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Abstract

Forest Park is a 5,100-acre urban forest located in Portland, Oregon, that has been
impacted by various anthropogenic stressors including logging, fragmentation, invasive
species, air pollution and recreation use due to its proximity to the urban environment. This
legacy of land use coupled with natural disturbances has resulted in changes to forest
structure, composition, and function—threatening the long-term sustainability of the park.
Past research in Forest Park has identified a lack of regenerating shade-tolerant conifers,
particularly western hemlock and western red cedar species, in the section of the park
closest to the city. Typically, western hemlock and western red cedar typically establish
later in Douglas-fir-western hemlock forest types in the Pacific Northwest and the
successful regeneration of these species is a critical development process that leads toward
multilayered canopy and structurally complex old-growth stand conditions. Achieving this
old-growth condition in the park is one of the goals of current management activities which
include, invasive species removal and replanting shade-tolerant conifers in degraded
sections of the park. Since conifer recruitment dynamics are less understood in novel urban
forests, these management actions would benefit from science-based guidance on current

ecological conditions in the park.

In order to better understand conifer recruitment dynamics in this urban forest, a
targeted sampling approach was utilized to find and monitor existing shade-tolerant conifer
juveniles to characterize and quantify the multi-scale environmental habitat conditions at
those sites as possible drivers of juvenile presence. Microsite factors associated with the

presence of each juvenile species were modeled using a boosted regression tree approach.
i



Vigor was qualitatively assessed for each juvenile sampled and vigor rankings were
analyzed using topographic and stand level factors. Juveniles were typically observed in
areas with less understory fern cover (6 — 22%) than the surrounding area (26 — 73%).
Coarse woody debris was heavily associated with the presence of western hemlock
juveniles with 84% of juveniles found established in downed nurse logs or stumps.
Decreased litter cover was also significantly associated with western hemlock juveniles
within the park units (56 — 65%). At the stand level, decreased canopy cover density was
associated with higher juvenile vigor for both species (~95%) and decreased overstory
density (191 trees/ha) was associated with higher vigor for western red cedar juveniles.
Juveniles of both species were observed more frequently on north facing slopes and in park
management units farther from urban environments. Based on these results, microsite,
stand level, and site topographical factors need to be considered when implementing
restoration techniques to promote natural regeneration of shade-tolerant conifers and

identifying locations to plant new seedlings.
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Chapter 1: General Introduction

The successful regeneration of shade-tolerant conifer species, western hemlock
(Tsuga hetereophylla), and western red cedar (Thuja plicata) is fundamental to the long-
term sustainability of mixed-conifer forests in the Pacific Northwest (PNW). However,
novel disturbance regimes introduced by humans have impacted natural ecosystems and
interrupted important ecological processes. Impacts from land use change, habitat
fragmentation, climate change, invasive species, and urbanization have altered natural tree
regeneration processes and caused shifts in forest species composition (Dey et al. 2019).
These anthropogenic stressors can be particularly impactful in urban forests based on their
proximity to the urban environment and high population densities (Dwyer 2000; Nowak et
al. 2010). Consequently, these impacts have created novel forest conditions that threaten
the long-term resilience of forested ecosystems. Urban forest managers have been tasked
to increase stand structural complexity, promote resilience, and restore natural ecosystem
functioning. Knowledge regarding how current environmental conditions affect critical
ecological processes such as tree regeneration in urban forests is currently lacking yet is

needed to provide science-based guidance to management practices.

Western hemlock and western red cedar are two prominent late-successional
conifer species present in the Douglas-fir (Pseudotsuga menziesii) dominated forests of the
PNW. Both species are shade-tolerant and typically establish later in forest development
after shade-intolerant pioneer species such as Douglas-fir. Shade-tolerance is a
physiological characteristic of trees and refers to the ability of a tree species to undergo the

stages of its life cycle in low-light conditions (Franklin 2018). In the absence of major
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disturbances, shade-tolerant species will typically replace more shade-intolerant species as
forest develop over time (Franklin 2018). The presence of a multi-layer canopy with shade-
tolerant conifer species in codominant the overstory is indicative of a stand developing
towards old-growth conditions (Freund et al. 2014; Franklin 2018). Understanding the
dynamics of western hemlock and western red cedar regeneration is of critical importance
for managers seeking to promote the development of managed stands towards structurally

complex, old-growth conditions.

In recent decades, forest managers have been tasked to either protect existing old-
growth reserves or to promote old-growth characteristics in younger stands. For example,
the Northwest Forest Plan ended clearcutting of old-growth forests on federal land and
emphasized the restoration of late-successional forests (Phalan et.al. 2019; USDA Forest
Service; USDI Bureau of Land Management 1994). Retaining older patches of forest helps
to provide wildlife habitat, seed sources, carbon sequestration and other ecosystem services
(Spies and Franklin 1996; Schrader 1998). While there are many multifaceted benefits to
increasing structural complexity and promoting old-growth conditions in PNW forests, but

the development of old-growth forests is complex and takes centuries to unfold.

Old-Growth Forest Development

Franklin et. al. 2002 describes a broadly cited model of natural stand development
using Douglas-fir-western hemlock forests of the PNW as an example. After large
disturbances, early seral species such as Douglas-fir are the first to typically establish on
the landscape during the cohort establishment phase. As these early pioneer species

continue to grow, eventually their canopy overlap resulting in complete canopy closure of
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the stand. After canopy closure, stands typically undergo the biomass accumulation and
competitive exclusion phase that is characterized by rapid growth, and density-dependent
mortality or self-thinning. After stands have reached 80-100 years in age, there is generally
a transition into the maturation stage where pioneer canopy trees reach maximum height
and crown diameter. At this stage, shade-tolerant species establish in the understory,
although establishment rates are highly variable. In the following decades to centuries,
vertical diversification occurs as the shade-tolerant species grow into co-dominant canopy
positions creating a multi-layered canopy. Horizontal diversification occurs with
increasing gap development and the increased dominance of shade-tolerant conifers. These
are general stand development stages that lead towards structurally complex, old-growth
forest conditions. The development of structurally complex forests is highly variable and
can take centuries (Franklin & Dyrness 1988). This model emphasizes the importance of
structural features in addition to live trees and the impact that disturbance legacies leave
on future stand development. However, post-Euro-American settlement forest stands in the
PNW have experienced altered disturbance regimes that have excluded important legacy

forest structures.

Human Impacts on Forest Development in the Pacific Northwest

Human-induced disturbance regimes have altered the natural development of
Douglas-fir-western hemlock forests in the PNW (Franklin & Dynress 1988; Spies et al
2002). Logging, grazing, introduction of non-native species, urbanization, and
fragmentation have altered current forest structure and composition particularly near urban

areas and valleys (Spies et al. 2002). Forest logging operations such as clearcutting are



more frequent and intense than natural disturbances but less variable in size (Spies et al.
2002). The post-disturbance conditions associated with clear-cut logging differ from the
conditions following natural disturbances (e.g., wildfires, windfall, insect/disease).
Clearcutting practices remove all remnant seed trees as well as woody debris (Franklin et.
al 2002). Remnant trees are important legacy structures left after disturbances as they
influence the spatial patterns of establishing seedlings post-disturbance (Goslin 1997).
Without important legacy forest structural components, conifer regeneration densities and
rates in the Coast Range are highly variable following large-scale disturbances (Franklin
et. al. 1981). Current patterns of forest structure and composition in the PNW have largely
resulted from these impacts from human activities and are currently still driven by patterns
in land ownership. Private forests are generally managed to maximize timber production
while public forests are generally managed in a more ecologically holistic approach to
support multiple uses. To that degree, understanding the dynamics of shade-tolerant
regeneration is applicable for managers seeking to promote natural forest development in

stands impacted by past human activities.

Regeneration of Western Hemlock and Western Red Cedar

Tree regeneration is defined as the renewal of a tree crop by self-sown seed or
vegetative means and is a multi-stage process that includes seed production, seed dispersal,
germination, seedling establishment, and seedling survival/growth (Oliver and Larson
1996; Ford-Robertson 1971). These individual stages and other site-specific environmental
conditions necessary for establishment of new trees are referred to as the regeneration niche

(Grubb 1977). The regeneration niche model implies that certain environmental conditions



must be met in concurrence with individual regeneration processes for trees to successfully
regenerate. One of the main tenets of the regeneration niche concept is that the physical
environment combined with legacies of land use and disturbance that a seedling is exposed

to, affects its probability of survival and recruitment into the stand (Dey et al. 2019).

There are different multi-scale biotic and abiotic environmental factors that can
influence the probability for successful regeneration to occur for a tree species (Figure 1).
These include factors that affect the microsite environment such as seedbed substrate,
shading objects, vegetation cover, and litter depth. Factors affecting regeneration at the
stand level include canopy cover density, stand density and presence of adequate seed
sources. Landscape scale environmental factors in include slope, aspect, and slope position.
The regeneration niche is species-specific therefore the requirements for western hemlock
and western red cedar to successfully regenerate need to be investigated individually.
Western hemlock and western red cedar are typically associated with old growth forests,
but their rates of establishment and recruitment in PNW forests development are less
known. Understanding the different environmental factors associated with the natural
regeneration of these species can provide insights into old growth forest development and

management practices.
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Figure 1. Conceptual model displaying environmental and species-specific factors that affecting
regeneration of tree species. Adapted from Davis et al. 2018.

Western hemlock seed availability

Western hemlock is monoecious containing male and female reproductive
structures on the same tree (Packee 1990). Flowering and pollination occur from mid to
late April in western Oregon. The development of cones is variable, but cones typically
mature by September — October with seeds falling shortly after (Packee 1990). Western
hemlock is considered a good seed producing species with abundant cone crops beginning
to occur when trees turn 15-30 years old (Colangeli and Owens 1990; Turner 1985). The
number of viable seeds ranges from 10 — 20 per cone with mast years occurring every 3-4
years. Good seed years can produce up to 20 million seeds per hectare from 100-year-old
stands in coastal Oregon in mast years (Packee 1990). These seeds have large wings and
can travel far distances from parent trees. In a 12.5 mph wind, a seed released from a height

of 200 feet can travel up to 2000 feet (Packee 1990). Factors that affect seed loss include
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ovule abortion, insufficient pollination, lack of fertilization and embryo degeneration
(Colangeli and Owens 1990). Seeds are only viable during their first growing season

(Packee 1990).

Western hemlock germination

Germination rates for western hemlock seeds are sensitive to temperature with
an optimal temperature around 68° F (20°C), but seeds can germinate in temperature above
freezing given sufficient time (Packee 1990). With adequate moisture, seeds germinate
well on both organic and mineral substrates including duff, litter, rotten wood, or mineral
soil (Packee 1990). It appears the principal requirement for western hemlock seed beds is
adequate moisture and in drought conditions organic material can dry out before the
seedling’s radicle can reach the mineral soil and moisture (Packee 1990). However,
decayed wood is an ideal substrate for germinates because of its moisture retention
capacity, particularly in shaded environments (Harmon et al. 1986). The small seed size of
western hemlock leaves it susceptible to desiccation particularly in certain exposed
substrates such as litter or duff—making germination difficult (Haig et al. 1941). Heavy
seed loss can occur via predation of small mammals, but predation rates can be highly

variable (Gashwiler 1970; Harmon and Franklin 1989).

Western hemlock seedling establishment, survival & growth

Western hemlock seedling establishment has been strongly associated with the
presence of decayed logs, or “nurse” logs particularly in closed canopy forests (Harmon &
Franklin 1989; Gray 1997; Christy & Mack 1984; Franklin & Dyrness 1988) An

experiment by Harmon and Franklin (1989) in Cascade Head on the Oregon coast found
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more western hemlock seedlings surviving on logs than on mineral soil in areas of similar
moisture and vegetation. Competition with herbs and mosses on the forest floor appears to
be responsible the abundance of seedlings found on nurse logs. In Christy and Mack’s
study (1984) in the Western Cascades, almost all western hemlock juveniles observed were
rooted on decaying logs although logs covered only 10-30% of the forest floor. Decaying
logs can provide a safe site from competing ferns, herbs, and mosses on the forest floor.
Initial seedling growth is slow with 2-year-old seedling typically less than 8 inches in
height. Once seedlings establish with increased light conditions, it is not uncommon to
observe average growth rates of 24 inches per year (Packee 1990).

Canopy gaps created after treefall can help facilitate juvenile establishment and
growth due to increased soil moisture and light resources (Gray & Spies 1996). Gap
position is important for developing juveniles as northern edges of gaps receive more direct
solar radiation which can negatively impact developing juveniles (Gray & Spies 1996).
Western hemlock seedling densities have been observed to be 3-9 times greater in gaps
than in closed canopies within the same stand (Spies et al. 1990). Increased seedling growth
has been observed with increasing gap size and increased seedling densities are typically

associated with older gaps (Gray & Spies 1996; Spies et al. 1990).

Western red cedar seed availability

The reproductive structures of western red cedar are classified as monoecious with
separate male and female strobili on the same tree (Schopmeyer 1974). Pollination most
commonly occurs in March with fertilization occurring in late May for trees located in the

coastal region (Owens et al. 1984). Cones mature about 5 months after pollination and seed



fall begins shortly after—typically from September - December (Minore 1990). Lack of
pollination or pollen inviability are the major causes for reduced seed efficiency and seed
loss (Colangeli and Owens 1990). Cones average around 3-6 seeds, but cones are
commonly abundant and heavy seed crops common with a 3—4-year interval between large
seed crops typical (Schopmeyer 1974; Owens 1995). Seeds are about 6 mm long with
wings typically same size as the body (Schopmeyer 1974). Most seeds fall within 300 feet
of parent trees (Minore 1990). Major seed fall occurs during October and November and
average annual can vary from 247,000 to 2.470,00 seeds per hectare in coastal forests
(Minore 1990). Seed production typically begins when these trees reach 15-30 years old
(Turner 1985). Western red cedar regeneration is typically not limited by lack of seed

production.

Western red cedar germination

Germination of western red cedar seeds is most successful in light or moderate
shade (Minore 1972). Minore (1972) observed average seed germination rates that were 2
times higher in low and moderate shade treatments versus heavy shade treatment in field
plots located in the Cascade Head Experimental Forest. This study also examined organic
substrate types (duff versus rotten wood) influence on seed germination and did not find
any significant trends. However, some studies have indicated that germination success is
influenced in part by substrate type. A study by Klinka and Feller (1998) found that the
western red cedar seeds germinated more frequently and successfully on burned floor forest
substrate compared to mineral soil and undisturbed forest floor substrates. Another study

by Haig (1941) found that western red cedar seeds germinated 5-10 times more



successfully on burnt and unburnt mineral soil compared to duff. Haig concluded that
fluctuations in the moisture content of duff, particularly on exposed sites, coupled with the
relatively small seed size of western red cedar could in part explain why seeds failed to
germinate as successfully on duff substrates. Seeds have been shown to escape rodent and
bird predation, but high mortality rates can occur during the germination phase. (Gashwiler
1967). Germination is unlikely to occur after the first year of seed fall (Minore 1990).
Based on observations from growth chamber trials, seeds can germinate quickly, given
warmer temperatures: 15 — 25 °C (Harrington 2020). This ability to germinate quickly
differs from other local conifer species such as Douglas-fir and allows for germination in

the fall months given optimal temperatures.

Western red cedar seedling establishment, survival & growth

As western red cedar typically produces abundant, viable seed crops that have high
survival rates therefore it appears that seedling establishment and survival is a critical
limiting stage in the life cycle of the species. Seedlings have been found to establish
successfully on mineral soil in post-fire landscapes (Feller and Klinka 1998). Exposed
mineral soil has been observed to be a favorable seedbed conditions for cedar establishment
while heavy moss cover can limit establishment (Lepage et. al. 2000). Seedlings can
establish on decaying wood, logs, and organic material (Christy and Mack 1984). Western
red cedar seedlings benefit from partial shading because of the stress that drought and high
temperatures can inflict on the juveniles.

Seedling establishment appears to be more successful in partially open areas and

gaps compared to closed forest canopies (Spies et al., 1990). Canopy gap position has also
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been shown to affect seedling establishment due to the north-south shade gradient effect in
northern hemisphere forests (Wright et. al. 1998). North ends of gaps are typically sunnier
than the southern ends of gaps subsequently creating a soil moisture gradient within the
canopy gap. Wright et. al. (1998) observed increased western red cedar seedling emergence

and higher seedling survival in southern ends of canopy gaps compared to northern ends.

Shrub layers can inhibit the growth of seedlings in coast regions due to competition
for forest floor nutrients and seedling growth has been observed to increase following shrub
removal. (Messier 1993). Management of competing vegetation can improve the early
development of western red cedar seedlings and saplings. Removal of competing
vegetation has shown to increase the height of juveniles more effectively than removal of
shading aboveground vegetation (Adams et. al. 1991). This indicates that transpiration
related stress may be more critical component to western red cedar juvenile survival than
light competition. Western red cedar is very shade tolerant and can endure long periods of

suppressed growth in shaded, subordinate canopy positions (Wright 1998).

Western red cedar also can reproduce vegetatively. This can occur in three different
types of vegetative reproduction: layering of lower branches, rooting from fallen branches
and development from fallen trees (Minore 1990). Layering occurs when a branch of the

tree touches the forest floor and eventually roots into the ground.

Urban Forests
Urban forests provide critical ecosystem services to local communities. Their
importance continues to grow with 80% of the US population currently living within urban

areas (Nowak 2010). These ecosystem services include carbon sequestration, air pollution
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removal, shading/cooling benefits, improved water quality, flood control, wildlife habitat,
and cultural benefits (Nowak et al. 2006; Solecki et al. 2000; Dwyer et al. 1992; Bolund &
Hunhammar 1999). However, urban forests are subjected to additional stressors not
experienced as heavily in remote, wildland forests and therefore are at greater risk of
having natural ecological processes impacted or interrupted. These stressors include air
pollution, fragmentation, invasive species, recreation use and urban heat island effect
(Ballantyne et al. 2014; Stolte 1996; Pye 1988; Copp 2014). These anthropogenic
disturbances alter natural forest developmental processes and can create novel forest
conditions that ultimately lower the resilience of the ecosystem (Dwyer 2000).

These broad range of disturbances in the urban environment can impact tree
regeneration and the long-term sustainability of urban forests. Invasive species are often
more prevalent in urban ecosystems this can potentially impact plant recruitment. For
example, English ivy can depress the diversity of local plant community, but plant
communities can restore themselves following removal and persistence of native seeds in
seedbank (Biggerstaff et. al. 2007). Seed availability can be a limiting factor affecting
regeneration in urban forests because of dispersal limitations due to fragmentation and lack
of seed source. A lack of recruitment of late successional species has been observed urban
forests, possibly result of novel disturbance regimes introduced via urbanization and past

land use history (Broshot 2007).

Forest Park
Forest Park is a 5,100-acre (2000 hectares) urban forest located in Portland Oregon

and is managed by Portland Parks and Recreation (PPR). The park is situated along the
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eastern side of the Tualatin Mountains northwest of downtown Portland. Forest Park is 7
miles in length and ranges from 0.5 — 1.5 miles in width (Broshot 1999). The Forest Park
Natural Resource Management Plan was developed in 1995 and organized the park into
three management units: south, central, and north (City of Portland 1995). These
management units align with an urban to rural gradient with south management unit
experiencing more recreation use and degradation. The park is heavily used for recreation
including hiking, running and mountain biking with over 80 miles of trails. The park
provides recreation opportunities for an estimated 550,000 visitors each year (Myers 2014;
Van Deren et. al. 2018). The park is one of the largest natural areas within a city’s limit
nationwide (McAllister et al. 2011). Forest Park provides numerous ecosystem services to
the community including clean air and water, flood control, wildlife habitat, climate
regulation, biodiversity, and recreation. (Meyers 2013). Forest Park also serves as a
wildlife corridor connecting the Portland metro region to the Coast Range. This habitat
connectivity component of the park is critical for species dispersal throughout northwest
Oregon by allowing plants and animals to carry out life functions in more suitable habits
(Meyers 2013). The long-term sustainability of Forest Park is crucial to maintain these
important ecosystem services in the region.

Forest Park is located within the western hemlock vegetation zone and is connected
to the Oregon Coast Range (Franklin and Dyrness 1988). As a result of logging and land
use practices, this vegetation zone is dominated by early seral species such as Douglas-fir
(Pseudotsuga menziesii) (Spies et al. 2002). Over time and in the absence of major
disturbance, later succession species such as western hemlock and western red cedar

dominate the landscape. However, this is exceedingly rare as these forests are subject stand
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replacing wildfire disturbance events with a fire return interval before Euro-American
settlement estimated at around 200-300 years (Franklin 2018). Other common tree species
in Forest Park include grand fir (Abies grandis), bigleaf maple (Acer macrophyllum), red
alder (Alnus rubra), pacific yew (Taxus brevifolia), and cascara (Rhamnus purshiana). The
park experiences a maritime climate characterized by wet winters, dry summers, and mild
temperatures all year (Franklin & Dynress 1988).

Forest Park’s history has been strongly characterized by human activities in the
region. In the early nineteenth century, indigenous groups occupied regions along the banks
Lower Columbia and Lower Willamette Rivers—including two villages in present day
Portland (DeVoto 1953). Indigenous groups were composed of several branches of the
Chinookan-speaking people including those of the Multnomah, Kathlamet, Clackackamas,
Chinook, Tualatin Kalapuya and Molalla. European settlers arrived in the region in the
early 1800’s and began clearing for settlement and agriculture (Munger 1960). By the mid-
1800’s settlers had developed trails through the Tualatin Mountains to transport and trade
crops to settlements along the Willamette River. The development of land for residential
use gradually increased around the Tualatin Mountains along flatter ridge tops and bases
while the steeper hills were logged by residents. These land use patterns continued into the
20" century as the hills of west of Portland were continually logged by early settlers (Houle
1988). By the early 20" century, most of the landscape making up Forest Park today had
been clear cut. In addition to logging activities, the park has experienced three major
wildfire events in 1889, 1940 and 1951 (Munger 1960). These wildfires cumulatively
impacted over 1200 acres within the park, impacting the central unit of the park the most

heavily (Houle 1988; Munger 1960).
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Recent research in Forest Park has identified differing forest structure and
composition on an urban to rural gradient. The abundance of deciduous canopy cover,
bigleaf maple and red alder, is most notable in the south and central sections of the park
(Broshot 2007). Urban sections of the park also lack standing dead trees (Dresner et al.
2017). Lower amounts of coarse woody debris have been observed in the south unit of the
park compared to north unit and reference site (Addessi 2017). Invasive species such as
English ivy (Helix hedera) has increased in south sections of the park and has displaced
native understory species (Copp 2014; Butler 2019). A lack of recruitment of shade-
tolerant conifer species has been observed in the park, particularly in sections of park
closest to urban proximity has led to concern over the successional trajectory of the park

(Broshot 2007; Dresner et al. 2017).
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Chapter 2: Multi-scale Growing Conditions Associated with Western Hemlock and
Western Red Cedar in Forest Park, Portland, Oregon

Introduction

Urban forests are impacted by novel disturbance regimes introduced by humans
that impact natural ecological processes such as tree regeneration. One of the largest urban
forests in the United States is Forest Park, a large second-growth urban mixed-conifer
forest in Portland, Oregon, whose recent history is characterized by human activities and
disturbances. Tree regeneration is one ecological process that is of concern in urban mixed-
conifer forests like Forest Park. Past land use history and disturbances have created a
heterogenous composition of stands associated with different dominant vegetation types
and successional stages within the park (Broshot 2007; McAllister et al. 2011), but one
specific issue that has been documented in certain sections of the park is a lack of shade-
tolerant conifer recruitment (Broshot 2007; Dresner et al. 2017). In much of Forest Park,
this recruitment may be limited by the availability of legacy forest structural components
such as remnant seed trees, snag trees and downed woody debris that are necessary for
subsequent successional stages to occur. In addition, the park has been impacted by
urbanization including effects of fragmentation, invasive species, and recreation use
(Broshot 2007; Prather 2014; Van Winkle 2014). These impacts have resulted in forest
conditions that constitute a novel state and differ from those of pre-Euro-American
settlement stands (Christy et al. 2008), leading to concerns over the trajectory and future

stand development in the park.
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Current management goals in the park include promoting structural diversity and
setting vegetation trajectories towards structurally complex, old-growth conditions
(McAllister et al. 2011; City of Portland 1995). The recruitment of shade-tolerant conifers
such as western hemlock and western red cedar can help to achieve those management
goals. However, the scarcity of western hemlock and western red cedar species present
management challenges. Current management efforts include removal of invasive species
and replanting seedlings of shade-tolerant species in degraded areas of the park. These
restoration activities would benefit from science-based guidance on current ecological
conditions in urban forests, because recruitment dynamics that are well understood based
on decades of research in less disturbed forests may not be as predictable in the novel,
understudied context of degraded urban forests in a changing climate. Therefore, to address
the knowledge gap regarding western hemlock and western red cedar juvenile
establishment and survival in urban forests, this study will examine multi-scale
environmental conditions associated with naturally regenerated juveniles of each species

in Forest Park.

Study Objectives and Research Questions

This research builds on previous studies that have identified a lack of recruiting
shade-tolerant conifers, particularly in the sections of the park closest to urbanized areas.
This study seeks to further understand and characterize the multi-scale environmental
conditions associated with shade tolerant conifer regeneration in Forest Park by addressing

the following research questions:
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1. What are the environmental conditions associated with the establishment and
recruitment western hemlock and western red cedar juveniles?

2. Are the environmental conditions associated with the regeneration of western
hemlock and western red cedar similar in different park management units?

3. What environmental predictor variables best predict presence of western
hemlock and western red cedar regeneration?

4. What environmental factors contribute to low and high vigor in western

hemlock and western red cedar juveniles?

Because effective forest management actions rely on accurate estimates of current
ecological conditions, the results of this study will provide insights into shade-tolerant
conifer regeneration in Forest Park along with recommendations to inform future

management decisions.

Methods

To investigate the patterns of conifer regeneration in areas of Forest Park that were
differentially affected by human activities, study locations were chosen to align with an
urban-rural gradient using the Portland Parks and Recreation (PP&R) defined management
unit boundaries. Plot locations were installed in the south and north management units as
well as the Burlington unit (Figure 2). The south management unit (1,236 acres), located
between W. Burnside Road and Firelane 1, nearest to NW Portland and receives the most
recreation use, and has been the focus of recent restoration efforts. The north management
unit (1,558 acres), located between Germantown Road and Newberry Road, is further from

the city and receives fewer visitors as a result. Plots were also installed in a 38-acre, old
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growth preserve owned by the Forest Park Conservancy, referred to as the Burlington unit
in this study. While this preserve does not meet the technical definition of an old growth
stand because it has too few large tree, snags, downed logs, and the stand is too small
(Franklin & Dyrness 1988), However, the Burlington unit does contain some very large,
Douglas-fir trees, some older than 400 years, and contains many structural components
consistent with old growth conditions (Broshot 2007). Furthermore, because it has not been
impacted by logging or wildfires in recent centuries (Broshot 1999), the Burlington unit
was used as a reference control to compare results from the north and south management

units. Plots were established and data collection occurred from summer 2019 through fall

2020. Burlington Unit (Reference)

North Unit

South Unit

SPECIES

@ THPL

@ TSHE
Forest Park

Figure 2. Juvenile site locations in each sample unit of Forest Park. Blue points represent
western red cedar (THPL) sites, and the red points represent western hemlock (TSHE) sites.



Due to the scarcity of shade-tolerant juveniles in the study area, a targeted field
sampling approach was utilized for field sampling. Juveniles were searched away from
trails within the three sample units: north, south, and Burlington (reference). Juvenile
encounter frequency was used as a co-variate of overall juvenile landscape abundance per
species. Encounter frequency was calculated by tracking total search time and number of
individuals observed on sampling track. Encounter frequency was tracked within each
management unit and dominant overstory vegetation type. Plot locations were selected to
ensure: 1) a representative amount of juvenile growth forms (seedling vs sapling) and 2) a
proportional number of plots in each dominant overstory vegetation type present in the
park. Juvenile conifers were categorized either as seedlings—individuals less than 1.37
meters in height or saplings—individuals greater than 1.37 meters in height with diameters
less than 12.7 cm (U.S. Forest Service 2020). Dominant overstory vegetation types were
categorized in three groups for this study: mixed-conifer, mixed-conifer-deciduous and
deciduous. Plots were installed at the site of the target juvenile conifer. Areas of recent
replanting efforts were identified, and locations with transplants were not chosen for

sampling or factored into search time calculations.

After a juvenile conifer was identified for sampling, a plot center was established at the
location of the juvenile. Topographical variables such as slope, aspect, and slope position
were measured at the plot center. Next, paired 1 m? microsite plots were established at 1)
the juvenile conifer (plot center) and 2) a randomly placed location ~1-2 meters from the
juvenile (Figures 3 & 4). The microsite plot installed around the juvenile conifer is referred

to as the “regeneration” microsite and it is associated with the presence of the target conifer
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species. The microsite plot randomly installed ~1-2 meters away from the juvenile is
referred to the “control” microsite plot and is associated with the absence of the target
conifer species. The placement of the control microsite was determined by a random
number generator that generated a random integer from 0-360, and that number was used
as the compass azimuth for placing the control plot. If the control microsite landed on
another target juvenile conifer species, a new random azimuth direction was generated, and
the plot was placed again. Microsite plots were monitored using quadrat frame and the
quadrat frame was aligned toward the cardinal directions when placed around each

juvenile.

Juvenile Site Location Each Microsite plot — 1 m?

Control microsite plot
placed randomly within
1-2 metersof
seedling/sapling

O

= Potential “In”
Trees measured
in variable
radius plot

O

Regeneration
Microsite Plot

/

g O

Control Microsite Plot

O

Figure 3. Schematic of paired plot monitoring layout. Regeneration microsite plot installed around
seedling/sapling and a control microsite plot installed randomly within 1-2 meters. Tree density and basal
area measured around reaeneration microsite plot using variable radius plot method.
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Figure 4. The photo on the left displays an example of a regeneration microsite plot and the photo on the
right displays an example of a control microsite plot.

After plot establishment different multi-scale environmental factors were measured
(Figure 5; Table 1). Visual estimates were made to the nearest percent for vegetation and
forest floor substrate cover using a 1 m? quadrat at each microsite plot location. Vegetation
cover was recorded according to the following categories: herbaceous (forbs and grasses),
shrubs (plants with woody stems), English Ivy (Helix hedera) and ferns. Forest floor
substrate cover was categorized as rock, bare soil, litter, duff, moss, coarse woody debris
(CWD), and fine woody debris (FWD) (Table 1). Coarse woody debris was defined as
downed wood in the 1000-hour fuel class, greater than 7.6 cm (3 in) diameter (Harmon et
al. 1986). Fine woody debris was defined as 1-, 10- and 100-hour fuels or downed woody
material less than 7.6 cm. Litter and duff depth measurements were also taken at the base
of each juvenile and at random in the control microsite plots. Four litter and duff
measurements were recorded and averaged in each microsite plot. Canopy cover density

was recorded at both microsite plots using a densiometer. Canopy cover measurements
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were recorded at each cardinal direction around the juvenile’s canopy extent, and the values
were then averaged at each juvenile site. The following hypotheses were tested for paired

microsite plots:

» Hypothesis 1: Regeneration microsite plots will have a dissimilar vegetation cover,
forest floor substrate coverages and litter/duff depths compared to the control

microsite plots.

* Hypothesis 2: Regeneration microsite plots will have a lower canopy cover density

(more open) than the control microsite plots.

Tree density and basal area were measured around the juvenile sample using a variable
radius plot or point sampling method. Variable radius plots are commonly used in forest
inventory assessments and provide a rapid method to assess tree basal area and density
(Hovind & Rieck 1961; Shiver & Borders 1996). In this method a basal area factor prism
is used select “in” trees to measure in the plot. Diameter at breast height (DBH) was then
measured for each “in” tree. Individual juvenile characteristics such as height and diameter

were also measured.
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Figure 5. Conceptual model displaying different hierarchal levels of environmental factors monitored at
juvenile site locations.

Since tree regeneration is strongly affected by temperature and soil moisture,
topographic components such as slope, slope position and aspect were also measured at
each plot location. In the northern hemisphere, southwest slopes are typically associated
with drier and hotter conditions while northwest slopes are typically associated with cooler
and wetter conditions. McCune and Keon (2002) developed the heat load index (HLI) to
account for direct solar radiation input throughout a given landscape. This method
transforms aspect and slope to produce a heat load index value from O (coolest) to 1
(hottest). A HLI raster layer was derived from a 1 m? digital elevation model (DEM) for
each of the three sample units. The DEM layer was derived from a 2014 LiDAR flyover
point cloud data courtesy of the Oregon Department of Geology and Mineral Industries
(DOGAMI). Topography also influences hydrological and geomorphological processes

that affect soil moisture. A steady state wetness index called topographic wetness index
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(TWI) is a function of both slope and the upstream contributing area of a given location on
a landscape can be used to model aspects of the local hydrology. TWI is highly correlated
with soil attributes such as horizon depth, silt percentage, and organic matter content and
aims to model soil water content (Moore et al. 1991). A raster layer of TWI was derived
using a 1 m? DEM for each sample unit. Additionally, Slope position was also recorded at
the juvenile site location. This refers to the general location of the established juvenile
conifer on the hillslope. The following categories were used: crest, upper slope, middle
slope, lower slope, toe slope, depression, and level. Slope position can influence spatial
variation of soil properties throughout the landscape by controlling the movement of water

and material on the hillslope.
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Table 1. Environmental variables measured at each plot location. Vegetation and forest floor substrate

cover variables measured in 1 m2 quadrat around juvenile conifer and control site.

Category Variable Method of Measurement Units
Abiotic Heat Load Index (HLI) Derived from 1m? DEM Unitless
Topographic Wetness
Index (TWI) Derived from 1m? DEM Unitless
Aspect Field Measured (Compass) Degrees
Slope Field Measured (Clinometer) Degrees
Field Measured (1 m? quadrat, visually
Mineral Soil Cover estimated) %
Field Measured (1 m? quadrat, visually
Rock Cover estimated) %
Field Measured (Variable Radius Plots 2
Biotic Tree Density M BAF) Trees ha!
Field Measured (Variable Radius Plots 2
Tree Basal Area M BAF) m? ha!
Field Measured (Densiometer, 4 % Canopy
Canopy Cover Density measurements averaged) Cover
Understory Vegetation Field Measurgd (1 m? qua(_jrat, cover
Cover class_es org_anlzed by functional group or
species of interest - Shrub, Herbaceous,
Fern and lvy) %
Coarse & Fine Woody Field Measured (1 m? quadrat, visually
Debris estimated) %
Field Measured (1 m? quadrat, visually
Moss Cover estimated) %
Field Measured (1 m? quadrat, visually
Litter & Duff Cover estimated) %
Field Measured (4 measurements taken
Litter & Duff Depth and averaged
in each microsite plot) cm

Tree vigor was qualitatively assessed for each juvenile species monitored. Vigor was
categorized into three different classes: above average (AA), average (A), and low (L).
These classes were determined by live crown ratio, early needle senescence, crown density,
branchlet length, and needle chlorosis observed in each sampled species (Table 2). Live
crown ratio was measured on juveniles large and old enough to exhibit more complex

crown structure. Live crown ratio is the ratio of the crown length to total tree height or
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percentage of tree’s total height that has foliage (U.S. Forest Service 2020; Deyoung 2016).
Needle chlorosis assessment was based on foliar color where the proportion of yellowing
needles was the basis for vigor classification. Low needle chlorosis indicates greater needle
chlorophyll retained which in turn increases photosynthetic capacity (Grulke 2020; Nowak
et. al. 1991). Crown density is the amount of crown branches, foliar retention and needle
mass that blocks light visible through the crown (U.S Forest Service 2020). The different
environmental variables associated with each vigor class for each species was analyzed to
determine any patterns or trends. Hypotheses for the juvenile vigor assessment are as

follows:

e Hypothesis 3: Juveniles classified in the AA vigor class will be present at sites with
a lower canopy and tree density than juveniles classified in the A or L vigor classes.
e Hypothesis 4: Juveniles classified in the AA vigor class will present at sites with a

higher TWI and lower HLI than sites juveniles classified in the A or L vigor classes.

Table 2. Qualitative variables measured during rapid vigor assessment of juvenile conifers.

Qualitative Vigor Classification

Above
Vigor Qualitative Variable Low (L) Average (A) Average (AA) Reference
Live Crown Ratio <0.2 <0.4 >=0.4 USFS (2020)
Crown Density Qualitatively classified into each of the 3 classes USFS (2020)
Early Needle Senescence Severe Mild Not Present Grulke (2020)
Thinner Intermediate
Branchlet Length Branchlets Length Greater Length  Grulke (2020)
Needle Chlorosis % >=15 <15 0 Grulke (2020)
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Figure 6. Conceptual model of juvenile vigor class assessment analysis.

Statistical Analysis

Non-parametric based tests were used in lieu of one-way ANOVA approaches
because many of the results did not meet test assumptions for parametric approaches such
as normality or equal variance. Wilcoxon rank-sum tests were used to determine significant
differences among different microsite environmental variables measured in each paired
microsite plot. Kruskal Wallis tests were used to test significant differences in different
overstory density between sample units. A post-hoc Dunn’s test was used determine
significance differences between sample units. The relationship between juvenile conifer
presence and microsite predictor variables was modeled using a boosted regression tree
(BRT) approach. The BRT technique is a non-parametric regression method that combines
classification and regression trees (CART) with a boosting algorithm, leveraging the

advantages of CART models without losing predictive performance. Advantages of using
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CART-based approaches for ecological modeling include the ability to use predictor
variables of different types and distributions and for accommodating missing data. Models
were built using R Studio software version 1.2.5 (RStudio Team 2019). The BRT models

were built using the ‘gbm’ package and its extensions (Ridgeway 2006; Elith et. al. 2008).

To ensure each model’s accuracy, the presence (regeneration microsite plots) and
absence (control microsite plots) data were partitioned with an 80-20 split, such that 80%
of the data was used to train each model and 20% of the data was used to test each model.
Model validation was conducted using 3 metrics: percent deviation explained in
independent (testing) data, percent deviation explained by cross-validation procedure, and
area under the operating curve (AUC) averaged during cross-validation testing. A
confusion matrix was also generated to assess each model’s accuracy and to display any
misclassification errors. Cohen’s kappa statistic was also reported from each confusion
matrix to compare the observed accuracy of each model with expected or random accuracy.
This performance statistic was included because the model has a 50/50 chance of correctly
classifying juvenile presence and additional metrics besides misclassification rate are
necessary to assess a classification model’s performance. The Kappa statistic essentially
reports how much better the model is performing over a model that guesses at random

based on frequency of each class.

Each model was fit using the gbm.step function to identify the optimal number of
boosting trees. The optimal number of boosting trees was calculated using k-fold cross-
validation in the gbm.step function. The data was divided into 10 subsets in the k-fold cross

validation where 1 subset was held out for validation and the other 9 subsets were used to
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train the model. The function then fit a model of increasing complexity, i.e., increasing
number of nodes in trees, calculating the residual deviance at each step along the way.
After each fold processed, the function calculated the average residual deviance and its
standard error and then identified the optimal number of trees as that at which the deviance
was minimized. Additional model parameters were also adjusted, these included tree

complexity = 3, learning rate = 0.005 and bag fraction = 0.7.

In order to eliminate non-informative variables, the models were simplified using the
gbm.simplify function. This function dropped the least important predictor variable, then
re-fitted the model and repeated the process. This process utilized a 10-fold cross-
validation procedure that progressively simplified the model at each fold and used the
average cross-validation error to decide how many variables can be removed from the
original model without losing predictive performance. Once the optimal number of
predictor variables to drop was identified, the model was then fit again with the remaining

predictor variables.

Results

Across the three study areas in Forest Park, 90 plots were established and monitored
in this research. In the south management unit, 38 plots were established (18 TSHE plots
and 20 THPL plots), which included 40 total juveniles monitored (6 seedlings and 34
saplings). In the north management unit, 40 plots were established (20 plots of each
species), and a total of 44 juveniles were monitored (12 seedlings and 32 saplings). In the
Burlington reference unit, 12 plots were established (6 of each species) which included 12

total juveniles (3 seedlings and 9 saplings). Juveniles were tracked and encountered more
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frequently in the reference and north units compared to the south unit (Table 3). Search
encounter rate in the north unit for TSHE was 18.6 individuals per hour and 32.2
individuals per hour for THPL. Juveniles of both species were encountered least frequently
in the south unit with an encounter rate for TSHE was 5 individuals per hour and 11.2

THPL individuals per hour.

Table 3. Juvenile search and encounter frequency metrics including mean species encountered per hour,
total search time and total distance searched. Values in parentheses indicate the standard error.

Unit TSHE Per Hour THPL Per Hour Total Time (hr)  Total Distance (km)
South 5(1.5) 11.2(3.3) 12.7 16.6
North 18.6 (4.1) 32.2(4.8) 14.9 18.2
Burlington 10.7 (7.6) 34.3(6.1) 1.7 2.4

The plots ranged in elevation from 260 to 980 feet and were established in
representative aspects and slope positions. Both species sites were similar in topography
ranging from 21-22 degrees in mean slope, 0.53-0.56 in mean heat load index and 2.9-3.1
in mean topographic wetness index (Table 4). Juveniles of each species were observed
most frequently on NW, N and NE facing slopes (58% of juveniles) and observed less
frequently on SE, S and SW facing slopes (22% of juveniles; Figure 7). Since, NW, N and
NE facing slopes accounted for 51% of the study area , while SE, S and SW facing slopes
accounted for 30% of the study area, this shows a habitat preference for NW, N, and NW

facing slopes.
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Table 4. Summary statistics of topographic variables measured at each juvenile species’ sites.

Topographic Variable TSHE THPL Entire Park
Elevation Range (Feet) 330-951 257 - 980 36 —1,127
Mean Slope (Degrees) 21.8 21.2 24.1
Slope Range (Degrees) 4-335 3-39 0-814
Mean HLI 0.53 0.56 0.5
HLI Range 0.12-1.05 0.15-1 0.01-1.06
Mean TWI 2.89 3.05 3.02
TWI Range 0.01-8.7 05-9 0-184
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Figure 7. Distribution of aspect positions recorded for each species in each sample unit.



Vegetation Cover Effects on Juvenile Presence
Vegetation Cover at TSHE Sites

Vegetation cover differed at regeneration and control microsite plots only in the fern
categories. Fern cover was significantly lower in regeneration plots in all management units
for TSHE (Figure 8). Mean fern cover ranged from 6 - 16% in regeneration microsite plots
and ranged from 35 - 65% in corresponding control microsite plots (Table 5). Shrub cover
ranged from 1 — 12% between microsite and control plots in all units but was not
significantly different. Ivy was only observed in microsite plots located in the south
management unit but was minimally present in both regeneration and control plot (~1%).
Herbaceous cover was also negligible at TSHE sites ranging from 0-5% and not

significantly different.

Vegetation Cover at THPL Sites

At THPL sites, vegetation cover differed at regeneration and control microsite plots
in fern and shrub categories but not in every unit (Figure 9). Mean fern cover ranged from
9 - 21% at regeneration microsite plots and 26 - 72% at control microsite plots and was
only significantly different in the north unit (p=0.0003; Table 5). Shrub cover ranged from
3 —19% at regeneration microsite plots and 13 — 32% at control microsite plots with shrub
cover significantly lower in the south and Burlington units (p=0.05; p=0.06; Table 5). Ivy
was mainly present in the south unit ranging from 4 — 7% at both regeneration and control
microsite plots but was not significantly different. Herbaceous cover was minimally
present at sites in each unit with the most herbaceous cover observed in south unit (Table

5), although not significantly different between regeneration and control microsite plots
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Figure 8. Distributions of vegetation cover percentages by category observed at TSHE juvenile sites.
Boxplots with solid fill represent the seedling/sapling microsite plot (R) and the outlined boxplots
represent the control microsite plot (C).
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Figure 9. Distributions of vegetation cover percentages by category observed at THPL juvenile sites.

Boxplots with solid fill represent the seedling/sapling microsite plot (R) and the outlined boxplots
represent the control microsite plot (C).
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Table 5. Mean vegetation percent cover for each vegetation cover group. Percent cover visually estimated
in 1 m? quadrat surrounding the seedling/sapling. Values in parentheses indicate the standard error.

Sample Cover TSHE THPL
Unit Type

Regeneration ~ Control Regeneration  Control
Plots Plots P-value Plots Plots P-value

(n=46) (n=48) (n=50) (n=50)
Herb 1.4(0.6) 39(13) .098! 5.7(25) 10.2(3.4) 0.13

1

South Unit Shrub 1.3(05) 6.7(2.8) 0.23 3.1(.7) 13 (5.5) 0.06
vy 0.8(0.5) 15(0.7) 0.34 6.5 (2.6) 3.8(1.4) 0.94
Fern 6(2.3) 35.2(7.8) <0.0001! 15.6 (4.3) 26 (6.4) 0.29
Herb 2.6 (1.2) 5.2 (3) 0.892 1(0.4) 2.8(1.8) 0.65!
North Unit Shrub 8.9(26) 11.8(4.6) 0.892 19.4 (4.6) 14 (4.4) 0.24
vy 0 (0) 0 (0) NA 0.3(0.3) 0 (0) NA
Fern 14.4 (45) 62.9(8.2) 0.0003° 21.4(5.8) 72.9(7.1) <0.0001
Herb 0.3(0.3) 3.0(24) 0.4° 1.0(0.8) 0.2 (0.2) 0.5°
B“['J'rr]‘i%m” Shrub 177 3.7(18) 078  10.8(8.0) 31.7(6.7) 0.05
(Reference) vy 0(0) 0(0) NA 0(0) 0(0) NA
Fern 15.3 (7.5) 60.8 0.01 10 (2.8) 34,5 0.26

(12.6) (14.0)

YIndicates logarithmic transformation used in statistical analysis.
2Indicates a square root transformation used in statistical analysis.

Forest Floor Substrate Effects on Juvenile Presence
Forest Floor Substrate Cover at TSHE Sites

Coarse wood debris (CWD) was prevalent at TSHE regeneration microsite plots in
every sample unit (Figure 10). About 84% of regenerating TSHE juveniles were found
established on CWD. Mean CWD cover ranged from 23 - 53 % at regeneration plots and
2 - 12% at control plots and was significantly higher in regeneration microsite plots at each

unit—south (p=0.008), north (p=<0.0001) and Burlington (p=0.05; Table 6). Mean litter
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cover was significantly lower at regeneration microsite plots in the north and south units
(Table 6). Litter cover ranged from 56 - 65% at regeneration microsite plots at all units
while ranging from 74 - 92% in corresponding control microsite plots. Mean duff depth
was significantly larger only in the south unit at around ~10 cm in regeneration microsite
plots (Table 6; p=0.001). Litter depths ranged from 3 — 6 cm at both regeneration and
control microsite plots in all units and were significantly different. Moss cover was
significantly higher in regeneration microsite plots only in the north unit at 16% (Table 6;
p=0.006). Fine woody debris (FWD) was present at most site locations but not significantly
different between regeneration and control microsites. Exposed mineral soil, rock duff
substrates were exceedingly rare in each unit and observed least frequently amongst

substrate categories.

Forest Floor Substrate Cover at THPL Sites

While multiple trends were observed between TSHE juveniles and forest floor
substrate categories, THPL juveniles were not strongly associated with any substrate
category (Figure 11). No substrate category was significantly different between
regeneration and control microsite plots at THPL sites (Table 6). Only 17% of regenerating
THPL juveniles were found established on CWD, and mean CWD cover was typically low
at regeneration microsite plots and not significantly different from control microsite plots
in any unit (Table 6). Litter depths ranged from 5.5 — 7 cm at regeneration microsite plots

and duff depths were negligible and ranged from 0.7 — 1.5 cm.
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Figure 10. Distributions of vegetation cover percentages by category observed at TSHE juvenile sites.

Boxplots with solid fill represent the seedling/sapling microsite plot (R) and the outlined boxplots
represent the control microsite plot (C).
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Figure 11. Distributions of vegetation cover percentages by category observed at THPL juvenile
sites. Boxplots with solid fill represent the seedling/sapling microsite plot (R) and the outlined
boxplots represent the control microsite plot (C).
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Table 6. Mean forest floor substrate variables measured at each target species site. Values in parentheses
indicate the standard error. Litter and duff depth measured in cm.

Unit  Substrate TSHE THPL
Category
Regen Control Regen Control
Plots Plots P-value Plots Plots P-value
(n=45) (n=47) (n=49) (n=49)
Litter (%) 55.9 (5.3) 74.3(5.8) 009  76.4(43) 72.7(6.4) 0.69
Moss (%) 3.1(0.8) 2.8(0.6) 0.9 29 (11) 5(2) 0.57
CWD (%) 225(6.1) 1.9(1.8)  0.008 3.1(1.4) 4.4(3.1) 0.56
a‘;]‘f:h FWD (%) 145(2) 10.8(L.9) 0.122  165(2.8) 14.9(2.7) 0.69
Mineral (%) 0.7 (0.5) 1.5 (1) 0.672 2.8(1.8) 5.3 (2.6) 0.21
Rock (%) 11(1.1) 0.5(0.5) na 0 (0) 0(0) na
Duff (%) 48(23) 3.9(3.6) 0.24? 0.2 (0.2) 0(0) na
Litter Depth 55(0.6) 4.7(0.6) 0.3 5.7 (0.8) 5.2(1) 0.34
Duff Depth 10 (2.1) 1(0.3) .001 1.3 (0.4) 0.4 (0.1) 0.42
Litter (%) 65.1(6.2) 91.7(2.6) 0.0003 88(4) 92.6(1.8) 0.59
Moss (%) 16.3(4.1)  2.4(0.9) .006" 2.9 (0.9) 1.7 (0.4) 0.42
CWD (%) 52.8(8.7) 09(05) <0.001 9.6(49) 6.35(25) 0.78?
North WD (%) 124 (2.2) 14.8(3.4) 0.72! 21 (5) 12.2 (3) 0.19
Unit  Mineral (%) 0.3(0.3) 0.3(0.2) na 3.3(2.2) 0.2 (0.2) na
Rock (%) 0.01 (0.01) 0(0) na 0(0) 0(0) na
Duff (%) 1.7 (0.8) 0(0) na 0.1(0.1) 0.05(0.05) na
Litter Depth 6.9(14) 6.1(0.7) 0.59 6.9 (0.8) 8.4 (1) 0.26?
Duff Depth 6.7 (4.9 1.6 (0.6) 0.19 1.4 (0.4) 1.5 (0.5) 0.8
Litter (%) 61.3(10) 78 (11.9) 038 875(3.2) 88.8(6.6) 0.87
Moss (%) 11.8(4) 9.5(6.3) 0.52 24.3 (22) 1.8(1.2) 0.38
Ref. CWD (%) 47.5(11) 8 (6.5) 0.03 6.3 (3.8) 5 (3.5) 0.9
unit o (%) 10.3 (4.3) 20 (7) 0.24 15 (4.6)  11.3(4.7) 0.65
Mineral (%) 0(0) 0.5(0.2) na 0(0) 0(0) na
Rock (%) 0(0) 0(0) na 0(0) 0(0) na
Duff (%) 0.8 (0.8) 2(3) na 0(0) 0(0) na
Litter Depth 48(14) 3.4(0.8) 0.43 5.5(0.9) 3.5(11) 0.38
Duff Depth 19.1(8.1) 2.3(14) 0.11 0.7 (0.3) 1.1 (0.4) 0.19

!Indicates logarithmic transformation used in statistical analysis.
2Indicates a square root transformation used in statistical analysis.
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Forest Structure and Composition
Forest Structure at TSHE Sites

Mean total tree density was relatively similar at TSHE sites in each unit ranging
from 213 - 270 trees/ha and not significantly different between sample units (Table 7;
Figure 12). Bigleaf maple (ACMA) was more prevalent in the north (148 trees/ha) and
south (102 trees/ha) units compared to the reference unit (33 trees/ha; p=0.05; Table 7).
The lowest density of Douglas-fir (PSME) was observed in the south unit (21 trees/ha).
Western hemlock density ranged from 48 - 52 trees/ha with the highest density in the
reference unit and the lowest density in the north unit. Western red cedar density ranged
from 17 - 84 tree/ha with the lowest density observed in the south unit and the highest
observed in the reference old-growth stand. More snags were observed in the reference unit
than in the north or south units (Table 7). No significant difference was found between
mean canopy cover density at TSHE microsite plot locations (97.2%) and control plot

locations (97.4%; Table 8).
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Figure 12. Stand density distributions by tree species in each sample unit observed at TSHE sites.
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Figure 13. Stand density distributions by tree species in each sample unit observed at THPL sites.
Significance thresholds < 0.05= *, < 0.01 =**, < 0.001=***,

Forest Structure at THPL Sites

Mean total stand density was highest in the north unit (251 trees/ha) and lowest in
the south unit (193 trees/ha) with the north and Burlington units significantly higher than
the south unit (p=0.006; Table 7). Consistent with results from TSHE sites, bigleaf maple
was more prevalent in the south (104 trees/ha) and north (116 trees/ha) units compared to
the reference site (78 trees/ha) although not significantly different between units. Western
red cedar density was lowest in the south unit (2 trees/ha) and highest in the reference unit
(89 trees/ha). Douglas fir density was highest in the north unit (83 trees/ha) and lowest in
the south unit (43 trees/ha). Snags were also more abundant in the reference unit than in

the north of south units at THPL juvenile sites. While canopy cover density was slightly
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lower at regeneration sites than in the north and south units, the difference was not

statistically significant (Table 8).

Table 7. Mean density (trees ha) of mature overstory trees present at TSHE and THPL juvenile sites.
Standard error reported in parentheses.

Overstory South North Burlington P-Value
Species (n=18) (n=20) (Reference)
(n=12)
Total 212.7 (24.6))  271.3 (32.3)" 224.3 (48.7)" 0.49
ACMA 101.6 (16.2)F  14