were unsuccessful at resolving these issues. Therefore, we used nonparametric
permutation tests (perm package in R, Fay and Shaw 2010) to examine the potential for
differences in root biomass being attributable to silvicultural treatments. Specifically, for each
species we tested for root biomass differences among all three canopy environments, and tested
differences between each environment using a generalization of the permutation test for multiple
comparisons (rcompanion package in R, Mangiafico 2019). Also, we tested for root biomass
differences between our CWD shelter treatments (sheltered or not sheltered). Significance was

set at a threshold of a = 0.05.

1.3 Results
1.3.1 Canopy Treatment Environments, CWD, and Other Microsite Variables

The three canopy, or overstory environments in which we sampled, showed expected
patterns of canopy cover differences, all of which were significant, in overstory basal area (m?
ha') and openness (% of sky) measurements (Table 1). Average density of overstory trees in
non-harvested environments (continuous canopy cover) was significantly higher than in both
harvested environments on average (25.12 m* ha™! £1.29 standard error; P < 0.01 for both

pairwise comparisons), and comparatively low in variability about the mean, with a range of O to
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Table 1. Summary characteristics (mean + SE) for microsite variables considered for survival models of both species. Bolded and italicized figures indicate a
significant difference across canopy environments for each reported microsite variable; corresponding superscripted letters indicate associated pairwise
differences between canopy environments for each reported microsite variable, where environments sharing the same letter are not significantly different.

Mean Mean

Basal Openness Overstory  Soil Soil Bare Litter/  Vege- Juvenile
Canopy Area ((m® (% of CWD Height VWC Depth Soil Debris  tation* Height™** Juvenile
Environment Plots ha’) sky) (cm) (m) (%) (cm) (%) (%) (%) (m) Count**

25.12 28.56 16.51 16.09 10.85 17.56 10.22 61.52 47.61 4.99 23.73
No harvest 69 (£1.29)% (£0.94°  (+057) (£0.53)%  (20.44)° (+039) (£2.19) (£2.97) (£3.46° (+0.46)° ( 1.76)"
Group- 4.13 62.90 15.40 9.00 15.24 17.01 942 66.09 36.59 2.96 12.22
selection 69 *0.55° (=111  (+045 (101 (1070 (2048 (£1.89) (£278) (+3.32" (x0.43)P (+£2.02)°
Individual- 14.45 49.89 16.32 17.45 13.64 16.76 934 71.03 36.99 2.40 8.84
tree selection 68 (1.04° (x1.01°  (+0.67) (+0.69)"° 0.97% (046) (£1.86) (£2.85) (£3.26° (x0.32) (+1.38)°

* Vegetation is a summation of cover measurements for graminoid, forb, shrub, and moss life-forms.
** Sample sizes for these measurements were 60 for no harvest, 69 for group-selection, and 57 for individual-tree selection overstory types.
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50.5 m? ha'!. Correspondingly, openness in these non-harvested areas was the lowest among the
three overstory environments (28.56% +0.94; P < 0.01 for both pairwise comparisons), though
the most variable of the three environments in this measure. Group-selection openings had the
least overstory density on average across the three treatments (4.13 m? ha™! £0.55; P < 0.01 for
both pairwise comparisons), but showed the most variation on average about the mean, likely
due to differences between opening interiors (lower to zero density) and edges (0 to 16.07 m? ha”
!range). Openness in group-selection openings was, on average, higher and less variable about
the mean than the other overstory environments (62.90% +1.11; P <0.01 for both pairwise
comparisons). By basal area measurements, average overstory density in our individual-tree
selection treatment area fell roughly halfway (14.45 m? ha'! £1.05; P < 0.01 for both pairwise
comparisons; 0 to 36.73 m? ha™! range) between non-harvested and group-selection treatments.
Openness in the individual-tree selection treatment area was also intermediate relative to other
treatments (49.89% +1.01; P <0.01 for both pairwise comparisons), but more similar to group-
selection than non-harvested areas, presumably from differences in average tree size between
harvest and non-harvest areas (see preceding qualitative description note in Methods:
Experimental Design).

Size of CWD (mean height from ground to top of debris) chosen for shelter effects at
each plot was similar on average and not significantly different across overstory environments
(Table 1), supporting our subsequent analysis of this effect as a two-level factor rather than
continuous predictor. Average size in non-harvested areas was 16.51 cm (+0.57; P = 0.38 for
group-selection comparison; P = 0.83 for individual-tree selection comparison), 16.32 cm in
individual-tree selection treatments (+0.67; P = 0.38 for group-selection comparison; P = 0.83

for no harvest comparison), and 15.40 cm in group-selection treatments (+0.49; P = 0.38 for both
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pairwise comparisons). Notably, mean size across overstory treatment areas was greater than
twice our minimum size criterion (7.6 cm), which was based on sufficiency for sheltering tree
seedlings at a minimum target height of 10.2 cm (see Methods). However, our average seedling
height across species was 15.8 cm (+0.23), also well above the minimum target height.
Nonetheless, on average, inclusive of both species, our CWD size was still greater in proportion
to average tree size (spruce 18.95 cm £0.15, pine 12.62 cm +0.18) than our design required,
ensuring that seedlings planted with CWD shelter were in fact sufficiently sheltered on average.

Mean height of sampled overstory trees was significantly higher in individual-tree
selection treatments (17.45 m +0.69) as compared with group-selection treatments (9.00 m
+1.01; P <0.01 for pairwise comparison), but not significantly different from that in non-
harvested environments (16.09 m £0.53; P < 0.12 for pairwise comparison) (Table 1). Mean
overstory height was comparatively small and variable in group-selection treatments (9.00 m
+1.01) since sampled overstory trees were a mix of advance regeneration and mature canopy
trees at opening edges, and significantly different from other canopy environments (P < 0.01 for
both pairwise comparisons). Our samples of regeneration (with a reduced sample size of 186
total plots) showed significantly greater numbers of juvenile trees and average height of
juveniles on average in non-harvested environments (height 4.99 m +0.46, count 23.73 £1.76) as
compared to both harvest environments (non-harvested environments (P < 0.01 for pairwise
comparison). In group-selection treatment areas, average counts (12.22 +2.02) were similar to
those in individual-tree selection treatment areas (8.84 +1.38; P < 0.17 for pairwise comparison),
as were mean heights on average (2.96 m £0.43 and 2.40 +0.32, respectively; P < 0.29 for

pairwise comparison).
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Results from our soil core samples at each plot showed that volume of water per volume
of soil (soil volumetric water content, soil VWC) sampled increased with openness of the
overstory environment (or, inversely with overstory tree density), but that average depth to
restriction of soils was similar across overstory environments (Table 1). Across environments,
soil moisture was highly variable, as low as zero percent to nearly 50% of the soil volume
sampled. Minimum values of sampled soil moisture were lowest in individual-tree selection
treatments (0.00%), followed by non-harvested areas (2.12%) and group-selection treatments
(3.50%). Maximum sampled soil moisture followed the same pattern as mean values across
environments, significantly lower and least variable in non-harvested (max 23.47%; mean
10.85% +0.44; P < 0.01 for both pairwise comparisons) and significantly higher in group-
selection openings (max 48.70%; mean 15.24% +1.07) and the individual-tree selection
environment (max 35.33%; mean 13.64% +0.97), with no significant difference between the two
harvest environments (P = 0.27 for pairwise comparison). Variability was similar in the latter
two environments. In contrast, our target soil depth of 20 cm was reached in all environments,
and minimums were near 7.5 cm for non-harvested and individual-tree selection areas, and only
3.1 cm in one instance of group-selection areas. Mean soil depth was near 17 cm in each
environment and not significantly different (P = 0.19-0.70 for pairwise comparisons), with
similar variability (17.56 cm £0.39, 17.01 cm +0.48, 16.76 cm +0.46 in non-harvested, group-

selection, and individual-tree selection treatments, respectively).

Similar patterns of separation across overstory environments were not as evident in our
microsite measurements for percentage cover of bare soil, litter/debris, and vegetation (including
forb, shrub, graminoid, and moss life-forms) (Table 1). The occurrence of bare mineral soil

across environments was low relative to total quadrat area, with over 50% of plots containing no
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bare soil. No differences between each environment were significantly different (P = 0.76-0.98
for pairwise comparisons) and observed values were highly variable for each environment
(10.22% +£2.19 in non-harvested, 9.42% +1.89 in group-selection, and 9.34% +1.86 in
individual-tree selection canopy environments). In contrast, litter and debris coverage, including
all dead herbaceous and woody material not incorporated into the soil, was consistently high
with relatively low variability across all environments. Greater cover of litter and debris in
silvicultural regeneration treatment areas (66.09% +2.78 for group-selection; 71.03% *2.85 for
individual-tree selection) compared to non-harvested areas (61.52% +2.97) was likely due to
additional debris resulting from harvest activities compared to the non-harvest environments, but
no pairwise differences were significant (P = 0.07-0.26 for pairwise comparisons). In this study,
the presence of litter and debris often occurred with vegetation, but qualitative observations
suggested larger pieces of litter and debris in post-harvest environments excluded vegetation on
average more than in non-harvest areas. We found this rough trend in our data, with significant
differences between non-harvested (47.61% +3.46) and both harvested (36.99% +3.26 and
36.59% +3.32 for individual-tree selection and group-selection treatments, respectively) canopy
environment pairwise comparisons (P = 0.04 for both pairwise comparisons), but no difference
between harvested environments, group-selection and individual-tree selection treatments (P =

0.93 for pairwise comparison).

1.3.2 Engelmann Spruce Survival
Survival of individual spruce seedlings was low across all treatments on average (77 of
412 total individuals), with a considerable amount of variability (18.69% +1.92). Spruce

survival was highest in the individual-tree selection treatment (26.50% +3.80) and significantly
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different (P < 0.01 for pairwise comparison) from the lowest survival which occurred in the non-
harvest treatment (8.70% £2.41). Survival was not significantly different between individual-
tree selection and group-selection treatments (P = 0.29 for pairwise comparison; Figure 5).
Along our continuous measure of canopy cover (% openness), mean survival occurred at
approximately 52% (£1.75) openness, whereas non-survivors occurred on average at a cover of
just under 46% (+0.91), a difference which was significantly different (P < 0.01). Survival with
CWD shelter was significantly greater (P < 0.01) at over 200% of the survival without CWD
shelter (25.20% %3.03 and 12.10% +2.28, respectively) across overstory environments, with

greater variability in survival without CWD shelter.
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Figure 5. Percent of surviving spruce seedlings relative to total planted spruce by canopy environment (harvest or
silvicultural regeneration treatment type, or none) and coarse woody debris shelter (or none). Vertical bars from
each point indicate standard error of the observed mean survival for each treatment. Coarse woody debris-sheltered
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seedlings are indicated by blue points, and non-sheltered seedlings are indicated by red points. Significant
differences between canopy environments are indicated by bolded lowercase letters at the top of the figure;
environments sharing the same letter do not differ significantly in mean survival. Similarly, significant differences
between coarse woody debris treatments are indicated by bolded lowercase letters at the right side of the figure
corresponding to the treatment legend (color).

Our full logistic model for spruce survivorship, after dimension reduction and filtering
among potential predictor variables, included estimates for the fixed-effects of base terms
(openness and CWD shelter), seedling height, soil moisture, soil depth, the first principal
component axis for ground cover data, and average height of surrounding juvenile trees.
Subsequent evaluation of candidates for alternative final models resulted in three models in
addition to the full model with similar support (AAIC. < 6.00) (Table 2). Two models (full and
one alternative) included an unreliable estimate for the effect of average juvenile tree height on
survival, and so were dropped from consideration. The two remaining models in consideration
differed by only the inclusion of our first ground cover principal component. The comparison of
classification metrics between the two models, at a threshold of 0.5, was only a difference of two
predictions of survival for observed non-survivors in the model including the additional term.
While sensitivity was identical for the two models (52.86%), the slight difference in specificity
(true non-survival) meant a difference of four percentage points for the PPV (86.05% vs.
90.24%). Due to this difference in classification and added simplicity of less terms, we selected
the candidate model without the ground cover variable as our final model of spruce survival
(“Alt3” in Table 2).

Since our final selected model did not contain the juvenile tree height term, for which less
data were available (juveniles not sampled at all plots; see Results microsite variables summary),
we refit our final model to the full dataset (412 observations) prior to further evaluating fit and

interpreting effects. In the final refit model, the effect of overstory openness on spruce survival
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Table 2. Details for final spruce survival model candidates (full and alternates) with similar support (AAIC. < 6.00), including coefficient estimates, model
log-likelihood (LL), and classification metrics. Covariates include canopy openness (%), coarse woody debris shelter treatment (model estimate for effect of
no shelter, or “none”), seedling height at planting (“Height”), soil moisture (“Soil VWC”), soil depth, and principal component axis 1 for ground cover
variables (litter/debris, vegetation, and bare soil)”. Classification metrics include sensitivity (% of predicted survival relative to observed survival; 0.5
probability threshold), positive predictive value (% of correctly predicted survival relative to all predicted survivors; 0.5 probability threshold), and area under
the receiver operating curve (AUC; correct classification rate over all possible thresholds). Significant model estimates (confidence intervals not including
zero) are indicated by bold and italicized font. Variables not present in a model are indicated with NA estimate values. Our final selected model ("Alt3") is
indicated by a dashed border.

Soil Soil Ground Juvenile
Openness CWD Height VWC Depth Cover Height Sensitivity PPV
Model (%) (none) (cm) (%) (cm) PC1* (m) LL AIC. AAIC:. (%) (%) AUC
Full 0.185 -1.569 -0.914 0.739 0.682 -0.344 -0.378 -137.50 293.50 0.00 50.00 85.37 0.94
Altl 0.300 -1.579 -0.924 0.777  0.700 -0.371 NA -138.86 294.10 0.62 52.86 86.05 0.94
Al ____0.198 ____ 1584 __-0906___0.886 _0.732 __NA______ 0431 | 13958 29560 _2.06___3000_ _____ 8720 023 __]
LA 0336 _____ 1,599 0916 __0.947 0.760 __NA_____. NA 14124 29680 328 5286 _____ 20.24___095___

* Principal component axis 1 representing (Pearson's correlations) a strong negative relationship with litter/debris (r = -0.98), and positive relationships with vegetation (r =
0.68) and soil (r = 0.55).
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was slightly positive (Bopen = 0.3976 £0.2402), the relationship with non-CWD shelter was very
strongly negative (Bcwp = -1.5688 £0.4329), the effect of seedling height was strongly negative
(But = -0.9435 +£0.3263), and the effects of soil VWC and depth were strong and positive (Bsvwc
= 1.0600 +0.2849 and PBspepth = 0.5784 +£0.2484). All estimates were significant, except for the
openness estimate, where the 95% confidence interval for which was large and included zero (-
0.0574 to 0.9696). Since data were standardized to mean zero and standard deviation of one
prior to modeling, estimate sizes are directly comparable (Figure 6). As such, the relative
magnitude of each variable on survivorship, from highest to lowest, was CWD shelter, soil

VWC, height, soil depth, and openness.

Coefficient Estimate (standardized)
[a]

Height CWD (none)  Canopy Openness Soil Depth Soil VWC

Figure 6. Final selected spruce survival model coefficient estimates relative magnitude (standardized effects) and
direction. Covariates include seedling height at planting (“Height”), coarse woody debris shelter treatment (model
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estimate for effect of no shelter, or “none”), canopy openness (%), soil depth, and soil moisture (“Soil VWC”).
Vertical lines indicate 95% confidence intervals. Asterisks indicate significant effects, based on reliability of
estimates given confidence intervals including zero.

The model fit to our data as assessed by AUC was exceptional (AUC = 0.971 £0.015),
indicating that the model was able to discriminate well between spruce survivors and non-
survivors. From a confusion matrix constructed at a probability of success threshold of 0.5, only
4 observed non-survivors were classified incorrectly (98.81% specificity), while 41 of 77
(53.25%) of observed survivors were classified successfully (sensitivity), resulting in a PPV of
91.11%. Overall accuracy was 90.29% (95% confidence interval of 87.01% to 92.97%).
Predicted survival probabilities were mostly very low (mean 0.16 £0.01, median 0.06), but were
as high as 0.97. Following the relative effects from our final model predictors, the influence on
predicted survival probabilities was strongest for CWD shelter treatments, nearly 4.5 times
higher (but also more variable) for sheltered versus unsheltered seedlings on average (Figure 7).
Over the observed range of soil VWC percentages, predicted probability of survival increased
most sharply above the mean observed moisture content, which was 13.24%. Predicted
probabilities beyond a one standard deviation change (7.40 %) in soil VWC, to which the model
coefficient applies, showed high uncertainty. Seedling height at planting also strongly
influenced survival probability in our model, suggesting at least 150% change in survival
probability with a one standard deviation (3.14 cm) decrease in height from the mean (18.95 cm)
observed height. Changes in predicted probabilities of survival with canopy openness and soil
depth influences were comparatively minimal, but less variable overall. For both variables, the
observed data was variable (47.10% mean canopy openness with standard deviation 16.53%;
17.11 cm mean soil depth with standard deviation 3.67 cm), but survival probability predictions

almost never exceeded 0.10 across the range of observed values.
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Figure 7. Predicted mean effects of microsite variables in the final selected spruce survival model. Covariates
include coarse woody debris shelter treatment (shelter by “CWD” or no shelter), canopy cover (% canopy
openness), seedling height at planting, percent soil moisture, and soil depth. Predictions were made across observed
values of each variable. Predicted survival across levels of each variable is indicated by the dashed line (points for
shelter factor effects), and colored bands (bars on shelter factor effects) on either side of the line show smoothed
95% confidence intervals for predicted mean survival. Black points in each panel (except the coarse woody debris
effect panel) indicate distribution of observed survivors and non-survivors across the observed values of each
variable. All effects except that of canopy openness were significant (Figure 6).
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1.3.3 Ponderosa Pine Survival

Survival of individual pine seedlings (Figure 8) was greater than spruce but still low
across all treatments on average (143 of 412 total individuals), with a relatively moderate
variability (34.71% +2.35). Pine survival was similar in across canopy treatment environments,
with no significant differences between pairwise comparisons (P = 0.40-0.83 for pairwise
comparisons). Pine survival in the individual-tree selection treatment was 36.80% (+4.15),
slightly more than in the non-harvest treatment (35.50% +4.09) and the group-selection treatment
(31.90% +3.98). Along our continuous measure of canopy cover (% openness), mean pine
survival occurred at a cover of approximately 46% (+1.43), whereas non-survivors occurred on
average at a cover of just under 48% (+0.99), though this difference was not significant (P =
0.32). Survival with CWD shelter was significantly higher (P < 0.01) and 198% of the survival
without CWD shelter (46.10% +3.48 and 23.30% +2.95, respectively) across overstory
environments, with more variation for those without CWD shelter.

The full model fit to our pine survivorship data included estimates for the fixed-effects of
base terms (openness and CWD shelter), seedling height, soil VWC, the first principal
component axis for ground cover data, and average height of juvenile trees. In addition to the
full model, two other evaluated models showed similar support (AAIC. < 6.00) (Table 3). Of
these two alternative models, one differed from the full model in the absence of average juvenile
tree height variable (“Altl,” Table 3), and another in the absence of the ground cover variable
(“Alt2,” Table 3). Furthermore, the model excluding average juvenile tree heights had an
unreliable estimate for the openness predictor, but we did not exclude the model from
consideration for this reason since the variable would be present in any final model, given our a

priori decision, regardless of reliability. Thus, the three candidates were assessed on
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Figure 8. Percent of surviving pine seedlings relative to total planted pine by canopy environment (harvest or
silvicultural regeneration treatment type, or none) and coarse woody debris shelter (or none). Vertical bars from
each point indicate standard error of the observed mean survival for each treatment. Coarse woody debris-sheltered
seedlings are indicated by blue points, and non-sheltered seedlings are indicated by red points. Significant
differences between canopy environments are indicated by bolded lowercase letters at the top of the figure;
environments sharing the same letter do not differ significantly in mean survival. Similarly, significant differences
between coarse woody debris treatments is indicated by bolded lowercase letters at the right side of the figure
corresponding to the treatment legend (color).

classification metrics comparisons. Given a classification threshold of 0.5, full model sensitivity
(50.39%) was higher than alternatives (47.24% and 48.03%). However, full model PPV was
lower (77.11%) than the alternative excluding the ground cover variable (81.33%), but higher
than the second alternative (75.00%). Due to the added parsimony of the alternative excluding
the ground cover variable over the full model, similar sensitivity, better PPV, and better overall
accuracy (better in all metrics over the second alternative), we chose this alternative as our final

model (“Alt2,” Table 3). Since this model included the average juvenile height variable, we did
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Table 3. Details for final pine survival model candidates (full and alternates) with similar support (AAICc < 6.00), including coefficient estimates, model log-
likelihood (LL), and classification metrics. Covariates include canopy openness (%), coarse woody debris shelter treatment (model estimate for effect of no
shelter, or “none”), seedling height at planting (“Height”), soil moisture (“Soil VWC”), principal component axis 1 ("PC1") for ground cover variables
(litter/debris, vegetation, and bare soil)*, and mean height of surrounding (natural regeneration) juvenile trees. Classification metrics include sensitivity (% of
predicted survival relative to observed survival; 0.5 probability threshold), positive predictive value (% of correctly predicted survival relative to all predicted
survivors; 0.5 probability threshold), and area under the receiver operating curve (AUC; correct classification rate over all possible thresholds). Significant
model estimates (confidence intervals not including zero) are indicated by bold and italicized font. Variables not present in a model are indicated with NA

estimate values. Our final selected model ("Alt3") is indicated by a dashed border.

Soil Ground  Juvenile
Openness CWD  Height VWC Cover Height Sensitivity PPV
Model (%) (none) (cm) (%) PC1* (m) LL AIC. AAIC. (%) (%) AUC
Full -0.376 -1.326 -0.613 0.645 -0.253 -0.294 -199.61 415.60 0.00 50.39 77.11 0.83
Al ____0273 ____ 1324 0634 0645 0277 __NA_____1 201064 41760 197 ____- AT ERRUVNSLE: = —
1 Al -0.375 -1.324  -0.621 0.741 NA -0.333 -202.22 418.80 3.14 48.03 81.33 0.84 i

* Principal component axis 1 representing (Pearson's correlations) a strong negative relationship with litter/debris (» = -0.98), and positive relationships with vegetation (r =

0.71) and soil (r = 0.52).
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not refit the model as we were unable to use the full data set for missing plot samples of average
juvenile height.

All effects of predictor variables on pine survivorship in our final selected logistic model
(372 observations) were negative, except for a positive relationship with soil VWC (Table 3;
Figure 9). More specifically, the effects of openness were relatively minimal and negative (Bopen
=-0.3748 £0.1557), survival was very strongly negatively related to the absence of CWD shelter
(Bcwp = -1.3241 +0.2838), effects of seedling height were moderate and negative (But = -0.6208
+0.1876), soil VWC had a moderate positive effect (Bsvwc = 0.7405 £0.1555), and the effects of
average juvenile tree height were minimal and negative (Bru: = -0.3333 £0.1540). All coefficient
estimates were reliable as no confidence intervals (95%) included zero. Having standardized the
data to mean zero and standard deviation of one prior to model fitting, each estimate size is
directly comparable for relative magnitude of effect (Figure 9). Therefore, the ordering of
predictors according to relative magnitude of effect for pine survivorship was CWD shelter, soil
VWC, seedling height, openness, and average juvenile tree height.

Calculation of AUC suggested good fit for our final selected pine survivorship model
(AUC = 0.840 £0.044), indicating good discrimination of survivors and non-survivors by our
model. Given a confusion matrix constructed on a 0.5 probability of success threshold, only 14
observations of non-survival were misclassified by the model (94.29% specificity), but more
observations of survival were misclassified than correctly classified (61 of 127 correct, 48.03%
sensitivity). With relatively few false positives predicted by the model, PPV was 81.33%, while
overall accuracy was 78.49% (95% confidence interval of 73.97% to 82.56%). Predicted
probability of survival from our pine survival model was generally low (mean 0.33 +0.01,

median 0.29), but much higher than that of our spruce survival model. Similar to spruce, the
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Coefficient Estimate (standardized)
(=] —

|
—a

Height CWD (hone)  Canopy Openness Mean Juvenile Ht Soil VWC

Figure 9. Final selected pine survival model coefficient estimate relative magnitude (standardized effects) and
direction. Covariates include seedling height at planting (“Height”), coarse woody debris shelter treatment (model
estimate for effect of no shelter, or “none”), canopy cover (percent canopy openness), mean height of surrounding

juvenile trees (natural regeneration; “Mean Juvenile Ht”), and soil moisture (“Soil VWC”).  Vertical lines indicate
95% confidence intervals. Asterisks indicate significant effects, based on reliability of estimates given confidence
intervals including zero.

strongest relative influence on pine survival probability in our model resulted from CWD shelter
treatments, which showed 2.5 times higher probability of survival in sheltered versus unsheltered
treatments, though predictions were highly variable in both cases (Figure 10). Soil VWC had a
strong influence on probability of survival for pine as well, resulting in a nearly 150% increase in
survival probability with a one standard deviation (7.66%) increase from the observed mean
(13.47%). For pine, the influence of seedling height at planting was a strong negative influence

on survival, with a roughly 150% increase in survival probability given a one standard deviation
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(3.58 cm) decrease from the mean observed height (12.70 cm). Influences of canopy openness
and mean height of surrounding juvenile trees both had similarly relatively small influences on
pine survival probability. For both predictors, one stand deviation decreases from mean
observed values (47.99% mean canopy openness, stand deviation 16.49%; 3.45 m mean juvenile
tree height, stand deviation 3.34 m) both resulted in differences in survival probability of only

about 0.10.
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Figure 10. Predicted mean effects of microsite variables in the final selected pine survival model. Covariates
include coarse woody debris shelter treatment (shelter by “CWD” or no shelter), canopy cover (% canopy
openness), seedling height at planting, percent soil moisture (“Soil VWC”), and mean height of surrounding juvenile
trees (natural regeneration). Predictions were made across observed values of each variable. Predicted survival
across levels of each variable is indicated by the dashed line (points for CWD shelter factor effects), and colored
bands (bars on CWD shelter factor effects) on either side of the line show smoothed 95% confidence intervals for
predicted mean survival. Black points in each panel (except the coarse woody debris effect panel) indicate
distribution of observed survivors and non-survivors across the observed values of each variable. All effects except

that of canopy openness were significant (Figure 6).
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1.3.4 Root Biomass

Root biomass values for spruce (0.67 g +0.05) were much lower on average than for pine
(0.94 g £0.04), but minimum observed root biomass was the same in both species (0.20 g), and
overall data were more strongly skewed for spruce than pine. Permutation tests for treatment
effects on root biomass for both species showed significant differences between harvested and
non-harvested canopy environments, and contrasting responses to CWD shelter treatments
(Figure 11). Spruce root biomass for surviving seedlings was lower on average in the non-
harvested canopy environment (0.31 g £0.03) compared to group selection openings (0.70 g
+0.05) and individual-tree selection treatments (0.77 g £0.08). These differences were
significant (P < 0.01 for each) between non-harvested and both harvested treatments but were
not significant (P = 0.49) between group-selection and individual-tree selection treatments. In
CWD shelter treatments, spruce root biomass was nearly identical (0.67 g +£0.06) to non-
sheltered seedlings (0.66 g +0.08), a difference which was not significant (P = 1.00). Pine root
biomass for surviving seedlings was also lower on average in non-harvested canopy areas (0.68 g
+0.04) compared to group selection openings (1.00 g £0.07) and individual-tree selection harvest
(1.12 g £0.08). Between non-harvested and each harvest environment, these differences were
significant (P < 0.01 in both cases), but not between harvest treatments (P = 0.27). Root biomass
of pine seedlings showed greater difference than spruce between CWD shelter treatments (0.87 g

+0.05 for sheltered, 1.07 £0.08), a difference which was significant (P = 0.03).
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Figure 11. Root biomass for spruce (top panel) and pine (bottom panel) by canopy cover type (harvest or
silvicultural regeneration treatment type, or none) and coarse woody debris shelter (or none). Vertical bars from
each point indicate standard error of the observed proportion of survival for each treatment. Coarse woody debris-
sheltered seedlings are indicated by blue points, and non-sheltered seedlings are indicated by red points. Note the
difference in extent of scales of root biomass values for each species. Our permutation tests suggested that, for both
species, differences in biomass were different between no harvest and harvested canopy types, but not between
harvested environments nor between CWD shelter treatments. Significant differences between canopy
environments are indicated by bolded lowercase letters at the top of the figure; environments sharing the same letter
do not differ significantly in mean survival. Similarly, significant differences between coarse woody debris
treatments are indicated by bolded lowercase letters at the right side of the figure corresponding to the treatment
legend (color).
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1.4 Discussion

Reforestation strategies and tactics are focal points in adaptive silviculture for responding
to climate change (Spittlehouse 2005; Larson and Funk 2016; Nolan et al. 2018; North et al.
2019) and should carefully account for microsite influences on the regeneration environment
which determine success, especially those resulting from silvicultural practices (Chmura et al.
2011; Anderson and Puettmann 2017). Because reforestation strategies in adaptive contexts may
include managing for a diversity of species (e.g. Messier et al. 2016; Hof et al. 2017; Astrup et
al. 2018; Guldin 2019), understanding the relative performance of different species under current
management techniques will help to inform adaptive management alternatives in the future. In
low-elevation Engelmann spruce forests of the central-southern Rocky Mountains, these
considerations are amplified by expectations that viability of spruce populations will sharply
decline with warming climate conditions (Rehfeldt et al. 2015; Conlisk et al. 2017; Kueppers et
al. 2017), while sympatric species like ponderosa pine may simultaneously be favored by such
conditions (Rehfeldt et al. 2014; Carroll et al. 2017). In this study, we used a comparative
planting experiment of spruce and pine to determine critical first-season (Burdett 1990) survival
and growth responses of spruce and pine relative to microsite variables, namely silviculture
influences (Grossnickle 2018) including shelter produced by coarse woody debris and by varying
levels of canopy cover resulting from regeneration treatments. Based on our findings, we reject
our hypotheses for species responses to canopy cover: spruce was not benefitted by greater
canopy cover, and pine responded favorably to increased canopy cover, opposite of our
hypothesized response. Furthermore, we accept our hypothesis of the benefit of coarse woody
debris shelter for spruce, and reject our hypothesis of this benefit for pine only in the most open

canopy environments because this effect was beneficial in all canopy environments. For both
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species, sensitivity to moisture availability was strongly explained by variation in observed soil
moisture, but not by vegetation, litter/debris, or bare soil. As such, we reject our hypothesis of
observing covarying influences of ground cover variables but accept that of moisture availability
sensitivity. Lastly, we accept our hypothesis that pine displayed greater sensitivity to light
availability, and that root growth was favored in intermediate to open canopy environments;
however, for pine only we reject our hypothesis of root growth indifference to coarse woody
debris shelter. Importantly, in a year in which average growing season temperatures were over
1.5°C higher and precipitation nearly 1/3 lower than the previous thirty-year averages (see
Methods: Study Area), we expect that our results are especially insightful for showing the
sensitivity of these contrasting species to silviculture-induced microsite influences (e.g. Fleming
et al. 1998; Newsome et al. 2016) in weather conditions potentially representative of future

conditions (Lukas et al. 2014).

1.4.1 Seedling Performance: Survival and Root Biomass

Overall, our results reflect substantial similarities in responses of spruce and pine
seedlings to the evaluated microsite effects, suggesting mechanisms common to life-stage, or
physiological status of the seedlings (Burdett 1990; Dumroese et al. 2016; Grossnickle 2018),
though total pine survival was nearly twice that of spruce. Indeed, with the exception of one
additional variable in our spruce survival models, all final candidate survival models for both
species included the same suite of microsite variables with similar direction and magnitude of
effects. It is likely that these results are representative of a particularly critical period of
“coupling” or establishment of planted seedlings to the field environment in the first season

following planting (e.g. Grossnickle 2012). Most importantly, the effects of coarse woody debris
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shelter were unambiguously beneficial for survival of both species, resulting in almost two times
the survival of non-sheltered seedlings. This sheltering effect was by far the strongest of all
considered microsite influences for survival but had an opposite and significant effect on root
growth only for pine, possibly reflecting light limitations for growth in sheltered treatments. In
contrast, the effects of canopy density or openness were largely indistinct relative to other
considered microsite influences, though higher density areas slightly favored pine survival.
These results regarding canopy influences are likely related to both site-wide moisture
availability and availability under canopies of different density (von Arx et al. 2013; Davis et al.
2019). Root growth, however, was significantly greater in canopy environments resulting from
silvicultural treatment, at intermediate to low canopy cover, compared to the much more dense,
unharvested canopy environment. The lack of canopy effects on the microsite environments
influencing survival of our seedlings underscores the relative importance of other microsite
variables in our models with more immediate or direct influences on individual seedlings,
namely soil moisture and seedling size. While soil moisture was unsurprisingly positively
associated with seedling survival, seedling height at planting unexpectedly negatively affected
survival for both species, again likely reflecting the stress of severely low moisture availability
(e.g. McTague and Tinus 1996; Grossnickle 2005a). Despite these strong similarities in
microsite influences among species, it is important to highlight the superior performance of pine,
suggesting it is less limited, in terms of absolute outplanting survival rates, by current conditions
in low-elevation managed spruce forests like these, especially in warmer and drier years. These
results have important implications for adaptive silviculture in similar environments, and in

particular highlight the importance of woody debris shelter for reforestation success, the relative
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unreliability of predicting success with canopy density, and the potential need to rethink seedling
size attributes for planting performance.

The facilitative influence of woody debris shelter in our study was unambiguously
important, resulting in nearly twice the survivorship as compared to non-sheltered seedlings of
both species (Figures 5 and 8), and predicted probabilities of survivorship 3.5 times greater on
average after accounting for other microsite influences in our models (Figures 7 and 10).
Though benefits of coarse woody debris for young trees can be many (Harmon et al., 1986; Gray
and Spies, 1997), we expect that the primary mechanism of benefit from this shelter to our
seedlings was preventing potentially damaging direct radiation from reaching young, succulent
stem tissue given the high temperatures and extremely low precipitation during our study.
Coarse woody debris can act as a barrier to incoming direct radiation, and so limit the influence
of direct radiation and high daytime temperatures on adjacent seedlings and the immediate soil
surface (Helgerson 1989; Coop and Schoettle 2009; Maher et al. 2015; Davy 2016). This barrier
can limit or prevent exposure of non-hardened, succulent stem tissue of seedlings to the stress of
direct radiation (Landis 2010). For young seedlings, protecting succulent tissue from high
temperatures may be especially important for preventing cellular damage and subsequent
girdling of the stem (Alexander 1984; Seidel 1986), leading to internal physiological failure
(Helgerson 1989; Kolb and Robberecht 1996). Furthermore, sheltering influences of coarse
woody debris may also be important for lowering ambient air temperatures and consequently
raising relative humidity levels at and near the soil surface surrounding the seedling (Castro et al.
2011). Heat-driven evaporation of moisture at the soil surface is reduced by this sheltering effect
(Jia-bing et al. 2005; Mabher et al. 2015), and availability of moisture to seedlings, necessary for

basic physiological processes including transpiration for avoiding heat stress, is consequently
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increased (Feller 2003). Our results of positive woody debris shelter influences are generally
consistent with documented relationships of regeneration survival or densities with woody debris
in environments likely to have high abiotic stress after high-impact disturbance events like
intensive harvesting (Alexander 1966; Fajardo et al. 2007) and severe fire (Keyes et al. 2007).
The average size of our coarse woody debris (Table 1) was greater than average heights
of pine (+ 3.5 cm) and slightly under those of spruce (- 3.0 cm), which may contribute to
explaining the subtle differences for each species with regard to the magnitude of effects of
shelter and the contrasting root biomass results for each species. Several studies have
documented a superior tolerance of stem tissue to high temperatures (“heat girdling”) for
ponderosa pine relative to Engelmann spruce (Seidel 1986; Larcher 1995; Kolb and Robberecht
1996). On one hand, the similarity of relative effects of shelter on survival suggested by our
models (i.e. the strongest effect in both species models) points to conditions in our study that
were in excess (or nearly so) of the relative tolerances thresholds of these species, reducing
responses to more basic physiological coping mechanisms for extremely low relative humidity
(McTague and Tinus 1996; Grossnickle 2018). However, coarse woody debris shelter improved
predicted survival probability for spruce by about 330% on average over unsheltered treatments
(Figure 7), but only improved predicted probability of survival for pine by about 150%, with
much greater uncertainty on average (Figure 10). This detail of species differences provides
some evidence of species-specific responses to shelter and suggests that while coarse woody
debris shelter was undoubtedly beneficial for pine survival, this benefit was possibly partially in
conflict with the obstruction of light required by pine for growth and survival (e.g. Chen 1997;
Sheppard et al. 2006), since sheltered seedlings were on average 3.5 cm shorter than the coarse

woody debris. In fact, whereas root growth for spruce, a more shade tolerant species, was not
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significantly affected by shelter treatments, pine root growth was significantly greater in
unsheltered (no CWD) treatments (Figure 11). In combination, our results thus suggest pine
seedlings may have experienced light limitations for growth in sheltered microsites, which in
part resulted in less of a change in predicted probability of survival, and greater variability,
between sheltered and unsheltered microsites as compared to spruce.

In contrast to the strong and unambiguous positive influence of woody debris shelter for
both species, the effects of canopy openness or density, the levels for which were the results of
the silvicultural regeneration treatment environment (or absence of), were largely neutral relative
to seedling survival in our study. Specifically, canopy effects on spruce survival were unreliable
(Figure 6) and had a slight influence on pine survival that was positive with greater canopy cover
(density), resulting in a difference in probability of survival of only about 0.08 (~ 27 %) with a
change in either direction from mean canopy openness (Figure 10). This curious result (e.g.
Nyland 2016) is revealing for the potential mechanisms of canopy influence in these low-
elevation spruce stands, which is evidently fundamentally different from the sheltering effects of
woody debris, even in (or in part due to) a season of severe abiotic stress. Recent work shows
that the effects of canopy buffering influences on sub-canopy environments can be substantial,
reducing temperatures by 1.5-5°C on average and consequently considerably reducing vapor
pressure deficit, at greater than 50% canopy closure (e.g. von Arx et al. 2013; Davis et al. 2019).
Yet these buffering capacities of the forest canopy are significantly dependent on-site moisture
status, where drier sites have less to little buffering capacity relative to wetter sites (von Arx et
al. 2013; Davis et al. 2019). Additionally, buffering effects are especially acute near the soil
surface (<10 cm) rather than above (>2 m) (Davis et al. 2019). We suspect that the potential

moderating effects of canopy in our study, especially in terms of facilitating moisture
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availability, were largely nonexistent due to the severe moisture deficit during the study period,
and because similar mechanisms of buffering, or sheltering influences occurring near the soil
surface were otherwise more effectively provided by coarse woody debris (Figures 6 and 9).

Our results for neutral (non-significant) effects of canopy cover for spruce survival
(Figure 6), and minor but significant positive effects of canopy cover for pine survival (Figures 9
and 10), both contrary to expectations, possibly suggest diverging tolerance for moisture
limitations in denser canopy environments on dry sites. Because spruce is a strongly moisture-
dependent species and can thus benefit from, or tolerate, high levels of shade, we expected to see
the probability of spruce survival positively influenced by canopy density (Ronco 1967 and
1970; Alexander 1987; Eastham and Jull 1999), especially in drought conditions at a lower-
elevation portion of its range (Conlisk et al. 2017; Kueppers et al. 2017). Likewise, we expected
pine to respond favorably to less dense canopy environments, especially what we presume to be
a relatively productive, higher elevation site for pine (Stein 1988; Chen 1997; Sheppard et al.
2006). However, given our result of positive canopy density influences on pine survival, we
suspect that with minimal precipitation received during the study period, what little did occur
was likely both intercepted and taken up by established, overstory trees, leaving little moisture
available for seedlings especially in denser canopy environments (e.g. Gerhardt 1996; Zou et al.
2008). In fact, our sampling of soil moisture showed significantly lower availability with
increasing canopy cover (Table 1). In this way, our pine seedlings, in contrast to spruce, may
have been able to benefit more from temperature buffering effects (i.e. shade) of canopy density
and simultaneously withstand the relative paucity of moisture in denser canopy areas compared
to less dense areas (Stein and Kimberling 2003; Holmgren et al. 2011). Consistent with spruce’s

relative dependence on moisture and shade tolerance, canopy effects on spruce survival may
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have been unclear because spruce simultaneously benefitted from temperature moderation of
canopy cover but was equally affected by competition for moisture with canopy trees (e.g. Hill et
al. 2018). Additionally, prior evidence for spruce’s dependence on regularity of moisture
availability, even over total amount (Alexander and Noble 1971; but see Gill et al. 2015), suggest
that variability of precipitation in our study period (e.g. zero in June vs. 4 cm in July, data not
shown) may have negated the potential for canopy buffering of moisture availability for spruce.
Ultimately, these results reflect a trade-off between greater moisture availability and increasing
exposure to high temperatures and consequently greater chances of desiccation, or decreased
moisture availability and increasing shelter from high temperatures. In this study, pine’s
capacity to better withstand heat and moisture stress lent to a directional, though minimal,
response to this trade-off, while spruce responded similarly to both conditions.

Our results of canopy effects on survival are furthermore consistent with the notion of
non-linear, species-specific responses to canopy cover attributable in part to shade and drought
tolerance characteristics. In our results, the actual observed difference of canopy environments
for mean pine survival and non-survival was only about 2% openness on average, both occurring
at intermediate canopy openness values (46% and 48%, respectively). Spruce survivors and non-
survivors similarly occurred under intermediate canopy cover levels, separated only by 6%
canopy openness on average (52% and 46%, respectively), yet this difference was not
significantly influential (Figure 6). In their meta-analysis of species responses to interacting
shade and drought effects, Holmgren et al. (2011) report similar non-linear survival results for
shade-intolerant species, with possible benefits realized only in intermediate levels of shade (e.g.
40-60% ftull light), and neutral (i.e. constant, but possibly low degrees of facilitation) results for

shade-tolerant species when drought was a driving site factor. However, our models show that
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the minimal differences between observed canopy cover for survivors and non-survivors of both
species resulted in consequential (or not, for spruce) explanatory relationships for survival
variability only after accounting for other effects in the microsite environments of seedlings. For
instance, in our dry site conditions, estimating the effects of canopy cover alone could have
accounted for differences in the available moisture environment (Table 1; and see, e.g., Gray et
al. 2002) and led to significant effects for spruce and pine. Moreover, as suggested above, the
strength of effect for coarse woody debris shade, directly adjacent to our seedlings, in both
species’ survival models here likely account for some of the sheltering influences that canopy
cover can provide, since these influences are typically strongest close to the forest floor (Davis et
al. 2019). Ultimately, these results reflect potential complications for explaining seedling
survival relative to canopy cover, since these relationships can be non-linear and dependent on
consideration of species traits and other influences acting on seedling environments, especially
those in direct or adjacent proximity to seedlings (e.g. Bonnet et al. 2005). In this way, our
results mirror those of previous work on these species which have identified important effects of
canopy tree density conditional on covarying site influences (Chen 1997; Lajzerowicz et al 2004;
Fajardo et al. 2006; Steen et al. 2008; Newsome et al. 2016; Hill et al. 2018), and which have
identified inconclusive canopy effects covarying with stronger relative influences of other
variables (Keyes et al .2001; Brang et al. 2003; Bonnet et al. 2005).

The effects of canopy cover on root biomass for survivors of both species showed that
root growth on average was significantly restricted in the higher density unharvested
environments relative to group-selection and individual-tree selection canopy environments
(Figure 11). The difference in canopy cover in each of the three canopy treatments suggests that

the competitive influence of canopy cover for light and moisture in these environments occurred
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somewhere between the transition from mean openness for unharvested areas (~ 29%) and
individual-tree selection treatments, which had on average ~ 50 % openness (Table 1). However,
our results suggest that limitations for growth were not significant on average between our
treatments beyond this intermediate level of canopy cover in individual-tree selection treatments.
Since root growth depends on both light for carbohydrate accumulation and moisture availability
to support photosynthesis (Grossnickle 2005a and 2018), the occurrence of lower soil moisture in
unharvested treatments likely contributed to these results (Rother et al. 2015). Similar light
levels of 25-30% have previously been documented as a threshold of significant reduction in
growth potential for spruce (reviewed in Grossnickle 2018). While not explicitly tested in this
study, the greater proportion of surviving seedlings, especially spruce, in harvested canopy
environments may partially be explained by superior root growth in these environments. Indeed,
there is a feedback (Davis and Jacobs 2005; Pinto et al. 2015; Grossnickle 2005a, 2012, and
2018) between moisture availability, root growth, and capacity for uptake of moisture (again for
growth, or survival mechanisms like avoiding heat stress) which may have resulted in the
qualitative correlation between higher observed survival in harvested areas as compared to
unharvested, especially for spruce. While not as evident for pine in our study, prior work has
suggested the importance of root growth in longer-term survival of pine after outplanting (e.g.
Kolb and Robberchet 1996; Rose et al. 1997).

For pine survival, the competition for resources like light and moisture which we
expected to observe with canopy density may in fact be more evident in the negative relationship
with surrounding juvenile trees present in our final pine survival model (Figures 9 and 10).

Since observed mean juvenile height was only about 3.5 m (Table 1) with a standard deviation of

3.3 m, a one standard deviation decrease from the mean would indicate virtually no present
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regeneration. Thus, the standardized effect of mean juvenile height on pine survival suggests the
sensitivity of pine survival to presence of other juveniles. We expect that this sensitivity and
likely competitive interaction with surrounding juveniles results because the crowns of juvenile
trees occupy space, especially shade tolerant conifers, close to the ground and thus to the
immediate seedling environment, in contrast to canopy tree crowns which are relatively more
separated from seedlings (Coates et al. 2003; Ligot et al. 2014). Crowns closer to individual
seedlings are more likely to shade out seedlings, especially the relatively shade-intolerant
ponderosa pine (e.g., Ligot et al. 2014), a relationship that logically, as in our model, increases
with average height of surrounding juveniles. In addition to shading, surrounding juveniles in
our study were likely to have had more established root systems, thus outcompeting our
seedlings for limited soil moisture and nutrients (Potvin and Dutilleul 2009; Lei et al. 2012;
Zhang et al. 2016). Similar relationships of pine seedlings to larger juveniles (saplings) and
canopy trees have been previously described in spatially-explicit relationships, where seedlings
densities were negatively associated with saplings and canopy trees at short distances (5 m)
(Keyes et al. 2001; but see Fajardo et al. 2006 for contrasting sapling-canopy relations). Yet the
distinction of competitive effects on pine survival related to juvenile crowding and overtopping
in our results may follow partially from accounting for the positive influences of shelter from
coarse woody debris as resulting from non-living features of the microsite environment.
Previously documented relationships of adjacent or overtopping vegetation for pine seedling
densities and survival have included facilitative (positive; Keyes et al. 2001; Keyes et al. 2009;
Puhlick et al. 2012; Ouzts et al. 2015) and competitive (negative; e.g., Callaway et al. 1996;
Bonnet et al. 2005). These mixed results, frequently attributed to considerations of moisture

availability, suggest that the driving influence of a severe moisture deficit in our study was
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exacerbated for pine by juvenile crowding (Keyes et al. 2007; Pinto et al. 2012), especially after
accounting for the beneficial influence of shading and moisture retention provided by non-living,
non-competitive features of the microsite environment (i.e. facilitation by “dead” shade; Gray
and Spies 1997).

Our final survival models indicate that, after accounting for other influences, the
probability of survival for both species increased drastically, by approximately 0.50, from lower
to higher observed soil moisture conditions (Figures 7 and 10). The strength of this influence,
second to that of coarse woody debris for both species, is unsurprising when considering the vital
role of soil moisture for tree regeneration, especially for overcoming or avoiding heat stress
through transpiration, and supporting basic physiological processes (e.g. Teskey and Hinckley
1986; Grossnickle 2018). In drought conditions, seedling sensitivity to moisture availability 1s
acute (e.g. McDowell et al. 2008; Mucina et al. 2017), and it has been reported that both these
species may suffer population declines with warming conditions even with sufficient moisture
(Andrus et al. 2018; Conlisk et al. 2017; Kueppers et al. 2017; Rother and Veblen 2017; Petrie et
al. 2017). In our study, the similar strength and magnitude of influence of soil moisture evident
in survival models for both species (Figures 6 and 9) emphasizes the centrality of soil moisture
as a common limiting factor, which may be particularly relevant in the first season after planting,
during the process of “coupling” or becoming fully established in the outplanting environment
(Grossnickle 2000 and 2005). Comparable importance of seasonal soil moisture availability in
benefitting or driving regeneration patterns for these species has been previously reported (e.g.,
Day 1963; Kolb and Robberecht 1996; Feddema et al. 2013; Rother et al. 2015; Gill et al. 2015).
For spruce, the importance of soil moisture may extend in part to the marginally significant

positive influence of soil depth in our survival model (Figures 6 and 7). More shallow soils can
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restrict water storage and availability (e.g. via runoff; Yanagisawa and Fujita 1999; Kolka and
Smidt 2004), especially if precipitation is received in large amounts in few events rather than
distributed evenly over the growing season, and can prevent root growth (e.g. Balisky et al.
1995; Shulze et al. 1996). The distinction between pine and spruce in this regard is consistent
with qualitative observations the distinction between mature pine and spruce distribution
throughout our study area (see Methods: Experimental Design).

Seedling height at time of planting also had a significant and strong negative effect on
survival of both species in our study (Figures 6 and 9), an influence which roughly doubled
predicted survivorship at smaller compared to larger observed height values (Figure 7 and 10).
Moreover, both species showed greater sensitivity in predicted survival probability changes to
reductions rather than increases in mean observed heights. For spruce (Figure 7), predicted
survival was even greater (0.13 change in probability, ~ 120% of the mean predicted probability)
with a standard deviation (3.14 cm) decrease from the mean observed height (18.95 cm) versus a
stand deviation increase (0.05 change in probability, ~ 45% of the mean). A similar pattern,
though not as sensitive, was evident for pine (Figure 10). Seedling size attributes like height
and root collar diameter are typically associated with advantages in outplanting environments,
especially for the relative advantage of resource (light, moisture, nutrients) acquisition due to
more developed root systems and height advantages for outcompeting other vegetation (e.g.
Grossnickle 2005b; Pinto et al. 2011; Grossnickle and MacDonald 2018). However, it has also
been suggested that these advantages are negated in particularly stressful site conditions
(Dumroese et al. 2016; Grossnickle 2012; Pinto et al. 2016), which is presumably the case in our
study. From a physiological perspective, seedling survival, where moisture limitations are a

particularly prevalent, can be limited by greater aboveground development (e.g. height), since
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greater surface area of foliage requires more soil moisture for root systems to support (Stewart
and Bernier 1995; Grossnickle 2018). In our results, predicted survival was particularly sensitive
to lower ranges of observed heights compared to higher ranges, especially spruce which was
taller on average. This suggests a particular sensitivity to and potential benefit of lower ratios of
aboveground to belowground development or biomass (e.g. “shoot-to-root” ratios) for
outplanting success in dry environments like our study system (Grossnickle 2005a and 2012).
Indeed, the use of seedlings with more developed root systems as compared to shoot
development has been reported to outperform alternatives in the context of drought stress (e.g.
Jurasek et al. 2009). However, we stress that this suggestion of the benefit of lower shoot-to-root
ratios is, in this case, a hypothesis for differences which we observed, especially since the
seedlings used in this experiment were not intentionally grown for shoot-to-root ratio

differences.

1.4.2 Implications for Adaptive Silviculture and Study Limitations

Our results have important implications for reforestation efforts of these species in low-
elevation spruce forests in the central Rocky Mountains and in similar treatment environments,
and perhaps more broadly for approaches to mixed sympatric species regeneration in marginal
distribution areas experiencing climate change. We show the potential value in accounting for a
suite of influences in the microsite environments of seedlings in order to better explain and
predict survival. Moreover, for seedlings of species with contrasting silvics, such as tolerance of
shade and moisture deficits, seedling life-stage and associated physiological status may result in
similar relative effects (i.e. strength vis-a-vis other variables) of microsite variables on survival,
especially in drought-prone environments in the first season following planting. Yet, while

microsite conditions influenced both species with similar relative strength, the results of these
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effects were ultimately much more limiting for spruce survival. Ponderosa pine is comparatively
better suited overall to current conditions in these low-elevation spruce forests, especially
considering anticipated changes toward warmer temperatures and variable precipitation. These
results provide evidence for supporting adaptive reforestation efforts which actively incorporate
expected species distribution changes resulting from climate change expectations. Specifically,
our results imply that reforestation in dry, low-elevation spruce forests in the central-southern
Rocky Mountain region should consider the greater likelihood of success of efforts which
include transitioning forest cover to species better adapted to future conditions.

With respect to similar relative influences on both species’ survival, we provide evidence
here for the overwhelming benefit of shelter provided by woody debris or other inanimate
objects adjacent to seedlings which drastically improve probability of survival. While planting
strategies in western U.S. silviculture often include leveraging the availability of such shelter in
post-disturbance outplanting environments (e.g. Landis 2010), our results suggest a change in
survival probability that may support more active inclusion of these shelter elements. However,
our results also show that important microsite influences may not be reliably approximated by
canopy or overstory tree density estimates, since the effects of canopy density on seedling
environments is variable with site . In fact, such microsite conditions may be estimated more
effectively using variables with more immediate (proximate) effects on individual seedlings,
such as woody debris or similar shelter, soil characteristics (i.e., moisture content or water
holding capacity), cover of other tree vegetation, and seedling height. Seedling height in
particular, has considerable implications for reforestation efforts in similarly stressful (e.g.
drought-prone) environments. While nursery practices for drought-hardening seedlings prior to

outplanting have provided mixed results in field trials (e.g. Grossnickle 2012; Pinto et al. 2016),
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our results suggest that height alone is a major determinant of response to drought conditions for
these species. Consequently, our results underscore a hypothesis for the comparative benefit of
larger root-to-shoot ratios, or greater belowground investment (root systems, e.g. fibrosity,
length, volume; Davis and Jacobs 2005) for outplanting success. For both spruce and pine on
harsh sites or in severe drought conditions this hypothesis may apply in particular to the critical
period of first-season establishment (Lopushinsky and Beebe 1976).

We have identified important considerations for reforestation in central-southern Rocky
Mountain low-elevation subalpine and upper montane forests, especially where anticipated
environmental changes include warmer and drier conditions, and reforestation applications
include considerations of ponderosa pine and Engelmann spruce. We view our case-study
framework as a relevant contribution to the literature, having met a need for field assessments of
adaptive silviculture considerations in a specific management context. We also view continued
work aimed at identifying microsite influences on regeneration environments within other
specific management contexts as essential to expanding empirical support of adaptive
management options. Furthermore, better understanding microsite influences on regeneration
and reforestation efforts will benefit from additional work which addresses fluctuations in
relative effects and species’ responses over multiple seasons. While first-season influences
which we examined are critical for understanding initial seedling establishment in the
outplanting environment, our results do not provide evidence beyond first-season establishment
processes.

Lastly, it is important to recognize the remaining uncertainty in our model predictions
and resulting classification performance. While our measures of model fit were satisfactory,

both species survival models showed mediocre classification ability of observed surviving
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seedlings (Tables 2 and 3) at a general 0.50 probability threshold. This suggests that
mechanisms of influence captured by our variables were in fact more important to distinguishing
between observed survivors and non-survivors, rather than specifically identifying variation in
survivors. Very few false positive predictions were present in our models (Tables 2 and 3), a
metric which we emphasized in final model selection, indicating strong performance for
distinguishing between survivors and non-survivors within model predictions. Indeed, it would
not have been useful to develop models which predicted survival given microsite influences
which actually resulted in mortality (i.e. false positives). Nonetheless, these results suggest the
need for additional work which accounts more precisely for effects explaining variation
specifically among survivors. For example, livestock presence in our study area anecdotally
accounted for some seedling mortality (estimated ~ 1% of each species), so site characteristics
which acted like exclusion mechanisms may have additionally accounted for survival differences
in these instances. Additionally, it is possible that our observed levels of canopy openness were
not sufficiently broad, on average, to have greater influence on survival responses. Even in the
least dense canopy environment of group selection treatments, average openness was only 63%
with relatively minimal variation (Table 1). Therefore, for better distinguishing microsite
characteristics supporting survival, further work might incorporate additional influences, or
potentially address survival-predictor relationships with alternative or supplementary statistical

approaches.

1.5 Conclusions
The objective of this study was to determine relative success and predictable microsite

relationships for contrasting, sympatric tree species in reforestation efforts of low-elevation
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spruce forests that are expected to experience climate warming which would limit the viability of
spruce in the future. Our results show that, in drought conditions, pine survival was almost twice
that of spruce, but that influences on predicting probability survival for both species were largely
similar in relative magnitude and direction of effect. Shelter from coarse woody debris was
strongly beneficial for both species and surpassed the strength of influence by all other
considered variables. In contrast, the influence of canopy openness or density was largely
ambiguous. This result underscores variability in canopy buffering effects on temperature and
moisture, which may be greatly reduced on dry sites. Given the severe drought in our study
period, our results suggest that canopy cover is an overall unreliable approximation of facilitative
or competitive influences for seedling survival (but not for root growth). Rather, effects on
survival in our study were linked primarily to variables with more immediate or direct influence
on individual seedlings, like woody debris shelter, soil moisture, and seedling height. The
negative relationship of predicted survivorship and seedling height for both species may in
particular be an informative result for reconsidering the role of seedling size in reforestation
success, and specifically emphasizing high ratios of below to aboveground mass for seedlings
outplanted to drought-prone environments. In general, the results of our survival models reflect
the sensitivity of young, first-season planted seedlings of different species to environmental
limitations during a critical period of establishment in the first season after planting. These
results can support multi-species reforestation efforts in managed, low-elevation spruce stands in
this region with an understanding of influences of silvicultural practices and covarying microsite

variables.
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