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Contemporary forest management involves a more extensive and diverse suite of
management objectives than was the case throughout much of the Twentieth Century.
Heightened public and political awareness of local and global biodiversity decline, and interest in
arresting these trends, has increased the emphasis on broad-based biodiversity conservation as an
outcome of forest management in many temperate regions. Similarly, the stressors and
opportunities associated with global climate change have elevated climate change mitigation and
climate change adaptation to important objectives in forests worldwide. The recent proliferation
of management objectives, including biodiversity conservation, climate change mitigation and
climate change adaptation, creates challenges when attempting to manage for complex sets of
objectives, simultaneously. Although research has begun to explore the potential trade-offs
involved in this multi-objective management, certain combinations of objectives have rarely
been considered. This is the case for trade-offs between climate change mitigation, climate
change adaptation, and biodiversity conservation. Evaluating this combination of objectives
provided the overarching theme for this dissertation.

An important secondary theme throughout each chapter of this dissertation is the ecology
and management of mature Douglas-fir (Pseudotsuga menziesii) stands, in the Pacific Northwest
(PNW) of the United States. Whereas the ecology of old-growth Douglas-fir forests has been the
subject of much research over the past three decades, few studies have focused on the ecology or
management of stands in the mature phase of stand development. This is despite the significance
of the onset of maturity in PNW forest policy. Expanding the science-base on the ecology of
mature forests, and the effects of active management conducted during the mature phase of stand
development, is an important aim of this dissertation.
Chapter 2 of this dissertation provides a comprehensive description of the structure of
mature Douglas-fir stands under three alternative management conditions; an unmanaged
control, even-aged management with a single thinning (thinned), and even-aged regeneration
harvest with structural retention (retention harvest). Relative progress toward the development of
old-growth structure was also assessed. Sampling was conducted two to five decades after active
management (mean of 38 years in thinned stands, and 22 years in retention harvest) in stands
aged 106 – 193 years. The results illustrate important differences in structure associated with
active management, including differences in live vegetation in the canopy and at the forest floor,
and dead wood in standing, down and stump pools. This study also highlighted the potential of
thinning in mature stands as a tool for accelerating the development of certain elements of oldgrowth structure in mature stands lacking existing structural complexity. However, the structure
of unmanaged stands in this study varied considerably from stand to stand, and while active
management may be appropriate in some situations, it will be unnecessary in others.

In Chapter 3, differences in stand-scale carbon storage among unmanaged, thinned and
retention harvest management conditions were examined using data derived from the evaluation
of stand structure, in Chapter 2. Above- and belowground carbon in all live vegetation, and in
snags, down dead wood, and stumps, was estimated. We found significant differences in total
non-soil carbon, and its distribution between pools, associated with active management, with the
most important of these difference being significantly lower total non-soil carbon and carbon in
live overstory trees in retention harvest stands than either unmanaged or thinned stands. Higher
understory carbon and stump carbon in retention harvest stands than unmanaged stands was
insufficient to compensate for lower overstory tree carbon, owing to the size of the overstory
carbon pool in all management conditions. By contrast, few differences in total non-soil carbon
storage or carbon storage in individual pools were apparent when comparing thinned and
unmanaged stands.
Differences in the forest songbird community, the focus of Chapter 4, were also most
pronounced when comparing unmanaged or thinned stands to those managed using a retention
harvest approach. The songbird community was sampled using repeated point counts in a subset
of the stands sampled for structure and carbon. Management condition was associated with
important differences in songbird community composition, and particularly songbirds associated
with late-successional Douglas-fir forests; in this study, detections of late-successional species
reliant on dead wood were highest in unmanaged stands, while detections of species utilizing
overstory conifer foliage and ground foragers were highest in thinned stands, and retention
harvesting was associated with a shift toward early-seral, shrub-foraging species. However,
although community composition differed between the management conditions examined in this

study, total species richness and abundance was relatively invariant between management
conditions.
Chapter 5 concluded the evaluation of management impacts on mature stand ecology with
an evaluation of tree-scale drought resistance and resilience in the same stands and management
conditions used in assessing structure, carbon storage, and songbird community composition.
The 2001 drought event was selected for analysis of drought resistance and resilience, based on
Palmer Drought Severity Index values indicative of moderate to severe drought during 2001.
Differences in drought resistance and resilience, relative to the 2001 drought, were examined up
to two decades following overstory density reduction in actively managed stands. Drought
resistance and resilience of trees in retention harvest stands were significantly higher than in
trees in either unmanaged or thinned stands. Drought resistance and resilience of trees in
unmanaged and thinned stands did not differ, although it is notable that thinning in our mature
stands was conducted several decades before the 2001 drought, whereas in retention harvest
stands, overstory density reduction took place (on average) within the decade before this drought
event. Further work is required in order to examine the extent and duration of any benefits of
low-moderate intensity thinning for the drought vulnerability of trees in mature stands.
Combining data on drought resistance and resilience, carbon storage and songbird species
richness and abundance (focusing specifically on songbirds associated with late-successional
Douglas-fir forests), Chapter 5 also presented an evaluation of the trade-offs in managing for
climate change adaptation (represented by drought resistance and resilience, in this study),
climate change mitigation (carbon storage) and late-successional biodiversity (late-successional
songbird species richness and abundance). Although carbon storage was relatively compatible

with late-successional species richness and abundance in this study, significant trade-offs
between drought resistance and resilience and late-successional species richness and abundance
were evident. In light of the importance attached to conserving late-successional wildlife in many
temperate regions the likelihood of major inconsistencies between conservation objectives and
adapting forests to increasing drought frequency and severity has significant implications for
forest management, and suggests an urgent need for future research on this theme. Future
research should both extend trade-off analyses to other wildlife taxa, and also consider novel
management options for ameliorating trade-offs between late-successional biodiversity and
climate change adaptation at the stand- and landscape-scale.
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CHAPTER 1: INTRODUCTION
Forest management objectives are central to the practice of silviculture, and as the range of
ecosystem goods and services commonly demanded of forests has increased, so has the breadth
and diversity of desired objectives on most forest ownerships (Ashton and Kelty, 2018). For
much of the 20th Century, emphasis on the sustainable supply of a relatively narrow set of
commodities dictated the application of production-oriented silvicultural systems over large
forested tracts in many developed nations (e.g. O’Hara 1994; Puettmann et al., 2009). These
approaches tended toward the homogenization of stand structure and composition, principally in
efforts to achieve efficiency in the supply and extraction of wood products. While intensive
plantation silviculture of this form remains a dominant paradigm in many forested regions (e.g.
Oswalt et al., 2014; FAO, 2018), and global demand for the wood products it supplies is likely to
remain strong, the past thirty years has seen a shift toward silvicultural approaches providing
increased complexity of stand structure and composition (Pommerening and Murphy, 2004;
Puettmann and Tappeiner, 2014). Interest in approaches, such as ecological forestry (Franklin et
al. 2007 and 2018), and continuous-cover forestry (Yorke 1998; Schutz, 2012), and increased
application of multi-aged silviculture (O’Hara 1998, and 2014) is stimulated by, amongst others,
(i) radical changes in the demand for non-timber forest products and a wide variety of ecosystem
services, on the part of landowners and society (e.g. Birdsey and Pan, 2015; Kurtilla et al., 2018),
and (ii) increasing environmental stressors on trees and forests as a consequence of global
change, and the belief that complexity, from genes to landscapes, confers adaptive capacity in
the face of unknown future conditions (e.g. Puettmann et al., 2009 and 2011; O’Hara and
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Ramage, 2013). Together, these changes in external demands and exogenous stressors create
novel sets of management objectives, the achievement of which is increasingly challenging.
Biodiversity conservation and climate change adaptation are two examples of management
objectives that have become increasingly important over recent decades (e.g. Millar et al., 2007;
Bradford and D’Amato, 2012; McComb, 2015). In many temperate forests, the conservation of
biodiversity is already a direct driver of, or indirect influence on, forest management planning at
local to regional scales (e.g. James et al., 2001; Betts and Forbes, 2005; Reeves et al., 2006).
Recent, widely publicized findings on the scale of global biodiversity decline (IPBES, 2019), and
heightened public interest in conservation issues (e.g. Sharik et al., 2010), suggest that external
demand for the conservation of biodiversity at global to local scales will continue or intensify
over the coming decades. Global climate change is a major driver of recent biodiversity loss,
directly and indirectly, and projections indicate the potential for large-scale extinction as a
consequence of changes in climate and associated stressors (Thomas et al., 2004; Balint et al.,
2011; Hooper et al., 2011). In addition to impacts on forest biota, climate change threatens the
integrity of forest ecosystems and the supply of ecosystem goods and services to human
populations (Anderegg et al., 2012). For such reasons, adapting forests to alternative future
climates has emerged as an important objective of forest management, and recent guidebooks
provide practical tools for beginning the adaptation process (e.g. Janowiak et al., 2014; Swanston
et al., 2016). Thus, climate change adaptation and biodiversity conservation are likely to be
central forest management objectives over the remainder of the twenty-first century.
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As emphasis on biodiversity conservation and climate change adaptation grows, there is a
pressing need to understand the extent to which these objectives are compatible, and consistent
with the many other priorities of contemporary forest management. The prevalence of multiobjective forest management has stimulated research into inter-objective trade-offs over the past
two decades (e.g. D’Amato et al., 2011; Kline et al., 2016; Lautenbach et al., 2017), but few
previous studies have examined trade-offs between climate change adaptation and other
important management objectives. Forests are of considerable interest in efforts to mitigate
climate change (e.g. Stern, 2007; Eliasch, 2008; McKinley et al., 2011), and existing research on
climate change in the context of multi-objective forest management predominantly considers the
trade-offs between climate change mitigation, biodiversity conservation and a variety of other
management objectives (e.g. Seidl et al., 2007; Schwenk et al., 2012; Trivino et al., 2017). While
in some cases, this existing literature implies that climate change mitigation and biodiversity
conservation are relatively compatible (e.g. Creutzberg et al., 2017; Mina et al., 2017), other
studies describe significant trade-offs between these two objectives (e.g. Dickie et al., 2011;
Burton et al., 2013). Although changes in future climate have occasionally been considered as
exogenous modifiers of trade-offs between the provision of other ecosystem goods and services
(e.g. Furstenau et al., 2007; Creutzberg et al., 2017), only a handful of studies have examined the
consistency of climate change mitigation, and resistance or resilience to climate change
(D’Amato et al., 2011; Himes and Puettmann, in press), or resistance to climate change and
biodiversity conservation (Henneron et al., 2015). A concern, from a management perspective, is
the possibility of major inconsistencies between managing for climate change resistance or
resilience, and climate change mitigation or biodiversity conservation (D’Amato et al., 2011;
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Henneron, et al., 2015). However, further research on trade-offs between climate change
adaptation, climate change mitigation and biodiversity conservation is required in order to extend
existing findings to new forest types, wildlife taxa, and alternative climate change stressors.
Understanding the trade-offs between climate change adaptation, climate change
mitigation, and biodiversity conservation, is critical to the development of management options
that appropriately balance the achievement of these objectives for a given set of landowner
priorities. By directly influencing stand structure and composition, silvicultural actions alter the
current and future supply of ecosystem goods and services (Ashton and Kelty, 2018) to achieve
different levels of benefit relative to one or more forest management objectives (D’Amato et al.,
2011; Bradford and D’Amato, 2012; Schwenk et al., 2012). Many existing trade-off analyses
have applied simulation-based approaches to forecast the supply of various ecosystem goods and
services (e.g. Ager et al., 2016; Kline et al., 2016; Eyvindson et al., 2017), but there is a need for
empirical evaluations of the realized benefits achieved by alternative management options for a
given set of objectives.
Further insights into the impact of alternative forest management strategies on stand
structure, and the consequences for ecosystem services provisioning, is particularly relevant to
mature stands. Stands in the mature phase of development represent an important and increasing
proportion of the landbase in many temperate forested regions (e.g. Spies, 2006; Urbano and
Keeton, 2017). However, mature forests are underrepresented in the ecological and management
literature, relative to both young production forests and old-growth (e.g. Burrascano et al., 2013;
Spies et al., 2018), and this is particularly true for certain forest types. In landscapes comprised
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of significant amounts of mature forests, improved understanding of the ecology and
management of mature stands is a foundation for maximizing supply of the desired balance of
ecosystem goods and services, at the landscape-level. Moreover, current mature forests are the
old-growth forests of the future, and understanding their ecology and response to management is
central to management objectives pertaining to the restoration of old-growth forests (James et al.,
2001; Thomas et al., 2006).
Low-moderate elevation Douglas-fir (Pseudotsuga menziesii (Mirb.) Franco)-dominated
forests in the Western Hemlock (Tsuga heterophylla (Raf.) Sarg.) Plant Zone (henceforth,
Douglas-fir forests, unless noted to the contrary) of the Pacific Northwest (PNW) of the U.S.A.
are an example of a forest type in which mature forests are important, by geographic extent, and
poorly studied, relative to other successional stages (e.g. Burrascano et al., 2013). Old-growth
forests on federal land in this region provide a wide range of ecosystem services valued by
society (e.g. Shindler and Mallon, 2009; Phalan et al., 2019). Biological diversity is central
among these. Following the implementation of the Northwest Forest Plan (NWFP) (USDA and
USDI, 1994) in 1994, active management in late-successional forests – encompassing mature
and old-growth stages of stand development, and identified by stand ages ≥ 80 years – has
become tightly restricted by a combination of legislation and public sentiment (Thomas et al.,
2006). There are, however, relatively few empirical studies on which to base understanding of
the ecological impacts of management in mature stands, and this shortage of research potentially
compromises satisfying the diverse set of demands placed on Douglas-fir forests of the PNW.
Understanding the impacts of alternative approaches to the management of mature Douglas-fir
forests of western Oregon, and the consequences for trade-offs between three important forest
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management objectives – resistance and resilience to drought, climate change mitigation, and
late-successional biodiversity conservation - is the focus of this dissertation.
Traditional models of stand development in Douglas-fir forests characterize maturity as a
period of relatively low structural complexity, relative to old-growth conditions. Described using
a linear model of succession following stand-replacing fire, Douglas-fir stands enter maturity
with declining overall structural complexity, and leave exhibiting characteristics of early oldgrowth forests. Large live trees in codominant and dominant crown classes are the primary
structural components (Spies and Franklin, 1991; Franklin and Van Pelt, 2004), large snags and
down dead wood are scarce, or heavily decayed legacies of the preceding stand (Spies et al.,
1988; Freund et al., 2015), and understory and mid-canopy vegetation is limited in abundance
and diversity (Spies and Franklin, 1991). While the infrequent, high-severity fires that initiate the
linear model of stand development are characteristic of the disturbance regime in cooler, wetter
Douglas-fir forests (Bell and Gray, 2013; Gray et al., 2016), more recent dendrochronological
and inventory-based analyses have described a far broader range of structural development
pathways in moist Douglas-fir forests (Weisberg, 2004; Tepley et al., 2013; Reilly and Spies,
2015). Under the influence of non-stand-replacing fire and/or severe resource constraints
(Tappeiner et al., 1997; Tepley et al., 2013), stands in which the dominant overstory tree age is
comparable with that of maturity under the linear model of succession, are now thought to
exhibit a wide range of structures (Zenner 2004 and 2005; Tepley et al., 2013).
Active management may be a driver of structural complexity development, in similar
fashion to natural disturbances and resource constraints, but existing research of management

7
impacts on the structure of mature Douglas-fir forests is primarily model-based. Empirical
studies in young- to mature Douglas-fir forests indicate that low-moderate intensity overstory
density reduction may stimulate the development of understory trees and shrubs, and promote
diversity among understory herbaceous vegetation (e.g. Bailey and Tappeiner, 1998; Bailey et
al., 1998; Tappeiner et al., 2015; Cole et al., 2017). Moreover, model-based studies from the
PNW and empirical research in other temperate forests suggest that repeated thinning in young to
mature stands may contribute to development of the complex multi-layered canopies
characteristic of many old-growth forest types (Latta and Montgomery, 2004; Andrews et al.,
2005; Silver et al., 2013). However, conventional active management approaches that do not
incorporate provisions for the retention or creation of dead wood frequently lead to long-term
depletion of snags and/or down wood in managed mature stands, relative to both unmanaged
mature and old-growth forests (e.g. Cline, 1980; Duvall and Grigal, 1999; Siitonen et al., 2000;
Keren and Diaci, 2018). Comprehensive empirical analysis of multiple aspects of stand structure
in unmanaged and managed Douglas-fir stands is required in order to consolidate these findings,
and will provide a basis for understanding the potential trade-offs involved in managing
Douglas-fir forests for multiple objectives.
Manipulating stand structure is typically the proximate means by which forest managers
influence the suitability of forest stands for wildlife species of management concern, and in
Douglas-fir forests the recent focus has been on species associated with late-successional forests
(USDA and USDI, 1994; Phalan et al., 2019). Songbirds are a particular focus of research on
management impacts on biodiversity. By promoting structural diversity, low-moderate intensity
overstory density reduction in relatively homogeneous closed-canopy stands appears to improve
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habitat suitability for a more diverse suite of forest songbirds (e.g. Carey, 2003; Ishii et al., 2004;
Hagar et al., 2004; Hagar, 2011), while higher intensity overstory density reduction may favour
open-canopy species over forest interior species (e.g. Hansen et al., 1995; Hansen and Hounihan,
1996). In practice, there is considerable variability in the results of different studies on
management impacts on forest songbird communities (Bayne and Nielson, 2011), and this is
particularly true for individual species associated with late-successional Douglas-fir forests,
which may increase in abundance, decrease, or fail to respond to active management, depending
on the study. However, while considerable resources have been invested in examining the impact
of management treatments on stand structure and songbird communities in unmanaged stands of
varying age (e.g. Ruggiero et al., 1991), and in managed younger stands (e.g. Hagar et al., 1996
and 2004), there is shortage of empirical work on management impacts in previously unmanaged
mature stands. This is an important omission, as structural development trajectories following
active management may differ between young and mature stands (Smith and Long, 2001;
Latham and Tappeiner, 2002; Schaedel et al., 2017), potentially driving songbird community
differences. Moreover, those studies that do consider songbird responses to overstory density
reduction in mature stands have focused on short-term treatment responses (Chambers et al.,
1999), or concentrate on songbirds associated with specific structural elements (e.g. Walter and
Maguire, 2005; Barry et al., 2018). The latter studies provide an excellent example of the
dynamic nature of stand structural development, and the consequences for songbird
communities. This reinforces the need for evaluation of management impacts on latesuccessional songbirds several decades after treatment, as a complement to those over shorter
post-treatment timeframes.
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As well as being of interest for their biodiversity, old-growth Douglas-fir forests are
important terrestrial carbon stores, and options for forest-based climate change mitigation in the
PNW have been discussed in the scientific literature for over a decade (e.g. Cathcart et al., 2007;
Law and Waring, 2015; Law et al., 2018). Late-successional Douglas-fir forests are among the
most carbon-dense terrestrial ecosystems (Keith et al., 2009; Sillett et al., 2018), and may remain
net carbon sinks into advanced ages (Hudiberg et al., 2009; Gray et al., 2016). However, current
understanding of mature forest carbon dynamics in the PNW is derived from coarse-scale
inventory-based analyses (e.g. Hudiberg et al., 2009; Raymond and McKenzie, 2013), and
isolated mature stands included in studies of old-growth forests (Smithwick et al., 2002; Sillett et
al., 2018). Detailed empirical evaluation of carbon storage in unmanaged mature stands can help
refine understanding of trajectories of late-successional biomass accumulation developed from
inventory-based analyses, and provides a necessary baseline against which to assess the impact
of active management on total ecosystem carbon (Harmon et al., 1990).
Live overstory trees are the largest carbon pool in late-successional Douglas-fir forests
(Smithwick et al., 2002; Sun et al., 2004), and reduction in overstory tree density during active
management reduces both instantaneous total ecosystem carbon storage, and mean annual carbon
stocks when averaged over a rotation (Harmon and Marks, 2002; Harmon et al., 2009). In the
absence of long-term manipulative experiments in late-successional Douglas-fir forests, these
insights into management impacts on ecosystem carbon storage are derived from simulation
modelling. They are, however, consistent with modelling in other forest types (Thornley and
Cannell, 2002; Nunery and Keeton, 2010). Empirical evaluations of management impacts on
forest carbon storage are complementary to these simulation-based exercises. Although the
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majority of empirical studies on management impacts on forest carbon dynamics, in
experimental settings, concern younger forests, those from late-successional temperate systems
in North America and Europe also suggest that long-term management reduces total ecosystem
carbon storage (Mund and Schulz, 2006; Powers et al., 2011; Puhlick et al., 2016).
In forests of all ages, reductions in total ecosystem carbon stocks in actively managed
stands are often, although not always, inversely correlated with harvest intensity (Zhou et al.,
2013). However, the extent of any reductions in in-situ carbon storage in response to active
management, and the role of harvest intensity, are highly variable according to forest type and
management approaches (Ruiz-Peinado et al., 2017). This variability strengthens the rationale for
empirical study of management impacts on mature Douglas-fir stands. Further, as a consequence
of the high mean carbon density of mature Douglas-fir stands reported in inventory-based
analyses (Van Tuyl et al., 2005; Gray et al., 2016), and the relatively large expanse of mature
Douglas-fir forest on federal land in the Pacific Northwest (Oswalt et al., 2014; Davis et al.,
2015), any reductions in stand-scale carbon storage resulting from widespread adoption of new
management approaches could result in significant greenhouse gas emissions, at the landscapescale, during the transition from one management regime to another (Smithwick et al., 2007).
Detailed empirical evaluation of ecosystem carbon storage in mature Douglas-fir stands,
representing prospective management regimes for this forest type, can yield valuable information
for incorporating climate change mitigation into future management and policy development.
In common with climate change mitigation, climate change adaptation is a required
consideration for management planning on federal land (Kemp et al., 2015), and in the Douglas-
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fir forests of western Oregon, promoting increased drought resistance and resilience are likely to
be central components of adaptation strategies (Chmura et al., 2011). Severe moisture stress may
cause mortality in trees, both directly and indirectly (e.g. McDowell et al., 2008; Agne et al.,
2018), and droughts have already resulted in elevated mortality rates and/or large-scale dieback
events in temperate forests throughout the world (Breshears et al., 2005; Breda et al., 2006; Allen
et al., 2015). Douglas-fir forests of the PNW are exposed to a seasonal water-balance deficit
during the summer months, and have experienced increased drought vulnerability over the past
two decades (Mildrexler et al., 2016). Climate projections suggest that increased mean annual
temperatures, reduced winter snowpack duration, more severe temperature and precipitation
extremes, and elevated summer water-balance deficits are likely over the coming half century
(Rogers et al., 2011; Reilly et al., 2018). In addition to increasing the risk of mortality, increased
water-balance deficits may reduce productivity in the many low- and moderate elevation
Douglas-fir forests for which water is currently a limit to growth (Littell et al., 2008; Restaino et
al., 2016). In this context, management approaches capable of reducing moisture stress are likely
to yield economic benefits, and reduce risks to ecosystem functioning, in order to safeguard the
provision of ecosystem services.
Reductions in stand density are the principal short-term tool for increasing resistance and
resilience to drought events, but this strategy has rarely been studied in moist Douglas-fir forests.
High basal area has been linked with increased risk of mortality in several North American forest
types (Bradford and Bell, 2016; Livingston and Kenefic, 2018), and stand density is inversely
correlated with drought resistance and resilience (Bottero et al., 2015) – resistance, in this
context, referring to the ability to maintain growth rates during a drought event, relative to pre-
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drought growth, and resilience referring to the capacity to return to pre-drought growth rates
following the drought event. Reducing stand density, via active management, increases available
soil moisture to residual trees, thereby reducing density-dependent competition (Youssy et al.,
2013; Brix and Mitchell, 1986; Navarro-Cerillo et al., 2019). Manipulative experiments suggest
that thinning facilitates increased stomatal conductance and growth rates during conditions of
moisture stress, relative to unmanaged stands (McDowell et al., 2006; Kerhoulas et al., 2013;
Park et al., 2018), and these results are mirrored in increased drought resistance and/or resilience
following overstory density reduction in many forest types, including Douglas-fir – ponderosa
pine (Pinus ponderosa var. benthamiana (Hartw.) Vasey) (Sohn et al., 2016a; Vernon et al.,
2018). While existing research suggests that reduced drought vulnerability following overstory
density reduction is generalizable across temperate forests, there is much variability in the
magnitude and duration of responses between forest types and age classes, and in the intensity of
overstory density reduction required to measurably reduce drought vulnerability (D’Amato et al.,
2013; Sohn et al., 2016b). Further, while heavy thinning appears to provide more enduring
drought resistance and resilience than light thinning, the effect of management treatments
involving low levels of dispersed overstory retention on plant water status has been neutral (e.g.
Powers et al., 2009) or negative (e.g. Bladon et al., 2007). As a result of this existing variability
in drought vulnerability and plant moisture stress according to forest type, age and management
history, further study of drought resistance and resilience in mature Douglas-fir stands under a
range of management conditions, is a necessary precursor to any evaluation of multi-objective
trade-offs involving resistance and resilience to climate change.
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In this dissertation research, the trade-offs entailed in managing mature Douglas-fir stands
for drought resistance and resilience (a measure of climate change adaptation), carbon storage
(climate change mitigation), and late-successional songbird species richness and relative
abundance (late-successional biodiversity conservation), are evaluated in stands representing
three alternative management conditions. These conditions, passive management (unmanaged),
thinning, and structural retention harvest, are each potential management options for mature
Douglas-fir stands (Curtis, 1995; Franklin et al., 1997). Owing to the importance of stand
structure to achieving a given set of management objectives, the impact of management on
mature Douglas-fir stand structure is initially assessed (Chapter 2). Chapters 3 – 5 then provide
individual analyses of the impact of management condition on ecosystem carbon storage, the
late-successional songbird community, and drought resistance and resilience, respectively.
Chapter 5 also draws these research strands together in a trade-off evaluation for climate change
adaptation, climate change mitigation and late-successional biodiversity.
The following is a list of the primary research objectives pertaining to each substantive
component of this dissertation;


Chapter 2:
o To describe the structure, and its variability, of mature stands managed using active and
passive (defined above) approaches.
o Determine whether active management expedites the development of late-successional
structure in mature, Douglas-fir-dominated forests.



Chapter 3:
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o To assess the medium-term impact of active management, with varying levels of
overstory retention, on forest ecosystem carbon stores.
o To develop detailed stand-scale estimates of carbon storage during the mature phase of
stand development in order to improve understanding of trajectories of late-successional
biomass accumulation in Douglas-fir forests.


Chapter 4:
o To assess whether avian community structure differs between unmanaged and managed
mature Douglas-fir stands.
o To determine whether trends in avian community structure between unmanaged and
managed mature Douglas-fir stands are related to specific structures associated with oldgrowth Douglas-fir forests.



Chapter 5:
o

To assess the impact of active management on the drought resistance and resilience of
trees in mature Douglas-fir stands, two to five decades following management
intervention.

o

To evaluate the trade-offs between climate change mitigation, climate change adaptation
and late-successional biodiversity conservation in mature Douglas-fir stands, and the
impact of active management on these trade-offs.
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2.1 Abstract
We studied managed and unmanaged mature Douglas-fir (Pseudotsuga menziesii) stands
with the aims of (i) examining differences in the structure of stands representing thinned,
structural retention harvest and unmanaged conditions, and (ii) assessing the extent to which
active management in mature stands expedites development of old-growth structure, relative to
two old-growth indices. Time since treatment averaged 38 and 22 years in thinned and retention
harvest conditions, respectively, and stand age ranged from 106 to 193 years when sampled.
Differences in stand structure were apparent between all three management conditions, with
attributes associated with stumps, live tree diameter diversity, understory vegetation and vertical
foliage structure being the strongest individual drivers of these differences. Mean old-growth
index scores were lower than expected of ‘true’ old-growth for each of the management
conditions examined here, but were not significantly different between thinned and unmanaged
stands. Our results suggest thinning in mature stands may promote certain elements of oldgrowth structure, including foliage height diversity, but also indicate the need for provisions
against the depletion of dead wood resources. Stumps are an understudied dead wood structure,
and in actively managed mature stands, our results imply that stumps may provide a degree of
functional substitution where down log availability is low.

2.2 Introduction
Structural heterogeneity is a cornerstone of contemporary multi-objective forest
management (Franklin et al., 2018) that has become an important target in its own right (Franklin
et al., 1986; USDA and USDI, 1994). Forests composed of a range of tree species and size
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classes facilitate long-term wood production through risk-diversification, while also providing
flexibility against the unknowns presented by global change (Puettmann et al., 2009; O’Hara et
al., 2014). At the same time, a diverse physical structure increases the breadth of microenvironments for occupancy by species with distinct habitat requirements, thereby favouring a
diverse forest fauna (Carey et al., 1999; Ishii et al., 2004). Maintenance of native forest
biodiversity is, in turn, an advantage when engaging with a public that places greater emphasis
on species conservation, as an objective of forest management, than in the past (Sharik et al.,
2010).
Enhancing structural diversity is particularly relevant to mid-successional forests, which
are characteristically less complex than their early- and late-successional counterparts (Spies and
Franklin, 1991; Franklin et al., 2002). Structural legacies like snags, dead wood and residual live
trees, common to early successional systems developing after natural disturbances, are often
scarce or heavily decayed by the onset of the mature phase of stand development (Spies et al.,
1988). Stands entering maturity may also display relatively simplified structure in the live
understory and overstory, particularly when the pioneer cohort is shade intolerant and resources
are not sufficiently limited to prevent young stands achieving canopy closure. In the understory,
shrub and herb cover, species richness and biomass typically decline as a corollary of the
establishment of canopy cover, and the associated changes in understory resource availability
(Jules et al., 2008; Reich et al., 2012; Schmiedinger et al., 2012). Meanwhile, competition among
overstory trees - a process that initially drives heterogeneity through crown differentiation –
progressively eliminates less-competitive trees, and may ultimately result in natural stands with a
relatively homogenous main canopy, in which foliage is concentrated in large, increasingly
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regularly-spaced, dominant and co-dominant trees (Oliver and Larson, 1990; North et al., 2004;
Ashton and Kelty 2018).
As a result of these changes, mature stands often retain few of the structures responsible
for heterogeneity in early-successional landscapes originating via natural disturbance, and have
not yet developed many of the characteristics associated with complexity in old-growth forests
(Franklin et al., 2002 and 2005; Keeton et al., 2007). Shade tolerant understory and mid-canopy
trees are a prominent feature of many old-growth forests, contributing to the stem size diversity
and multi-layered canopy that are also associated with these systems (Spies and Franklin, 1991;
Van Pelt and Franklin, 2000; Janowiak et al., 2008). The dead wood pool is a similarly important
element of old-growth structure (Franklin et al., 2005; Ziegler 2000), and, in addition to
comprising large snags and logs, often exhibits greater decay class diversity than in younger
forests (Gibb et al., 2005; Burrascano et al., 2008). Although the rate at which individual mature
stands accumulate these old-growth characteristics varies considerably (Acker et al., 1998),
observations from a variety of temperate systems reinforce the notion that mature stands, on
average, possess lower structural diversity than old-growth stands (Keeton et al., 2010;
Burrascano et al., 2013; Freund et al., 2015).
Stands displaying overstory characteristics associated with maturity are now more
abundant than old-growth in many temperate regions (Oswalt et al., 2014; Davis et al., 2015), but
are commonly managed using the same passive – i.e no active management treatments –
strategies. In some settings, policy or social constraints discourage active management in older
forests (e.g. Thomas et al., 2006). However, blanket restrictions of this nature are inconsistent
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with the widely-held desire to engender old-growth-like complexity, given the potential ability of
certain forms of active management to shorten the timeframes needed to develop key elements of
old-growth structure in stands previously lacking in such components (Carey and Curtis, 1996;
Latta and Montgomery 2004; Andrews et al., 2005). Moreover, following protracted and
widespread anthropogenic disruption of natural disturbance regimes, the extent to which passive
management will result in contemporary mature stands developing similar conditions to those
found in current old-growth forests is open to question (Keeton et al., 2012; Sensenig et al.,
2013). Management over extended rotations (those matching or exceeding the biological rotation
length for a given forest type) with one or more thinnings is among the active management
strategies proposed as an alternative or complement to reserve-based management (Curtis, 1995;
Gronewald et al., 2010). By promoting growth of a shade tolerant understory, and crown depth
among overstory trees, reductions in stand density should expedite the development of vertical
complexity (Bailey and Tappeiner, 1998; Chan et al., 2006), and are also consistent with
production of the large overstory trees characteristic of old-growth structure (Latham and
Tappainer, 2002). There are, however, concerns that conventional commercial thinning may
have a negative effect on the development of other elements of old-growth structure, notably
dead wood (Cline et al., 1980; Debeljak, 2006). Moreover, there have been few comprehensive
analyses of the effect of thinning in mature stands on overall forest structure, including live and
dead vegetation in the understory and overstory.
Whereas thinning has been proposed as a means of shifting the structure of the current
stand toward old-growth conditions, even-aged regeneration harvest with (live or dead) structural
retention may greatly reduce the time required for the subsequent stand to develop late-
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successional structural complexity (Franklin et al., 1997). Such approaches may also promote the
development of stands in which overstory trees exhibit a wide range of ages and size classes – a
condition observed in many old-growth stands (Tappeiner et al., 1997; Poage and Tappeiner,
2002; Sensenig et al., 2013). Management techniques designed to replicate this age and size class
diversity using structural retention during final harvest have been widely adopted throughout the
temperate and boreal zones over the past decades (Gustaffson et al., 2012). However, despite this
applied interest, there have been few analyses of the medium-term impacts of retention harvest
on aggregate stand structure. Instead, existing research has typically focused on a subset of
structural elements, or has been limited to the first decade following treatment application
(Maguire et al., 2007; Curzon et al., 2017; Crotteau et al., 2018). Although valuable, these
analyses provide limited information on the longer-term structural development trade-offs
involved in the application of retention harvesting in mature stands.
To understand the implications of alternative approaches to the development of structural
complexity we assessed current forest structure, two to five decades following treatment, in
mature stands (sensu Williams and Powers, 2019; here assumed to be those with overstory
dominants aged 80 – 199 years) managed using commercial thinning over extended rotations (as
defined above), structural retention harvest, and an unmanaged condition involving no
intentional overstory density reduction. We focused on the moist, temperate forests of western
Oregon, a region in which mature stands are a major component of the total forested area
(Oswalt et al., 2014; Davis et al., 2015) and restoration of structurally complex old-growth forest
remains a primary goal of forest policy on public lands (USDA and USDI, 1994). Expediting the
structural development process in structurally simplified mature stands is one possible means of
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contributing toward this goal. Thus, management options for enhancing structural complexity in
mature stands are highly relevant, and a number of indices have been developed to assist in the
evaluation of forest structure, relative to the desired old-growth condition (Acker et al., 1998;
Franklin et al., 2005). In addition to describing the current structure of stands in our three
management conditions, we also sought to evaluate their relative progress toward old-growth
conditions, as measured by two such indices for forests in this region.
Our specific objectives were to:
1. Describe the structure, and its variability, of mature stands managed using active and passive
(defined above) approaches. Of particular interest are whether;
1.1. Active management results in a distinct structural profile, several decades following
harvest, relative to passive management; and
1.2. If so, which structural attributes are most important in differentiating between stands
managed using active and passive approaches?
2. Determine whether active management expedites the development of late-successional
structure in mature, Douglas-fir-dominated forests. Of particular interest is whether;
2.1. Management of mature stands using thinning (during maturity) engenders a structure
more comparable with old-growth conditions than passive management.

2.3 Methods
2.3.1 Study sites and experimental design
In the Pacific Northwest region of the United States, moist, temperate forests are a
dominant ecosystem type at low to moderate elevations west of the Cascade Range crest.
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Gradients in climate are an important driver of broad changes in forest structure and composition
across this region (Berner et al., 2017), with variability in edaphic and physiographic conditions
thought to influence forest composition, in particular, at finer spatial scales (Ohmann and Spies,
1998). In efforts to isolate the influence of management on forest structure and composition
(henceforth simply ‘forest structure’, unless noted to the contrary), we (i) restricted sampling to
forests in the Western Hemlock (Tsuga heterophylla (Raf.) Sarg.) and Grand Fir (Abies grandis
(Dougl. ex D. Don) Lindl.) plant Zones (McCain and Diaz 2002), within the Coast Ranges and
Western Cascades physiographic provinces of western Oregon (Franklin and Dyrness 1988), and
(ii) employed a randomized complete block study design, with blocking based on Landtype
association (Ecoshare) and geographic proximity (described further below). Mean monthly
temperatures at our study sites ranged from a low of -3 0C in January to a maximum of 28 0C in
August, with annual averages over the past thirty years of 8 0C - 11 0C (PRISM Climate Group,
Oregon State University, http://prism.oregonstate.edu). Mean annual precipitation over this
period of time was 1,400 mm at our driest study site and 2,730 mm at the wettest, with the
majority of this occurring between October and April. Soils at sample stands vary from deep,
well-drained silts derived from alluvium and glacial till, to shallow or moderately deep, welldrained stony loams derived from sandstone parent material, to shallow, poorly-developed soils
derived from pyroclastic deposits (Franklin and Dyrness, 1988; Ecoshare).
Douglas-fir (Pseudotsuga menziessi (Mirb.) Franco) is the dominant overstory component
of forests throughout much of the study region, with its late-successional associates, western
hemlock and grand fir, occupying mid- to lower-canopy positions in most mature stands. Shade
tolerant western redcedar (Thuja plicata Donn ex D. Don) is locally abundant on mesic sites,
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while mid-tolerant incense cedar (Calocedrus decurrens Torr.) and intolerant sugar pine (Pinus
lambertiana Dougl.) occur on drier sites. Bigleaf maple (Acer macrophyllum Pursh.), golden
chinkapin (Castanopsis chrysophylla (Dougl. Ex Hook.), Pacific madrone (Arbutus menziesii
Pursh), and red alder (Alnus rubra Bong.) are the principal hardwood tree species, but are
typically minor components in terms of stand basal area and stem density. Composition of the
shrub and herbaceous layers is also heavily influenced by site moisture regime. Major shrub
species at study sites include beaked hazel (Corylus cornuta Marshall), vine maple (Acer
circinatum Pursh.), salal (Gaultheria shallon Pursh.), dwarf Oregon-grape (Mahonia nervosa
(Pursh.) Nutt), and Vaccinium spp. Meanwhile, sword fern (Polystichum munitum (Kaufl.)),
bracken fern (Pteridium aquilinum (L.) Kuhn), Oregon oxalis (Oxalis oregana Nutt.), vanilla leaf
(Achlys triphylla (Sm.) DC), and Pacific twinflower (Linnaea borealis ssp. longiflora (Torr.)
Hult), are frequently encountered herbaceous species.
Although ecological definitions of the various phases of stand development are based on
differences in forest structure, age-based criteria were used here as an initial screen to identify
potentially suitable mature stands representing our active and passive management conditions. In
so doing, we made the necessary simplifying assumption of stand development proceeding in a
relatively linear pathway following stand-replacing disturbance. Under such models, the mature
interval loosely corresponds to stands in which overstory dominants are aged 80 – 199 years
(Spies and Franklin, 1988). For consistency with the requirements of a companion study, we
further restricted our sampling to stands in which active management, if any, occurred before
2001. Consequently, the operational definition of the mature interval used in site selection –
which took place from mid-2016 to mid-2017 - was stands with a dominant overstory age of 97 -
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199 years at the time of sampling. Preliminary screening indicated that stands in this age range
were primarily located on federal land, with a lesser amount on state land.
Stands conforming to the above age criteria and representing the following three
management approaches (henceforth also referred to as management condition classes) were
identified using GIS databases of state and federal agencies, and of Oregon State University’s
McDonald-Dunn Research Forest, and by discussion with management personnel;
1. Unmanaged, i.e. no history of intentional overstory density reduction. Basal area at the time
of sampling for this condition ranged from 57.6 – 107.6 m2/ha (mean 76.1 m2/ha).
2. Thinned, i.e. extended rotation (in this instance 100 – 199 years), even-aged management
with a single thinning, and overstory retention of 50 – 85 percent of pre-treatment basal area.
Basal area at the time of sampling for this condition ranged from 28.5 – 127.9 m2/ha (mean
70.0 m2/ha).
3. Structural retention harvest (‘retention harvest’), i.e. even-aged regeneration harvest with
overstory retention of 15 – 30 percent of pre-treatment basal area (live + dead). Basal area at
the time of sampling for this condition ranged from 18.2 – 54.5 m2/ha (mean 32.2 m2/ha).
Structural characteristics representative of those expected prior to data collection, for each
of these management conditions, are displayed in pictures in Figure 1. In most cases, overstory
density reduction in our retention harvest management condition was originally implemented as
the shelterwood cut in stands managed using a shelterwood system. As a consequence of
subsequent changes in the social and policy environment in the Pacific Northwest, residual
overstory trees – live and dead - in these stands are now intended to be retained permanently,
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subject to natural mortality and treefall. The effect is analogous to the impact of final harvest in
stands managed using a variable retention harvest system (applied intentionally in stand S09M04, Tables 2.1 and 2.2). However, it is important to note that the conventional shelterwood
origin of most of our retention harvest stands resulted in the retention of predominantly live
trees, while modern variable retention harvest practices also advocate the retention of snags and
down logs (Lindenmayer and Franklin, 2002; Gustaffson et al., 2010; Lindenmayer et al., 2012).
Both structural retention harvesting, and the use of extended rotations with thinning, are now
advocated for managing stands for advanced structural complexity and the maintenance of
biodiversity in managed landscapes (Curtis, 1995; Bauhus et al. 2009; Franklin et al., 2018). In
this sense, our study provides an opportunity to consider the potential consequences of
management for structural complexity over a longer time horizon than many manipulative
experiments designed expressly for this purpose, despite the differences the between historical
and modern treatment practices noted above.
The following hierarchical selection criteria were then used to identify stands representing
management conditions (1) – (3), above, and to assign stands to ‘treatment’ blocks.


Management history. Among actively managed stands (i.e. our commercial thinning and
retention harvest conditions), we focused on those in which overstory density reduction
was approximately evenly distributed throughout stands. The principal effect was to
exclude stands managed using variable density thinning, and variable retention harvest
treatments incorporating significant levels of aggregated retention or large gap creation.
Excluding these treatments was necessary in order to reliably capture the potential effect
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of overstory density reduction on stand structure, during sampling, given available study
resources.


Landtype Association (LTA) and geographic proximity, used for blocking. LTAs are
geospatial units of similar climatic, geologic, edaphic and geomorphic condition. The
2016 database of LTAs for the Pacific Northwest (Ecoshare) was used to group potential
stands by LTA. Complete treatment blocks were then constructed by randomly selecting
one stand per management condition from LTAs in which at least two of our three
management conditions were present. Where multiple polygons representing a given
LTA existed and included potential sample stands, preference was given to stands located
in a single LTA polygon unless doing so greatly increased the distance between potential
sample stands. For LTAs in which only two management conditions were present, blocks
were completed by including a stand from the missing management condition in a nearby
LTA with similar physiographic and/or climatic characteristics. To the extent possible,
we attempted to control for overstory age across management conditions within blocks,
while retaining an element of randomization in stand selection.
Using this procedure, eight complete blocks were delineated (i.e. N = 24), with the

constituent stands all located on land managed by either the Oregon Bureau of Land
Management, the Willamette National Forest, or on the Oregon State University’s McDonaldDunn Research Forest. The mean age of these stands was 144 years at the time of sampling
(minimum of 106, maximum of 193 years, Table 2.1). Among actively managed stands, time
since treatment ranged from 17 – 46 years and was, uncontrollably, greater (F-test P = 0.0015) in
our commercial thinning management condition (mean 38 years, range 26 – 46) than retention
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harvest stands (mean 22 years, range 17 – 34). These stands span a wide range of basal area
(18.2 to 127.9 m2 ha-1, among stems ≥ 5 cm diameter at breast height at the time of sampling),
with the vast majority of this being Douglas-fir. Similarly, stand density index (Long and Daniel,
1990) among stands in the final sample, varied from 328 to 1,696 (Table 2.2).
2.3.2 Data collection
Data was collected in the summers of 2016 and 2017 using standard forest inventory
protocols, supplemented with additional procedures for estimating vertical foliage distribution.
Sampling utilized a nested plot design featuring four randomly sited fixed area plot structures per
stand.
Live stems with diameter at breast height (dbh, = 1.37 m) ≥ 25 cm were inventoried in 0.1
ha overstory plots, while those with dbh ≥ 5 cm and < 25 cm were inventoried in a nested plot
0.025 ha in size. In all cases, species, total tree height and dbh were recorded, the latter to the
nearest 0.1 mm. Total tree height was measured to the nearest 0.5 m using a Vertex VL5 Laser
(Haglöf Sweden AB, Långsale, Sweden) or a telescopic height pole, and each stem was assigned
to one of seven canopy classes for calculation of the Berger-Parker Index of canopy classes (see
below); understory shrub, understory tree, suppressed, intermediate, codominant, dominant,
emergent (modified from North et al. 1999). For a minority of stems (< 10 % of total stems), it
was not possible to obtain height measurements and in these circumstances, height was estimated
based on measured dbh using height equations for western Oregon (Garman et al. 1995).
Saplings (stems ≥ 1.37 m height and < 5 cm dbh of species capable of attaining ≥ 15 m height
when mature) and regeneration (woody stems < 1.37 m height of conifer and hardwood tree
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species) were tallied by species in four nested understory plots of 0.00125 ha and 0.0003 ha size,
respectively, located 9 m from overstory plot center along 450, 1350, 2250 and 3150 azimuths.
Stems of shrub species were tallied by species in four nested 0.0003 ha plots, with the exception
of salal and dwarf Oregon grape, whose cover was visually estimated to the nearest 10 percent.
We supplemented these measurements of woody understory vegetation by calculating the
biomass of herbaceous vegetation and the cover of forest floor bryophytes. Herbaceous biomass
and bryophyte cover were sampled using four 0.25 m2 clip-plots per overstory plot, located 9 m
from overstory plot center in the cardinal directions (Williams and Powers, 2019).
Snags (stems ≥ 1.37 m height) were sampled in identically-sized plots to those used for
live stems, with the addition of four 0.25 ha plots per stand for snags measuring ≥ 50 cm dbh. In
all cases, decay class (I – V, Harmon et al., 2011) and species were recorded. For snags with
intact tops, dbh and height were measured, while for those with broken tops, basal diameter, top
diameter and height were recorded. Bole volume was computed as the frustum of a cone or a
paraboloid (Harmon and Sexton, 1996), after initially converting dbh to basal diameter for stems
with an intact top (Chojnacky et al., 2014). Down woody debris was sampled using a line
intercept method (Brown, 1974). Two 20 m transects were established per overstory plot,
oriented at 1800 and 2700 azimuths. Intersection diameter, species and decay class were recorded
along the entire transect for all pieces with intersection diameter ≥ 7.6 cm (defined as coarse
woody debris, CWD) (Sollins 1982). Plot-wise CWD volume, V (m3m-2) per species and decay
class, was calculated using the formula (Harmon and Sexton, 1996):
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𝑛
2

𝑉 = 𝜋 ∗ ∑(𝑑2/8L)
𝑖=1

where d is piece diameter (m), L is the total transect length per plot (m), and n is the
number of pieces of deadwood per plot. Stumps (standing dead stems < 1.37 m in height) were
inventoried in a single 0.025 ha plot per overstory tree plot. In all cases, basal diameter, top
diameter and stump height were measured to the nearest cm, and species and decay class
recorded. The volume of each stump was then calculated as the frustum of a neiloid using the
formula (Ares et al., 2007):
𝑑+𝐷 2 𝐻
𝑉 = 0.00007854 (
) (
)
2
100
where V is stump volume (m3), d is top diameter outside bark, D is basal diameter outside
bark measured above lateral root protrusions, and H is stump height (m).
In addition to sampling individual live and dead stand structural elements, we computed a
variety of indirect and direct measures of vertical stand structure. Indirect measures of vertical
structure included the Berger-Parker Index of live tree canopy classes and live tree height classes
(BPICC and BPIHC, respectively). BPICC and BPIHC, each of which has been employed in previous
studies of stand structure in the Pacific Northwest, describe evenness among canopy classes and
height classes (Appendix Table 2.1 for formulae). Direct observations of foliage structure were
used to calculate an index of foliage height diversity (FHD). FHD was developed and derived
based on the approaches of MacArthur and MacArthur (1961), and Berger and Puettmann
(2000). Although reliant on visual assessment, and thus inherently subjective, FHD
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measurements were gathered using a step-wise methodology by a single observer, also the
individual responsible for protocol development and data analysis.
FHD was sampled in four nested plots (FHD plots) per 0.1 ha overstory plot, each located
9 m from overstory plot center in the cardinal directions. Each FHD plot is cylindrical in shape,
extending from forest floor to the top of the canopy, the base with a radius of 3 m, and is divided
horizontally along the four quadrants of the compass, and vertically into three height layers, 0 –
< 0.61 m, ≥ 0.61 m < 7.62 m, and ≥ 7.62 m. These approximate the three major life habits of
forest vegetation; herbaceous plants, shrubs, and trees. For each compass quadrant per FHD plot,
a visual estimate was made (observer standing at FHD plot center, facing outward) of the
contribution of each layer to the total foliage volume present in the cylinder quadrant. Estimates
were made in percent terms (to the nearest five percent), with a maximum of 100 percent. These
raw estimates were then adjusted to reflect the extent to which foliage within each height layer
was vertically concentrated or vertically continuous. Adjustments to the raw estimates were
made via a reallocation of up to 20 percentage points from layers in which foliage was
particularly concentrated, to layers in which foliage was particularly continuous. Adjustments
were only made in instances in which the distribution of foliage in one height layer was
substantially more concentrated/continuous than in other layers in the same quadrant. FHD
scores were calculated separately for each quadrant per FHD plot (formulas provided in
Appendix Table 2.1), averaged across quadrants within each plot, and a mean FHD score was
then computed across the four FHD plots within each overstory plot.

44
2.3.3 Statistical analysis
We used a combination of multivariate analytical techniques and linear mixed models to
address the research objectives outlined above. We compiled an array of 35 non-spatial structural
indices and common forest inventory statistics for live and dead vegetation for use in describing
the structure of mature stands (henceforth simplified to structural attributes). Criteria used in the
selection of structural attributes were (i) previously demonstrated utility in describing forest
structure in coniferous forests of western Oregon, or late-successional temperate forests
elsewhere, (ii) suitability as a surrogate for ecological processes or functions of importance in
late-successional temperate forests, and (iii) representation of as many aspects of forest structure
as was logistically feasible.
A full list of the structural attributes used in data analysis, and formulas for their
calculation, is presented in Appendix Table 2.1. These attributes include characteristics
associated with overall stand biomass (e.g. total basal area, stand density index, carbon storage),
live overstory trees (e.g. density of stems ≥ 100 cm dbh, mean dbh, standard deviation of height
and diameter), live understory vegetation (e.g. sapling and regeneration density, shrub density,
herbaceous biomass) and dead wood (e.g. CWD volume, density of large snags, number of decay
classes present). Compositional diversity is represented by the Shannon Index of tree species
diversity and shrub species richness. Other non-spatial structural indices in our final dataset
included both the Gini coefficient of stem diameter, and Shannon Index of diameter size class
diversity, as well as FHD, BPICC and BPIHC. All variables were converted to stand-scale averages
for use in data analysis, after initially expanding plot-level values to per ha estimates where
necessary. Mean scores of all management conditions and stands with respect to each of the 35
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variables included in the structural analysis are provided in Appendix Tables 2.2 and 2.3,
respectively.
Research component 1: Mature stand structure and the impact of active management
We used Principal Components Analysis (PCA) to describe the structure of mature stands,
as a group, and the association of structure with management and site characteristics. PCA
attempts to reduce a large number of variables contained in a primary matrix into a smaller
number of synthetic variables (components, or axes) that best represent covariation among
variables in the original matrix (McCune et al., 2002). This analytical technique was selected for
use in our analysis after preliminary visual analysis of our structural variables revealed
predominantly linear bivariate relationships.
PCA was conducted on a primary matrix composed of our 35 structural attributes using
PC-ORD version 7 (McCune and Mefford, 2016). A generalized log transformation was applied
to four stem-density-related variables prior to analysis. The Dust Bunny Index (DBI, McCune
and Root, 2015) for the transformed matrix had a value of 0.513 on a scale from 0 to 1, with DBI
= 0.5 indicative of a multivariate normal distribution and DBI = 1 indicative of a strong dust
bunny distribution. PCA axes were constructed from a cross-product matrix of correlation
coefficients, and therefore incorporate an in-built relativisation of columns by standard deviate.
Relationships between individual structural variables, ordination axes and stands in ordination
space, were assessed visually using simple scatterplots and hilltop plots, and numerically using
Pearson coefficients.
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Relationships between stands in ordination space and management condition were assessed
visually and numerically by overlaying the ordination space with a secondary matrix containing
management condition as a categorical variable. Also included in this secondary matrix were
eight site- and climate-related variables. These variables, which included both annual averages
and monthly extremes for temperature and precipitation, were incorporated into the analysis as a
means of assessing the role of factors other than management in current forest structure. Our
PCA analysis revealed little evidence of this; of the eight numeric variables in our secondary
matrix, only stand age exhibited a Pearson correlation > |0.4| with any PCA axis. As such, further
analysis focuses solely on the relationship between management condition and stand structure,
and does not consider these environment/site variables.
Multivariate differences in stand structure between management condition classes were
assessed using perMANOVA (Anderson 2001). PerMANOVA, or non-parametric MANOVA, is
a novel permutation-based approach to the analysis of multivariate differences between groups
that does not require assumptions of strict bivariate linearity between pairs of variables.
PerMANOVA was conducted on our 35-variable structure matrix using PC-ORD version 7
(McCune and Mefford, 2016) after initially relativizing columns by standard deviate. Differences
between management conditions were calculated based on Gower distances, with overall
differences in structure between management conditions revealed using a pseudo F-ratio
constructed from 5,000 randomizations. Significant differences were investigated via pairwise
comparisons. P-values generated for individual treatment comparisons in PC-ORD were
adjusted, post-hoc, by applying the Benjamini-Hochberg procedure for controlling the false
discovery rate in multiple comparison testing (Benjamini and Hochberg, 1995; Kwong et al.,
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2002). Adjustments were implemented in R (R Core Team, 2018) using the p.adjust function. In
all cases, P-values < 0.05 were considered significant.
To assess the drivers of differences in stand structure between management conditions,
revealed by perMANOVA, we employed a Random Forests analysis (Breiman, 2001). Random
Forests is a machine learning tool for classification and regression in multivariate settings. For a
given set of predictor variables and sample units, Random Forests creates multiple decision trees
using randomly selected sub-sets of variables and sample units, with majority vote used to
determine those variables most important, on aggregate, in the classification of sample units.
Random Forests analysis was performed in R using the randomForest package (R Core Team,
2018, Liaw and Wiener, 2018). The tuneRF function was used to determine the optimal number
of variables sampled at each split in decision trees in order to minimize the out-of-box error rate
(OOB), and the full set of sample units was used in training the model. Although OOB was
relatively high (30 %), testing of model accuracy against a larger dataset, consisting of plot-scale
measurements, revealed predictive accuracy approaching 85 %. Variable importance, the
primary objective from our Random Forests analysis, was assessed using scores for predicted
mean decrease in model accuracy, and visualized using the VarImpPlot function.
Research component 2: Development of old-growth structure in mature stands
Progress in the development of structural characteristics associated with old-growth forests
in the Western Hemlock Zone, and the impact of active management on old-growth structural
development, was examined using two indices of structural complexity. The Index of OldGrowth (IOG) (Acker et al. 1998), and the Old-Growth Habitat Index (OGHI) (Franklin et al.
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2005) distil forest structure into a small number of attributes thought to be strongly associated
with moist temperate forests in the Pacific Northwest. The IOG combines four attributes of live
tree structure; standard deviation of tree diameters, density of large (≥ 100 cm dbh) Douglas-fir,
mean tree diameter, and density of all trees. The OGHI similarly emphasizes live tree structure,
but also incorporates attributes of dead wood structure. We used the modified OGHI (Franklin et
al., 2005) (henceforth simply OGHI), which comprises; density of large (≥ 100 cm dbh) live
trees, density of large (≥ 50 cm dbh and 15 m height) snags, CWD volume, and tree size
diversity. As the IOG and OGHI include only a limited set of structural attributes, we augmented
these structural indices with eight additional variables derived from structural elements that are
commonly associated with temperate old-growth forest structure. A full list of these additional
variables is provided in Table 2.6.
Differences in late-successional structural development between management conditions
were assessed using linear mixed models and multiple comparisons in R (R Core Team, 2018).
Mixed effects models were constructed using the package nlme (Pinheiro et al., 2017), with
treatment modelled as a fixed effect and block as a random effect. Model residuals were
evaluated for evidence of non-normality and heteroscedasticity using graphical outputs, and
logarithmic transformation or heterogeneous variance structures utilized when necessary to
satisfy these assumptions of the linear model setting. Least squares means and measures of
model fit were obtained using the lsmeans and MuMIn packages, respectively (Lenth, 2016;
Barton, 2018). Significant differences were further investigated using Tukey-Kramer multiple
comparison 95 percent confidence intervals (Multcomp package, Hothorn et al., 2008).
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2.4 Results
2.4.1 Research component 1: Mature stand structure and the impact of active management
Variability in forest structure between the active and passive management condition
classes that we examined was evident in the location of stands in structure space from our
principal components ordination, and in outputs from our perMANOVA analysis.
The structure of mature stands - Principal Components Analysis (PCA)
Randomization tests recommended interpretation of PCA axes 1 - 3 (P < 0.05 in all cases),
although only axes 1 and 2 were highly significant (P < 0.01). Variance in stand structure
explained by PCA axes 1, 2 and 3 was 33 percent, 15 percent and 10 percent, respectively, for a
cumulative total of 58 percent across these axes. Overlay of structural attributes on stands in
ordination space indicated few strong correlations between elements of forest structure and PCA
axis 3. The following interpretation therefore focuses on axes 1 and 2 (displayed in Figure 2.2).
PCA axis 1 described a gradient from stands with high total basal area, carbon storage and
SDI (the majority of which are attributable to live overstory trees), and in which standing dead
wood was relatively abundant (Pearson r < -0.7 for total basal area, carbon storage, SDI and snag
volume, amongst others), to stands with high stem density in the shrub, sapling and regeneration,
and mid-canopy layers, and in which stumps were relatively important structural components
(Table 2.3). Interestingly, the Shannon Index of live tree diameter class diversity (HDBH) was
strongly negatively correlated with PCA axis 1 (Pearson r = -0.87), while the Gini coefficient for
diameter equality (GiniDBH) was moderately positively associated with this axis (Pearson r =
0.52). With the exception of stump volume and density, all structural elements related to dead
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wood were negatively correlated with axis 1. Negative correlations with respect to PCA axis 1
were also evident for the most direct indicators of vertical heterogeneity in our set of structural
attributes, FHD, BPICC, and BPIHC, as well as for standard deviation of tree height (SDHgt).
Negative correlations with PCA axis 2 were strongest among variables related to dead
wood (Table 2.3), as well as total stem density (Pearson r < -0.65 for decay class richness, logs
encountered per transect and total stem density). Consistent with this last observation, mean tree
diameter was among the variables with the strongest positive correlation with axis 2 (Pearson r =
0.55). Other variables with the strongest positive correlations with PCA axis 2 include standard
deviation of tree diameter and FHD (Pearson r > 0.5 in both cases, Table 2.3). The most direct
indicators of vertical heterogeneity in our set of structural attributes, FHD, BPICC, and BPIHC,
exhibited positive correlations with PCA axis 2, as did SDHgt (Pearson r of 0.2 – 0.52). In
general, the strength of correlation between structure variables and axis 2 was lower than that for
axis 1 (Table 2.3), and this was particularly true for positive correlations with axis 2, the
strongest of which should still only be viewed as evidence of a moderate association. Despite
these modest scores, graphical overlay methods suggested that few of the observed coefficient
values were artefacts of complex non-linear relationships or the influence of strong outlying
observations, each of which reduce the practical relevance of correlation scores.
Visual assessment of PCA outputs suggested a strong association between management
condition and stands in ordination space (Figure 2.2). Unmanaged stands occupied the left side
of axis 1, while stands managed using structural retention harvest were clustered on the opposite
end of this axis. Thinned stands spanned a wide range of scores on axis 1, but were almost
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entirely located on the upper half of axis 2, while unmanaged stands and, to a lesser extent,
retention harvest stands occupied a broader section of axis 2. Convex hull overlays of
management condition on the ordination space defined by axes 1 and 2 showed a clear separation
of unmanaged and retention harvest stands based on structure (Figure 2.2). Thinned stands
exhibited a degree of overlap with both alternative management conditions in ordination space,
but this overlap was greater for unmanaged stands than for retention harvest stands.
Active management impacts on stand structure – perMANOVA and Random Forests
PerMANOVA results were consistent with visual examination of stands in structure space
(Figure 2.2). Overall randomisation test statistics indicated a difference in structure between
stands managed using active and passive approaches (pseudo F-value = 5.127, P < 0.001).
Pairwise comparisons suggested that the aggregate structure of unmanaged stands was
significantly different from that of stands managed using a retention harvest approach, based on
the 35 structural attributes included in our analysis (adjusted P = 0.024). Differences in aggregate
structure were also apparent between thinned and retention harvest management conditions
(adjusted P = 0.0303), but the adjusted P-value for the difference between thinned and
unmanaged conditions was 0.097.
Variables with the greatest discriminatory power when classifying stands into management
conditions based on structure were stump volume, the Gini coefficient of live tree diameter
equality, the Berger-Parker Index of canopy classes, and the Shannon Index of live tree diameter
class diversity (Figure 2.3). Permutation-based omission of these variables from our Random
Forests model resulted in the greatest decrease in model accuracy of the 35 structural attributes
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in the analysis. Each of these variables also exhibited moderately high or high absolute
correlations with PCA axis 1, although none were among the most strongly associated with this
axis. Other important variables in the Random Forests classification were stump density, density
of saplings and regeneration, density of mid-canopy trees, and mean live tree diameter. Once
again, these variables were among the most strongly associated with PCA axis 1 (stump density
had the highest positive correlation with axis 1 of any variable in the dataset), and mean diameter
was also moderately correlated with PCA axis 2. Total basal area, carbon storage, and SDI,
variables with the strongest absolute correlation with either PCA axis, were only of moderate
importance in the Random Forests model.
2.4.2 Research component 2: Development of old-growth structure in mature stands
Mature stands displayed a wide range of values for both IOG and OGHI, from scores
indicative of old-growth (100 and > 60, for these indices, respectively), to scores more
comparable with younger stands. Four stands scored 100 on the IOG and another eight scored ≥
80 for this index (Table 2.4). Mean values of IOG for unmanaged, thinned and retention harvest
management conditions were 82 (range 55 – 100), 76 (range 46 – 100) and 47 (range 11 – 98),
respectively, with the difference between unmanaged and retention harvest stands being
statistically significant (difference in means of 22.63, 95 percent confidence interval of 5.53 to
39.72) (Figure 2.4). Mean OGHI was also significantly higher for unmanaged stands than stands
managed using a retention harvest approach (difference in means of 34.5, Tukey-Kramer 95
percent confidence interval of 6.07 to 62.93). Scores on the OGHI for unmanaged mature stands
varied from 29 (a value more indicative of conditions in young stands) to 78 (a score associated
with old-growth stands in the sample used to develop the OGHI), while those for retention
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harvest stands ranged from 18 to 48 (Table 2.5). Thinned stands, as a group, were not different
from either alternative management condition with respect to the OGHI (Figure 2.4), although
the comparison between thinned and retention harvest conditions approached significance
(difference in means of 28.88, Tukey-Kramer 95 percent confidence interval of -0.37 to 58.13).
OGHI scores for thinned stand were even more variable than unmanaged or retention harvest
stands, with a range from 22 to 79 (Table 2.5).
Management condition was also associated with four of the eight ancillary variables
selected as representative of old-growth structure in temperate forests, including both FHD and
BPICC (Table 2.6, Figure 2.5). Mean FHD was significantly greater in our thinned condition than
either unmanaged or retention harvest conditions (F-test P = 0.0182), but did not differ between
these last management conditions (Figure 2.5). Mean BPICC, was higher in unmanaged and
thinned stands than in retention harvest stands (F-test P = 0.0002), but values for this index did
not differ between unmanaged and thinned management conditions (Figure 2.5). By contrast,
density of saplings and regeneration was positively associated with active management (F-test P
= 0.0009); median sapling and regeneration stem densities were 16 times higher in retention
harvest stands than in unmanaged stands (95 percent confidence interval of 4 to 62 times higher),
and were 5 times higher in thinned than unmanaged stands (95 percent confidence interval of 1
to 21 times higher) (Figure 2.5). Neither shrub density nor shrub species richness differed
significantly among management conditions (Figure 2.5), although absolute scores for mean
shrub density in retention harvest stands were almost double that of thinned stands, which, in
turn, exhibited much higher mean shrub density than unmanaged stands.
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2.5 Discussion
Our results support the role of active management as a driver of long-term differences in
stand structure (Siitonen et al., 2000; Janowiak et al., 2008; Young et al., 2017). The multivariate
analyses we employed illustrate major differences in foliage distribution between canopy layers
that may result from alternative management regimes. Alongside stumps – structural elements
that are often overlooked in analyses of forest structure – indices of heterogeneity in stem
diameter and canopy classes, which reflect these differences in foliage distribution, emerged as
the most significant drivers of variability in overall stand structure between management
conditions. Divergent stand structure between management conditions did not materialize as
significant differences in progress toward old-growth structure between unmanaged and thinned
stands, as expressed via the IOG and OGHI. We did, however, note significant differences in
understory development, foliage height diversity and dead wood characteristics between these
management conditions. Moreover, our results suggest that in mature stands managed using a
high-intensity harvest regime, a large stump population may help mitigate some of the ecological
consequences of conventional active management on dead wood supplies.
2.5.1 Research component 1: Mature stand structure and the impact of active management
Two to four decades following overstory density reduction, the aggregate structure of
stands managed using a retention harvest approach differed markedly from that of unmanaged
stands, resulting in clear separation of these management conditions along axis 1 in our PCA.
This axis loosely represented a gradient in harvest intensity, unmanaged stands on one side
exhibiting high total basal area, carbon storage and SDI, and retention harvest stands, exhibiting
high density of understory vegetation and stumps, but low overstory density, on the other.
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Consistent with this interpretation, thinned stands - as a group - were positioned between
unmanaged and retention harvest stands along PCA axis 1, although they were associated with
regions of lower structural diversity among dead wood attributes than either alternative
management condition. Similar relationships between stand structure and harvest intensity have
been found in managed older forests elsewhere, with higher-intensity disturbances resulting in
structures bearing progressively less resemblance to unmanaged stands (Gronewald et al., 2010).
However, while unmanaged old-growth forests are widely regarded as structurally complex
(Franklin and Van Pelt, 2004; Keeton et al., 2007; Bauhus et al., 2009), departure (among
actively managed stands) from the structural conditions found in our unmanaged mature stands
was not an indicator of lower levels of complexity, but of different forms of it.
The different forms of structural complexity exhibited by stands in the three management
conditions that we examined are exemplified by variability in foliage distribution among the
understory, mid-canopy and overstory. Overstory trees are an important driver of complexity in
old-growth forests (Chen et al., 2004; North et al., 2004), and were particularly central to the
structure of unmanaged stands in our dataset. Unmanaged stands were associated with the
highest scores for Shannon’s Index of diameter class diversity (HDBH) and also the Berger-Parker
Index of canopy classes (BPICC), potentially because the absence of management preserved
existing natural variability in overstory tree characteristics. However, while unmanaged stands
were also associated with higher density of live trees in the largest diameter classes than
retention harvest stands, large live trees were a poor discriminator of management condition.
This is likely because much of the live retention in retention harvest stands was among the
largest diameter classes. In contrast to unmanaged stands, retention harvest stands were
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associated with high densities of mid-canopy and understory trees, saplings and regeneration,
and shrubs. Greater understory development in our retention harvest stands is consistent with
increased growth of planted seedlings (Palik et al., 2014), and shrubs (Aubry et al., 2009), in
stands managed using variable retention harvest, compared to untreated stands. As a result of the
pronounced size difference between the matrix of understory vegetation in our retention harvest
stands, and the large residual overstory trees, retention harvest stands were associated with
maximum size inequality, as measured by the Gini coefficient of stem diameter (GiniDBH).
GiniDBH, and the aforementioned indices associated with unmanaged stands, HDBH, and BPICC,
were among the most important variables in our Random Forests classification of stands by
management condition. Thus, although previous analyses have often compared the relative
merits of several of these indicators of complexity (e.g. Peck et al., 2014; del Rio et al., 2016),
each yielded valuable perspectives on the complexity of live vegetation in our managed and
unmanaged mature stands.
Dead wood characteristics are frequently cited among the primary differentiators of
actively managed and unmanaged stands (Hansen et al., 1991; Franklin et al., 2007; Silver et al.,
2013), but while many analyses focus on snag and log availability, differences in the stump pool
were more important discriminators of management condition in our mature stands. Previous
work in temperate forests of Southern and Eastern Europe has revealed elevated stump volume
and density in older stands managed using a selection system, compared to unmanaged stands
(Burrascano et al. 2008; Keren and Diaci, 2018). The correlation we observed between high
stump volume and density, and the location of retention harvest stands in ordination space, is
consistent with these findings, and indicates that large Douglas-fir stumps remain significant
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structural elements in mature stands managed using retention harvest two to four decades
following treatment. Indeed, the persistence of large stumps in retention harvest stands, and their
relative absence from unmanaged stands, was such that stump characteristics contributed more to
the discriminatory power of our Random Forests model than did any other structural element.
2.5.2 Research component 2: The development of old-growth structure in mature stands
Overall rates of structural development in our mature stands were largely consistent with
classic models of succession following stand-replacing disturbance, and were not significantly
affected by active management using thinning. Mean scores on the Index of Old-Growth (IOG)
(Acker et al., 1998) for unmanaged and thinned management conditions were approximately 75
percent of that expected for old-growth, and are comparable with scores from the sample of 140year old mature Douglas-fir stands studied by Acker et al. (1998). Quantifying progress toward
old-growth structure using the Old-Growth Habitat Index (OGHI) (Franklin et al., 2005) yielded
similar conclusions despite the different constitution of this index; mean scores on the OGHI for
unmanaged and thinned management conditions were 87 percent and 71 percent, respectively, of
the minimum scores from old-growth stands in the moist temperate forests of Washington, in
which this index was developed (Franklin et al., 2005). Given mean stand ages of 150 and 144
years for our unmanaged and thinned conditions, respectively, it is not unreasonable to expect
that overall scores on the OGHI and IOG will exceed the thresholds for classification as oldgrowth on these indices within the next 100 years. This timeframe accords with the emergence of
old-growth characteristics, and transition to the vertical diversification stage of stand
development, in models of succession following stand-replacing fire in low-moderate elevation
Douglas-fir forests (Spies and Franklin, 1988; Franklin et al., 2002).
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By contrast, IOG and OGHI scores for our retention harvest stands imply structural
conditions more akin to those present following moderate- to high-severity fire in Douglas-fir
forests. Although most retention harvest stand scores were significantly lower than expected for
old-growth forest, application of the IOG and OGHI revealed a more prominent role for residual
live trees than was the case in the young unmanaged stands, originating following high-severity
fire, studied by Acker et al. (1998) and Franklin et al. (2005). Levels of overstory retention not
dissimilar to that in our retention harvest management condition are thought to promote
structural complexity in the regenerating stand (Zenner 2000, and 2005), and this is likely to be
particularly true when residual trees include shade-tolerant associates (Keeton and Franklin,
2005), such as those in stand S10-M04 (our highest-scoring retention harvest stand on both oldgrowth indices). The modest amount of residual overstory present in our retention harvest stands
may, therefore, result in greater structural heterogeneity by the time the present understory
cohort reaches 80 - 100 years of age than would be true in the absence of live structural retention
(Tappeiner et al., 1997). Recovery following moderate-severity fire is now understood to be a
relatively common stand development pathway in the moist low-moderate-elevation forests of
western Oregon (Poage et al. 2009, Tepley et al., 2013), and the mosaic of live overstory
retention and patchy pre-forest vegetation of our retention harvest stands may be analogous to
the early phase of this development trajectory.
In addition to these differences in progress toward old-growth structure between
management conditions, revealed using the IOG and OGHI, analysis of individual old-growth
elements revealed three important trends to complement our multivariate analysis of stand
structure; (i) depletion of dead wood in thinned stands, and the potential ability of retained
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stumps to mitigate some of the ecological consequences of this depletion; (ii) greater understory
development in actively managed stands, relative to unmanaged stands; and (iii) higher vertical
foliage diversity in thinned stands than either alternative management condition.
High standing and down wood volumes are characteristic of old-growth forests (Spies et
al., 1988; Burrascano et al., 2013; Freund et al., 2015), and, consistent with a growing body of
literature, our results suggest that conventional harvest operations may reduce dead wood
availability in older managed stands. Dead wood is a critical resource for forest wildlife (Nelson,
1989; Goodburn and Lorimer, 1998), plays an important role in nutrient cycling (Harmon et al.,
1986), and is a preferred regeneration site for many species of tree and shrub (Harmon and
Franklin, 1989; D’Amato et al., 2015). Prior research in older forests has highlighted the
potential for long-term disruption to dead wood recruitment and accumulation as a result of
active management (Duvall and Grigal, 1999; Debeljak, 2006; Silver et al., 2013). Thinned
stands were associated with low snag and down wood availability, relative to unmanaged stands,
in our PCA analysis, and this result was reflected in significantly lower dead wood decay class
diversity in thinned than unmanaged stands, and lower absolute decay class richness in thinned
stands than either alternative management condition. Together, these results indicate an
impoverished dead wood pool in thinned stands, and imply that even a single thinning entry in
mature stands may have longer-term consequences for the continuity of dead wood supply.
Stands managed using a retention harvest approach exhibited similarly low snag and down
wood volume to thinned stands, but unlike the latter, also possessed a large population of stumps
two to four decades following harvest. The majority of our retention harvest stands were
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originally planned as conventional shelterwood treatments, and the shelterwood cut in most
stands was implemented before dead wood retention during regeneration harvest became
common (as a result of best practice guidance and regulation) (e.g. FSC-US, 2010; ODF, 2018).
Our estimates of medium-term dead wood availability in retention harvest stands, therefore,
likely represent the lower range of potential dead wood availability at a similar point in time
following application of current best practice for retention harvesting in mature stands in the
Douglas-fir region (e.g. Franklin et al., 2002; Franklin and Johnson, 2012, Gustaffson et al.,
2012) . Despite this, our findings indicate that the presence of a large stump population in
actively managed older stands may help mitigate some of the ecological effects of unavoidable
harvest-related reductions in dead wood supplies. Decay characteristics provide an insight into
the potential ecological functioning of a dead wood structure at a given instant in time (Harmon
et al., 1986; Keren and Diaci, 2018). Our retention harvest stands exhibited lower snag and log
biomass than unmanaged stands (Williams and Powers, 2019), but comparable dead wood decay
class diversity and richness due to the compensatory effect of a large stump population. Our
results, therefore, imply the potential for a degree of functional substitution by stumps in
retention harvest stands with respect to other dead wood structures in unmanaged stands
(although we recognize that differences in decay rates between stumps and snags, in particular,
will influence temporal trends in decay class diversity in stands with different allocations of dead
wood between pools). Size, dimensions and habit are integral to the functional capacity of dead
wood (Bunnell and Houde, 2010; Hjältén et al., 2010; Vitkova et al., 2018). Although certain
species associated with snags will also utilize stumps (as defined in this study to be < 1.37 m in
height) to derive key resources (e.g. Mannan et al., 1980; Vonhof and Barclay, 1997), others,
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including cavity-nesting vertebrates, saproxylic invertebrates and lichens will not, or will use
them for different purposes than snags (e.g. Bull et al., 1993; Onodera et al., 2017; Santaniello et
al., 2017). Any functional substitution of stumps for other dead wood structures is likely to be
most pertinent to large down logs, although it is necessary to recognize that the original vertical
orientation and length of logs may have legacy effects on the invertebrate, fungal and bryophyte
communities for which the dead wood acts as host. Thus, while there is overlap between stump
and log habitat functions, these structures also appear to support unique flora and fauna (e.g.
Gustaffson et al. 2010; Brin et al. 2013, Tullus et al., 2018). Moreover, the extent to which
stumps may function in a similar capacity to logs is likely to be magnified in the forests of the
Pacific Northwest region of North America, where overstory trees in mature stands frequently
exceed 1 m dbh (Williams and Powers, 2019); in stands sampled for this research, the upper
and/or basal diameters of stumps regularly measured between one and two metres. Such large
stumps have been associated with use by a variety of wildlife species in the forests of the Pacific
Northwest, although the smaller stumps in interior temperate conifer and boreal forests of
western North America appear to receive less use (Bunnell and Houde, 2010). In the western
hemlock zone, in which our stands are located, the ability of large stumps to function similarly to
large logs may also be consequential to the development of old-growth structure; large logs are a
preferred regeneration site for shade-tolerant western hemlock and numerous shrub species
(Harmon and Franklin, 1989; Huffman et al., 1993), and anecdotal observations from our stands
confirm similar utilization of stumps by these species. Thus, our results imply that a large stump
population, in actively managed stands, may provide a degree of functional substitution, with
respect to the role of down wood, but it is equally apparent that the extent to which this
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substitution occurs will vary by forest type. Our findings therefore point to the need for further
research on the function of stumps in forest stands, and the sensitivity of this functionality to
differences in down wood availability.
Previous research in Douglas-fir forests has established the potential of active management
as a tool for promoting understory development, and our results are broadly supportive of the use
of overstory density reduction in this capacity. The presence of a sapling and regeneration layer
in old-growth Douglas-fir forests contributes to live-tree diameter distributions that may
approach a reverse-J-shape (Zenner, 2005), despite the high leaf area carried by overstory and
mid-canopy trees in many older western coniferous forests (Van Pelt and Franklin, 2000; North
et al., 2004). Greater sapling and regeneration density in our thinned management condition than
in unmanaged stands is consistent with the idea that overstory density reduction stimulates this
component of old-growth structure, and agrees with previous work on the effects of thinning on
regeneration, saplings and understory tree development in young to mature Douglas-fir forests
(Bailey and Tappeiner, 1998; Shatford et al., 2009). Moreover, the differences in sapling and
regeneration density between management conditions, that we observed, were matched by trends
in absolute density of mid-canopy trees in our dataset and in other temperate forests in the
Pacific Northwest (Comfort et al., 2010). Although reduced resource pre-emption as a result of
overstory density reduction may contribute to understory development in thinned stands (e.g.
Reich et al., 2012), increased seed production has also been observed among large Douglas-fir
trees following thinning (Reukema et al., 1982). Similar effects on flower and seed production in
the shrub layer of thinned Douglas-fir stands have been noted in the Pacific Northwest (Wender
et al., 2004), and the development of several common shrub species with clonal growth habits
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also appears to benefit from overstory density reduction, potentially as a result of the associated
soil disturbance (e.g. Tappeiner and Zasada, 1993; O’Dea et al., 1995). Higher absolute shrub
density in our thinned management condition, than in unmanaged stands, is consistent with these
potential drivers of shrub development, and also with the trend toward greater shrub cover and
diversity in thinned than unmanaged Douglas-fir forests reported previously from western
Oregon (Bailey and Tappeiner, 1998; Chan et al., 2006). Thus, in an overall sense, our results
support the role of low- to moderate-intensity overstory density reduction in hastening the reestablishment of understory complexity in mature stands.
Understory and mid-canopy vegetation contributes to the vertical complexity typical of
many old-growth forests in western North America (Franklin et al., 2002; Van Pelt and
Nadkarni, 2004), and greater development of these canopy layers in thinned than unmanaged
stands in our mature stands may underlie the elevated foliage height diversity (FHD) that we
observed for this management condition. Few previous studies have examined the impact of
management on canopy layering using direct, field-based observations of foliage structure.
Higher mean FHD in our thinned management condition than in unmanaged stands indicates
that, on average, these stands exhibited a more continuous distribution of foliage from forest
floor to upper canopy. In young Douglas-fir forests, thinning may increase vertical foliage
continuity by delaying crown recession (Chan et al., 2006), while epicormic branching may
similarly deepen the crowns of older Douglas-fir trees surrounding canopy gaps (Ishii and
McDowell, 2002; Ishii et al., 2004). An alternative explanation for the elevated FHD in thinned
stands in our dataset, and one that is better supported by our structural data, is the presence of a
denser understory and mid-canopy. Unmanaged and thinned stands exhibited similar values for
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BPICC, - a ratio of total stem density to stem density in the most common canopy class – despite
the tendency for thinning from below to preferentially remove trees in the suppressed and
intermediate canopy classes. Higher stem density among understory/mid-canopy trees (classed
here as those with dbh ≥ 5 cm < 25 cm) in thinned stands could mitigate the effect of this
removal of suppressed overstory trees on BPICC, while higher stem density among saplings,
regeneration and shrubs (vegetation that is not incorporated into BPICC but is included in visual
FHD measurements) would boost FHD scores for thinned stands. Although the elevated FHD
scores for thinned stands than other management conditions is illustrative of a vertical canopy
profile in which foliage is less concentrated in a single height band, we recognize that FHD does
not provide a complete measure of vertical foliage heterogeneity. Continuity in foliage from
forest floor to upper canopy is assumed to facilitate niche differentiation, and thereby contribute
toward a more diverse forest biota (Ishii et al., 2004). However, the foraging strategy of certain
mature forest species requires openings within the canopy (e.g. Herter et al., 2002;
https://birdsna.org/Species-Account/bna/home), suggesting that a balance between continuity of
foliage, and the presence of gaps, may be desirable. None of the indices of foliage structure
examined here provide a measure of the relative ‘gapiness’, versus continuity, in foliage
distribution. However, more detailed methods of assessing foliage distribution do exist, and may
be appropriate in situations in which a more complete picture of canopy structure is required
(e.g. Van Pelt et al., 2016).
Although the variables used to characterize progress toward old-growth structure in this
analysis were chosen based on the findings of previous research in temperate forests (e.g. Spies
and Franklin 1991; McElhinny et al., 2005; Burrascano et al., 2008), the analysis presented here
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could be complemented by more explicit consideration of the horizontal variability that is
characteristic of old-growth forests (Bormann and Likens, 1979; Franklin et al., 2002). Finescale horizontal variability is incorporated into our analysis through a number of proxy variables,
such as the standard deviation of stem diameter, but we did not include any estimates of largerscale variability. Future work on structural development in mature stands could attempt to assess
such variability by (i) evaluating attributes directly associated with horizontal heterogeneity (e.g.
canopy gap sizes, Spies et al., 1990) or (ii) employing considerably larger sample plots, or
achieving much greater sample coverage within stands (e.g. Gray et al., 2003; Sensenig et al.,
2013). Further research on the structure of late-successional temperate forests, particularly those
in the western hemlock zone, may also benefit from assessing the correlations between structural
variables that we report (Appendix Table 2.4). Our analysis included variables associated with a
wide range of structural components. While this variety adds to the value of exploratory studies,
we noted a number of instances in which variables representing similar structural attributes
exhibited high correlation and similar locations in stand structure space for our PCA. The most
notable examples are total carbon storage, total SDI and total basal area. However, we caution
against variable selection purely based on the results of our multivariate analysis and correlation
scores, without also considering differences in ecological functioning and circumstances in
which the associations between variables reported in this analysis would not apply.
The retrospective analysis of management impacts on mature stand structure, presented
here, provides information for immediate use, but does not lessen the value of further research on
mature stand structure in controlled, experimental settings. Structurally complex old-growth
forests are an object of interest in social (e.g. Kohm and Franklin, 1997; O’Hara et al., 2014),
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management (e.g. Bauhus et al., 2009; Fahey et al., 2018) and policy contexts (e.g. USDA and
USDI, 1994), but widespread disruption to natural disturbance regimes and other global change
phenomena (e.g. Dale et al., 2001; Millar and Stephenson, 2015; Trumbore et al., 2015) may
influence the extent to which contemporary mature forests will, in future, resemble today’s oldgrowth (Keeton et al., 2012; Sensenig et al., 2013). Experimental research on the structure of
mature stands developing today can help address this uncertainty and overcome a number of
limitations inherent in retrospective analyses. In the case of the analysis presented here, these
limitations include the likelihood that stands were not selected for treatment in an entirely
random fashion. In the topographically complex terrain of the Cascade and Coast Ranges, of
Oregon, accessibility and logistical concerns are likely to have influenced treatment layout.
However, without pre-treatment structural baselines, it is not possible to rule out pre-existing
differences in stand structure. It is notable that any deterministic assignment of management
treatments to stands, based on structure, would almost certainly have favoured stands with a high
stem density for thinning. As such stands are less likely to exhibit a well-developed understory
(Bailey and Tappeiner, 1998; Hagar et al., 2003; Cole and Newton, 2009), this influence would
tend to reinforce our observations concerning the role of thinning in stimulating understory
development. Conversely, any deterministic assignment of shelterwood treatments to stands (in
our retention harvest condition) is likely to have favoured exposed sites subject to harsher
conditions where regeneration establishment would benefit from the ameliorated environment
generated by the residual shelterwood trees (Ashton and Kelty, 2018). On such exposed sites, the
large live trees retained during harvest are likely to have been selected for the same size and
canopy features that also rendered them important contributors to overall stand complexity in our
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retention harvest management condition. Essential site characteristics for each of the stands
included in our analysis are presented in Tables 1 and 2, and provide useful context for the
interpretation of our findings.
This information on site characteristics also highlights a degree of variability in site
conditions between stands within treatment blocks, an inevitable consequence of the
randomization built into our site selection process, and the spatial distribution of treated stands
meeting our site selection criteria. Although such differences are random with respect to
treatment, and unlikely to influence the overall trends in structure identified here, there are
instances in which such differences in site conditions may influence certain within-block
structural trends. An example of this is in Block 1, in which our retention harvest stand was
located on a drier site than the unmanaged and thinned stands, and exhibited some differences in
herb and shrub composition as a result.

2.6 Conclusions and management implications
Two to five decades following treatment, the imprint of overstory density reduction on the
aggregate structure of our mature stands remains evident. Overstory trees are the characteristic
feature of the mature phase of stand development, and contributed to different forms complexity
in the management conditions that we examined. Variability in overstory tree diameters and
crown classes contributed to structural heterogeneity in unmanaged stands. Retention harvest
stands, meanwhile, were characterized by the sharp contrast in diameter between large residual
overstory trees, and complex understory mosaics comprising smaller trees, saplings and shrubs.
Understory and mid-canopy vegetation was also more prominent in thinned stands than those
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with no previous history of active management, and, when combined with a higher density of
overstory trees than in retention harvest stands, contributed to greater vertical foliage continuity
than in either unmanaged or retention harvest alternative management conditions. However, our
findings suggest that the development of other structural features associated with old-growth
forests, such as deadwood, may be negatively impacted by active management. Thus managers
using silvicultural treatments to accelerate the development of vertical complexity should also
consider strategies for deadwood creation and recruitment such as topping, girdling, or
intentional wounding of live trees to produce snags and high stumps (Lewis et al., 1998; Maguire
and Chambers, 2005; Vitkova et al., 2018), or pulling over live trees to produce coarse woody
debris and tip-up structures (Keeton, 2006)
The differences in stand structure and progress toward old-growth conditions that we
observed have implications for the management of contemporary, even-aged mature stands. On
average, our unmanaged mature stands displayed limited canopy layering and a sparse
understory. In such stands, our results are consistent with the idea that low- to moderate-intensity
overstory density reduction may stimulate understory and mid-canopy development, and increase
vertical foliage continuity (e.g. Bailey et al., 1998; Latta and Montgomery, 2004; Shatford et al.
2009; Comfort et al., 2010; Cole et al., 2017). However, in common with many previous studies,
our findings also imply a need to implement specific provisions for the retention or creation of
dead wood during harvesting operations, in order to avoid depletion of this critical ecological
resource (e.g. Sippola et al., 1998; Gibb et al., 2005; Fassnacht and Steele, 2016). The decay
characteristics and size of stumps present in our retention harvest stands, two to four decades
following harvest, suggest that management over extended rotations may provide opportunities
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for a degree of functional substitution by stumps, with respect to down woody debris, as a result
of the greater basal dimensions of mature trees. This compensatory effect of stumps may
complement intentional snag and down wood creation as a means of sustaining dead wood
functions in actively managed stands over the decades following harvest (Keren and Diaci,
2018).
Our findings concerning the impact of active management on the structure of mature
stands, are also relevant to management of the large areas of younger forest currently
regenerating following extensive clearcutting in many temperate and boreal regions during the
latter half of the 20th Century. The differences in understory development and vertical
complexity between mature unmanaged and thinned stands that we observed imply that young
Douglas-fir/western hemlock stands in the Pacific Northwest may require extended periods to
develop vertical complexity in the absence of gap-generating disturbances during the mature
phase or earlier. Our results support findings from other studies that suggest thinning younger
stands prior to, and potentially during the mature phase, promotes recruitment of understory and
midstory trees into midstory and overstory positions, thereby helping accelerate structural
development beyond that of the simplified mature stands common in our dataset (Andrews et al.,
2005; Kuehne et al., 2015; Willis et al. 2018).
Considerable structural diversity was also evident when comparing stands within each of
the management conditions that we examined, and this diversity cautions against blanket
application of any single management strategy, even to stands in the same age class and forest
type, and when enhancing structural complexity is a primary management objective. While some
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unmanaged stands in our dataset exhibited limited structural diversity, others displayed a
complex structure and would be inappropriate targets for overstory density reduction. Thus, the
extent to which active management is appropriate will vary from stand to stand, based on
existing stand structure. Utilizing a broad range of structural variables during stand inventory, as
demonstrated here, is a first step in evaluating the appropriateness of active management for oldgrowth structure.
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2.9 Figures and Tables

Figure 2.1 Structural characteristics representative of those expected prior to data collection, for
our three management conditions: unmanaged (top), thinned (lower left), and retention harvest
(lower right).

↔

(15 %)
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↔

(33 %)

Figure 2.2 Principal components analysis of the structure of 24 stands in western Oregon,
subject to passive management (Unmanaged), management over extended rotations with
thinning (Thinned), and retention harvesting (Structural retention). Points represent stands, and
polygons enclose the perimeter of stands in each management condition examined here, when
ordinated in stand structure space. Distances between points approximate the degree of similarity
in aggregate structure among them. Axis 1 represented a gradient from areas of structure space
with high total basal area, carbon storage and SDI (left), to areas with high densities of
understory vegetation, and stumps, and high stump volume (right). Axis 2 defined a gradient
from areas of structure space with high standard deviation of tree diameter, high mean tree
diameter and high foliage height diversity (top), to areas with high total stand density, high
density of logs, and high richness and diversity of dead wood decay characteristics.

86

StumpVOL
GiniDBH
BPICC
ShannonDBH
DensitySTP
DensityS&R
DensityMID
MeanDBH
TNScarbon
BATOTAL
SDITOTAL
FHD
BA%ST
HerbBIO
CWDVOL
Logs60
Hspp
LSD
SnagVOL
DensityTOTAL
HDC
BPIHC
LSD5
DensityST40
LSD15
SDHgt
DensitySHB
Density100
MossCVR
Density80

Figure 2.3 Mean decrease in model accuracy for a Random Forests classification of management
condition based on 35 structural variables for 24 mature stands in western Oregon. Values along
the x-axis indicate the mean decrease in the proportion of sample units correctly classified by the
model during a random permutation test as a result of excluding the variables listed on the y-axis
from the classification model. Decreases in model accuracy should be interpreted on the basis of
excluding individual variables (listed on the y-axis). The output above indicates that excluding
stump volume, the Gini coefficient of equality in stem diameter, the Berker-Parker Index for
canopy classes, and the Shannon diversity index of stem diameter, results in the greatest
reductions in model accuracy.
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Figure 2.4 Differences in mean scores for two old-growth indices - the Index of Old-growth (IOG)
(Acker et al., 1998), and Old-growth Habitat Index (OGHI) (Franklin et al., 1995) - and two
measures of vertical complexity – foliage height diversity (FHD) and Berker-Parker Index of
canopy classes (North et al., 1999) - for alternate management conditions in mature Douglas-fir
forests in western Oregon. Error bars represent one standard error of the mean, and letters
indicate significant differences between management conditions against an α = 0.05.
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Figure 2.5 Differences in mean scores for six attributes of stand structure, between alternate
management conditions in mature Douglas-fir forests in western Oregon. Error bars represent
one standard error of the mean, and letters indicate significant differences between management
conditions against an α = 0.05.
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Table 2.1 Location, stand structure and site characteristics for 24 mature stands in western
Oregon representing unmanaged, thinned and retention harvest management conditions.
Stand ID

Block

Location

Stand
age (yr)

1

Alsea

137

Years
since
harvest
NA

S03-M01*⸹

2
3

Idelyd Park
Breitenbush

156
123

NA
NA

S04-M01*⸹

4

Belknap Springs

145

NA

S05-M01*⸹

5

Elkhorn

157

NA

S06-M01*⸹

6

Table Rock

131

NA

S09-M01*⸹
S10-M01

7

Idelyd Park

157

NA

8

Cougar
Reservoir

193

NA

Unmanaged
S01-M01*⸹
S02-M01

Elevation
(m)

Slope
(%)

Dominant
aspect

230
659

40
20

W
S

701

55

S

967

5

N

511

50

S

610

10

N

350

20

N

941

10

S

Thinned
S01-M02*⸹
S02-M02

1

Alsea

S03-M02*⸹

2
3

Idelyd Park
Breitenbush

⸹

4

⸹

5

Carpenter
Mountain
Elkhorn

⸹

S06-M02*

6

Table Rock

S09-M02*⸹
S10-M02

7

Idelyd Park

8

Cougar
Reservoir

S04-M02*
S05-M02*

Retention harvest
1
S01-M04*⸹
S02-M04

Corvallis

S03-M04*⸹

2
3

Idelyd Park
Marion Forks

S04-M04*⸹

4

Belknap Springs

S05-M04*⸹

5

Elkhorn

S06-M04*⸹
S09-M04*
S10-M04

6

Table Rock

7
8

Idelyd Park
Cougar
Reservoir

127
106

46
26

571
760

45
25

NW
W

123

40

924

20

S

187

37

785

40

NW

157

45

414

15

NW

137

44

664

35

E

117

33

676

35

E

193

31

1,052

30

SW

107
106

17
17

298
539

15
55

S
SW

166

19

1,222

5

N

145

28

966

5

N

134

34

609

65

N

131
117

17
17

641
469

30
10

N
E

193

26

1,088

35

S

*Stands used in songbird analysis (Chapter 4); ⸹ Stands used in trade-off analysis (Chapter 5)

90
Table 2.2 Additional site characteristics for 24 mature stands in western Oregon representing
unmanaged, thinned and retention harvest management conditions.

Stand ID
Unmanaged
S01-M01
S02-M01
S03-M01
S04-M01
S05-M01
S06-M01
S09-M01
S10-M01
Thinned
S01-M02
S02-M02
S03-M02
S04-M02
S05-M02
S06-M02
S09-M02
S10-M02
Retention
harvest
S01-M04
S02-M04
S03-M04
S04-M04
S05-M04
S06-M04
S09-M04
S10-M04

SDI(3)

81
96
99
100
100
99
93
100

Basal
area(3)
(m2/ha)
70.3
57.6
77.4
80.4
68.7
76.2
77.4
107.6

72
12
40
23
67
58
34
15

100
97
99
100
99
100
97
100

127.9
43.2
28.5
73.4
72.9
69.4
62.1
82.7

1,696
613
465
927
1,040
939
803
1,045

26
38
17
27
22
58
13
23

98
87
100
99
94
97
97
100

25.5
22.2
35.7
18.2
44.8
23.1
33
54.5

365
347
473
328
877
359
502
714

MAP
(mm) (1)

MAT
(0C)(1)

Area (ha)

Percent
conifer(2)

1,726
2,097
1,772
2,217
2,118
1,868
1,395
2,730

11
11
8
9
9
9
11
9

125
160
33
54
53
16
54
40

2,279
2,147
1,836
2,080
1,918
2,359
1,655
2,733

11
11
9
9
10
9
11
8

1,422
1,618
2,157
2,233
2,075
1,886
1,400
2,732

11
11
8
9
10
9
11
8

(1) MAP refers to Mean Annual Precipitation, and MAT to Mean Annual Temperature.
(2) By basal area
(3) Stand density Index, in stems ≥ 5 cm dbh

823
778
1,151
1,181
942
825
922
1,429
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Table 2.3 Correlations of the eight strongest associations (positive and negative) between
structure variables and PCA axes 1 and 2.

Variable

DensitySTP
DensitySHB
StumpVOL
DensityS&R
GiniDBH
DensityMID
NSHB
DensityTOTAL

Pearson correlation for
PCA axis 1
0.62
0.59
0.54
0.52
0.52
0.52
0.43
0.33

SDDBH
MeanDBH
FHD
SDHgt
Density100
BPIHC
Density80
Logs60

Pearson correlation for
PCA axis 2
0.56
0.55
0.52
0.45
0.34
0.29
0.24
0.22

SnagVOL
MeanDBH
LSD5
LSD
HDBH
SDITOTAL
TNScarbon
BATOTAL

-0.74
-0.74
-0.76
-0.78
-0.87
-0.88
-0.93
-0.95

LSD
HDC
SnagVol
DensityMID
LSD5
Logs#
DensityTOTAL
NDC

-0.509
-0.531
-0.532
-0.537
-0.542
-0.673
-0.697
-0.706

Variable
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Table 2.4 Scores for 24 mature stands in western Oregon for the Index of Old-growth (Acker et
al., 1998), with accompanying statistics from mature stands sampled in this publication. The IOG
- developed in unmanaged Douglas-fir forests regenerating following natural disturbance - can
take values between 0 and 100. Scores of 0 indicate structural conditions typical of young stands
(40 – 80 years of age) while scores of 100 indicate conditions typical of old-growth (> 200 years
of age).

Stand
Unmanaged
S01-M01
S02-M01
S03-M01
S04-M01
S05-M01
S06-M01
S09-M01
S10-M01
Mean

SD of tree
DBH
36.73
25.12
16.81
18.95
24.68
36.24
31.48
27.26
27.16

Density PSME
≥ 100 cm DBH
20.0
10.0
0.0
2.5
20.0
22.5
10.0
20.0
13.13

IOG Scores
Mean tree
DBH (cm)
71.9
56.34
48.06
45.73
54.6
58.37
48.4
55.61
54.88

Density of all
trees (# ha-1)
185
273
495
548
345
328
398
523
387

IOG
score
100
79
53
55
90
100
87
90
82

Thinned
S01-M02
S02-M02
S03-M02
S04-M02
S05-M02
S06-M02
S09-M02
S10-M02
Mean

30.24
15.98
22.86
33.67
24.62
28.59
28.37
35.73
27.51

22.5
0.0
0.0
22.5
0.0
12.5
10.0
20.0
10.94

52.33
54.3
30.33
57.68
45.66
48.72
48.71
57.51
49.41

753
205
748
318
580
460
463
390
489

82
54
46
100
59
86
82
100
76

33.61
23.38
30.64
19.79
17.11
28.98
28.58
33.52
26.95

5.0
7.5
7.5
0.0
5.0
5.0
7.5
17.5
6.88

26.86
18.44
47.03
15.96
15.96
29.85
21.56
44.25
27.49

548
838
333
640
2,318
645
933
385
830

39
28
83
24
11
64
31
98
47

17

0.6

42

373

54

Retention harvest
S01-M04
S02-M04
S03-M04
S04-M04
S05-M04
S06-M04
S09-M04
S10-M04
Mean
Mature stand
mean (Acker et
al., 1998)
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Table 2.5 Scores of 24 mature stands in western Oregon for the Old-Growth Habitat Index
(Franklin et al., 2005), with accompanying statistics from mature stands sampled in this
publication. OGHI can take values of 0 to 100. Lower scores, indicate greater dissimilarity
compared to the structure of old-growth forests (with most old-growth stands used in
development of the OGHI scoring > 60 on the index).

Stand

Unmanaged
S01-M01
S02-M01
S03-M01
S04-M01
S05-M01
S06-M01
S09-M01
S10-M01
Mean

75
31
0
8
58
64
69
58
45

OGHI Scores
Density of snags ≥
Log
50 cm DBH and ≥
volume
15 m height (# ha-1)
(m3 ha-1)
0
68.47
0
35.50
10
53.27
60
64.41
10
36.94
0
60.37
90
54.60
100
62.62
34
54.52

Thinned
S01-M02
S02-M02
S03-M02
S04-M02
S05-M02
S06-M02
S09-M02
S10-M02
Mean

64
0
0
64
0
39
39
58
33

95
0
0
20
40
30
0
0
23

65.91
57.32
51.20
23.63
43.47
50.93
28.33
31.20
44.00

92.14
51.70
38.75
82.16
60.00
76.33
77.35
83.99
70.30

79
27
22
47
36
49
36
43
43

16
23
23
0
16
16
31
53
22

20
30
20
0
10
20
0
20
15

7.77
54.26
39.30
50.72
51.63
30.90
56.23
51.27
42.76

30.58
30.09
42.45
27.87
36.97
32.30
38.03
67.44
38.22

18
34
31
20
29
25
31
48
30

11

35

50.93

58.62

39

Density of trees ≥
100 cm DBH (# ha-1)

Retention harvest
S01-M04
S02-M04
S03-M04
S04-M04
S05-M04
S06-M04
S09-M04
S10-M04
Mean
Mature stand
mean (Franklin et
al., 2005)

Diameter
density
index
76.34
67.00
54.58
60.69
81.96
75.81
96.85
86.37
74.95

OGHI
Score
55
33
29
48
47
50
78
77
52
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Table 2.6 Linear model outputs for a test of differences in 10 structural variables between
unmanaged, thinned and retention harvest management conditions.

Variable

IOG
OGHI
DensityST
40

FHD
BPICC
NSHB
DensityS
&R

DensityS
HB

NDC
HDC

Unmanaged (mean
± SE)
81.8 ± 6.5
52.1 ± 6.3

Thinned
(mean ±
SE)
76.1 ± 7.3
42.4 ± 6.2

Retention
harvest
(mean ± SE)
47.2 ± 10.9
29.5 ± 3.3

Fstatistic

Pvalue

Marginal
R2

4.046
4.843

0.041
0.025

22.6 ± 9.3
0.72 ± 0.03

10.4 ± 3.0
0.79 ± 0.02

8.0 ± 4.2
0.70 ± 0.03

1.641
5.403

2.45 ± 0.09
2.39 ± 0.46

2.21 ± 0.14
2.59 ± 0.32
1,593 ±
567
5,438 ±
1,014
3.91 ± 0.15
1.08 ± 0.05

1.63 ± 0.07
2.66 ± 0.42
4,500 ±
1,991
9,649 ±
3,400
4.06 ± 0.23
1.19 ± 0.05

16.762
0.234

476 ± 286
3,866 ±
888
4.19 ± 0.16
1.23 ± 0.04

RMSE

0.410
0.274

Conditional
R2
0.528
0.350

0.125
0.211

0.125
0.550

16.209
0.065

0.593
0.011

0.593
0.473

0.274
0.893

12.139

0.230
0.018
<0.00
1
0.795
<0.00
1

0.424

0.580

1.132

2.252
0.601
2.913

0.142
0.562
0.088

0.149
0.050
0.201

0.241
0.050
0.206

5,315
0.481
0.125

21.336
13.748
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2.10 Appendices
Appendix table 2.1 (continued on the following pages). 35 structural variables included in the
analysis of mature stand structure.

Stand structure variable (units)
TNS carbon (Mg ha-1)

Description/interpretation
Total ecosystem carbon stocks in live and dead
vegetation above- and belowground, but excluding soil

Formula

SDI = Σ((DBHi * 0.3937)/10)1.6
SDITOTAL

Summative stand density index for stems ≥ 5 cm

DensityTOTAL (stems ha-1)

Total density of trees with DBH ≥ 5 cm

DensityMID (stems ha-1)

Density of mid-canopy trees – those with DBH ≥ 5 cm,
but < 25 cm

Density100 (stems ha-1)

Density of large trees – those with DBH ≥ 100 cm

Density80 (stems ha )

Density of trees with DBH ≥ 80 cm

DensityST40 (stems ha-1)

Density of shade tolerant trees with DBH ≥ 40 cm

-1

where DBHi is the diameter at breast height of
the ith tree in cm (Long and Daniel, 1990)

BATOTAL = Σ((Δ* ri2)/10000)
BATOTAL

(m2

ha-1)

Total basal area among stems with DBH ≥ 5 cm

where ri is the radius, in cm, of the ith stem
measured at breast height

Percent basal area in shade tolerant stems ≥ 5 cm
BA%ST (%)

Common shade tolerant stems are: western hemlock,
western redcedar, bigleaf maple, grand fir and incense
cedar

GiniDBH = ∑𝑛
1
GiniDBH

Gini coefficient of stem size equality

Shannon Index of diameter class diversity

MeanDBH (cm)

Mean diameter and breast height of trees ≥ 5 cm

SDDBH (cm)

Standard deviation of diameters at breast height of trees
≥ 5 cm

𝑛2𝜇

where n is the number of trees in the plot, x is
the DBH of the ith tree, and μ is the mean tree
diameter (D’Amato et al., 2011)

HDBH = − ∑𝑆1
HDBH

(2𝑖−𝑛−1)𝑥

𝑛i
𝑁

𝑛i

* ln ( )
𝑁

where S is the total number of size classes in
the plot, N is the total number of trees in the
plot and n is the number of trees of size class
I, (D’Amato et al., 2011)

𝑝𝑖

𝑝𝑖

FHD per quadrant = − ∑31
∗ ln
100
100
FHD

Foliage height diversity index

where pi is the contribution of the ith foliage
layer to total foliage distribution within the
plot quadrant (MacArthur and MacArthur,
1961)
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Berger-Parker Index of canopy classes evenness, for
canopy classes;
BPICC
Understory shrub, understory tree, suppressed,
intermediate, codominant, dominant, emergent

Berger-Parker Index of height classes evenness, for
height classes;
BPIHC

2 – < 4 m, 4 – < 8 m, 8 – < 16 m, 16 – < 32 m, 32 – <
48 m, 48 – < 64 m, and ≥ 64 m.

BPICC =

𝑁total
𝑁max

where Ntotal is the total number of trees in the
plot with DBH ≥ 5 cm, and Nmax is the
number of trees in the canopy class with the
most trees (North et al. 1999)
BPIHC =

𝑁total
𝑁max

where Ntotal is the total number of trees in the
plot with DBH ≥ 5 cm, and Nmax is the
number of trees in the height class with the
most trees (North et al. 1999)

Standard deviation of height in trees ≥ 5 cm DBH

SDHgt (m)

Hspp = − ∑𝑆1
Shannon Index of tree species diversity based on the
basal area of stems ≥ 5 cm DBH

Hspp

NSHB
DensityS&R (stems

𝑏i
𝐵

𝑏i

* ln ( )
𝐵

where S is the total number of tree species in
the plot, B is the total plotwise basal area and
b is the basal area of trees of the ith species.
(D’Amato et al., 2011)

Shrub species richness
ha-1)

Combined stem density of saplings and regeneration

DensitySHB (stems ha-1)

Stem density among shrub species

HerbBIO (Mg ha-1)

Aboveground biomass of herbaceous vegetation

MossCVR (%)

Total ground cover of moss

SnagVOL (m3 ha-1)

Volume of snags ≥ 5 cm DBH (all decay classes
combined)

CWDVOL (m3 ha-1)

Volume of coarse woody debris (all decay classes
combined)

StumpVOL (m3 ha-1)

Volume of stumps (all decay classes combined)

NDC

Richness of decay classes for all categories of dead
wood combined

HDC = − ∑𝐷
1
HDC

Shannon Index of diversity of decay classes of all
categories of dead wood combined

LSD (stems ha-1)

Density of snags measuring ≥ 50 cm DBH

LSD5 (stems ha-1)

Density of snags measuring ≥ 50 cm DBH and 5 m in
height

LSD15 (stems ha-1)

Density of snags measuring ≥ 50 cm DBH and 15 m in
height

Logs# (# transect-1)

Number of CWD pieces encountered along the
combined 40 m length of both transects per overstory
plot

𝑛i
𝑁

𝑛i

* ln ( )
𝑁

where D is the total number of decay classes
present in the plot, N is the total number of
pieces of dead wood (across all categories),
and ni is the number of pieces in the ith decay
class.
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Logsmean (cm)

Mean intersection diameter of logs encountered along
the combined 40 m length of both transects per
overstory plot

Logs60 (# transect-1)

Number of large CWD pieces (intersection diameter ≥
60 m) encountered along the combined 40 m length of
both transects per overstory plot

DensitySTP (# ha-1)

Density of stumps
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Appendix table 2.2 (continued on the following page). Estimates of the stand-scale mean,
standard error and range for 35 structural variables for unmanaged, thinned and retention harvest
management conditions.
Retention harvest (mean ± SE
Structural variable

Unmanaged (mean ± SE (range))

TNS carbon (Mg ha-1)

574.53 ± 56.46 (441.35 – 893.92)

546.25 ± 79.07 (246.72 – 1012.62)

256.92 ± 25.14 (167.13 – 383.79)

1006.38 ± 80.17 (778.00 – 1429.00)

941.00 ± 129.84 (465.00 – 1696.00)

495.63 ± 70.66 (347.00 – 877.00)

76.07 ± 5.13 (57.63 – 107.63)

70.03 ± 10.38 (28.53 - 127.88)

32.15 ± 4.42 (18.21 – 54.51)

BA%ST

19.25 ± 0.08 (0.00 – 0.66)

9.13 ± 0.01 (0.03 – 0.17)

18.25 ± 0.03 (0.03 – 0.35)

DensityTOTAL (stems ha-1)

387 ± 45 (185 – 548)

489 ± 71 (205 – 753)

830 ± 224 (333 – 2318)

DensityMID (stems ha-1)

161 ± 21 (50 – 230)

299 ± 69 (50 – 700)

775 ± 229 (270 – 2260)

Density100 (stems ha-1)

16 ± 4 (0 – 28)

11 ± 4 (0 – 23)

7.19 ± 1.80 (0 – 18)

Density80 (stems ha-1)

34 ± 6 (8 – 63)

44 ± 13 (5 – 103)

20.31 ± 3.45 (10 – 38)

DensityST40 (stems ha-1)

23 ± 9 (0 – 80)

10 ± 3 (0 – 28)

8 ± 4 (0 – 35)

GiniDBH

0.26 ± 0.02 (0.19 – 0.34)

0.32 ± 0.03 (0.16 – 0.41)

0.43 ± 0.02 (0.37 – 0.54)

HDBH

2.39 ± 0.06 (2.17 – 2.62)

2.32 ± 0.10 (1.76 – 2.64)

1.54 ± 0.12 (1.15 – 2.30)

MeanDBH (cm)

54.88 ± 2.92 (47.53 – 71.90)

49.41 ± 3.12 (30.33 – 57.68)

27.49 ± 4.33 (18.44 – 47.03)

SDDBH (cm)

27.16 ± 2.60 (16.81 – 36.73)

27.51 ± 2.23 (15.98 – 35.73)

26.95 ± 2.19 (17.11 – 33.61)

FHD

0.72 ± 0.03 (0.55 – 0.83)

0.79 ± 0.02 (0.69 – 0.89)

0.70 ± 0.03 (0.53 – 0.80)

BPICC

2.45 ± 0.09 (2.13 – 2.85)

2.21 ± 0.14 (1.59 – 2.76)

1.63 ± 0.07 (1.38 – 1.95)

BPIHC

2.12 ± 0.13 (1.75 – 2.58)

2.36 ± 0.15 (1.55 – 2.73)

2.00 ± 0.12 (1.55 – 2.56)

SDHgt (m)

13.56 ± 1.03 (10.47 – 18.57)

15.36 ±1.22 (9.58 – 19.75)

13.25 ± 1.23 (8.93 – 18.30)

Hspp

0.41 ± 0.13 (0.19 – 1.23)

0.30 ± 0.03 (0.16 – 0.45)

0.42 ± 0.06 (0.11 – 0.63)

NSHB

2.38 ± 0.45 (1.00 – 4.75)

2.03 ± 0.32 (0.75 – 3.50)

2.66 ± 0.43 (1.00 – 4.50)

476 ± 286 (0 – 2442)

1593 ± 567 (100 – 3975)

4501 ± 1991 (775 – 17758)

3865 ± 888 (417 – 8125)

5438 ± 1013 (208 – 7917)

9649 ± 3400 (3333 – 32083)

HerbBIO (Mg ha-1)

0.47 ± 0.07 (0.24 – 0.82)

0.23 ± 0.05 (0.10 – 0.47)

0.40 ± 0.06 (0.21 – 0.56)

MossCVR/ (%)

27.50 ± 6.62 (5.63 – 51.25)

11.17 ± 4.37 (0.00 – 36.88)

11.80 ± 4.50 (0.00 – 29.38)

SnagVOL (m3 ha-1)

79.04 ± 30.34 (5.38 – 254.93)

35.96 ± 22.70 (1.12 – 191.87)

27.20 ± 5.71 (2.10 – 48.38)

CWDVOL (m3 ha-1)

191.88 ± 30.35 (80.94 – 312.76)

127.20 ± 27.55 (53.87 – 285.23)

112.45 ± 18.37 (17.70 – 181.08)

3.29 ± 1.14 (0.38 – 9.74)

13.99 ± 1.45 (3.53 – 13.23)

35.59 ± 5.28 11.29 – 58.05)

NDC

4.19 ± 0.15 (3.75 – 5.00)

3.91 ± 0.15 (3.25 – 4.50)

4.06 ± 0.23 (3.00 – 5.00)

HDC

1.23 ± 0.04 (1.08 – 1.49)

1.08 ± 0.05 (0.89 – 1.34)

1.19 ± 0.05 (0.98 – 1.37)

SDITOTAL
BATOTAL

(m2

ha-1)

DensityS&R (stems ha-1)
DensitySHB (stems

StumpVOL

(m3

ha-1)

ha-1)

Thinned (mean ± SE (range))
(range))
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14.00 ± 4.52 (1.00 – 42.00

7.63 ± 4.23 (0.00 – 36.00)

4.13 ± 0.74 (2.00 – 7.00)

9.31 ± 3.49 (0.00 – 30.00)

4.75 ± 2.61 (0.00 – 22.00)

2.88 ± 0.61 (0.00 – 5.00)

LSD15 (stems ha-1)

5.00 ± 2.83 (0.00 – 23.00)

2.31 ± 1.17 (0.00 – 9.50)

1.50 ± 0.38 (0.00 – 3.00)

transect-1)

6.44 ± 1.15 (4.25 – 11.75)

4.22 ± 0.47 (2.00 – 6.75)

4.47 ± 0.85 (2.00 – 9.75)

LogsMean (cm)

23.40 ± 2.53 (13.77 – 36.00)

23.82 ± 3.79 (11.71 – 46.46)

22.29 ± 3.04 (7.75 – 33.69)

Logs60 (# transect-1)

0.31 ± 0.17 (0.00 – 1.25)

0.19 ± 0.10 (0.00 – 0.75)

0.06 ± 0.04 (0.00 – 0.25)

DensitySTP (# ha-1)

71.25 ± 18.84 (10.00 – 170.00)

202.50 ± 35.49 (80.00 – 410.00)

275.00 ± 28.35 (150.00 – 410.00)

LSD (stems ha-1)
LSD5 (stems

Logs# (#

ha-1)
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Table 2.3 (continued on subsequent pages). Stand-scale estimates of 35 structural variables for 24 mature stands representing
unmanaged, thinned and retention harvest management conditions.

Stand ID

TNS carbon
(Mg ha-1)

SDITOTAL

BATOTAL
(m2 ha-1)

BA%ST

DensityTOTAL
(stems ha-1)

DensityMID
(stems ha-1)

Density100 (stems
ha-1)

Density80
(stems ha-1)

DensityST40
(stems ha-1)

GiniDBH

S01-M01

484.34

823

70.28

36

185

50

28

43

38

0.26

S02-M01
S03-M01

353.55
430.87

778
1,151

57.63
77.37

07
05

273
495

170
150

10
0

28
08

10
05

0.24
0.19

S04-M01

463.40

1,181

80.36

15

548

200

03

18

28

0.23

S05-M01
S06-M01

422.19
478.64

942
825

68.71
76.20

0
06

345
328

100
200

20
23

23
48

0
10

0.23
0.34

S09-M01
S10-M01

382.50
731.22

922
1,429

70.38
107.63

66
19

398
523

190
230

25
20

43
63

80
10

0.34
0.28

S01-M02
S02-M02

843.60
255.50

1,696
613

127.88
43.24

07
03

753
205

410
50

23
0

103
05

10
05

0.33
0.16

S03-M02

176.56

465

28.53

08

748

700

0

03

0

0.41

S04-M02
S05-M02

486.03
432.86

927
1,040

73.43
72.90

10
17

318
580

150
330

23
0

73
30

10
28

0.32
0.30

S06-M02
S09-M02

451.27
377.27

939
803

69.37
62.16

11
11

460
463

250
280

13
13

38
25

15
10

0.33
0.33

S10-M02

557.88

1,045

82.71

06

390

220

20

80

05

0.34

S01-M04

843.60

365

25.53

03

548

500

05

20

0

0.54

S02-M04

255.50

347

22.21

13

838

800

08

10

05

0.43

S03-M04
S04-M04

176.56
486.03

473
328

35.73
18.21

23
21

333
640

270
620

08
0

33
13

13
03

0.37
0.38

S05-M04
S06-M04

432.86
451.27

877
359

44.85
23.12

35
13

2,318
645

2,280
600

05
05

15
15

0
03

0.40
0.45

S09-M04

377.27

502

33.04

14

933

880

10

20

05

0.52

S10-M04

557.88

714

54.51

24

385

250

18

38

35

0.38

Unmanaged

Thinned

Retention harvest
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Stand ID

HDBH

MeanDBH
(cm)

SDDBH
(cm)

FHD

BPICC

BPIHC

SDHgt
(m)

Hspp

NSHB

DensityS&R
(stems ha-1)

DensitySHB
(stems ha-1)

HerbBIO
(Mg ha-1)

MossCVR/
(%)

S01-M01

2.17

71.90

36.73

0.73

2.25

2.33

14.28

0.64

2.00

358

3,750

0.82

08

S02-M01

2.19

56.34

25.12

0.75

2.85

1.95

12.03

0.25

4.75

21

4,142

0.24

13

S03-M01

2.39

48.06

16.81

0.55

2.53

1.75

10.92

0.19

2.00

354

2,357

0.58

51

S04-M01

2.46

45.73

18.95

0.65

2.73

2.11

10.47

0.42

1.50

2,442

8,125

0.31

18

S05-M01

2.28

54.60

24.68

0.79

2.25

1.50

11.25

0.02

3.75

50

6,667

0.50

43

S06-M01

2.54

58.37

36.24

0.83

2.62

2.58

18.57

0.29

2.50

0

1,925

0.30

06

S09-M01

2.48

48.40

31.48

0.74

2.13

2.29

14.42

1.23

1.50

373

417

0.42

34

S10-M01

2.62

55.61

27.26

0.71

2.26

2.46

16.51

0.25

1.00

208

3,542

0.57

48

S01-M02

2.62

55.61

27.26

0.71

2.26

2.46

16.51

0.25

0.75

208

208

0.21

14

S02-M02

2.64

52.33

30.24

0.79

2.55

2.27

19.19

0.27

3.25

408

1,983

0.26

08

S03-M02

2.05

54.30

15.98

0.82

1.59

1.55

9.58

0.16

2.00

417

7,771

0.09

01

S04-M02

1.76

30.33

22.86

0.69

1.96

1.91

13.10

0.33

3.50

3,792

5,000

0.10

0

S05-M02

2.33

57.68

33.67

0.77

1.96

2.57

17.73

0.32

3.00

3,975

7,083

0.47

37

S06-M02

2.51

45.66

24.62

0.80

2.22

2.61

14.92

0.45

2.25

700

6,458

0.22

08

S09-M02

2.55

48.72

28.59

0.76

2.76

2.70

15.57

0.31

3.25

767

7,083

0.12

03

S10-M02

2.29

48.71

28.37

0.89

2.53

2.50

13.06

0.34

2.50

100

7,917

0.33

20

S01-M04

1.39

26.86

33.61

0.73

1.95

1.78

18.30

0.11

1.25

917

2,354

0.56

03

S02-M04

1.15

18.44

23.38

0.56

1.65

1.55

8.93

0.33

4.50

2,958

11,400

0.26

06

S03-M04

1.73

47.03

30.64

0.53

1.69

1.98

13.76

0.37

1.00

5,292

3,333

0.62

0

S04-M04

1.49

15.96

19.79

0.76

1.51

1.85

10.33

0.63

2.00

17,758

32,083

0.22

0

S05-M04

1.42

15.96

17.11

0.74

1.53

1.79

9.72

0.50

3.00

1,604

3,438

0.36

29

S06-M04

1.35

29.85

28.98

0.71

1.85

2.44

15.99

0.37

3.50

5,008

8,542

0.46

27

S09-M04

1.49

21.56

28.58

0.73

1.47

2.06

12.41

0.47

3.50

1,692

6,875

0.21

05

S10-M04

2.30

44.25

33.52

0.80

1.38

2.56

16.58

0.57

2.50

775

9,167

0.52

24

Unmanaged

Thinned

Retention harvest
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SnagVOL
(m3 ha-1)

CWDVOL
(m3 ha-1)

StumpVOL
(m3 ha-1)

NDC

HDC

LSD
(stems
ha-1)

LSD5
(stems
ha-1)

LSD15 (stems ha-1)

Logs# (#
transect-1)

LogsMean
(cm)

Logs60 (#
transect-1)

DensitySTP
(# ha-1)

S01-M01

32.32

312.76

0.38

3.75

1.18

09

05

0

04

32

01

10

S02-M01

9.14

80.94

9.74

3.75

1.16

01

0

0

04

20

0

60

S03-M01

37.98

149.19

2.76

4.50

1.28

16

06

01

07

23

0

90

S04-M01

104.48

269.07

6.04

5.00

1.49

17

13

06

11

19

0

170

S05-M01

40.54

84.22

1.22

3.75

1.14

07

05

01

03

14

0

50

S06-M01

5.38

225.56

3.86

4.25

1.28

04

01

0

05

36

01

120

S09-M01

146.66

163.47

0.54

4.25

1.08

16

15

09

07

22

01

20

S10-M01

255.78

249.82

1.74

4.25

1.26

42

30

23

12

21

0

50

S01-M02

191.87

285.23

13.08

4.50

1.09

36

22

10

07

23

01

190

S02-M02

2.70

192.70

52.26

3.75

0.89

0

0

0

04

26

01

250

S03-M02

1.12

126.94

11.98

3.75

1.01

0

0

0

04

27

0

410

S04-M02

17.14

53.87

5.09

3.25

0.98

04

02

02

02

14

0

80

S05-M02

31.09

99.11

5.17

4.00

1.13

07

06

04

04

24

0

110

S06-M02

32.68

124.00

13.23

4.50

1.34

10

06

03

04

12

0

220

S09-M02

6.70

64.59

4.99

3.75

1.04

02

01

0

05

46

0

170

S10-M02

4.42

71.13

6.09

3.75

1.13

02

01

0

04

19

0

190

Stand ID

Unmanaged

Thinned

Retention harvest
S01-M04

13.55

17.70

58.44

3.00

0.98

02

02

02

02

08

0

190

S02-M04

45.71

159.87

25.57

4.25

1.15

06

05

03

10

20

0

280

S03-M04

46.53

89.59

75.77

3.75

1.13

02

02

02

04

31

0

320

S04-M04

2.10

121.69

14.01

4.00

1.30

02

0

0

04

21

0

300

S05-M04

29.84

131.54

17.38

5.00

1.35

06

04

01

03

34

0

300

S06-M04

17.32

70.46

17.81

3.50

1.04

05

02

02

03

15

0

250

S09-M04

14.18

181.08

58.05

4.25

1.17

03

03

0

06

28

0

150

S10-M04

48.38

127.68

17.68

4.75

1.37

07

05

02

05

21

0

410
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Table 2.4 (continued on subsequent pages). Correlation matrix for 35 structural variables included in the analysis of mature stand
structure.

Variable
TNS_Carbon SDITOTAL Density_TOTAL Density_MID Density_100 Density_80 Density_ST40 BA_TOTAL BA_ST Gini_DBH Shannon_DBH Mean_DBH SD_DBH FHD
TNS_Carbon
1.00
SDITOTAL
0.93
1.00
Density_TOTAL
-0.24
-0.03
1.00
Density_MID
-0.40
-0.23
0.98
1.00
Density_100
0.64
0.43
-0.30
-0.33
1.00
Density_80
0.83
0.66
-0.21
-0.28
0.76
1.00
Density_ST40
0.21
0.21
-0.27
-0.31
0.41
0.19
1.00
BA_TOTAL
0.98
0.97
-0.21
-0.38
0.58
0.76
0.26
1.00
BA._ST
-0.06
0.00
0.20
0.21
0.28
0.04
0.80
-0.01 1.00
Gini_DBH
-0.44
-0.55
0.41
0.52
-0.09
-0.08
-0.17
-0.54 0.10
1.00
Shannon_DBH
0.83
0.82
-0.47
-0.62
0.50
0.59
0.41
0.88 0.00
-0.66
1.00
Mean_DBH
0.69
0.57
-0.68
-0.75
0.61
0.55
0.33
0.70 -0.06
-0.70
0.81
1.00
SD_DBH
0.33
0.03
-0.40
-0.34
0.75
0.63
0.30
0.22 0.13
0.34
0.22
0.41
1.00
FHD
0.26
0.19
-0.11
-0.12
0.35
0.33
0.05
0.26 -0.10
-0.08
0.37
0.28
0.29 1.00
BPI_CC
0.57
0.60
-0.35
-0.46
0.25
0.29
0.12
0.64 -0.22
-0.50
0.68
0.59
0.10 0.12
BPI_HC
0.50
0.36
-0.25
-0.28
0.48
0.62
0.35
0.46 0.16
0.05
0.55
0.42
0.64 0.44
SD_Hgt
0.52
0.32
-0.30
-0.31
0.57
0.77
0.11
0.45 -0.09
0.25
0.40
0.40
0.82 0.37
Trees_H
-0.12
-0.08
0.10
0.12
0.22
0.01
0.82
-0.08 0.93
0.16
0.01
-0.12
0.15 0.00
Shrub_Spp
-0.42
-0.37
0.15
0.21
-0.30
-0.52
-0.18
-0.41 -0.17
-0.02
-0.34
-0.25
-0.34 0.00
Density_S.R
-0.46
-0.46
0.09
0.18
-0.36
-0.20
-0.21
-0.48 0.06
0.26
-0.46
-0.50
-0.21 -0.16
Density_SHRUB
-0.42
-0.43
0.06
0.13
-0.35
-0.29
-0.20
-0.45 -0.03
0.20
-0.37
-0.50
-0.25 0.02
Herb_Bio
0.09
0.06
-0.17
-0.18
0.16
-0.02
0.29
0.08 0.31
-0.13
0.04
0.26
0.21 -0.33
Moss_Cvr
0.35
0.52
0.11
-0.03
0.05
0.03
0.20
0.43 0.17
-0.39
0.37
0.17
-0.25 -0.09
Snag_Vol
0.66
0.68
0.01
-0.12
0.38
0.50
0.36
0.65 0.32
-0.18
0.43
0.22
0.04 -0.14
CWD_Vol
0.50
0.47
-0.01
-0.10
0.29
0.23
0.30
0.48 0.23
-0.34
0.33
0.29
-0.05 -0.09
Stump_Vol
-0.47
-0.54
0.07
0.18
-0.37
-0.28
-0.28
-0.55 -0.14
0.44
-0.57
-0.38
-0.03 -0.31
Decay_RICH
0.27
0.43
0.45
0.33
-0.03
-0.01
0.24
0.32 0.30
-0.18
0.24
-0.14
-0.36 -0.15
Decay_H
0.18
0.27
0.26
0.19
-0.01
-0.04
0.14
0.20 0.19
-0.13
0.20
-0.09
-0.18 -0.20
LSD
0.76
0.78
0.03
-0.13
0.34
0.52
0.22
0.75 0.16
-0.26
0.50
0.26
0.00 -0.12
LSD_5
0.70
0.73
0.04
-0.11
0.36
0.49
0.33
0.69 0.27
-0.20
0.47
0.22
0.02 -0.10
LSD_15
0.59
0.59
0.00
-0.12
0.29
0.44
0.26
0.57 0.25
-0.12
0.39
0.17
0.04 -0.11
Logs_#
0.39
0.42
0.00
-0.11
0.06
0.09
0.23
0.38 0.15
-0.20
0.24
0.02
-0.22 -0.37
Logs_Mean
0.00
0.01
0.20
0.21
0.04
-0.09
0.05
0.03 0.21
-0.09
0.04
0.08
-0.04 0.16
Logs_60
0.32
0.24
-0.24
-0.26
0.46
0.32
0.44
0.34 0.30
-0.28
0.32
0.45
0.24 0.27
Stump_Density
-0.51
-0.48
0.35
0.43
-0.49
-0.32
-0.32
-0.54 -0.12
0.43
-0.51
-0.59
-0.22 -0.15
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Variable
BPI_CC BPI_HC SD_Hgt Trees_H Shrub_Spp Density_S.R Density_SHRUB Herb_Bio Moss_Cvr Snag_Vol CWD_Vol Stump_Vol
TNS_Carbon
SDITOTAL
Density_TOTAL
Density_MID
Density_100
Density_80
Density_ST40
BA_TOTAL
BA._ST
Gini_DBH
Shannon_DBH
Mean_DBH
SD_DBH
FHD
BPI_CC
1.00
BPI_HC
0.31
1.00
SD_Hgt
0.22
0.73
1.00
Trees_H
-0.22
0.23 -0.07
1.00
Shrub_Spp
-0.13 -0.35 -0.50
-0.13
1.00
Density_S.R
-0.43 -0.15 -0.21
0.20
-0.10
1.00
Density_SHRUB
-0.35 -0.10 -0.31
0.15
0.12
0.88
1.00
Herb_Bio
-0.06 -0.04
0.09
0.10
-0.11
-0.20
-0.24
1.00
Moss_Cvr
0.18
0.01 -0.05
0.02
0.09
-0.35
-0.24
0.47
1.00
Snag_Vol
0.23
0.15
0.21
0.19
-0.41
-0.23
-0.28
0.22
0.47
1.00
CWD_Vol
0.21
0.03 -0.07
0.22
-0.17
-0.19
-0.18
0.17
0.10
0.55
1.00
Stump_Vol
-0.54 -0.39 -0.12
-0.17
0.03
0.12
-0.07
0.07
-0.45
-0.23
-0.21
1.00
Decay_RICH
0.09
0.04 -0.28
0.28
0.02
-0.13
0.00
-0.03
0.35
0.39
0.54
-0.24
Decay_H
0.18
0.14 -0.18
0.18
-0.01
0.10
0.26
0.17
0.28
0.20
0.36
-0.30
LSD
0.35
0.19
0.24
0.05
-0.40
-0.25
-0.27
0.22
0.52
0.95
0.60
-0.34
LSD_5
0.28
0.19
0.22
0.15
-0.39
-0.27
-0.28
0.22
0.51
0.99
0.58
-0.29
LSD_15
0.19
0.22
0.25
0.11
-0.37
-0.19
-0.22
0.19
0.47
0.95
0.42
-0.21
Logs_#
0.22 -0.02 -0.19
0.13
-0.14
-0.15
-0.04
0.04
0.31
0.71
0.62
-0.20
Logs_Mean
-0.01
0.07 -0.20
0.20
-0.08
-0.12
-0.12
-0.08
-0.18
-0.11
0.28
-0.01
Logs_60
0.15
0.06
0.18
0.31
-0.16
-0.27
-0.39
0.10
-0.09
0.23
0.62
-0.09
Stump_Density
-0.57 -0.16 -0.14
-0.05
0.00
0.41
0.38
-0.26
-0.38
-0.29
-0.22
0.42
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Variable
Decay_RICH Decay_H LSD LSD_5 LSD_15 Logs_# Logs_Mean Logs_60 Stump_Density
TNS_Carbon
SDITOTAL
Density_TOTAL
Density_MID
Density_100
Density_80
Density_ST40
BA_TOTAL
BA._ST
Gini_DBH
Shannon_DBH
Mean_DBH
SD_DBH
FHD
BPI_CC
BPI_HC
SD_Hgt
Trees_H
Shrub_Spp
Density_S.R
Density_SHRUB
Herb_Bio
Moss_Cvr
Snag_Vol
CWD_Vol
Stump_Vol
Decay_RICH
1.00
Decay_H
0.80
1.00
LSD
0.43
0.28 1.00
LSD_5
0.42
0.25 0.97 1.00
LSD_15
0.26
0.15 0.90 0.95
1.00
Logs_#
0.56
0.42 0.69 0.72
0.68
1.00
Logs_Mean
0.21
0.03 -0.12 -0.13
-0.18
0.05
1.00
Logs_60
0.05
-0.22 0.22 0.21
0.09
0.05
0.29
1.00
Stump_Density
0.16
0.06 -0.34 -0.34
-0.29 -0.16
0.07
-0.29
1.00
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3.1 Abstract
Mature stands, mid-successional communities in which large live trees are the dominant
structural feature, are a major component of forested landscapes across North America. Despite
this prominence at regional scales, mature stands have rarely been the focus of research on forest
carbon dynamics. We studied mature Douglas-fir (Pseudotsuga menziesii (Mirb.) Franco)dominated stands in western Oregon with the aims of (i) examining the medium-term impact of
active management on carbon storage in live and dead vegetation in mature Douglas-fir, and (ii)
providing baseline estimates of total non-soil carbon storage during the mature phase of stand
development for this forest type. Stands of varying size, aged 106 – 193 years at the time of
sampling, were selected to represent a gradient in harvest intensity, from passive (reserve-based)
management, to low-intensity (commercial thinning) and high-intensity (regeneration harvest
with structural retention) active management. Active management treatments were implemented
following the onset of maturity in stands with no prior management history, and sampling was
conducted an average of 38 years and 22 years following treatment (mean for thinned and
retention harvest conditions, respectively). Total non-soil carbon storage was significantly
greater in stands managed using a reserve-based approach (mean of 575 Mg C ha-1) than those
subject to retention harvest (mean 257 Mg C ha-1) 17 to 34 years previously, but was not
different from stands managed over extended rotations with commercial thinning (mean 546 Mg
C ha-1). A similar trend was evident for carbon storage in live overstory trees, which were also
the dominant component of total non-soil carbon in all management conditions. Dead wood
pools varied greatly among stands, but estimates did not indicate any systematic differences in
carbon storage in dead wood between management conditions. Our results suggest that shifting
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from passive management to a high-intensity harvest regime in mature Douglas-fir stands will
entail substantial reductions in carbon storage. By contrast, managing stands over extended
rotations with light thinning may enable the provision of wood products while maintaining
relatively high carbon storage in the forest ecosystem. In absolute terms, mean carbon storage
across our full sample of unmanaged, low-intensity and high-intensity harvest conditions
exceeded previously reported values from inventories of mature plots across a similarly broad
range of site conditions, but remains below the potential upper bounds to carbon storage in
Douglas-fir-dominated forests. However, total aboveground carbon stocks in excess of 700 Mg
ha-1 in individual mature stands in our dataset implies that, under certain conditions, forest
biomass approaches its maximum for a single successional sequence by the close of the mature
phase of stand development in Douglas-fir-dominated forests.

3.2 Introduction
Regeneration of temperate forests in North America following past disturbance has
provided an important carbon sink at regional, national and global scales over the past half
century (Pan et al., 2011; Skog et al., 2014; Urbano and Keeton, 2017). A legacy of this regrowth
is extensive tracts of secondary forest now in the mature phase of stand development (Oswalt et
al., 2014; Davis et al., 2015). Although concerns exist about future carbon sequestration potential
as these forests transition to the later stages of succession, their absolute carbon stores are now
material to national carbon dynamics, with implications for policymaking in an era of heightened
awareness over climate change and related disturbance risks (Albani et al., 2006; Pacala et al.,
2007; USDA Forest Service, 2012). On public lands, existing forest policy in many regions
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encourages passive, reserve-based management in mature stands (e.g. Thomas et al., 2006), a
strategy that is consistent with maximizing the carbon balance of the forestry sector (McKinley
et al., 2011). Active management approaches involving partial overstory harvest are another
option that may be used to address a broader range of management goals. While harvesting
temporarily reduces in-situ forest carbon stocks (Finkral and Evans, 2008; Harmon et al., 2009),
overstory density reduction may extend the phase of active carbon sequestration (Powers et al.,
2012), and improve the resiliency of forests to a variety of climate change-induced stressors
(Chmura et al., 2011; Bradford and Bell, 2016), in addition to supplying traditional forest
products (Curtis et al. 1998) or modifying wildlife habitat characteristics (Hagar 2011).
Evaluating the extent to which these advantages of active management compensate for any
associated reduction in absolute carbon storage requires a detailed understanding of carbon
stocks in mature stands managed under alternative active and passive treatment regimes.
Although mature stands are a major component of many temperate forest landscapes, the
carbon dynamics of this phase of stand development have rarely been considered in isolation.
Present understanding of the impacts of active management on carbon storage in mature stands is
particularly limited, and overly reliant on regional or global chronosequences (e.g. Pregitzer and
Euskirchen, 2004; Hudiburg et al., 2009; Goulden et al., 2011), and the results of a small number
of long-term silvicultural experiments (e.g. Powers et al., 2011; Puhlick et al., 2016). Only the
latter provide a useful guide to stand-scale management responses, as many existing
chronosequences combine records from managed and unmanaged plots, are coarse-grained in
geographical extent, and apply identical age-related definitions of ‘maturity’ across multiple
forest types. Datasets from silvicultural experiments do not suffer these limitations, but the
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predominance of research from a small number of forest types hampers the development of
generalized theories on carbon storage responses to management in mature stands. Observational
studies can help overcome the shortage of long-term experimental data by assessing the extent to
which previous findings are broadly applicable in different regional settings.
To be of broad practical relevance, conclusions on the response of mature stands to active
management must be underpinned by a structure-based definition of maturity, rather than one
based solely on age or time since disturbance. The mature phase of stand development is a period
of re-organization. Stands entering maturity are thought to have relatively high biomass and rates
of production, but relatively low structural diversity (Bormann and Likens, 1979; Spies and
Franklin 1991). Over subsequent decades, changes in canopy architecture associated with foliage
attrition from mechanical abrasion, and increasing disturbance-induced mortality of large
overstory trees, lead to a gradual reallocation of growing space from overstory trees to
understory vegetation, including emerging mid-canopy trees. Disturbance events also increase
stocks of large diameter dead wood (Spies et al. 1988). These changes diversify stand structure,
and should dramatically influence future rates of carbon accumulation, and its distribution
between components of the forest ecosystem.
In actively managed mature stands, timber harvesting influences the structural
development process, with repercussions for carbon storage and future rates of primary
production. In common with natural disturbance-induced overstory mortality, harvesting
periodically reduces leaf area, temporarily depressing stand-scale production (Long et al., 2004).
By contrast, mortality from natural disturbances is typically redistributed to the dead wood pools
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(with relatively little immediate change in total ecosystem stores) (e.g. Palik and Robl, 1999;
Campbell et al., 2007; Meigs and Keeton, 2018), whereas harvesting generally removes a
substantial fraction of the biomass of affected trees, thereby reducing in-situ carbon stocks for a
period of time (e.g. Franklin et al., 2007; Zhou et al., 2013). Simulation models in temperate
forests suggest that both effects should lead to reduced mean annual carbon storage over multiple
rotations in stands managed using partial overstory harvesting compared to unmanaged stands
(Harmon et al., 2009; Nunery and Keeton, 2010). Empirical research is complementary to these
model-based evaluations, and particularly effective in demonstrating the carbon storage
implications of silvicultural actions in individual stands at specific points in time post-treatment.
To date, such empirical studies have focussed on younger stands from a wide range of forest
types (Nilsen and Strand, 2008; Vargas et al., 2009; Burton et al., 2013), with the impact of
overstory density reduction in previously unmanaged mature stands receiving little attention.
However, responses to overstory density reduction may differ with overstory age and stand
structure at the time of treatment (D’Amato et al., 2011; Schaedel et al., 2017), suggesting that
previous observations from younger stands are, in isolation, insufficient as a guide to the
consequences of stand density reduction following the onset of maturity.
Closer examination of mature forest carbon dynamics is timely given renewed interest in
management activities that retain full or partial cover of overstory trees to advanced ages. In
even-aged systems, the use of extended rotations with thinning has been proposed as a means of
maximizing wood volume production and providing habitat for species associated with older
forests (e.g. Curtis, 1995; D’Amato et al., 2010; Newton & Cole, 2015). Irregular shelterwood
and retention harvesting approaches may also incorporate mature overstory structures, and are
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being trialled by federal agencies in efforts to satisfy biodiversity and social objectives alongside
timber production (Raymond et al., 2009; Gustafsson et al., 2012; Franklin et al., 2018).
Thinning treatments and structural retention harvests are inherently flexible, but typically result
in different levels of overstory retention. Whereas thinning operations usually represent a low- to
moderate-intensity harvest practice, retention harvest is a higher intensity treatment. Harvest
intensity is an important determinant of carbon storage in forests of various ages and types (Zhou
et al., 2013). For example, carbon storage in unmanaged stands commonly exceeds that in stands
managed for timber production (Ruiz-Peinado et al., 2013; and 2016), and may decline as
harvest intensity increases (e.g. Skovsgaard et al., 2006; D’Amato et al., 2011; Ford and Keeton,
2018). However, relationships between harvest intensity and forest carbon storage show
considerable variability according to site and treatment design (Ruiz-Peinado et al. 2017); in
some settings total forest carbon storage in stands managed using light thinning may be
comparable to that in unmanaged stands (Hoover and Stout 2007; Coletta et al. 2016). In other
situations, forest carbon storage in actively managed stands is lower than in unmanaged stands,
but relatively constant across a range of treatment intensities (Powers et al., 2011; Bravo-Oviedo
et al., 2015). Such variability in the relationship between harvest intensity and forest carbon
storage further cautions against generalizing previous findings to new forest types, or
management regimes, without additional empirical research.
In this study, we evaluated differences in stand-scale carbon storage across a gradient of
management intensity in mature, low-moderate elevation Douglas-fir (Pseudotsuga menziesii
(Mirb.) Franco) forests of western Oregon, United States. Mature stands are a major component
of the total forested area in this study region (Davis et al., 2015), and unmanaged forests have an
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extremely high carbon storage capacity, thereby increasing the potential for major changes in
carbon stocks when shifting between alternate forest management regimes (Smithwick et al.
2002; Smithwick et al., 2007). Present understanding of these carbon storage trajectories is
largely derived from simulation studies (e.g. Harmon and Marks, 2002). To help fill this gap, we
sampled mature stands representing high intensity harvesting, low intensity harvesting, and
passive/reserve-based treatment alternatives. Our primary objective was to assess the mediumterm impact of active management, with varying levels of overstory retention, on forest
ecosystem carbon stores. An important secondary aim was the development of detailed standscale estimates of carbon storage during the mature phase of stand development, an interval that
is presently under-represented in the literature on temperate forest carbon dynamics.

3.3 Methods
3.3.1 Study sites and experimental design
Our study region encompassed the Coast Ranges and Western Cascades physiographic
provinces of western Oregon, United States (Franklin and Dyrness 1988). Sampling was further
restricted to the Western Hemlock (Tsuga heterophylla (Raf.) Sarg.) and Grand Fir (Abies
grandis (Dougl. ex D. Don) Lindl.) plant Zones (McCain and Diaz 2001), which, in western
Oregon, occur at low to moderate elevations (sea level to approximately 1,200 m above sea
level). Our study region therefore represents a subset of Pseudotsuga-dominated forests in the
Pacific Northwest, and was defined in order to constrain variation in carbon storage arising from
variability in climate and vegetation type (Ohmann and Spies, 1998; Berner et al., 2017).
Prevailing climate is mild and wet in winter, and warm and dry during the summer months.
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Mean monthly temperatures at our study stands ranged from a minimum of -3 0C in January to a
maximum of 28 0C in August, with annual averages at these sites over the past thirty years
ranging from 8 0C to 11 0C (PRISM Climate Group, Oregon State University,
http://prism.oregonstate.edu). Mean annual precipitation varies between 1,400 mm and 2,730
mm, the majority of which falling between October and April. Soils at sample stands vary from
deep, well-drained silts derived from alluvium and glacial till, to shallow or moderately deep,
well-drained stony loams derived from sandstone parent material, to shallow, poorly-developed
soils derived from pyroclastic deposits (Franklin and Dyrness, 1988; Ecoshare).
Western hemlock is the primary overstory component in true old-growth communities
throughout most of the study region, but frequently remains subordinate to its long-lived seral
associate, Douglas-fir, in all but the oldest stands. Western redcedar (Thuja plicata Donn ex D.
Don) is locally abundant on mesic sites, while incense cedar (Calocedrus decurrens Torr.) and
sugar pine (Pinus lambertiana Dougl.) occur on drier sites in the southern portion of the study
region. Grand fir replaces hemlock as the dominant climax species on these drier southern sites,
and along the margins of the Willamette Valley. With the exception of red alder (Alnus rubra
Bong.), which may form monospecific early-successional stands on mesic sites and in riparian
corridors, hardwoods typically occupy understory to mid-canopy positions. Common hardwoods
include bigleaf maple (Acer macrophyllum Pursh.), golden chinkapin (Castanopsis chrysophylla
(Dougl-) A. DC.) and Pacific madrone (Arbutus menziesii Pursh). Understory shrubs vary
widely, but may include beaked hazel (Corylus cornuta Marshall), vine maple (Acer circinatum
Pursh.), salal (Gaultheria shallon Pursh.) and dwarf Oregon-grape (Mahonia nervosa (Pursh.)
Nutt).
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We used a randomized complete block design coupled with linear mixed models to
evaluate differences in carbon storage between three management condition classes;
1. Unmanaged, i.e. no history of intentional overstory density reduction. Basal area at the time
of sampling for this condition ranged from 57.6 – 107.6 m2/ha (mean 76.1 m2/ha).
2.

Thinned, i.e. extended rotation (in this instance 100 – 199 years), even-aged management
with a single thinning, and overstory retention of 50 – 85 percent of pre-treatment basal area.
Basal area at the time of sampling for this condition ranged from 28.5 – 127.9 m2/ha (mean
70.0 m2/ha).

3.

Structural retention harvest (‘retention harvest’), i.e. even-aged regeneration harvest with
overstory retention of 15 – 30 percent of pre-treatment basal area (live + dead). Basal area at
the time of sampling for this condition ranged from 18.2 – 54.5 m2/ha (mean 32.2 m2/ha).
Stands were selected to represent these condition classes based on a series of criteria.

Foremost among these were current stand age, and age at the time of active management
(management classes 2 and 3, above). Early models of structural development in the Western
Hemlock Zone emphasized relatively simple linear successional trajectories. In such models,
characteristics typical of maturity commonly emerge between 80 and 100 years of age, while
stand structure often resembles early old-growth condition by 200 years since the last major
disturbance event (Spies and Franklin, 1988; Franklin et al., 2002). Although recent literature has
highlighted the role of non-stand-replacing disturbance as a driver of variability in the nature and
timing of structural development (Tappeiner et al. 1997; Tepley et al., 2013), we used this 80 –
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199 year window as a first-order approximation for the mature interval during the stand selection
process.
We further restricted sampling to stands without any history of management before the
onset of maturity, and in which any active management (management condition classes 2 and 3,
above) was implemented before 2001. This limitation was imposed by concurrent investigation
for a related study, and resulted in an effective overstory age criteria of 97 – 199 years at the time
of site selection (mid-2016 to mid-2017).
Among actively managed stands, we focused on stands in which overstory retention was
(approximately) evenly distributed throughout harvest units, thereby excluding variable density
thinning and variable retention harvest treatments with significant levels of aggregated retention.
In western Oregon, stands over 80 years of age are predominantly located on federal land, with
lesser amounts managed by the state, private non-industrial and (significantly less so) small
industrial owners. Accordingly, we compiled a list of prospective sample stands by querying the
management and vegetation databases of federal agencies. Stands conforming to our location,
vegetation-type, age and management criteria were only found on land managed by the Oregon
Bureau of Land Management, the Willamette National Forest, and also in Oregon State
University’s McDonald-Dunn Research Forest.
Blocks comprising one stand in each management condition class were delineated based
on Landtype Association (LTA, Ecoshare) and geographic proximity. Complete treatment blocks
were constructed by grouping stands by LTA and randomly selecting one stand per management
condition from LTAs in which all three management conditions were present. In a number of
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cases only two of our management conditions were present in the same LTA. In these
circumstances, the block was completed by including a replicate of the missing management
condition in a neighbouring LTA with similar physiographic and/or climatic characteristics.
Reasonable attempts were made to ensure similarity of overstory age across management
conditions within blocks, while also ensuring randomization of stand selection, but this was not
always possible. On this basis, eight complete blocks were delineated (i.e. N = 24). Sampling
was conducted during 2016 and 2017, at which time estimated overstory ages ranged from 106
years to 193 years (mean = 144, Table 2.1). Among actively managed stands, time since
treatment varied from 17 – 46 years, and was, uncontrollably, greater among thinned than
retention harvest stands (mean of 38 and 22 years, respectively). Stand density, expressed as
summative SDI (Long and Daniel, 1990), ranged from 328 to 1,696 in our sample of stands, and
basal area ranged from 18.2 to 127.9 m2 ha-1.
3.3.2 Date collection and biomass estimation
Carbon storage was assessed in live overstory trees, live woody and herbaceous
understory, standing dead wood, down woody debris and stumps. Sampling utilized a nested plot
design featuring four randomly located 0.1 ha overstory tree plots per stand. Diameter at breast
height (dbh = 1.37 m) was recorded for all stems ≥ 25 cm dbh in these plots. Stems of dbh ≥ 5
cm and < 25 cm were similarly inventoried in a single 0.025 ha plot nested within each overstory
plot. Measured diameters were converted to aboveground biomass using published speciesspecific, whole-tree or component-wise allometric equations. Regional equations were
employed, where possible. National-scale species or species-group estimators were applied for
those species lacking regional equations, or for which regional equations failed to cover a
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substantial portion of the measured diameter interval (Chojnacky et al., 2014). Douglas-fir
accounted for the vast majority of total basal area in this study, and its biomass was estimated
using recently-developed equations for this species in the Pacific Northwest (Sillett et al., 2018;
and Van Pelt and Sillett, unpublished). Belowground biomass in coarse and fine root fractions
was computed separately as variable ratios of live aboveground biomass whose values were
determined based on stem dbh (Chojnacky et al., 2014). Carbon stocks, above- and belowground,
in all live woody vegetation were calculated using species-specific carbon fractions (Lamlom
and Savidge, 2003), or those of the closest available species.
Saplings (stems > 1.37 m in height and < 5 cm dbh of species capable of attaining ≥ 15 m
height) were tallied by species in three dbh classes, < 1 cm, ≥ 1 cm but < 3 cm, and ≥ 3 cm but <
5 cm, using four 0.00125 ha microplots per overstory plot. These were nested 9 m from plot
center along 450, 1350, 2250 and 3150 azimuths. Shrubs (woody stems ≥ 0.5 m height of species
incapable of attaining 15 m height) were tallied by species and 0.5 m height interval in three
basal diameter (dba) classes, < 1 cm, ≥ 1 cm but < 3 cm, and ≥ 3 cm but < 5 cm, using a 0.0003
ha plot nested in each sapling plot. Exceptions to this were for salal and dwarf Oregon grape,
whose cover was visually estimated to the nearest ten percent, and for shrubs with basal diameter
≥ 5 cm, for which diameter was measured to the nearest mm. Regeneration (woody stems < 1.37
m height of overstory species) was tallied by species in three height class (< 50 cm, ≥ 50cm but
< 100 cm, and ≥ 100 cm but < 137 cm) using identical 0.0003 ha plots to those applied for
shrubs. Above- and belowground biomass in saplings, shrubs, and regeneration was calculated
using similar procedures to those described for overstory trees, but with different allometric
equations. For the shrub and regeneration layers, these equations were based on dba and/or
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height. In all cases, stems were assigned the midpoint of their respective dbh, dba and height
class. Biomass was converted to carbon stocks as described above, with the exception that shrubs
were assigned a carbon fraction of 0.4841 (the mean of all angiosperms listed in Lamlom and
Savidge, 2003) in the absence of any species-level conversion factors. Herbaceous biomass,
including ferns, forbs, herbs and live woody shrubs < 0.5 m height was sampled destructively.
Sampling was timed to coincide with peak herbaceous biomass production. Four 0.25 m2
quadrats were established per overstory plot, located 9 m from plot center in the cardinal
directions. Herbaceous vegetation originating within each quadrat was clipped at ground-level.
Samples from the same overstory plot were combined and subsequently dried to constant mass at
700C. Dry biomass was weighed on an electronic balance and carbon content calculated by
applying a carbon fraction of 0.5. Bryophytes were not included in herbaceous samples. Instead,
percentage cover was estimated to the nearest five percent within herbaceous sample plots, and
biomass then computed using an allometric equation for Hylocomium splendens, the dominant
moss within our sample plots (Means et al., 1994).
Standing dead wood was sampled in identically sized plots to those used for live stems,
with the addition of four 0.25 ha plots per stand, for dead stems ≥ 50 cm dbh. In all cases, decay
class (I – V, Harmon et al., 2011) and species were recorded. For snags with intact tops, dbh was
measured, and aboveground biomass calculated using identical allometric equations to those
applied for live biomass, with deductions for loss of foliage and fine branches, as appropriate.
Decay was accounted for using species-, and decay class-specific relative density factors
(Harmon et al., 2011). For snags with a broken top, or in decay classes III – V, basal diameter,
height (to the nearest 0.5 m), and estimated top diameter, were recorded. Bole volume was then
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computed as the frustum of a cone or a paraboloid (Harmon and Sexton, 1996), and converted to
biomass using species- and decay class-specific absolute density (Harmon et al., 2011).
Belowground biomass in snags was calculated as per live stems after initially reconstructing live
aboveground biomass (and dbh where this was not measured). Decay of belowground snag
biomass was accounted for using identical relative density factors to those for bole wood
(Harmon and Sexton, 1996; Harmon et al., 2008), and carbon stocks in standing dead wood –
above- and belowground – were calculated using carbon fractions specific to decay class and
plant group (angiosperm or gymnosperm, Harmon et al., 2013) .
Down woody debris was sampled using a line intercept method (Brown, 1974). Two 20 m
transects were established per overstory plot, oriented at 1800 and 2700 azimuths. Intersection
diameter and decay class were recorded along the entire transect for all pieces with intersection
diameter ≥ 7.6 cm (defined as coarse woody debris, CWD, (Sollins, 1982). Species was
identified where possible, with unidentified pieces assumed to be Pseudotsuga. Plot-wise CWD
volume, V (m3 m-2) per species and decay class, was calculated using the formula (Harmon and
Sexton, 1996):
𝑛

𝑉 = 𝜋2 ∗ ∑(𝑑2/8L)
𝑖=1

where d is piece diameter (m), L is the total transect length per plot (m), and n is the
number of pieces of deadwood per plot. Deadwood volume in each decay class of each species
was converted to biomass by applying species- and decay class-specific absolute density
(Harmon et al., 2008), and biomass then converted to carbon using decay class- and plant group-
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specific values (Harmon et al., 2013). Fine woody debris (FWD), pieces with intersection
diameter < 7.6 cm, was tallied in the following three intersection diameter classes over the first
0.5 m, 1 m, and 2 m of each transect, respectively; < 0.6 cm, ≥ 0.6 cm < 2.5 cm, ≥ 2.5 cm < 7.6
cm. For the calculation of FWD biomass, all fine woody debris was assumed to be Pseudotsuga.
FWD biomass per overstory plot, B (Mg ha-1), was calculated following Brown (1974) using the
formula:
3

𝐵 = ∑(28.763 ∗ 𝑛𝑑𝑠𝑎𝑐)/𝑁𝐿
𝑗=1

where n is the total number of pieces encountered per diameter class j = 1, …, 3, d is the
quadratic mean piece diameter (cm2) for each diameter class (1 = 0.079, 2 = 1.961, 3 = 18.516), s
is the wood specific gravity per diameter class 1-3 (1 = 0.57, 2 = 0.54, 3 = 0.38), a is the average
secant per size class (1 = 1.15, 2 = 1.13, 3 = 1.10), c is a slope correction factor, and L is the total
transect length per plot. FWD biomass was converted to carbon using carbon fractions specific to
each size class, assuming the material to be relatively undecayed (Currie and Nadelhoffer, 2002,
in Harmon et al., 2008). Stump carbon was calculated and analysed separately from standing and
down wood due to anticipated differences in the carbon dynamics of this pool following harvest
(Puhlick et al., 2016). Basal diameter, height, top diameter, decay class and species were
recorded for all stumps in each 0.025 ha plot used for inventory of live stems of dbh ≥ 5 cm and
< 25 cm. Aboveground stump volume was calculated as the frustum of a neiloid (Ares et al.,
2007), and converted to biomass using species-specific absolute density values (Harmon et al.,
2008). Belowground stump biomass and carbon storage in coarse and fine roots was calculated

122
in similar fashion to that in live stems after first reconstructing dbh using published allometric
relations between dbh, and stump top diameter and height (Harmon et al. 1996), and using this
dbh to estimate total live aboveground biomass. Biomass in stumps, above- and belowground,
was converted to carbon using identical decay class- and plant group-specific fractions to those
applied for CWD.
For each nested plot structure, carbon stocks in each pool were converted to per hectare
equivalents, after initially computing plot-scale averages for any pools sampled using multiple
nested plots. Plot-wise total non-soil carbon storage was computed by summing across all pools.
Stand-scale means for total non-soil carbon storage, and for carbon storage in each pool, were
calculated by averaging across the four nested plot structures in each stand (henceforth these
stand-scale means will be referred to simply by the pool name without the addition of ‘mean’.
Future references to mean relate to averages across stands within management conditions, unless
noted to the contrary). Sampling error was computed for each stand and carbon pool as the
standard error of the mean across plots (Table 3.1). Error associated with selection and use of
allometric equations to predict tree biomass based on measured attributes is another important
component of uncertainty in estimating forest biomass (Chave et al, 2004; Melson et al., 2011).
Model selection error was minimized through the use of new regional allometric equations for
aboveground biomass of Douglas-fir ≥ 5 cm dbh. Error associated with the application of these
specific equations was accounted for by multiplying predicted biomass for each tree by the
coefficient of variation, CV (Shettles et al., 2015), itself calculated as;

𝐶𝑉 =

𝑅𝑀𝑆𝐸eq
𝑚𝑒𝑎𝑛eq
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where RMSEeq is the root mean square error for the allometric model, and meaneq is the
mean predicted value across the sample of trees used in allometric model development. Model
error was summed across individual Douglas-fir trees in each plot, expanded to per hectare
values and expressed as a stand mean for both overstory plots (stems ≥ 25 cm dbh) and
understory tree plots (stems of dbh ≥ 5 cm < 25 cm). Estimating model error in this way is often
problematic for retrospective studies, such as ours, due to data limitations. Indeed, insufficient
data prevented the calculation of CV for the majority of tree and shrub species in our dataset.
However, Douglas-fir ≥ 5 cm dbh represented more than 91 percent of live aboveground biomass
across our sample. Thus, our estimates of model error are a reasonable approximation to the
expected total model error for all live aboveground biomass in our sample.
3.3.3 Data analysis
Management effects were tested using linear mixed models, with differences assessed
separately for live overstory trees, live understory (including trees with dbh < 25 cm, saplings,
shrubs, regeneration and herbaceous vegetation), snags, down wood, stumps, and for all non-soil
carbon stocks combined. Mixed effects models were developed, in which treatment
(management condition) was modelled as a fixed effect and block as a random effect. Tests were
conducted using the nlme package in R (R Core Team 2016, Pinheiro et al. 2017). Evaluation of
response variables for normality, constant variance and influential observations revealed
heteroscedasticity affecting understory and snag carbon; the basic model for these response
variables was adjusted to account for this by incorporating a heterogeneous variance structure
tied to “Treatment”. Least squares means and measures of model fit were obtained using the
lsmeans and MuMIn packages, respectively (Lenth 2016, Barton 2018). Tukey’s HSD test was
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used to determine the source of significant differences revealed by ANOVA outputs (Multcomp
package, Hothorn et al. 2008). In all cases differences were considered significant against an α =
0.05

3.4 Results
Total non-soil carbon stocks were highly variable across the mature stands sampled during
this study. Minimum stand-scale carbon storage was 167 Mg C ha-1 for a retention harvest stand
near Scott Mountain in the Western Cascades, OR, while a maximum of 1013 Mg C ha-1 was
recorded for a stand located in the Coast Range near Alsea, OR, managed using thinning (Table
3.1). Averaged across the entire sample, total non-soil carbon storage was 459 Mg C ha-1.
Considerable variability in total non-soil carbon storage was also evident within each of the
management conditions examined here, and was greatest among thinned and unmanaged stands
(range of 247 - 1013 Mg C ha-1 and 397 - 894 Mg C ha-1, respectively) (Table 3.1) .
Mean total non-soil carbon storage was highest in unmanaged stands (575 Mg C ha-1). This
was significantly greater than stands subject to retention harvest (difference in means of 317 Mg
C ha-1, 95 % confidence interval for the difference in means of 129 to 506 Mg C ha-1) (Figure
3.1). Thinned stands also stored more carbon than retention stands (difference in means of 289
Mg C ha-1, 95 % confidence interval of 101 - 477 Mg C ha-1), but stocks in thinned stands were
not statistically different than in unmanaged stands. Considerable variability around the mean
resulted in large standard errors and broad confidence intervals for all comparisons.
Individual live carbon pools responded to treatment in different ways; overstory carbon
stocks were inversely related to harvest intensity, while the opposite was true for mean carbon
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stores in understory vegetation (Figure 3.1). Mirroring differences in total non-soil carbon, total
carbon storage in live overstory trees in thinned stands did not differ from that in unmanaged
stands (95 % confidence interval of -148 - 196 Mg C ha-1 for a contrast between unmanaged and
thinned stands), but carbon stocks in retention harvest stands were significantly lower than in
either unmanaged or thinned stands (F-test P <0.001, Table 2). By contrast, total understory
carbon in retention harvest stands exceeded that in unmanaged stands by 27 Mg C ha-1 (F-test P
= 0.010, 95 % confidence interval of 1 - 53 Mg C ha-1). Total understory carbon in thinned
stands was also higher than in unmanaged stands (95 % confidence interval for difference in
means of 1 to 13 Mg C ha-1), but did not differ from our retention harvest management condition.
Carbon stocks in snags and down wood were highly variable across stands within each
management class. This was particularly true for snags (range of 2 - 64 Mg C ha-1 in unmanaged
stands and 1 - 52 Mg C ha-1 in thinned stands for total snag carbon). In spite of such variation,
mean carbon storage in down wood in unmanaged stands was 13 Mg C ha-1 greater than in
stands managed using retention harvest (F-test P = 0.042, 95 % confidence interval for the
difference in means of 2 - 24 Mg C ha-1). Down wood carbon in thinned stands was not
significantly different from either alternative management condition, with the same true for all
contrasts of carbon storage in snags between management conditions (F-test P = 0.198).
Variability in snag carbon in unmanaged stands, in particular, hindered detection of treatment
differences. In general, carbon stocks in down wood comprised a greater fraction of total nonsoil carbon stocks than in snags – proportions of total non-soil carbon in down wood ranged from
3 percent among thinned stands to 6 percent in retention harvest stands, while carbon storage in
snags ranged from 2 percent in thinned stands to 4 percent in unmanaged stands.
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Mean carbon storage in stumps was statistically greater in stands treated with retention
harvest than in thinned or unmanaged stands (difference in means for these contrasts of 19 Mg C
ha-1 and 28 Mg C ha-1, respectively, F-test P = <0.001). Treatment effects for this pool were
apparent for both above- and belowground carbon, when analyzed separately, but were
considerably stronger for belowground carbon (F-test P = <0.001 compared to a P = 0.024).
Stump carbon was the only pool for which differences in belowground carbon between
treatments were more pronounced than differences in aboveground carbon. Indeed, when
belowground carbon storage in all pools was aggregated, the effect of management only
approached significance (F-test P = 0.055). Stumps were generally a minor component of total
carbon storage across our sample of mature stands, but were locally important in stands managed
using retention harvest (Table 3.1).

3.5 Discussion
3.5.1 Management impacts on carbon storage
Differences in carbon storage in a sample of 24 managed and unmanaged mature Douglasfir stands in western Oregon were associated with harvest intensity, but over the medium-term
(two to five decades following treatment), total non-soil carbon storage only differed between
our unmanaged and retention harvest conditions. Stand-scale estimates presented here include
above- and below-ground carbon in all live and dead vegetation. Across these pools, total carbon
storage in stands 17 - 34 years after being subjected to retention harvest, a treatment involving
overstory density reduction of approximately 70 – 85 percent, was only 48 percent of that in
unmanaged stands. By contrast, carbon stocks in stands 26 - 46 years after thinning, a low to
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moderate-intensity treatment, were only four percent lower than in unmanaged stands. This
difference between thinned and unmanaged stands was not statistically significant and is unlikely
to be ecologically meaningful at the stand-scale. Harvest intensity was therefore inversely related
to total non-soil carbon storage, but two to five decades following treatment, differences in
storage were not proportional to the degree of overstory density reduction.
The negative association between harvest intensity and carbon storage that we observed in
mature stands is consistent with previous research in older temperate forests (Zhou et al. 2013).
Long-term management for timber production typically reduces total on-site carbon storage in
actively managed older stands (Mund and Schulze, 2006; Chatterjee et al., 2009; Powers et al.
2011), and these differences are most evident when comparing stands managed under highintensity harvest regimes to unmanaged or very low-intensity regimes (D’Amato et al. 2011;
Puhlick et al. 2016). This was the case in our sample from western Oregon, with retention
harvest stands storing less total non-soil carbon than unmanaged and thinned stands. There is less
consensus in the existing literature on the level of overstory density reduction at which
meaningful reductions in carbon storage emerge. Our observation of similar levels of carbon
storage in unmanaged stands and those managed using light commercial thinning is consistent
with previous findings in older stands from a number of temperate forest types (Powers et al.
2012; Matsuzaki et al., 2013), but contradicts findings from other settings (Mund and Schulze
2006; Chatterjee et al. 2009).
The interval between management and sampling varies greatly among previous studies on
this topic, but the length of this interval is an important control on in-situ carbon stores due to the
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propensity for crown expansion and increased growth rates among mature overstory trees in gap
edge positions (Latham and Tappeiner, 2002; Gray et al. 2012), and increased growth of midcanopy and understory trees following thinning or disturbance-induced overstory mortality
(Bailey and Tappeiner, 1998; Gray et al., 2016). Although the retrospective nature of our
analysis precludes formal assessment of cause and effect responses, the fact that our sampling
was conducted many decades after treatment undoubtedly allowed for significant regrowth in
actively managed stands. To our knowledge, the only previous evaluations of carbon storage
responses to partial overstory removal in older Douglas-fir-dominated forests of the Pacific
Northwest are simulation-based (Harmon and Marks, 2002: Harmon et al., 2009), and document
long-term trends in mean carbon storage. This perspective contrasts with the discreet snapshots
of carbon storage 17 – 46 years post-treatment presented here. These differences in the temporal
scale of analysis render direct comparison of our results and those of previous model-based
studies meaningless. Whereas the latter provide a useful guide as to landscape-level carbon
implications of applying different management strategies over multiple rotations, our results
illustrate potential stand-scale carbon storage trajectories following thinning and retention
harvest in previously unmanaged mature stands over several decades.
Trends in total non-soil carbon storage across the active and passive management
conditions that we examined were overwhelmingly driven by differences in the live tree pool.
Live trees are typically the largest non-soil carbon pool in temperate forests, particularly during
the later stages of succession (Pregitzer and Euskirchen, 2004). In the PNW, the absolute size of
the live tree pool is likely to be greater still as a consequence of the potential size of dominant
overstory species in this region (Smithwick et al., 2002). Equally, the relative contribution of
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overstory trees to total carbon storage in mature stands – particularly during the early portion of
maturity - may be greater than during other stages in the development of naturally regenerating
stands due to the relatively low volumes of dead wood, and the sparse understory, that are
characteristic of maturity (Spies and Franklin 1988, Spies et al. 1988). Both of these effects
likely contributed to the extremely high proportion of total non-soil carbon stocks in overstory
trees (those > 25 cm dbh) among stands in our sample - 88, 88 and 69 percent of total non-soil
carbon stocks in unmanaged, thinned and retention harvest stands, respectively. As overstory
trees are also the direct target of harvest activities, it is unsurprising that management impacts on
overstory carbon pools parallel impacts on total non-soil carbon. Live trees were similarly
important as a driver of changes in total carbon storage in response to active management in
older stands in central Germany (Mund and Schulze 2006), British Columbia (Matsuzaki et al.
2013), and New England (Puhlick et al. 2016). In light of these previous findings, our results
reinforce the need for a thorough understanding of overstory responses to stand density reduction
when predicting the impact of active management on forest carbon storage in mature stands.
Although understory vegetation and dead wood are smaller components of total non-soil
carbon storage in mature stands, these pools serve important ecological functions in natural
forests (Harmon et al., 1986; Hagar, 2007), and their relation to harvest intensity differed from
that of overstory trees. Increased resource availability following overstory density reduction
should favour understory development (Bailey and Tappeiner, 1998; Gray et al., 2002; Reich et
al., 2011), although the extent to which this translates into differences in understory carbon
varies widely in previous studies of management in older stands (Chatterjee et al. 2009, Powers
et al. 2011, Reinikainen et al., 2013). Among our sample of mature stands, active management

130
was associated with greater carbon storage in understory vegetation. Two to five decades
following treatment implementation, both thinned and retention harvest stands displayed higher
understory biomass than unmanaged stands. However, understory development was extremely
variable, both within and between stands, a fact that may explain the lack of statistical
differences in understory carbon between our two active management conditions, despite
noticeably higher absolute stocks in retention harvest stands. High intensity harvesting was also
associated with higher carbon storage in stumps (a majority of which belowground) than either
alternative management condition. Recent studies hint at the potential importance of carbon
storage in stumps (Puhlick et al. 2016). Our findings strengthen this conclusion as stump carbon
comprised up to 22 percent of total non-soil carbon stocks among our retention harvest stands
(maximum absolute value of 66 Mg C ha-1) (Table 3.1). In fact, high belowground stump carbon
in retention harvest stands helped compensate for lower belowground carbon storage in overstory
trees in retention harvest stands than in unmanaged stands, such that differences in total
belowground carbon stores between management conditions were not significant at the 5 percent
significance level. Therefore, from a methodological perspective, our results point to the
importance of accounting for above- and below-ground stump carbon in any comprehensive
assessment of the carbon consequences of alternative silvicultural actions in older stands.
Standing and down woody debris are important structural elements in older natural stands,
but their abundance, size and volume is frequently reduced by active management (Goodburn &
Lorimer, 1998; Siitonen et al., 2000; Silver et al., 2013). In many previous analyses of
management impacts on carbon storage in older stands, this materializes as lower carbon stocks
in actively managed stands than those under passive management (e.g. Mund and Schulze 2006,

131
Powers et al. 2011, but see Matsuzaki et al. 2013). Lower carbon storage in down woody debris
in retention harvest stands than unmanaged stands in our dataset is consistent with these findings.
Viewed on aggregate, statistical differences in snag and down wood carbon across the three
treatments that we examined neither support nor dispute the idea that active management
systematically reduces stocks in standing and down woody debris. Nevertheless, it is notable that
mean carbon storage in standing dead wood in unmanaged stands was over twice that of thinned
stands and almost three times that of stands treated with retention harvest, while mean carbon in
down woody debris was over 1.5 times greater in unmanaged stands than thinned stands and
almost twice that in retention harvest stands. Moreover, high variability in snags, in particular,
and down wood, to a lesser degree, between stands in our unmanaged and thinned condition
classes undoubtedly limited our ability to detect treatment differences. However, such variability
in dead wood characteristics and abundance is common in temperate forests of all ages (Sippola
et al., 1998; Pregitzer and Euskirchen 2004; Bradford et al., 2009; Powers et al. 2012).
Variation in the timing of management intervention may also have contributed to
differences in the response of dead wood to active management between our study and previous
work. Whereas the stands that we examined had no history of management before the onset of
maturity, many previous studies were conducted in stands that were subject to active
management throughout their development. By preferentially removing less vigorous trees (often
those most susceptible to future attack by pests and pathogens) or dominant stems (potentially
more susceptible to future damage from wind or ice-storms) over an extended period of time,
management throughout stand development may interrupt the mechanisms by which largevolume dead wood is recruited in mature stands (Cline et al., 1980). Although single entry
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thinning or retention harvest during maturity may still reduce dead wood carbon relative to
unmanaged stands by removing existing snags and a proportion of the trees susceptible to future
disturbances, the overall effect of this harvesting regime on dead wood stocks may be less
pervasive than in stands with a history of multiple harvests. Finally, our findings concerning the
impact of active management on carbon storage in dead wood – and indeed all carbon pools –
should be interpreted with the degree of caution appropriate to an observational study. Stands
included in our sample were selected using a randomized process, but without pre-treatment
baselines it is not possible to determine whether differences in initial stand structure and carbon
stocks influenced our results.
3.5.2 Mature forest carbon stocks
Our estimates of carbon storage in mature Douglas-fir-dominated stands in the Pacific
Northwest exceed those derived from regional forest inventory data (i.e., US FIA and CVS
datasets), although direct comparison with such data is complicated by methodological
differences. Mean carbon storage in live overstory trees across our full dataset (388 Mg ha-1)
exceeds inventory-derived estimates of total live carbon stores for plots in the Oregon Coast
Ranges and Western Cascades reported by Van Tuyl et al. (2005), and, to a greater degree,
Hudiberg et al. (2009) (Table 3.3). More recent inventory-based analyses from western Oregon
and Washington better reflect extant differences in carbon stocks and sequestration rates between
vegetation Zones within these ecological Provinces, but also yield lower mean carbon stores in
low-moderate-elevation mature forests than our sample mean (Raymond and McKenzie, 2013;
Gray et al., 2016). On first glance, this is unsurprising; biomass estimates from intensive
ecological studies, such as ours, frequently exceed those derived from large-scale datasets
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(Jenkins et al., 2001; Van Tuyl et al., 2005) as a consequence of the greater range of stand
conditions captured by region-wide inventories, including heavily disturbed and very poorly
stocked sites. Consistent with this view, total aboveground carbon exceeded 500 Mg ha-1 in five
stands in our dataset, and in all cases these stands were extremely dense, with most displaying
evidence of incomplete self-thinning despite ages of 120 – 190 years. Similarly high carbon
stocks have been reported from ecological studies in the Oregon Coast Range (Smithwick et al.,
2002), and the Washington Cascades (Sillett et al., 2018). Nevertheless, the magnitude of the
difference in carbon storage between our dataset and regional inventory data is difficult to
ascribe purely to the breadth of sampling, particularly given that our sample mean includes
stands experiencing a severe disturbance in the recent past, and encompasses a variety of site
locations and conditions - site quality ranged from moderately high (3 stands) to moderately low
(5 stands). Discrepancies between estimates reported here and those from regional inventory data
may, instead, be at least partially attributable to differences in sampling schemes and the
allometric equations used in biomass calculations (Melson et al., 2011). These factors merit
consideration in the design of future research on mature forest carbon dynamics in the Pacific
Northwest in order to minimize experimental design-related variability in carbon stocks
estimates among studies.
Variation in total non-soil carbon storage among similarly aged stands in our dataset is
illustrative of the natural variability in trajectories of late-successional biomass accumulation that
is evident in recent literature on this topic. Classic successional theory predicts a midsuccessional asymptote in stand-scale biomass followed by continued oscillation around this
maximum (Bormann and Likens, 1979). More recent proposals suggest that forests may remain
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globally important carbon sinks into advanced stages of old-growth (Luyssaert et al., 2008), and
recent inventory-based analyses in Oregon and Washington have highlighted pronounced
differences in the timing of biomass accumulation between vegetation zones (Raymond and
McKenzie, 2013; Gray et al., 2016). Although our study was not designed to directly address this
debate, the substantial differences in total non-soil carbon stocks among mature stands in our
dataset (Table 3.1), and in relation to previous estimates from old-growth forests (Table 3),
imply that each of these scenarios exists in low-moderate-elevation forests of the Pacific
Northwest. For example, while carbon stocks in many mature stands in our dataset are
substantially lower than the range of estimates for old-growth forests in the Western Hemlock
Zone, total aboveground carbon in excess of 700 Mg ha-1 in stands S01-M02 and S10-M01
suggests that these stands will have accumulated a majority of their peak carbon stores before the
onset of old-growth condition. Such variability is both a logical consequence of the impact of site
quality (Larson et al., 2008), disturbance history (Tepley et al., 2013; Harmon and Pabst, 2015)
and initial stocking (Tappeiner et al., 1997; Sensenig et al., 2013) on stand growth rates and site
potential biomass, and is also in accord with findings from temperate forests in the Pacific
Northwest and beyond (Keeton et al., 2012; Foster et al., 2014).

3.6 Management implications
Increasing rotation lengths, combined with thinning, has been proposed as a means of
diversifying the benefits provided by forest stands without impinging on wood volume
production (Curtis, 1995). Lengthening the time between harvests increases mean annual carbon
storage over multiple rotations (Harmon et al., 2009; Nunery and Keeton, 2010), and has already
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been embraced by the forest carbon markets as a methodology for generating emissions
reductions (Foley et al., 2009; VCS, 2017). Results from our study suggest that, several decades
following thinning, carbon storage in mature stands managed over extended rotations may be
comparable to that in unmanaged mature stands. Thus, at the stand-scale, shifting from a passive,
reserve-based management approach, to a low-intensity active harvest regime may not greatly
impact in-situ carbon storage 20 – 50 years post-harvest. Moreover, estimates of carbon storage
in our sample of mature stands do not include stocks in harvested wood products, and may
therefore underestimate total carbon storage, on- and off-site, achievable using active
management. In light of the complex demands now placed on public and private forestland
(Bradford and D’Amato, 2012), this result suggests that managing mature stands using extended
rotations with light thinning could provide greater flexibility to achieve multiple objectives than
using a strict reserve-based approach.
Active management approaches involving harvests with lower overstory retention provide
a different balance of ecosystem services, which may better satisfy certain management
objectives, but are likely to result in significant reductions in stand-scale carbon storage in the
forest ecosystem. Retention harvesting systems, for example, may diversify stand structure by
juxtaposing structural features associated with older stands, such as large live trees, with earlyseral plant communities, to the benefit of biodiversity (NCASI, 2009; Swanson et al., 2011).
However, in mature Douglas-fir stands, overstory trees are such a dominant component of total
ecosystem carbon storage that harvest-related removal of the greater proportion of these stems
unavoidably reduces in-situ carbon storage for an extended timeframe. Despite this reduction,
our results indicate that even with low levels of overstory retention – such as the 15-30 percent
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common to retention harvest stands in our sample – Douglas-fir stands may still store a
significant amount of carbon in live vegetation following retention harvest. Therefore, while
retention harvesting will result in greatly diminished carbon storage compared to passive
management, this approach is likely to be preferable to clearcutting in terms of maximizing
ecosystem carbon storage over the medium-term.
Although research has identified old-growth and primary forests as important carbon stores
(Burrascano et al., 2013), mature stands now comprise a significant proportion of the total
forested area in many temperate regions, and merit increased recognition as terrestrial carbon
reservoirs. In the Pacific Northwest, low-moderate-elevation Douglas-fir-dominated stands in the
mature phase of stand development occupy a sizeable portion of the forest land base. Results
here indicate that these forests also function as major carbon stores. Whether defined based on
age or structure, mature stands exhibited extremely high carbon density despite being many
centuries short of true old-growth condition. Our findings imply that managing such mature
stands to preserve existing carbon stores need not be incompatible with modest levels of timber
production, suggesting that trade-offs between these two important objectives may be less
pronounced than has been predicted elsewhere.
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3.9 Figures and tables

Figure 3.1 Mean total non-soil carbon and carbon stocks in live pools among mature stands
representing active and passive management conditions. Columns represent treatment means,
with error bars equal to one standard error of the mean. Letters indicate significant differences
against an α = 0.05.
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Figure 3.1 (continued): Mean carbon stocks in dead pools among mature stands representing
active and passive management conditions. Columns represent treatment means, with error bars
equal to one standard error of the mean. Letters indicate significant differences against an α =
0.05.
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Table 3.1 Carbon storage on aggregate and in live overstory trees in 24 mature stands in western Oregon selected to represent
passive management and active management with low and high-intensity harvest. Values are means across four sample plots per
stand, with within–stand sampling error (Picard et al., 2015) extrapolated to per hectare values in parentheses (one standard error
of the mean).
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Stand ID

Carbon storage in individual pools
Total non-soil carbon (Mg ha-1)

Live overstory trees (Mg ha-1)

Unmanaged

Block

S01-M01

1
2

396.87 (79.49)

79.77 (17.10)

476.64 (96.38)

348.45 (83.31)

71.82 (16.64)

11.82 (2.81)

S02-M01

364.69 (18.30)

76.66 (4.02)

441.35 (22.31)

342.72 (20.40)

71.63 (4.34)

11.24 (5.03)

S03-M01

3

540.73 (69.41)

117.40 (15.14)

658.14 (84.54)

497.49 (72.07)

105.36 (15.40)

15.69 (3.42)

S04-M01

4

532.60 (103.86)

119.81 (23.55)

652.41 (127.26)

476.14 (98.45)

100.45 (20.66)

12.34 (1.59)

S05-M01

5

467.74 (27.31)

101.89 (5.07)

569.63 (32.36)

438.79 (27.00)

92.11 (6.17)

10.26 (2.82)

S06-M01

6

419.87 (29.31)

87.55 (5.37)

507.42 (33.83)

367.70 (22.66)

75.86 (4.45)

10.30 (2.14)

S09-M01

7

328.94 (37.58)

67.81 (9.01)

396.75 (46.24)

265.93 (49.64)

55.10 (10.12)

10.61 (1.55)

S10-M01

8

733.45 (52.85)

160.48 (8.56)

893.92 (61.22)

643.74 (60.93)

134.07 (12.61)

9.48 (1.99)

S01-M02

1

824.95 (60.59)

187.66 (8.05)

1012.62 (68.31)

742.29 (48.13)

154.23 (10.00)

13.18 (5.29)

S02-M02

2

306.53 (21.79)

68.46 (4.85)

375.00 (26.09)

276.04 (15.77)

58.14 (3.25)

13.37 (5.82)

S03-M02

3

190.82 (20.10)

55.90 (9.07)

246.72 (28.07)

144.09 (25.15)

30.21 (5.28)

34.12 (7.81)

S04-M02

4

429.72 (53.86)

95.05 (10.81)

524.77 (64.13)

409.50 (55.92)

84.55 (11.50)

9.68 (2.67)

S05-M02

5

451.56 (66.99)

101.47 (13.69)

553.03 (80.46)

407.10 (64.15)

85.19 (13.33)

30.09 (11.61)

S06-M02

6

451.10 (34.61)

107.14 (11.36)

558.24 (43.43)

405.59 (44.14)

84.63 (9.15)

15.68 (4.74)

S09-M02

7

380.88 (65.10)

88.51 (14.38)

469.40 (79.22)

357.35 (63.96)

74.53 (13.50)

19.80 (8.88)

S10-M02

8

508.18 (60.79)

122.03 (9.11)

630.21 (69.90)

482.28 (63.27)

99.73 (13.22)

13.08 (1.23)

Aboveground

Belowground

Total

Aboveground

Belowground

Total

Thinned

Retention harvest
S01-M04

1

163.43 (10.86)

56.01 (9.70)

219.44 (18.95)

132.27 (11.54)

27.29 (2.32)

31.19 (6.84)

S02-M04

2

157.41 (44.59)

57.52 (5.76)

214.93 (50.33)

94.52 (44.45)

19.41 (9.05)

42.62 (3.35)

S03-M04

3

215.31 (64.50)

64.90 (12.51)

280.21 (73.71)

186.76 (68.68)

38.56 (14.11)

11.32 (5.16)

S04-M04

4

116.55 (16.41)

50.59 (6.54)

167.13 (22.83)

61.06 (29.22)

12.68 (6.02)

48.49 (15.64)

S05-M04

5

232.00 (18.22)

67.93 (10.10)

299.93 (26.92)

125.50 (33.04)

26.07 (6.68)

98.96 (22.78)

S06-M04

6

138.30 (41.43)

54.78 (7.47)

193.09 (46.74)

107.38 (33.03)

22.26 (6.81)

16.82 (3.99)

S09-M04

7

201.03 (12.75)

95.78 (17.98)

296.81 (8.95)

138.13 (15.29)

28.41 (3.00)

32.57 (5.26)

S10-M04

8

296.04 (81.08)

87.75 (14.83)

383.79 (93.82)

252.31 (72.57)

51.91 (14.68)

25.29 (6.92)
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Table 3.1 (continued) Carbon storage in live understory vegetation and stumps in 24 mature stands in western Oregon selected to
represent passive management and active management with low and high-intensity harvest. Values are means across four sample
plots per stand, with within–stand sampling error (Picard et al., 2015) extrapolated to per hectare values in parentheses (one
standard error of the mean
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Stand ID

Carbon storage in individual pools
Live understory (Mg ha-1)

Stumps (Mg ha-1)

Unmanaged

Block

S01-M01

1
2

9.09 (1.79)

2.74 (0.85)

11.82 (2.81)

0.03 (0.03)

1.61 (1.61)

1.64 (1.64)

S02-M01

8.92 (3.87)

2.31 (0.87)

11.24 (5.03)

0.70 (0.40)

1.62 (1.04)

2.33 (1.44)

S03-M01

3

12.66 (2.96)

3.03 (0.65)

15.69 (3.42)

0.23 (0.09)

3.71 (1.46)

3.93 (1.50)

S04-M01

4

9.62 (1.30)

2.72 (0.15)

12.34 (1.59)

0.41 (0.19)

5.32 (2.71)

5.73 (2.83)

S05-M01

5

7.50 (2.03)

2.77 (0.56)

10.26 (2.82)

0.10 (0.07)

2.46 (1.24)

2.57 (1.29)

S06-M01

6

8.05 (1.81)

2.25 (0.41)

10.30 (2.14)

0.40 (0.16)

8.32 (3.09)

8.73 (3.20)

S09-M01

7

8.43 (1.31)

2.18 (0.28)

10.61 (1.55)

0.04 (0.03)

0.55 (0.43)

0.60 (0.45)

S10-M01

8

7.47 (1.39)

2.00 (0.52)

9.48 (1.99)

0.13 (0.06)

1.33 (0.56)

1.46 (0.62)

S01-M02

1

10.57 (4.18)

2.61 (0.97)

13.18 (5.29)

1.03 (0.55)

15.37 (4.00)

16.41 (4.36)

S02-M02

2

10.72 (4.16)

2.65 (0.98)

13.37 (5.82)

0.33 (0.12)

7.14 (1.51)

7.47 (1.62)

S03-M02

3

26.25 (7.35)

7.87 (1.58)

34.12 (7.81)

0.91 (0.36)

17.60 (5.96)

18.51 (6.30)

S04-M02

4

7.07 (1.98)

2.61 (0.45)

9.68 (2.67)

0.40 (0.22)

5.45 (4.54)

5.85 (4.72)

S05-M02

5

23.91 (10.47)

6.18 (2.59)

30.09 (11.61)

0.41 (0.27)

5.99 (2.84)

6.40 (3.09)

S06-M02

6

12.11 (3.21)

3.57 (0.95)

15.68 (4.74)

1.75 (0.91)

15.12 (6.95)

16.87 (7.81)

S09-M02

7

14.88 (7.78)

4.92 (1.65)

19.80 (8.88)

0.45 (0.17)

8.14 (3.21)

8.60 (3.41)

S10-M02

8

9.88 (0.89)

3.20 (0.37)

13.08 (1.23)

0.47 (0.24)

17.94 (3.68)

18.41 (3.66)

Aboveground

Belowground

Total

Aboveground

Belowground

Total

Thinned

Retention harvest
S01-M04

1

25.04 (5.98)

6.15 (1.42)

31.19 (6.84)

1.22 (0.50)

22.06 (7.87)

23.28 (8.32)

S02-M04

2

34.74 (2.76)

7.88 (0.77)

42.62 (3.35)

1.90 (0.73)

26.49 (3.53)

28.39 (4.13)

S03-M04

3

9.09 (4.52)

2.23 (1.07)

11.32 (5.16)

1.53 (0.79)

22.79 (10.91)

24.32 (11.60)

S04-M04

4

37.51 (11.25)

10.98 (2.64)

48.49 (15.64)

1.59 (0.41)

26.33 (4.04)

27.93 (4.46)

S05-M04

5

79.90 (15.79)

19.06 (3.59)

98.96 (22.78)

1.34 (0.45)

19.46 (6.90)

20.80 (7.38)

S06-M04

6

12.78 (3.24)

4.05 (0.79)

16.82 (3.99)

2.20 (0.55)

26.27 (7.30)

28.46 (7.58)

S09-M04

7

25.91 (4.75)

6.65 (1.17)

32.57 (5.26)

9.03 (6.14)

57.21 (21.56)

66.24 (26.37)

S10-M04

8

20.08 (5.10)

5.21 (1.38)

25.29 (6.92)

1.70 (0.54)

27.57 (8.21)

29.27 (8.60)
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Table 3.1 (continued) Carbon storage in standing and down woody debris in 24 mature stands in western Oregon selected to
represent passive management and active management with low and high-intensity harvest. Values are means across four sample
plots per stand, with within–stand sampling error (Picard et al., 2015) extrapolated to per hectare values in parentheses (one
standard error of the mean
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Stand ID

Carbon storage in individual pools
Standing dead wood (Mg ha-1)

Down woody
debris (Mg ha-1)
Total

Unmanaged

Block

S01-M01

9.09 (1.79)

2.74 (0.85)

11.82 (2.81)

34.36 (24.35)

S02-M01

1
2

8.92 (3.87)

2.31 (0.87)

11.24 (5.03)

9.14 (4.86)

S03-M01

3

12.66 (2.96)

3.03 (0.65)

15.69 (3.42)

24.00 (7.04)

S04-M01

4

9.62 (1.30)

2.72 (0.15)

12.34 (1.59)

28.93 (7.57)

S05-M01

5

7.50 (2.03)

2.77 (0.56)

10.26 (2.82)

10.64 (5.19)

S06-M01

6

8.05 (1.81)

2.25 (0.41)

10.30 (2.14)

42.70 (19.43)

S09-M01

7

8.43 (1.31)

2.18 (0.28)

10.61 (1.55)

29.44 (11.84)

S10-M01

8

7.47 (1.39)

2.00 (0.52)

9.48 (1.99)

41.14 (14.16)

S01-M02

1

10.57 (4.18)

2.61 (0.97)

13.18 (5.29)

34.64 (13.61)

S02-M02

2

10.72 (4.16)

2.65 (0.98)

13.37 (5.82)

19.13 (11.64)

S03-M02

3

26.25 (7.35)

7.87 (1.58)

34.12 (7.81)

17.94 (4.84)

S04-M02

4

7.07 (1.98)

2.61 (0.45)

9.68 (2.67)

9.05 (3.26)

S05-M02

5

23.91 (10.47)

6.18 (2.59)

30.09 (11.61)

10.55 (3.21)

S06-M02

6

12.11 (3.21)

3.57 (0.95)

15.68 (4.74)

25.47 (13.96)

S09-M02

7

14.88 (7.78)

4.92 (1.65)

19.80 (8.88)

7.11 (1.08)

S10-M02

8

9.88 (0.89)

3.20 (0.37)

13.08 (1.23)

14.92 (8.01)

Aboveground

Belowground

Total

Thinned

Retention harvest
S01-M04

1

25.04 (5.98)

6.15 (1.42)

31.19 (6.84)

3.41 (2.86)

S02-M04

2

34.74 (2.76)

7.88 (0.77)

42.62 (3.35)

20.52 (9.06)

S03-M04

3

9.09 (4.52)

2.23 (1.07)

11.32 (5.16)

13.23 (4.50)

S04-M04

4

37.51 (11.25)

10.98 (2.64)

48.49 (15.64)

16.05 (6.87)

S05-M04

5

79.90 (15.79)

19.06 (3.59)

98.96 (22.78)

15.00 (3.59)

S06-M04

6

12.78 (3.24)

4.05 (0.79)

16.82 (3.99)

11.25 (5.34)

S09-M04

7

25.91 (4.75)

6.65 (1.17)

32.57 (5.26)

24.18 (6.84)

S10-M04

8

20.08 (5.10)

5.21 (1.38)

25.29 (6.92)

12.41 (6.39)
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Table 3.2 Statistical outputs for mixed-effects models used to test for the effect of management
condition on forest carbon storage. Bold text indicates carbon pools for which differences were
statistically significant against an α = 0.05.

Carbon pool

Treatment Fstatistic

Treatment Pvalue

Marginal R2

Conditional R2

RMSE (Mg C ha-1)

Live overstory (total)

13.856

<0.001

0.531

0.559

137.401

Aboveground

13.858

<0.001

0.531

0.560

113.599

Belowground

13.839

<0.001

0.535

0.556

23.811

6.493

0.010

1.000

1.000

15.572

Aboveground

6.167

0.012

1.000

1.000

12.579

Belowground

7.349

0.007

0.998

0.999

3.028

1.821

0.198

0.077

0.077

14.745

Aboveground

1.605

0.236

0.070

0.070

10.027

Belowground

2.156

0.153

0.087

0.087

4.842

Down woody debris

4.008

0.042

0.258

0.258

9.060

Stumps (total)

19.166

<0.001

0.625

0.625

8.548

Aboveground

4.961

0.024

0.301

0.301

1.451

Belowground

22.569

<0.001

0.663

0.663

7.204

9.604

0.002

0.445

0.468

150.256

11.362

0.001

0.484

0.511

122.281

3.594

0.055

0.238

0.238

28.586

Live understory (total)

Standing dead wood (total)

Total non-soil
Aboveground
Belowground
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Table 3.3 (continued over 2 pages): Estimates of carbon storage in mature and old-growth forests reported in previous studies
from western Oregon and Washington. Data are derived from studies using a wide range of sampling schemes and analytical
techniques. Efforts have been made to synthesize information into a form that is useful for contextualizing the results of this
study. However, direct comparison should be avoided, and readers are advised to review the Note column for information
pertaining to the figures presented. ORCOA = Oregon Coast Ranges, ORCASC = Oregon Cascades, WACASC = Washington
Cascades, WACOA = Washington Coast, WAOL = Olympic Peninsula
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Citation

Total aboveground
carbon (Mg ha-1)
Mean
Maximu
m
369
825

Age of stands
sampled
(years)

Stand
location and
sample size

Notes on (i) sampling and (ii) management history

106 – 193

Van Tuyl et al.
(2005), mature
Oregon Coast
Range / Oregon
Cascades

157 –
304 / 158
- 174

NA

100 – 200

ORCOA (3)
ORCASC
(21)
ORCOA /
ORCASC

Hudiberg et al.
(2009), mature
Oregon Coast
Range / Oregon
Cascades

146 / 227

See
notes

80 – 200

ORCOA /
ORCASC

Raymond and
McKenzie
(2013), oldgrowth

247 –
293

See
notes

0 – 600

WACASC,
WACOA,
WAOL

Gray et al.
(2016), oldgrowth

~ 350 475

See
notes

0 – 400+

Western OR,
WA and
northwestern
CA

(i) Intensive field-sampling, stratified random sample of stands
(ii) Reserve-based management (n = 8), commercial thinning
over extended rotations (n = 8), retention harvest (n = 8).
(i) US FIA and CVS inventory data for the Oregon Coast Ranges
/ Western Cascades ecoregions. Figures here are for total
(above- and belowground) carbon in live trees (stems ≥ 5 cm
dbh).
(ii) Data include unmanaged and managed stands on public and
private land
(i) US FIA data for the Oregon Coast Ranges / Western
Cascades ecoregions. Figures here are for total (above- and
belowground) carbon in live trees and shrubs, and are modelbased estimates of biomass accumulation trajectories fitted using
data from inventory plots. Thus, reported figures do not reflect
individual plot-based maxima/minima.
(ii) Data include unmanaged and managed stands on public and
private land.
(i) US FIA and CVS inventory data. Note that figures reported
here are model-based estimates of total biomass (above +
belowground) accumulation trajectories for low-moderateelevation plant zones in western Washington fitted using data
from inventory plots averaged into ten-year age bins. Thus,
reported figures do not reflect individual plot-based
maxima/minima.
(ii) Data include unmanaged and managed stands on public and
private land.
(i) US FIA and CVS inventory data. Figures reported here are the
mean total (above + belowground) non-soil carbon among plots
in the age class with the maximum total non-soil carbon across
the chronosequence represented by inventory data for the
Western Hemlock – Sitka Spruce Zones. Variation in reported
figures reflects differences in biomass accumulation trajectories
on sites of differing productivity (note that for low productivity

This study
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Smithwick et al.
(2002), mature

577

649

150

ORCOA (8)

Smithwick et al.
(2002), oldgrowth

531

754

450 – 750

ORCASC
(13),
WACASC (3)

Sillett et al.,
2018, mature
Sillett et al.,
2018, old-growth

408

459

100 – 160

WACASC (2)

774

994

200 – 650

Harmon et al.
(2004), oldgrowth
Grier and Logan
(1977), oldgrowth

393

393

500

WACASC (3),
WAOL (3)
ORCASC (1)
WACASC (1)

720

720

450

ORCASC (1)

sites the age class with the highest carbon was of late mature –
early old-growth condition.
(ii) Data include plots on National Forest Service land (various
management regimes).
(i) Intensive field-sampling, stands selected are within permanent
sample plot network and are all of limited spatial extent (< 5 ha).
Note that these stands are in the Western Hemlock – Sitka
Spruce Zone and are not Douglas-fir-dominated. They are,
however, among the few intensively studied mature stands in the
PNW and are included here on this basis.
(ii) All stands are under passive management regimes (n= 8).
(i) Intensive field-sampling, stands selected are within permanent
sample plot network and are all of limited spatial extent (< 5 ha).
Figures here are for stands in which Douglas-fir is a primary seral
component in the overstory.
(ii) All stands are under passive management regimes (n = 16).
(i) Intensive field-sampling, single-cohort PSME-dominated
stands selected to be representative of a range of structural
variability in individual Douglas-fir trees, and most are within
permanent sample plot networks.
(ii) Reserve-based management (n = 7).
(i) Intensive field-sampling conducted in a single 4.0 ha sample
plot located around canopy crane facility
(ii) Reserve-based management
(i) Intensive field-sampling within a single 10 ha watershed
(ii) Reserve-based management
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CHAPTER 4: MEDIUM-TERM IMPACTS OF OVERSTORY DENSITY REDUCTION
ON LATE-SUCCESSIONAL SONGBIRD COMMUNITIES IN MATURE DOUGLASFIR (PSEUDOTSUGA MENZIESII) FORESTS

Neil G. Williams, Joan C. Hagar, Matthew D. Powers
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4.1 Abstract
In many temperate regions, old-growth forests are a scarce resource and wildlife species
associated with old forests are conservation priorities. For reasons such as this, active
management approaches capable of fostering old-growth structural complexity in young and
mature stands are of conservation and management interest. There is, however, a shortage of
empirical research linking active management in mature stands to changes in stand structural
characteristics associated with old-growth, and wildlife communities associated with old-growth
forests. In this study we used a guild approach to examine differences in songbird community
composition, and specific stand structural elements, in mature Douglas-fir (Pseudotsuga
menziesii (Mirb.) Franco)–dominated stands representing thinned (a low intensity management
treatment), structural retention harvest (a moderate-high intensity treatment) and unmanaged
conditions. In actively managed stands, overstory density reduction occurred 41 and 22 years
(mean for thinned and retention harvest stands, respectively) before sampling and stand ages at
the time of sampling ranged from 107 to 187 years. Our results provide evidence of pronounced
differences in songbird community composition among management conditions, but few
differences in species richness and total relative abundance among the most common species and
those associated with late-successional forests. Two to five decades following treatment,
thinning was associated with higher relative abundance of conifer foliage gleaners, and
detections of ground foragers were also higher than in other management conditions. Songbird
communities in retention harvest stands, by contrast, had higher relative abundance of understory
leaf gleaners than either thinned or unmanaged stands. Although unmanaged stands supported
fewer individuals of species associated with structural or compositional complexity in live
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vegetation, detections of species dependent on dead wood for nesting or foraging were highest in
unmanaged stands. Our results, therefore, support the use of active management in mature stands
as a means of shifting songbird community composition, over the medium-term. Based on our
findings, these shifts include that management approaches involving low levels of overstory
retention may be appropriate where creation of habitat for shrub-dependent songbirds is a
management priority, and that active management involving moderate to high levels of overstory
retention may be appropriate where songbird species reliant on overstory and mid-canopy foliage
are management priorities. However, findings from this study also imply that active management
without provisions for dead wood retention or creation is likely to be detrimental to latesuccessional songbirds reliant on dead wood. Further, the extent to which active management
may be required to meet any specific biodiversity conservation objective is likely to vary widely
from stand to stand, based on existing stand structure, and in relation to local landscape context.

4.2 Introduction
Over recent decades, biodiversity conservation has become an important influence on
forest management practice at all scales (e.g. Sharik et al., 2010; Kelty and Smith, 2018, Sotirov
and Storch, 2018). In some instances, consideration of forest wildlife populations is a matter of
compliance with regulatory requirements (e.g. UK FC, 2017; ODF, 2018), while in others,
adherence to safeguards for biological diversity assists in demonstrating environmental
responsibility (e.g. FSC-US, 2010, CCBA, 2013). Increasingly, public and scientific concern for
the viability of populations of specific species, or guilds, has elevated habitat preservation and/or
creation to the central focus of forest management practice across large regions (e.g. USDA and
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USDI, 1994). The current prominence of biodiversity-related strictures in forestry has led to a
proliferation of guidance on wildlife habitat management (Carey and Curtis, 1996; Betts and
Forbes, 2005; Lindenmayer et al., 2008). However, while this guidance provides best practice for
many forest types, it is often focused on preserving biodiversity in younger, intensively managed
forests.
By contrast, the extent to which active management in mature stands may improve or
impair habitat quality for forest interior species is relatively understudied, despite the current
interest in both late-successional biodiversity conservation and enhancing structural complexity
(e.g. Puettmann and Tappeiner, 2014; Fahey et al., 2018). Structure is the primary lever by which
forest managers can manipulate stands to accommodate the basic resource requirements of
species of management concern (McComb, 2015). Structural diversity, in particular, should
favour diversity among forest fauna, potentially as a result of the increased partitioning of niche
space and diversity of resources available (Willson, 1974; Whittaker 1974). When considered
over the course of succession in stands originating following natural disturbance, structural
diversity and, hence biological diversity are characterized as being lower during maturity than
either pre-forest or old-growth conditions (e.g. Spies and Franklin, 1988; Carey et al., 1991;
Swanson et al., 2011). Accordingly, active management that enhances structural diversity in
mature stands should also increase diversity among forest wildlife. Although empirical validation
of this argument has been conducted for some of the more readily observed taxa, notably birds,
such assessments remain scarce, and typically focus on the immediate decade following
treatment (e.g. McDermott and Wood, 2006; Perry et al., 2018; Kellner et al., 2016).
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The extent to which active management expedites the development of late-successional
structure is of particular interest in temperate landscapes experiencing recent loss of old-growth
forest and associated species (e.g. USDA and USDI, 1994; Sabitini et al., 2017). In such
circumstances, the influence of management on forest structures characteristic of old-growth, but
depleted in mature forests, is particularly relevant to efforts to improve habitat quality for species
associated with old-growth forests (e.g. North et al., 1999; Herter et al., 2002). Vertical foliage
complexity, a well-developed understory of conifers and shrubs, and high densities of large
snags derived from the current overstory cohort, are all thought to be characteristic of oldgrowth, but relatively lacking in mature stands (Spies and Franklin, 1991; Burrascano et al.,
2013; Silver et al., 2013; Freund et al., 2015). Active management is likely to influence each of
these structural attributes, but few studies have assessed the relationship between these structures
and forest biota in actively managed and unmanaged mature stands.
Active management may promote foliage complexity through its effect on both overstory
and understory vegetation. In the overstory, reductions in stand density during the course of
stand development contribute to development of the deep crowns that are typical of large old
trees in many forest types (Winter et al., 2002; Ishii and McDowell, 2002; Chan et al., 2006).
Reduced overstory density as a result of active management is also consistent with growth
among mid-canopy and understory trees, contributing to a more continuous vertical foliage
profile among the tree layer (Bailey and Tappeiner, 1998; North et al., 2004; Comfort et al.,
2010; Gray et al., 2016). These changes should increase total foliage height diversity, which has,
in turn, been associated with species diversity, particularly among forest songbirds (e.g.
MacArthur and MacArthur 1961; Dickson and Noble, 1978; Whelan, 2001). This relationship is
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consistent with observations of complex vertical patterns in vegetation utilization among
songbirds in old-growth forests (Shaw et al., 2002). Collectively, these findings suggest that
overstory density reduction in mature stands should promote a more heterogeneous vertical
vegetation structure, leading to a more diverse forest bird community.
Reductions in stand density have also been associated with an increase in understory
diversity, and this may benefit older forest songbird species associated with this vegetation layer.
Low to moderate intensity thinning may stimulate growth and increase richness among
understory herbs and shrubs (e.g. Bailey et al.,1998; Burton et al., 2013; Tappeiner and Zasada,
1993), in addition to improving growing conditions for saplings and overstory regeneration (e.g.
Bailey and Tappeiner, 1998; Shatford et al., 2009). Understory vegetation, particularly
broadleaved plants, is a vital resource for forest interior wildlife, including late-successional
species (e.g. Hagar 2007; Birds of North America, 2019), and floristic richness has frequently
been linked to faunal diversity (e.g. Rotenberry, 1985). By expediting the development of
understory complexity, overstory density reduction in actively managed stands may therefore
improve habitat suitability for old-growth associates, and also provide resources to sustain
species associated with forest disturbances. The balance between forest interior and disturbancerelated species is likely to be influenced by the intensity of management, with higher
management intensity favouring the disturbance-related species (Ellis et al., 2012; Perry and
Thrill, 2013). Empirical evaluation of varying levels of overstory density reduction in mature
stands, and its relation to understory development, facilitates understanding of the appropriate
balance to achieve specific habitat management objectives in mature stands, i.e. management for
late-successional or early-successional forest biodiversity.
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Dead wood is a fundamental structural element for forest biodiversity, including species
associated with old-growth conditions (Cline et al., 1980; Siitonen et al., 2000), and is typically
adversely affected by conventional management for timber production (Duvall and Grigal, 1999;
Debeljek 2006; Williams and Powers, in press). Large snags are a particularly valuable resource
for vertebrates of many taxa, and have a particularly well-studied association with forest
songbirds (Carey et al., 1991; Lundquist and Mariani, 1991; Chambers and Maguire, 2005), but
development of these features from the current overstory may take extended periods of time
(Franklin et al., 1997 and 2002). As a consequence, large snags present in mature stands are
often relicts from the previous stand, and in advanced stages of decay (Spies et al., 1988; N
Williams personal observation), a state that appears to reduce their utility for certain wildlife
species (Haveri and Carey, 2000; Barry et al., 2018). Further depletion of snags and down wood
by active management would reduce habitat value for older forest species for which these
resources are key habitat requirements. In practice, however, understanding of the relationship
between management impacts on the dead wood resource in mature stands, and stand utilization
by biodiversity, remains limited by the shortage of contemporaneous empirical observations of
mature stand structure and forest wildlife.
In the present study, we examined relative differences in forest songbird communities
between mature Douglas-fir (Pseudotsuga menziesii (Mirb.) Franco) stands in western Oregon,
U.S.A., with no history of active management, and stands managed using thinning and structural
retention harvest. As many existing studies of management impacts on forest songbirds in
Douglas-fir forests focus on short-term changes, we sought to identify medium-term differences
in songbird relative abundance and richness between management conditions, i.e. differences
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several to many decades following overstory density reduction. Preservation and restoration of
old-growth Douglas-fir forests is a central policy objective on federal forests in the Pacific
Northwest (PNW) of the U.S.A. (USDA and USDI, 1994; Thomas et al., 2006), and we therefore
focused on the extent to which active management favoured species associated with latesuccessional forests, and the relationship between the songbird community and stand structural
characteristics associated with old-growth. More specifically, our objectives were as follows;
1. How does avian community structure differ between unmanaged and managed stands? In
particular;
1.1. Are there differences in the relative abundance of mature and old-growth forest
associates, between unmanaged and actively managed stands, two to five decades
following overstory density reduction?
2. Are trends in avian community structure between unmanaged and managed stands related to
specific structures associated with old-growth Douglas-fir forests? In particular;
2.1. Are trends in relative abundance and species richness of birds related to:
-

Large snags and large live trees

-

Vertical complexity (assessed here using foliage height diversity)

-

Understory vegetation complexity

4.3 Methods
4.3.1 Study sites and experimental design
The study focused on the low-moderate elevation, Douglas-fir-dominated forests of
western Oregon. Within this region, sampling was restricted to sites in the Western Hemlock
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(Tsuga heterophylla (Raf.) Sarg.) and Grand Fir (Abies grandis (Dougl.) Lindl.) plant Zones
(McCain and Diaz, 2001) located in the Oregon Coast Ranges and the Western Cascades
physiographic provinces (Franklin and Dyrness, 1988). These provinces are typified by a mild,
moist climate that is, nevertheless, highly seasonal. Mean monthly temperatures at our study sites
ranged from a low of -3 0C in January to a high of 28 0C in August, and annual averages over the
past thirty years ranged from 8 0C to 11 0C (PRISM Climate Group, Oregon State University).
Precipitation dominantly occurs between October and April, with most study sites experiencing a
seasonal drought between late June and late September. Mean annual precipitation over the past
thirty years varies from 1,400 mm at our driest site, to 2,730 mm at our wettest site. The mild
climate experienced by forests in this region provides favourable growing conditions, and this is
aided by soils that are often deep to moderately deep, well-drained and support considerable
organic matter accumulation. Soils at sample stands vary from deep, well-drained silts derived
from alluvium and glacial till, to shallow or moderately deep, well-drained stony loams derived
from sandstone parent material, to shallow, poorly-developed soils derived from pyroclastic
deposits (Franklin and Dyrness, 1988; Ecoshare).
Douglas-fir is the dominant overstory component in stands sampled in this study,
comprising more than 98 % of total stand basal area in all cases. Western hemlock and grand fir
are the primary shade-tolerant associates on moister and drier sites, respectively, although
western redcedar (Thuja plicata Donn ex D. Don) and bigleaf maple (Acer macrophyllum Pursh.)
are also common and widespread; together, these four species contribute most to leaf area in the
lower- and mid-canopy among tree species. Composition of the shrub and herbaceous layers is
also heavily influenced by site moisture regime. Major shrub species at study sites include
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beaked hazel (Corylus cornuta Marshall), vine maple (Acer circinatum Pursh.), salal (Gaultheria
shallon Pursh.), dwarf Oregon-grape (Mahonia nervosa (Pursh.) Nutt), and Vaccinium spp.
Sword fern (Polystichum munitum (Kaufl.)), bracken fern (Pteridium aquilinum (L.) Kuhn),
Oregon oxalis (Oxalis oregana Nutt.), vanilla leaf (Achlys triphylla (Sm.) DC), and Pacific
twinflower (Linnaea borealis ssp. longiflora (Torr.) Hult), are common herbaceous species.
For the purposes of sample selection we defined mature stands as those with a dominant
overstory age of 80 – 199 years (Spies and Franklin, 1988; Williams and Powers, 2019). In
western Oregon, stands within this 80 – 199 year age class are predominantly located on public
land, and sample selection therefore focused on lands managed by the United States Forest
Service (USFS), and the Oregon Bureau of Land Management (Oregon BLM).
A randomized complete block study design was employed, and comprised six blocks and
three management treatments (management conditions) (i.e. N = 18). Blocking was based on
Landtype Association (LTA) (Ecoshare) and geographic proximity. LTA’s are geospatial units of
similar climatic, geologic, edaphic and geomorphic condition. Using LTAs and as a primary
blocking criteria helped reduce the influence of finer-scale site characteristics – those operating
at scales below our broad plant zones and physiographic provinces - on vegetation structure and
the songbird community. Supplementing LTAs with geographic proximity helped further reduce
such fine-scale inter-site variability, but was principally adopted in order to minimize travel time
between field sites within blocks, thereby permitting all point count stations (see section 4.3.2)
within blocks to be surveyed on the same morning. Each block consisted of one stand
representing each of the following three management conditions;

170
1. Unmanaged, i.e. no history of intentional overstory density reduction. Basal area at the time
of sampling for this condition ranged from 68.7 – 80.4 m2/ha (mean 75.1 m2/ha)
2. Thinned, i.e. extended rotation (in this instance 100 – 199 years), even-aged management
with a single thinning (following the onset of maturity), and overstory retention of 50 – 85
percent of pre-treatment basal area. Basal area at the time of sampling for this condition
ranged from 28.5 – 127.9 m2/ha (mean 72.4 m2/ha).
3. Structural retention harvest (‘retention harvest’), i.e. even-aged regeneration harvest
(following the onset of maturity) with overstory retention of 15 – 30 percent of pre-treatment
basal area (live + dead). Basal area at the time of sampling for this condition ranged from
18.2 – 44.8 m2/ha (mean 30.1 m2/ha).
Structural characteristics representative of those expected prior to data collection, for each
of these management conditions, are displayed in pictures in Figure 2.1. Mature stands
representing the above management conditions were identified using the GIS databases of the
USFS, Oregon BLM, and the Oregon State University’s McDonald-Dunn Research Forest, and
through discussion with agency personnel. We then further narrowed down stands suitable for
sampling in our active management conditions (i.e. thinned and retention harvest) to those
meeting the following management-related criteria;


Spatial configuration of retention. We focused on those stands in which overstory density
reduction was approximately evenly distributed throughout stands.
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Treatment timing. We focused on stands in which overstory density reduction was completed
after 2001 in order for consistency with the experimental requirements of Chapter 5, (Section
5.3.2 of this dissertation).
Blocks were constructed by sorting stands by LTA, and randomly selecting a single stand

per management condition from any LTA in which two or more management conditions were
represented. In instances in which only two management conditions were represented in an LTA,
the block was completed using a stand representing the missing management condition from a
nearby LTA with as similar site conditions as possible. We attempted to minimize stand age
differences within blocks, to the extent possible while preserving an element of randomization in
stand selection.
Five of our treatment blocks were located in the Western Cascades physiographic
provinces, and one in the Coast Ranges. The mean stand age among these stands was 144 years
at the time of sampling (minimum of 107, maximum of 187 years (Table 2.1). Among actively
managed stands, time since treatment ranged from 17 – 46 years (mean = 41 years in thinned
stands, and 22 years in retention harvest). Basal area within our sample range from 18.2 to 127.9
m2 ha-1 (among stems ≥ 5 cm diameter at breast height at the time of sampling), with the vast
majority of this being Douglas-fir. Similarly, stand density index (Long and Daniel, 1990)
among stands in our sample, varied from 328 to 1,696. Detailed site characteristics and summary
stand structural data can be found in Table 2.1 of this dissertation.
4.3.2 Data collection
Songbirds
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The forest bird community was sampled using point counts. Two point count stations were
located, at random, per stand, after initially establishing an interior buffer of 100 m. Count
stations within the same stand were separated by at least 200 m in all but one case, in which
stations were 150 m apart. Locations within 50 m of forest roads were avoided, as were those
within the same distance of streams, where this was practicable. We employed a fixed, 100 m
distance cut-off for all observations, and recorded all auditory and visual detections estimated to
be within this perimeter. In the single instance of count stations falling within the 200 m required
for complete separation of count radius perimeters, detections judged to be within the
overlapping zone were noted as such. All detections were assigned to one of the following
canopy layers; herbaceous layer, shrub layer, canopy layer, and fly-overs. The latter were judged
to be either ‘associated’ or ‘not-associated’ with the stand, based on species and behaviour.
Standard point count methodology was followed (Verner, 1985). Briefly, counts were
conducted during a four hour window beginning half an hour before dawn. Each count lasted 10
minutes and began immediately on arrival at count stations. Weather conditions during the count
were recorded, including cloud cover, temperature, wind and precipitation, with the latter two
conditions assessed against a pre-defined ordinal scale. Counts were not conducted during
periods of high wind, or rain in excess of a light drizzle.
Point count periods were supplemented by call-playback for woodpecker species
associated with Douglas-fir forests of western Oregon; downy woodpecker (Dryobates
pubescens), hairy woodpecker (Dryobates villosus), northern flicker (Colaptes auratus), pileated
woodpecker (Dryocopus pileatus), red-breasted sapsucker (Sphyrapicus ruber). This sampling
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procedure was employed in efforts to induce vocalization of these species and thereby increase
detectability. Call-playback for each of the five woodpecker species consisted of broadcasting a
series of vocalizations, including drumming, for a period of 30 seconds, followed by a 30-second
silent period (Barry et al., 2018). Where possible, broadcast calls were from individuals recorded
in the Pacific Northwest. Any vocalization of these five species during this five minute callplayback period was noted. For data analysis, call playback and point count data were collapsed
for woodpecker species.
Data collection for the forest bird community was staggered over two breeding seasons,
2017 and 2018, with 50 percent of our treatment blocks (i.e. three blocks, nine stands) sampled
each season. This measure was taken for logistical reasons and has no bearing on differences in
relative abundance or richness between management conditions within a given block. In 2017,
each count station was visited on three occasions between late May and early July (three
repeats). In 2018, four visits were made to each station during the same time period (four
repeats). All stations within a single block (six total) were visited on the same morning, and the
three blocks sampled in each year were visited on consecutive days. The order in which stands
were sampled on a given survey morning, and the order in which treatment blocks were visited
during a given survey repeat, were deliberately varied from one repeat to the next. These steps
were taken to reduce any bias caused by variation in bird activity with time, and resulting from
observer fatigue during fieldwork periods. Counts were conducted by a single observer (NGW),
previously trained in forest bird identification in western Oregon.
Vegetation
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Attributes of forest structure of interest in relation to avian abundance and richness were
collected at each point count station as part of an intensive forest inventory (Williams and
Powers, in press). Structural attributes assessed during this inventory included live vegetation in
all canopy layers, dead wood in snags, down wood and stumps, and measures of vertical foliage
heterogeneity.
Vertical foliage structure was sampled using an index of foliage height diversity (FHD),
developed as part of the previously cited study. FHD is based on direct visual observation of the
distribution of foliage volume within and between the herbaceous, shrub and canopy layers. The
sampling methodology and calculation of the index borrow heavily from approaches previously
employed by MacArthur and MacArthur (1961), and Berger and Puettmann (2000). Although
reliant on visual assessment, and thus inherently subjective, FHD measurements were gathered
using a step-wise methodology by a single observer (NGW), also the individual responsible for
protocol development and data analysis.
FHD was sampled in four nested plots (FHD plots) per point count station, each located 9
m from the count station in the cardinal directions. Each FHD plot is cylindrical in shape,
extending from forest floor to the top of the canopy, the base with a radius of 3 m, and is divided
horizontally along the four quadrants of the compass, and vertically into three height layers, 0 –
< 0.61 m, ≥ 0.61 m < 7.62 m, and ≥ 7.62 m. These approximate the three major life habits of
forest vegetation; herbaceous plants, shrubs, and trees. For each compass quadrant per FHD plot,
a visual estimate was made (observer standing at FHD plot center, facing outward) of the
contribution of each layer to the total foliage volume present in the cylinder quadrant. Estimates
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were made in percent terms (to the nearest five percent), with a maximum of 100 percent. These
raw estimates were then adjusted to reflect the extent to which foliage within each height layer
was vertically concentrated or vertically continuous. Adjustments to the raw estimates were
made via a reallocation of up to 20 percentage points from layers in which foliage was
particularly concentrated, to layers in which foliage was particularly continuous. Adjustments
were only made in instances in which the distribution of foliage in one height layer was
substantially more concentrated/continuous than in other layers in the same quadrant. FHD
scores were calculated separately for each quadrant per FHD plot (formulas provided in
Appendix 2.1), averaged across quadrants within each FHD plot, and a mean FHD score was
then computed across the four FHD plots per point count station.
Large overstory trees and mid-canopy trees are particularly important contributors to
vertical complexity, and were inventoried in 0.1 ha and 0.0025 ha plots centred on each point
count station centre. For the present study we defined large overstory trees as those with
diameter at breast height (dbh, = 1.37 m) ≥ 80 cm (North et al. 1999), and mid-canopy trees as
those with dbh ≥ 5 cm < 25 cm. The density of trees meeting these size criteria per point count
station was derived per point count station and then expanded to per ha estimates.
Dead wood attributes of particular interest in the present study were large snag density and
total dead wood volume. Large dead trees were defined as those exceeding 50 cm dbh and 5 m
height. The latter height threshold was adopted to help eliminate heavily-decayed snag buttresses
likely to be of low habitat value for most snag-dependent bird species (Barry et al., 2018). Large
snag density was derived by expanding plot-wise density to a per ha estimate. Total dead wood
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volume included snags, but also down coarse down woody debris and stumps. Snags with dbh ≥
50 cm were inventoried in 0.25 ha plots, those with dbh ≥ 25 cm < 50 cm were inventoried in 0.1
ha plots, and those with dbh ≥ 5 cm < 25 cm were inventoried in 0.025 ha plots. Snags with
height ≥ 1.37 m, but dbh < 5 cm, were tallied in the following diameter classes; 0 < 1 cm, ≥ 1 cm
< 3 cm, ≥ 3 cm < 5 cm. For stems of overstory species these diameter classes referred to
diameter at breast height, and stems were tallied in four 0.00125 ha plots located 9 m from point
count station centre along 450, 1350, 2250 and 3150 azimuths. For shrub species, these diameter
classes referred to basal diameter, and stems were measured in four similarly positioned 0.0003
ha plots. For snags with intact tops, dbh and height were measured, while for those with broken
tops, basal diameter, top diameter and height were recorded. Bole volume was computed as the
frustum of a cone or a paraboloid (Harmon and Sexton, 1996), after initially converting dbh to
basal diameter for stems with an intact top (Chojnacky et al., 2014). Snag volume per count
station was computed by expanding snag volume in each size class to per ha estimates and
summing across size classes.
Down dead wood was inventoried using two 20-m transects oriented at 1800 and 2700
azimuths to each point count station centre. Intersection diameter was recoded for of all pieces of
dead wood encountered per transect whose intersection diameter was ≥ 10 cm intersection
diameter (Brown, 1974). Down wood volume, V (m3 m-2), was calculated using the formula
(Harmon and Sexton, 1996):
𝑛

𝑉 = 𝜋2 ∗ ∑(𝑑2/8L)
𝑖=1
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where d is piece diameter (m), L is the total transect length per plot (m), and n is the
number of pieces of deadwood per count station. Volume, so derived, was expanded to per ha
equivalent estimates. Stumps (standing dead stems < 1.37 m in height) were inventoried in a
single 0.025 ha plot per point count station. In all cases, basal diameter, top diameter and stump
height were measured to the nearest cm, and species and decay class recorded. The volume of
each stump was then calculated as the frustum of a neiloid using the formula (Ares et al., 2007):
𝑑+𝐷 2 𝐻
𝑉 = 0.00007854 (
) (
)
2
100

where V is stump volume (m3), d is top diameter outside bark, D is basal diameter outside
bark measured above lateral root protrusions, and H is stump height (m). Total stump volume
was calculated per count station and expanded to a per ha equivalent. Total dead wood volume
per point count station was then computed by summing across snags, down wood and stumps.
Understory vegetation, like dead wood, is an important habitat resource for forest
songbirds, but different species’ life strategies emphasize different components of the understory
(Birds of North America; Hagar, 2007). We sampled saplings and regeneration of overstory
trees, high shrubs, low shrubs and herbaceous vegetation. For each point count station, saplings
(stems ≥ 1.37 m height and < 5 cm dbh of species capable of attaining ≥ 15 m height when
mature) and regeneration (woody stems < 1.37 m height of conifer and hardwood tree species)
were tallied by species in four plots of 0.00125 ha and 0.0003 ha size, respectively. These were
systematically located 9 m from point count stations along 450, 1350, 2250 and 3150 azimuths.
Stems of high shrub species (those typically attaining > 1 m in height) were tallied by species in
identical 0.0003 ha plots to those used for regeneration. Densities of tallied stems in the sapling,
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regeneration and high shrub classes for each point count station were expanded to per ha
estimates, and sapling and regeneration density combined to create total density of saplings and
regeneration. Low shrubs in stands in our dataset consisted of salal and dwarf Oregon grape. For
these species, cover within the 0.0003 ha plots was visually estimated to the nearest 10 percent.
The extent of herbaceous vegetation at point count stations was assessed as the oven-dry biomss
of herbs, forbs and ferns. Samples were collected from quadrats of 0.25 m side, four of which
were systematically positioned 9 m from point count stations in the cardinal directions.
Herbaceous vegetation emanating within the quadrat was clipped at ground level, samples from
the four quadrats were then combined and oven-dried to constant mass at 700 C. Over-dry mass
per count station was then expanded to a per ha estimate.
4.3.3 Data analysis
A total of 42 species and 1014 detections were recorded (excluding flocking species and
fly-over detections not considered associated with stands) (Appendix 4.1). Owing to the
relatively limited size of this dataset, we opted to group species into guilds for data analysis. We
paired down our raw data for use in data analysis in two steps.
1. Analysis of total species richness and total relative abundance. For the analysis of total
species richness and total relative abundance, observations were first screened to exclude rare
species. Rare species were defined as those meeting each of the following criteria; (i) total
detections of the species across all stands and repeated visits was less than 1 % of total
detections across all species, stands and repeats, and (ii) the species was detected in less than
50 % of treatment blocks (i.e. 3 blocks). Eliminating rare species resulted in a total of 23
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species, and 882 detections - the latter number excludes detections of two flocking species,
pine siskin (Spinus pinus) and evening grosbeak (Coccothraustes vespertinus), both of which
reliably exceeded the minimum detection threshold for inclusion in species richness analysis,
but whose precise detection numbers were sufficiently uncertain to preclude inclusion in
analysis of relative abundance. Thus, our analysis of total species richness incorporated data
on 23 species, including pine siskin and evening grosbeak, while our analysis of total relative
abundance does not include these species. Acknowledging the likelihood of individuals that
are present, but not detected (Kery and Royle, 2015; Hutto, 2016), all estimates of abundance
reported in this study (e.g. total abundance, or guild-wise abundance) are referred to as
relative abundance. Our intention was to determine the potential impact of treatment on the
songbird community and relations between songbirds and vegetation, and not to elucidate
true abundance of bird populations in our sample stands – as might be derived using
combinations of intensive nest searches and banding (Verner, 1985).
2. Analysis of guild-wise relative abundance. As species associated with older Douglas-fir
forests are of primary interest in this study, we further restricted the species to include in the
analysis of guild-level relative abundance. Species included in guild-level analysis met either
of the following criteria; (1) the species is thought to be associated or strongly associated
with mature and old-growth Douglas-fir forests of western Oregon – as listed in the 1991
compendium of old-growth Douglas-fir forest ecology (Ruggiero et al., 1991), or more recent
literature from this region; (2) any species not associated with mature and old-growth
Douglas-fir forests whose total detections across all stands and repeated visits exceeded 4 %
of total detections across all species, stands and repeats. The second criteria was
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implemented in order to preserve the influence of species deemed central to community
structure at our sites. This secondary screening process reduced the total number of species
involved in guild-level analysis to 15, and total detections to 748.
We grouped each of the 15 species involved in guild-level analysis into the following
guilds based on foraging strategy, following De Graaf et al. (1985); bark excavators and
insectivores (BARK), conifer foliage gleaners (CFG), understory leaf gleaners (USLG), and
ground foragers (GF). We supplemented these foraging guilds with a guild based on nesting
habitat, cavity nesters (CANE). This guild includes all members of BARK, with the
exception of red-breasted nuthatch (Sitta canadensis), but also includes northern flicker
(Colaptes auratus) and chestnut-backed chickadee (Poecile rufescens). The CANE guild was
included owing to the association of cavity-nesters with old-growth Douglas-fir forests
reported in the literature (e.g. Carey et al., 1991). Additionally, our data analysis included an
aggregated habitat ‘guild’ of all species associated with mature and old-growth Douglas-fir
forests (LSOG). This guild was constructed in order to determine the overall influence of
management on the total potential songbird community in old-growth forests, and because it
was not possible to group two LSOG species – Pacific-slope flycatcher (Empidonax difficilis)
and Steller’s jay (Cyanocitta stelleri) into foraging guilds with other species. Table 4.1
provides a full list of guild membership, including common and scientific names (future
references to species in the main body of this manuscript will use common names).
In all cases, our response variables are expressed at the stand-scale. Stand-scale species
richness reported here refers to the total number of species detected per stand across all repeated
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visits. This expression of richness was adopted in efforts to capture species present and using the
stand, but not detected during one or more visit to individual count stations. Stand-scale relative
abundance estimates were computed for each visit to the stand by summing across all count
stations within the stand, and estimates reported in this study are expressed on the per-visit basis.
Forest structure data was also expressed at the stand-scale by averaging across the two
point count stations in each stand. Response variables comprised; large live tree density (D80,
where the large is stems with dbh ≥ 80 cm), and large snag density (LSD5, where the large is
stems with dbh ≥ 50 cm and height ≥ 5 m) as measures of the habitat value of large trees; total
dead wood volume (DWV), reflecting the importance of dead wood to forest biodiversity, birds
included (Vitkova, et al., 2018); foliage height diversity and mid-canopy tree density (FHD and
MCD, respectively) as measures of vertical complexity; and sapling and regeneration density
(DensitySR), high shrub density (DensitySHB), low shrub cover (LSC), total shrub species
richness (ShrubSPP) and herbaceous vegetation biomass (HerbBio) as measures of understory
structure.
We used poisson generalized linear mixed models (glmm) to test for differences in species
richness, total relative abundance and guild-wise relative abundance between management
conditions, and to examine the relationship between songbirds and vegetation structures. All
statistical models comprised fixed and random effects for management condition and ‘block’,
respectively, and between two and six stand structure covariates. Models for relative abundance,
but not richness, included two observation-related covariates. Observation covariates were
included in order to assess whether trends in relative abundance were influenced by sampling
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date (expressed as Julian days since the beginning of May), and weather condition (a synthetic
variable on a scale from 1 to 4, constructed using data on cloud cover, precipitation, temperature
and wind speed, collected during point counts). Weather condition was included as a
precautionary measure despite our attempts to remove weather-related variation (described in
Section 4.3.1). Our model of species richness (but not those for relative abundance) also included
an offset for survey effort due to the different numbers of visits count stations in treatment blocks
sampled in 2017 compared to those sampled in 2018 (Section 4.3.1).
Stand structure covariates were selected for each model based on previously reported
species-structure associations for species comprising each guild (e.g. Birds of North America;
Ruggiero et al., 1991) (Table 4.2). Previous studies of the relationship between forest structure
and songbirds in Douglas-fir forests have examined large arrays of structural attributes (e.g.
Gilbert and Allwine, 1991). We followed a different approach, aiming to test the importance of a
limited set of specific structural elements thought to be associated with habitat suitability for the
species within each guild under study here. Structure covariates used for modelling total relative
abundance and LSOG relative abundance included at least one variable relating to large snags,
vertical foliage complexity, and understory plant community structure, owing to the presupposed role of these features as drivers of forest biodiversity, particularly in older forests.
Models were constructed in R (R Core Team, 2018), using the package, lme4 (Bates et al.,
2015), with diagnostic tests completed using the DHARMa package (Hartig, 2019). Diagnostic
tests in DHARMa employ a simulation-based approach using residuals simulated from the fitted
model. Dispersion was assessed visually, using quantile plots of simulated versus expected
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residuals, and numerically, via nonparametric testing of the standard deviation of residuals from
the fitted model against simulated residuals. Models for the GF guild produced singular fits, or
would not converge, when constructed with nlme or alternative packages for glmm in R.
Accordingly, we simplified the model structure by specifying ‘block’ as a fixed effect and used a
poisson generalized linear model (glm). We detected overdispersion for this model and corrected
the standard errors using a quasi-glm model, with variance ɸ x μ, where μ is the mean and ɸ is
the dispersion parameter (Zuur et al., 2009).
The influence of management condition and stand structure covariates on relative
abundance, or species richness, was investigated using likelihood ratio tests of nested models
excluding the variable of interest. Differences in mean relative abundance between management
treatments were further investigated by constructing contrasts and Tukey-Kramer adjusted 95 %
confidence intervals, using the Multcomp package (Hothorn et al., 2008). 95 % profile
confidence intervals were also constructed around stand covariates to provide an indication of
the effect size for these variables.

4.4 Results
4.4.1 The influence of active management on mature forest bird communities
We did not detect any difference in total relative abundance between management
conditions (likelihood ratio (LR) chi-square P-value = 0.748, Figure 4.1). Similarly, species
richness did not differ between management conditions in our set of mature stands (drop-indeviance chi-square P-value = 0.897, Figure 4.2). Species richness varied from 13.3 in thinned
stands, to 11.4 in retention harvest stands.
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Unlike total relative abundance, differences in relative abundance between management
conditions were apparent for individual guilds. LSOG relative abundance did not differ,
statistically, between management conditions at the 5 % significance level, but multiple
comparison confidence intervals for contrasts between relative abundance in unmanaged and
retention harvest, and thinned and retention harvest conditions, only narrowly included 1 (Figure
4.3). Relative abundance for our CFG guild differed between management conditions (LR chisquare P-value = 0.007, Table 4.2). CFG relative abundance was greatest in thinned stands, and
confidence intervals for the contrast between thinned and retention harvest conditions did not
include 1, while that for thinned vs. unmanaged stands only narrowly included 1 (Figure 4.3).
Meanwhile, USLG relative abundance in thinned stands was 3.0 times lower than in retention
harvest stands, and 2.4 times lower in unmanaged stands than retention harvest stands (a 95 %
Tukey-Kramer confidence interval for the contrast between thinned and retention harvest
conditions did not include 1, while the confidence interval for a contrast between unmanaged and
retention harvest conditions only narrowly included 1) (Figure 4.4).
Differences in relative abundance among management conditions for guilds thought to be
particularly influenced by snags were not statistically significant (Table 4.2), although our data
indicate a clear trend toward lower detections of dead wood-dependent species – notably primary
cavity nesters - in thinned stands than unmanaged stands. Total observations of species
comprising our CANE guild was highest in unmanaged stands, and lowest in thinned stands. For
species comprising our BARK guild (which included red-breasted nuthatch, but not northern
flicker or chestnut-backed chickadee, as compared to CANE) total observations were highest in
unmanaged stands, and much lower, in thinned and retention harvest stands (Figure 4.1).
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Moreover, while the likelihood ratio test for management condition in our model for BARK
indicated a lack of significance (LR ratio chi-square statistic = 3.588, P-value = 0.166), multiple
comparison 95 % confidence intervals for differences in BARK relative abundance between
unmanaged stands and each of our active management conditions only narrowly included 1
(Figure 4.3).
4.4.2 The influence of structural variables on mature forest bird communities
Relatively few stand structure covariates, in isolation, had a significant influence on
songbird community structure, and this was particularly true in models of species richness and
total relative abundance. None of the structural variables included in our model of species
richness had a significant influence on richness, when other variables were held constant. After
accounting for large live and dead tree density, foliage height diversity, and shrub density and
richness, down wood volume had a moderately significant negative effect on total relative
abundance; holding other variables constant, a 1m3 increase in dead wood volume was associated
with lower total relative abundance by a factor of 0.885 (Table 4.3).
Although large live tree density was not a significant influence on total relative abundance
or richness, it was associated with the relative abundance of LSOG and CFG guilds. Holding
large snag density, foliage height diversity, dead wood volume, and shrub density and species
richness constant, large live tree density had a positive effect on LSOG abundance (Table 4.3).
The opposite was true for CFG. After accounting for foliage height diversity and mid-canopy
density, an increase in the density of large trees by 1 tree per ha was associated with lower CFG
relative abundance by a factor of 0.852.
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In contrast to large live tree density, large snag density, and total dead wood volume were
not associated with relative abundance of any guild. LSD5 was included in models for relative
abundance of LSOG, BARK and CANE, as well as total relative abundance, but was not a
significant parameter in any of these models. It effect size was moderately high for BARK
relative abundance; our model implies that, when other variables are held constant, each
additional snag ≥ 50 cm dbh and ≥ 5 m height, per ha, should result in an increase in BARK
detections of approximately 1.2-fold. In the same model, the effect of total dead wood volume,
DWV, was of similar size, although negative. Lower relative BARK abundance of 0.8-fold was
associated with each additional cubic metre of dead wood per ha, after accounting for large snag
and large live tree density (Table 4.3).
Attributes associated with understory vegetation were significantly related to USLG
relative abundance. Four variables describing understory structure were included in our model
for USLG relative abundance, and of these, shrub species richness and low shrub cover were
both statistically significant (LR chi-square P-values of 0.009, and 0.018, respectively, Table
4.2). In the case of shrub species richness, our model implies that, holding low shrub cover, high
shrub density and herb biomass constant, an increase in shrub species richness is associated with
higher relative abundance of birds in USLG.
In contrast to the effect of understory structure on USLG abundance, foliage height
diversity was not statistically significant in any model. FHD was included in models of species
richness, total relative abundance and relative abundance for LSOG and CFG guilds. Parameter

187
estimates did not indicate a large effect size in any of these models, and 95 % confidence
intervals around parameter estimates included 1 in all cases (Table 4.3).

4.5 Discussion
Two to five decades following treatment, active management was associated with
important differences in the composition of the forest songbird community, but no major
differences in either species richness or total relative abundance. In common with previous work
in the PNW (e.g. Carey et al. 1991; Gilbert and Allwine, 1991; Easton and Martin, 1998), the
songbird community in our mature stands was dominated by a small number of abundant species
that were present, to greater or lesser degree, in each of the management conditions we
examined. In our mature stands, 8 species together accounting for almost 60 % of total
detections, and chestnut-backed chickadee, hermit warbler and Pacific wren alone accounted for
33 % of total detections.
Although a majority of species in our sample were detected in each of the management
conditions that we examined, our results indicate a pronounced difference in community
composition toward that of an early-seral environment in stands managed using retention harvest
treatments. Two to four decades following treatment, understory leaf-gleaners comprised a
greater proportion of the overall avifauna of our retention harvest stands than in thinned or
unmanaged conditions. MacGillivray’s and Wilson’s warblers, the constituents of our USLG
guild, are insectivores associated with deciduous shrub vegetation (Hagar 2003 and 2007), and,
in western Oregon, are common on recently disturbed forest sites (Morrison, 1981; Ellis et al.,
2012). While regrowth of woody vegetation over the decades following high-intensity harvest
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may reduce habitat suitability for early-seral songbirds (Schiek and Song, 2006; McDermott and
Wood, 2009) our retention harvest stands continue to exhibit a significantly more complex
understory than stands in our unmanaged or thinned conditions (Williams and Powers, in press),
including higher density of understory shrubs. Our results suggest that this vegetation was an
important influence on songbird community structure in these retention harvest stands.
Total shrub species richness and cover of low shrubs were associated with USLG relative
abundance – positively and negatively, respectively – in our mature stands. Tall understory
shrubs are important hosts for forest understory arthropods, and many arthropods display host
preferences, suggesting that richness of understory shrubs should favour a more diverse and,
potentially, a more stable prey base for bird species such as Wilson’s and MacGillivray’s
warblers (Schowalter 2000; Hagar, 2003; Yi and Moldenke, 2011). This effect is in contrast to
the potential consequences of increasing low shrub (evergreen salal and Oregon grape in our
stands) cover; high cover of such species could be expected to inhibit the growth of competing
deciduous shrubs and herbs (Thysell and Carey 2000; Reich et al., 2012). Thus, higher USLG
abundance in our retention harvest stands than thinned or unmanaged stands is consistent with
present understanding of the foraging strategy of species comprising this guild, and the observed
association between USLG and understory structural attributes is consistent with trends in the
availability of foraging habitat for these bird species.
Thinned stands also exhibited a more structurally diverse understory than unmanaged
stands in our dataset (Williams and Powers, in press), and although understory leaf-gleaning
species of songbird were not more abundant in thinned than unmanaged stands, detections of
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ground foragers were higher in thinned stands than either alternative management condition. In
young to mature Douglas-fir stands, thinning has been linked with increased growth and vigour
of understory conifers and shrubs (Bailey and Tappeiner 1998; Wender et al., 2004; Shatford et
al., 2009), and, in some circumstances, may benefit MacGillivray’s and Wilson’ warbler (Hagar
2011, although see Hagar et al., 1996 and Hayes et al., 2003). In our thinned stands, understory
cover was highly variable within and between stands, and this may have influenced the low
detection rate of deciduous shrub-dependent songbirds. However, the foraging strategy of certain
species of ground foraging songbirds, such as varied thrush, may benefit from patchy understory
shrub and herb distribution, in combination with the nesting resources provided by overstory and
mid-canopy trees (Birds of North America, 2019). While acknowledging the complexities
inherent in linking stand structure with habitat suitability (e.g. Van Horne 1983; Betts et al.,
2008), we speculate that development of understory vegetation in our thinned stands has reached
an intermediate condition more suited to ground foraging species than strongly shrub-dependent
songbirds. This conclusion provides useful context for previous assessments of the short-term
impact of overstory density reduction in mature stands on understory songbird communities. As
with our observations in stands thinned two to five decades ago, many of these previous studies
failed to detect any stand-scale differences in the abundance of understory-dependent birds
following low intensity harvests (e.g. Rankin and Perlut, 2015, and Kellner et al. 2016).
Together, these observations imply that moderate-high intensity thinning, even-aged
regeneration harvest treatments (as in this study), or the creation of small gaps in a closedcanopy setting (Hagar 2011; Perry and Thrill, 2013), may be required in order to create
conditions for songbird species requiring substantial understory shrub vegetation.
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Two to five decades following treatment, the thinning treatment was associated with higher
relative abundance of conifer foliage gleaners (CFG) than our unmanaged condition, suggesting
that over the medium-term, light thinning in mature stands may be consistent with the provision
of habitat for songbird species dependent on conifer foliage. In Douglas-fir stands, reductions in
stand density may contribute to deeper crowns in overstory trees (Ishii and McDowell, 2002;
Chan et al., 2006), while also facilitating ascension of understory shade tolerant species into the
mid-canopy (Keeton and Franklin, 2005; Gray et al., 2016). Although our thinned stands had
greater foliage height diversity than unmanaged stands (Williams and Powers, in press), and
thinning was associated with greater relative abundance of forest birds that use conifer foliage as
a foraging substrate, our models did not support a link between foliage height diversity and
relative CFG abundance. It is notable, however, that our CFG guild included only two species,
chestnut-backed chickadee and hermit warbler, with the latter largely responsible for differences
in CFG detections between management conditions. Given that the foraging niche and habits of
individual species are often much narrower than the total available foliage within a forest canopy
(Whelan 2001; Shaw et al., 2002), the decoupling of CFG relative abundance from differences in
FHD is not altogether surprising. More unusual, in light of the lack of relationship between FHD
and CFG abundance, is that CFG abundance was not highest in unmanaged stands. In western
Oregon, hermit warbler abundance has been associated with forests in a variety of age classes,
but which commonly exhibit high volumes of conifer foliage – Douglas-fir, in particular (Gilbert
and Allwine, 1991; Hansen et al., 1995; McGarigal and McComb, 1995). Unmanaged stands in
our dataset had the highest basal area, total stand density and density of large (≥ 80 cm dbh) trees
(Appendix 2.1), and by reducing this density, thinning might be expected to have negative
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effects on this species (e.g. Hansen and Hounihan, 1996; Hagar et al., 2004). It is possible that
elements of the canopy structure not immediately captured by our index of foliage height
diversity may contribute to a higher population of folivorous insects, thereby improving habitat
suitability for upper canopy conifer-gleaning songbirds.
In contrast to the elevated CFG relative abundance in thinned stands, our results imply that
primary cavity nesters may be adversely affected by conventional commercial thinning in mature
stands. In the Pacific Northwest, primary cavity-nesters are among the few widespread species
thought to be associated with old-growth forests (Carey et al., 1991), and are, therefore, an
important focus for management efforts to expedite the development of late-successional
structure in younger forests. Relative abundance of CANE in thinned stands was lower than
either alternative management condition. Moreover, when secondary cavity nesters (chestnutbacked chickadee and brown creeper) are excluded from CANE, detections for the remaining
(primary) cavity nesters in thinned stands were approximately one third of that in unmanaged or
retention harvest stands (a total of 12 in thinned stands across all point counts compared to 30
each in unmanaged and retention harvest management conditions). Thinned stands in our dataset
exhibited a much smaller and simpler dead wood pool than unmanaged or retention harvest
stands (Williams and Powers, in press), a finding that is consistent with the impact of
conventional thinning in mature stands in other forest types, over varying timeframes (e.g.
Duvall and Grigal, 1999; Siitonen et al., 2000). This should reduce habitat suitability for species
reliant on dead wood for nesting and/or foraging. Although we did not find any statistical
relationship between CANE abundance and either management condition or large snag density,
this may attributable to the relative scarcity of both primary cavity nesters and large snags in our
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dataset. It should, however, be recognized that contemporary forest management guidance
increasingly incorporates measures for dead wood production or retention (e.g. FSC-US, 2010)
in order to ameliorate harvest impacts on habitat for down wood and snag-dependent species.
Such practices were uncommon when thinning occurred in the stands sampled in this study, but
are likely to benefit cavity-nesting birds (Walter and Maguire, 2005; Rankin and Perlut 2015)
provided there is recognition of the dynamic nature of snag decomposition and utility for forest
wildlife (Haveri and Carey, 2000; Barry et al., 2018).
Although considerable attention has been devoted to the application of overstory density
reduction as a means of diversifying stand structure and promoting biodiversity, the impacts of
active management on songbird species richness remain variable from study to study. We failed
to detect any major differences in species richness between unmanaged, thinned and retention
harvest treatments – mean stand-scale species richness ranged from 13.2 to 13.0 across our three
management treatments. This finding of no significant differences in species richness between
thinned and unmanaged Douglas-fir stands is consistent with the results of some previous studies
(Easton and Martin, 1998). By contrast, other authors working in the Pacific Northwest detected
higher species richness among breeding birds and/or winter residents in thinned than unmanaged
stands (e.g. Haveri and Carey, 2000; Carey et al., 2003; Hagar et al., 2004), or increased richness
with overstory stand density across a similarly broad range of overstory densities (Hansen and
Hounihan, 1996). Differences in stand age and time since treatment between studies inevitably
reduce the comparability of some of these results, but landscape structure may be an equally
important driver of differences between studies.
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Occupancy of a given site by songbirds may be influenced by species-specific factors
operating at multiple spatial scales (e.g. Cushman and McGarigal, 2004; Martin and Proulx,
2016; Grinde et al., 2017), and although many of these factors may be controlled within a study,
estimating their impact on stand-scale results is not always feasible. Although nesting pairs of
many forest songbird species establish and defend territories, individuals may utilize resources
derived from beyond their immediate territory, and may have home ranges that greatly exceed
the size of stands in many forest types (e.g. Renken and Wiggers, 1989). Supplementation of
resources from beyond the maximum detection distance used during songbird sampling could
conceivably result in observations of individuals in one stand that also use other nearby stands
for nesting, foraging or obtaining other essential resources. This is particularly likely in matrix
landscapes characterized by the presence of stands of varying age and structure in close
proximity to one another, and when small maximum detection distances are used during
sampling. In the matrix landscapes typical of our treatment blocks, regular use of resources from
beyond the point count station is particularly likely for the four primary cavity-nesters that we
observed (e.g. Renken and Wiggers, 1989; Elchuk and Wiebe, 2003). This supplementation
effect may contribute to some of the variability in treatment impacts between studies, when
analyzed at different spatial scales (e.g. Kellner et al., 2016). Understanding the potential
ecological impact of differences in meso-scale forest structure is likely to require considerable
resources, but constitutes a promising avenue for future research on the relationship between
management, structure and forest biodiversity.

4.6 Management implications
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Our findings provide a longer-term perspective on the impact of active management on
mature forest bird communities than many previous analyses, but largely support ideas emerging
from this body of work; low-moderate intensity overstory density reduction using conventional
logging practices appears to favour certain species associated with older forests, but not others.
Our results imply that species penalized by low-moderate intensity thinning in mature stands
without dead wood retention or creation are those reliant on dead wood, while species likely to
benefit from thinning are those dependent on a more complex vertical foliage structure across all
layers of vegetation. Combining thinning with strategies to preserve or create dead wood during
harvest (e.g. Maguire and Chambers, 2005; Keeton, 2006; Vitkova et al., 2018), may therefore
achieve higher overall late-successional songbird abundance than we noted in either unmanaged
or thinned stands.
Higher-levels of overstory density reduction via retention harvesting in our sample of
mature stands was consistent with the production of habitat for understory leaf-gleaning
songbirds, and may be a suitable strategy where the production of structurally complex oldgrowth habitat is a longer-term objective. Retention harvest strategies may, over the longer-term,
reduce the time required for the development of late-successional forest, compared to
clearcutting without retention (Franklin et al., 1997). Our results suggest that, by adopting this
longer-term perspective on older forest regeneration, retention harvesting techniques may also
benefit songbirds dependent on diverse understory vegetation, over the decades following
treatment. As structurally complex early-seral conditions are underrepresented, in relation to
historical ranges of variability, in many forested landscapes (Spies et al., 2007; Ducey et al.,
2013), retention harvest techniques could, therefore, contribute to important biodiversity
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conservation objectives in both the short-term and long-term, for guilds of species associated
with early- and late-successional forests, respectively.
For analytical purposes, this study combined songbird species into guilds or groups, but
our results illustrate a level of complexity in songbird responses within guilds that is likely to be
problematic if managing stands using a similar guild or group approach. This complexity was
particularly evident when grouping late-successional species together, despite their common
association with older forests. From a management perspective, the complexity of within-group
responses might imply a need to focus on priority species – particularly habitat specialists, rather
than generalists - to identify the habitat requirements of those species, and to manage for those
structures that provide for these requirements. Given the potential for extremely different initial
stand conditions as a result of disturbance history and site, even within a single forest type and
age class, and for resource supplementation from neighbouring stands, decisions over whether
active management is required should be stand-specific, and, where possible consider landscape
context (Schwenk et al., 2012; Grinde et al., 2017).
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4.9 Figures and Tables

Figure 4.1 Detections per guild, by management condition, sampled in 18 Douglas-fir stands in western Oregon representing
unmanaged (n = 6), thinned (n = 6) and retention harvest (n = 6) conditions. Error bars represent one standard error of the mean.
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Figure 4.2 Species richness, by management condition, sampled in 18 mature Douglas-fir stands
in western Oregon representing unmanaged (n = 6), thinned (n = 6) and retention harvest (n = 6)
conditions. Error bars represent one standard error of the mean.
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Figure 4.3 95 % multiple comparison confidence intervals for contrasts between management
conditions for total relative abundance, and relative abundance of late-successional species
(LSOG), cavity-nesters (CANE), and bark excavators and insectivores (BARK). Confidence
intervals that include 1.0 indicate that treatment differences are not significantly different, at the
95 % level of confidence.
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Figure 4.4 95 % multiple comparison confidence intervals for contrasts between management
conditions for relative abundance of conifer foliage gleaners (CFG), understory leaf-gleaners
(USLG), and ground foragers (GF), and species richness. Confidence intervals that include 1.0
indicate that treatment differences are not significantly different, at the 95 % level of confidence.
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Table 4.1 Composition of the bird guilds used for assessing the impact of management on the
songbird community of 18 Douglas-fir stands in western Oregon.

Guild
Mature and old-growth
associates (LSOG)

Cavity nesters (CANE)

Bark insectivores and
excavators (BARK)

Conifer foliage gleaners
(CFG)
Understory leaf-gleaners
(USLG)
Ground foragers (GF)

Bird species membership
brown creeper (Certhia americana)
chestnut-backed chickadee (Poecile rufescens)
hairy woodpecker (Dryobates villosus)
northern flicker (Colaptes auratus)
Pacific-slope flycatcher (Empidonax difficilis)
Pacific wren (Troglodytes pacificus)
pileated woodpecker (Dryocopus pileatus)
red-breasted nuthatch (Sitta canadensis)
red-breasted sapsucker (Sphyrapicus ruber)
Steller’s jay (Cyanocitta stelleri)
varied thrush (Ixoreus naevius)
brown creeper (Certhia americana)
chestnut-backed chickadee (Poecile rufescens)
hairy woodpecker (Dryobates villosus)
northern flicker (Colaptes auratus)
pileated woodpecker (Dryocopus pileatus)
red-breasted sapsucker (Sphyrapicus ruber)
brown creeper (Certhia americana)
hairy woodpecker (Dryobates villosus)
pileated woodpecker (Dryocopus pileatus)
red-breasted nuthatch (Sitta canadensis)
red-breasted sapsucker (Sphyrapicus ruber)
chestnut-backed chickadee (Poecile rufescens)
hermit warbler (Setophaga occidentalis)*
MacGillivray's Warbler (Geothlypis tolmiei)*
Wilson’s warbler (Cardellina pusilla)*
northern flicker (Colaptes auratus)
Pacific wren (Troglodytes pacificus)
Swainson’s thrush (Catharus ustulatus)*
varied thrush (Ixoreus naevius)

* Species associated with successional stages other than mature or old-growth in Douglas-fir
forests, or not associated with any successional stage more than others (e.g. Ruggiero et al.,
1991).
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Table 4.2 Relative abundance and species richness by management condition, and test statistics
for likelihood ratio test of the effect of management condition. Significant differences, assessed
against an α = 0.05, are denoted by an *.
Dependent
variable

Stand structure covariates

Abundance (detections/visit)
(mean/SE)
Unmanaged Thinned
Retention
harvest

Likelihoodratio test
statistic

Likelihoodratio
pvalue

Total relative
abundance

D80, LSD5, FHD, DWV,
DensitySHB, ShrubSPP

13.1 (1.1)

14.2 (0.8)

14.6 (1.0)

0.582

0.748

LSOG

D80, LSD5, FHD, DWV,
DensitySHB, ShrubSPP

8.40 (0.9)

7.6 (0.7)

5.3 (0.7)

4.428

0.104

CANE

D80, LSD5, date, cond

4.3 (0.5)

3.4 (0.5)

4.0 (0.5)

1.959

0.375

BARK

D80, LSD5, DWV, date,
cond

2.6 (0.4)

1.8 (0.3)

1.6 (0.3)

3.588

0.166

CFG

D80, FHD, MCD, date, cond

3.8 (0.5)

5.0 (0.5)

3.6 (0.4)

9.904

0.007*

USLG

DensitySHB,
ShrubSPP,
LSC, HerbBio, date, cond

0.6 (0.2)

0.6 (0.2)

3.3 (4.5)

7.449

0.024*

GF

DWV,
DensitySHB,
HerbBio, date, cond

3.4 (0.7)

4.0 (0.6)

2.2 (0.4)

2.041

0.141

0.217

0.897

(1)

Richness (total species)
Species
richness

D80, LSD5, FHD, DWV,
DensitySHB, ShrubSPP

13.0

13.2

13.0

(1) D80 = large (≥ 80 cm dbh) tree density, MCD = mid-canopy stem (5 cm ≥ dbh < 25 cm)
density, LSD5 = large (≥ 50 cm dbh, and ≥ 5 m height) snag density, DWV = dead wood
volume, FHD = foliage height diversity, DensitySHB = shrub density, ShrubSPP = shrub species
richness, LSC = low shrub cover, HerbBio = biomass of herbacoues vegetation.
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Table 4.3 Parameter estimates and profile 95 % confidence intervals for structural parameters
included in generalized linear mixed effects models of songbird guild-wise relative abundance
and species richness. Significant covariate effects, assessed against an α = 0.05, are denoted with
*. Refer to Table 4.2 for covariate definitions.
Dependent
variable
Total relative
abundance

LSOG relative
abundance

CANE relative
abundance
BARK relative
abundance
CFG relative
abundance
USLG relative
abundance

GF
relative
abundance
Total species
richness

Structure
covariate
D80
LSD5
FHD
DWV
DensitySHB
ShrubSPP
D80*
LSD5
FHD
DWV
DensitySHB
ShrubSPP
D80
LSD5
D80
LSD5
DWV
D80*
FHD
MCD
DensitySHB
ShrubSPP*
LSC*
HerbBio
DWV
DensitySHB
HerbBio
D80
LSD5
FHD
DWV
DensitySHB
ShrubSPP

Parameter
estimate
1.011
1.023
0.949
0.885
1.011
0.933
1.194
1.168
0.847
0.851
0.938
1.081
0.996
0.966
1.093
1.237
0.807
0.852
0.959
1.091
1.278
1.829
0.562
0.994
1.145
0.959
1.142
1.087
0.937
0.838
0.914
0.996
0.905

Likelihoodratio p-value
0.835
0.743
0.537
0.066
0.851
0.347
0.032
0.122
0.226
0.124
0.577
0.513
0.965
0.658
0.493
0.118
0.191
0.050
0.728
0.409
0.158
0.009
0.018
0.980
0.409
0.854
0.287
0.458
0.717
0.488
0.561
0.973
0.626

Lower CI
0.909
0.896
0.808
0.778
0.901
0.814
1.015
0.957
0.608
0.687
0.000
0.842
0.837
0.825
0.845
0.947
0.582
0.721
0.768
0.886
0.917
1.163
0.331
0.569
0.832
0.586
0.896
0.872
0.658
0.505
0.673
0.767
0.599

Upper
CI
1.123
1.178
1.138
1.008
1.132
1.088
1.415
1.411
1.099
1.045
1.168
1.350
1.178
1.127
1.403
1.619
1.112
1.000
1.225
1.338
2.104
2.946
0.909
1.474
1.582
1.457
1.461
1.358
1.331
1.375
1.237
1.285
1.348
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Appendices
Appendix table 4.1 (continued onto subsequent page) Detections by species and management
condition in 18 mature Douglas-fir stands in western Oregon. Detections presented here include
all observations, i.e. before screening for rare species.
Species

Detections by management condition
Unmanaged

Thinned

Retention harvest

American robin (Turdus migratorius)

4

5

6

band-tailed pigeon (Patagioenas fasciata)

1

2

2

black-headed grosbeak (Pheucticus
melanocephalus)

0

0

22

black-throated gray warbler (Setophaga
nigrescens)

1

2

5

brown creeper (Certhia americana)

20

16

8

chestnut-backed chickadee (Poecile rufescens)

40

44

45

Common raven (Corvus corax)

4

2

0

dark-eyed junco (Junco hyemalis)

3

13

24

dusky flycatcher (Empidonax oberholseri)

1

1

4

evening grosbeak (Coccothraustes vespertinus)

8

11

4

golden-crowned kinglet (Regulus satrapa)

4

5

3

gray jay (Perisoreus canadensis)

1

0

0

hairy woodpecker (Dryobates villosus)

12

6

11

Hammond’s flycatcher (Empidonax hammondii)

8

8

2

hermit thrush (Catharus guttatus)

9

9

10

hermit warbler (Setophaga occidentalis)

39

62

30

Hutton’s vireo

2

3

2

Macgillivray’s warbler (Geothlypis tolmiei)

4

6

35

mourning dove (Zenaida macroura)

0

0

1

Nashville warbler (Oreothlypis ruficapilla)

0

1

0

northern flicker (Colaptes auratus)

3

1

10

orange-crowned warbler (Oreothlypis celata)

0

1

6

olive-sided flycatcher (Contopus cooperi)

2

0

2

Pacific wren (Troglodytes pacificus)

45

45

8

pine siskin (Spinus pinus)

8

0

15

pileated woodpecker (Dryocopus pileatus)

5

3

2

Pacific-slope flycatcher (Empidonax difficilis)

24

19

1

214
purple finch (Haemorhous purpureus)

1

2

0

red-breasted nuthatch (Sitta canadensis)

7

11

5

red-breasted sapsucker (Sphyrapicus ruber)

10

2

7

red crossbill (Loxia curvirostra)

0

2

0

rufous hummingbird (Selasphorus rufus)

1

0

4

song sparrow (Melospiza melodia)

0

0

4

sooty grouse (Dendragapus fuliginosus)

0

3

0

spotted towhee (Pipilo maculatus)

2

0

5

Steller’s jay (Cyanocitta stelleri)

6

4

14

Swainson’s thrush (Catharus ustulatus)

19

28

27

varied thrush (Ixoreus naevius)

4

9

1

warbling vireo (Vireo gilvus)

1

0

0

western tanager (Piranga ludoviciana)

5

2

4

Wilson’s warbler (Cardellina pusilla)

9

6

35

wrentit (Chamaea fasciata)

0

0

9
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CHAPTER 5: TRADE-OFFS BETWEEN CLIMATE CHANGE ADAPATION,
CLIMATE CHANGE MITIGATION AND LATE-SUCCESSIONAL BIODIVERSITY
CONSERVATION WHEN MANAGING MATURE DOUGLAS-FIR (PSEUDOTSUGA
MENZIESII) STANDS

Neil G Williams, Matthew D. Powers
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5.1 Abstract
Contemporary forest management increasingly involves balancing diverse sets of
management objectives arising from societal demand for non-traditional ecosystem goods and
services, and external stressors imposed by global climate change. In many temperate forests,
suggestions of increased moisture stress as a result of climate change drives interest in improving
the resistance and resilience of forests to drought events. However, few studies have examined
the role of active management in increasing drought resistance and resilience of trees in mature
stands. Further, trade-offs entailed in managing stands for drought resistance and resilience, and
for a range of other important management objectives are also relatively unknown. We
investigated management impacts on drought resistance and resilience in mature Douglas-fir
(Pseudotsuga menziesii (Mirb.) Franco)–dominated in western Oregon, and trade-offs between
management for drought resistance and resilience, carbon storage and late-successional songbird
species richness and abundance. Initially we examined the impact of three alternative
management conditions (thinning, structural retention harvest and an unmanaged control) on
tree-scale drought resistance and resilience, in relation to a 2001 drought event. Overstory
density reduction was conducted 15 - 30 years (mean = 22 years), and 1 -18 years (mean = 6
years) before the drought for trees in thinned and retention harvest stands, respectively. We then
combined the results of this analysis on drought response with data on carbon storage and latesuccessional songbird richness and abundance, collected from the same set of forest stands, to
evaluate the trade-offs involved in managing for climate change adaptation, climate change
mitigation, and late-successional biodiversity conservation. Our results suggest that highintensity overstory density reduction (our retention harvest condition) promoted increased
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drought resistance and resilience among trees in mature Douglas-fir stands, relative to trees in
thinned and unmanaged conditions. By contrast, the drought resistance and resilience of trees in
stands subject to low-moderate intensity thinning was not different from trees in unmanaged
stands. These differences in drought resistance and resilience associated with the intensity of
overstory density reduction were central to trade-offs between climate change adaptation, climate
change mitigation and biodiversity conservation. Carbon storage and late-successional songbird
richness and abundance were highest in unmanaged stands, while retention harvest stands
exhibited relatively low carbon storage, and biodiversity benefits, but higher drought resistance
and resilience benefits than thinned and unmanaged stands. Thus, our results illustrate the
potential for significant trade-offs between climate change mitigation, climate change adaptation,
and late-successional biodiversity conservation when managing mature stands using thinning,
retention harvesting, or a no-harvest approach . In our mature Douglas-fir stands, the magnitude
of these trade-offs was greatest for combinations of climate change adaptation and latesuccessional biodiversity conservation, while late-successional biodiversity conservation was
relatively consistent with climate change mitigation. Few studies have previously evaluated the
consistency of climate change adaptation and late-successional biodiversity conservation, and
our findings indicate an urgent need for future research on the compatibility of these two
increasingly important management objectives.

5.2 Introduction
Drought and other climate change phenomena will dramatically alter the structure and
function of forests over the coming century, affecting the ecosystem services received by human
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populations (e.g. Breda, et al., 2006; Keenan et al., 2015). Increased drought frequency and
severity, triggered by changes in precipitation and temperature regimes, is likely to be among the
most widely relevant climate change phenomena to forests, both in isolation, and when
combined with fire and other disturbance agents (Peng et al., 2011; Saatchi et al., 2013; Allen et
al., 2015). Moisture stress, due to reduced precipitation, or elevated atmospheric moisture
demand may directly trigger large-scale tree mortality and forest die-back (McDowell and Allen,
2015; Neumann et al., 2011; Williams et al., 2013). Stress, and internal resource constraints
induced by drought may also allow pests and pathogens to overwhelm defense mechanisms,
leading indirectly to tree mortality (McDowell et al., 2008; Agne et al., 2018). Further, in the
absence of mortality, moisture stress may still reduce forest productivity, and threaten the supply
of key ecosystem services (Anderegg et al., 2012; Cruickshank, 2016). As a consequence of such
threats, reducing vulnerability to moisture stress has become an important scientific and
management concern (e.g. Martinez-Vilolta et al., 2012; Swanston et al., 2016).
Although steps to reduce drought vulnerability may include the introduction of more
drought-tolerant species, and the adoption of complex stand structures – actions that are equally
pertinent to increasing resilience in the face of uncertain future conditions (Puettmann et al.,
2009; Puettmann and Tappeiner, 2014) – reducing stand density has become a particular focus of
applied research on managing water stress (e.g. Donner and Running, 1986; Stone et al., 1999;
Sohn et al., 2016a). Reductions in stand density may increase available soil moisture (Breda et
al., 1994; Moreno and Cubera, 2007), and thereby alleviate competition for available resources
(Laurent et al., 2003; Yaussy et al., 2013). In a variety of commercially important temperate
species, including Douglas-fir (Pseudotsuga menziesii (Mirb.) Franco), and ponderosa pine
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(Pinus ponderosa Lawson & C. Lawson), reductions in competition for moisture resources
following thinning have been implicated in increased carbon assimilation and growth during
periods of water stress, relative to trees in unthinned stands (Aussenac and Granier, 1987; Brix
and Mitchell, 1986; McDowell et al., 2003 and 2006; Brooks and Mitchell, 2011). This is
consistent with observations of reduced likelihood of drought-related mortality in forests
maintained at lower stand density or basal area (Bradford and Bell, 2016; Livingston and
Kenefic, 2018).
In addition to lowering the risk of drought-related mortality, thinning trials and field
experiments in Europe and North America suggest that overstory density reduction promotes
drought resistance and resilience (Sohn et al., 2013; Boterro et al. 2017, Vernon et al., 2018),
where the former is defined as the rate of growth during a drought event relative to growth predrought, and the latter is defined as post-drought growth relative to pre-drought growth (Kohler
et al., 2010; Lloret et al., 2011). However, any increases in resistance and resilience following
stand density reduction may short-lived (D’Amato et al. 2013; Sohn et al., 2016a), particularly in
light to moderate thinning treatments. Heavier thinning treatments appear to provide longerlasting gains in drought resistance and resilience (Guiggiola et al., 2013; Sohn et al., 2016b), but
when repeated over time, may promote changes in tree architecture that eventually increase
moisture demand and drought sensitivity (D’Amato et al., 2013; Law, 2014). Therefore, while
this body of research implies that reductions in overstory density improve growth resistance and
resilience during periods of moisture stress, thereby reducing drought vulnerability, the intensity
and duration of thinning benefits vary widely in response to differences in forest type, and
management approach (Sohn et al., 2016b). Moreover, few studies have examined drought
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resistance and resilience following overstory density reduction in older, previously unmanaged
stands, despite the potential differences in structural development following active management
in young and old stands (Smith and Long, 2001; Latham and Tappeiner, 2002; Schaedel et al.,
2017).
Limited knowledge of the trade-offs associated with integrating climate change adaptation
into the already complex forest management decision space may also act as a constraint to the
adoption of strategies for climate change adaptation. Contemporary forest management in many
temperate regions is characterized by the demand for a broad range of ecosystem goods and
services (e.g. Miura et al., 2015; Ashton and Kelty, 2018; FAO, 2018), and this is particularly
true of publicly-managed lands (Bradford and D’Amato, 2012). Development of guidance and
tools for managing this complexity in natural resource management has been a research priority
for decades (e.g. Carpenter et al., 2009), and climate change-related management objectives have
been incorporated into many recent studies on forest management trade-offs (e.g. Carpentier et
al., 2017; Mina et al., 2017; Yang et al., 2018). However, the vast majority of this literature
focuses on trade-offs between climate change mitigation and other globally important
management objectives, rather than trade-offs between these objectives and climate change
adaptation (although see D’Amato et al., 2011; and Henneron et al., 2015).
Knowledge of the trade-offs involved in managing for climate change adaptation and
biodiversity conservation will be particularly relevant to multi-objective forest management over
the next fifty years. In many temperate regions, biodiversity conservation is now an important
focus of forest policy and a driver of management actions (e.g. Sharik et al. 2010, McComb,
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2015; Sotirov and Sorch, 2018). Recent insights into the magnitude and geographic scale of
global biodiversity decline during the twenty-first century (IPBES, 2019), coupled with
increasing public interest in wildlife (McComb, 2015; Paloniemi et al., 2015), suggest that
biodiversity conservation is likely to become an even more prominent objective of forest
management over the coming decades. However, with the exception of isolated studies (e,g.
Henneron et al., 2015), understanding of the relationship between biodiversity conservation and
climate change adaptation, as management objectives, must be inferred indirectly from
independent studies of these objectives.
In this study, we help address the aforementioned knowledge gaps by; (i) assessing
drought resistance and resilience in mature Douglas-fir stands in western Oregon managed using
active and passive (i.e. unmanaged) treatment regimes; and (ii) using this data on drought
resistance and resilience to evaluate the trade-offs involved in managing mature Douglas-fir
stands for climate change adaptation, climate change mitigation and biodiversity conservation.
Whereas many previous analyses of the trade-offs entailed in managing for climate change
mitigation and biodiversity utilize one or more metrics of habitat quality as proxies for
biodiversity (e.g. Kline et al., 2016; Eyvindson et al., 2017), we use empirical data on the forest
songbird community gathered from forest inventory locations at which carbon storage and
drought response data was also measured. Consistent with the literature on songbird community
responses to active management (e.g. McDermott and Wood, 2009; Perry and Thrill, 2013; Perry
et al., 2018), model-based simulations from western Oregon suggest that forest carbon storage is
compatible with habitat for certain avian species, but not others (Kline et al., 2016). This is in-
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keeping with work from other regions, and other wildlife taxa (e.g. Dickie et al., 2011; Burton et
al., 2013; Schwenk et al. 2012). We therefore focused our analysis on songbird species
associated with mature and older forest. In western Oregon, simulations indicate that retaining
and restoring old-forest is consistent with high carbon storage (Creutzberg et al., 2017),
suggesting that management approaches that maximize carbon stocks might also favour latesuccessional biodiversity.
In contrast to late-successional songbirds, stand structures likely to promote drought
resistance and resilience (McDowell et al., 2006; Bradford and Bell, 2016), are less consistent
with those likely to exhibit high carbon storage (Curtis, 2006; Williams and Powers, 2019).
Reducing overstory density may alleviate competitive pressure, producing stands with greater
resilience to drought and other stressors, (Yaussy et al., 2013; Lechuga et al., 2017). At the same
time, overstory density reduction removes biomass from the forest system and therefore lowers
in-situ carbon storage, at least in the short-medium term (e.g. Harmon et al., 2009; Powers et al.,
2011), suggesting a trade-off between climate change adaptation and climate change mitigation.
However, at high harvest intensities, increased moisture demand from understory vegetation,
elevated evaporation from the soil surface and other demands may compete for soil moisture
(Black et al., 1980; Heithecker and Halpern, 2006), potentially reducing drought resistance and
resilience and complicating the trade-off between climate change adaptation and climate change
mitigation. Empirical evaluation of drought resistance and resilience, and carbon storage in the
same stands can help reduce such uncertainties and provide information to aid management
decision-making on the merits of implementing strategies for climate change adaptation and/or
climate change mitigation.
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In this study we apply a streamlined methodology for assessing natural resource
management trade-offs (Bradford and D’Amato, 2012), to evaluate the trade-offs between
climate change adaptation, climate change mitigation, and late-successional biodiversity
conservation, in mature Douglas-fir stands in western Oregon. These management objectives are
highly relevant to our study region, owing to (i) the emphasis on conservation of latesuccessional species on public forestlands – the location of the majority of the remaining older
forest (Davis et al., 2015), (ii) the high carbon density of mature and old-growth Douglas-fir
forests (Smithwick et al., 2002; Sillett et al., 2018, Williams and Powers, 2019), and (iii) the
likelihood of increased drought frequency and severity in this region (Chmura et al., 2011;
Rogers et al., 2011). Our specific objectives were;
1. To assess the impact of active management on the drought resistance and resilience of trees
in mature Douglas-fir stands, two to five decades following management intervention.
2.

To determine whether drought resistance and resilience varies according to tree species
among key constituents of moist, low- moderate-elevation Douglas-fir forests in western
Oregon.

3.

To evaluate the trade-offs between climate change mitigation, climate change adaptation
(focusing on moisture stress) and late-successional biodiversity conservation in mature
Douglas-fir stands, and the impact of active management on these trade-offs.

5.3 Methods
5.3.1 Study sites and experimental design
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Stands sampled for drought response, carbon storage and late-successional songbird
diversity were located in the Western Hemlock (Tsuga heterophylla (Raf.) Sarg.) and Grand Fir
(Abies grandis (Dougl. ex D. Don) Lindl.) plant Zones (McCain and Diaz 2002), within the
Coast Ranges and Western Cascades physiographic provinces of western Oregon (Franklin and
Dyrness 1988), in the Pacific Northwest (PNW), U.S.A.
Elevation at our study stands ranged from approximately 230 m – 1,220 m above sea level,
while mean annual precipitation over the past thirty years was 1,400 mm at our driest study site
and 2,730 mm at the wettest (PRISM Climate Group, Oregon State University,
http://prism.oregonstate.edu), the majority occurring between October and April. Mean monthly
temperatures over the same thirty year period ranged from a low of -3 0C in January to a
maximum of 28 0C in August, with annual averages of 8 0C - 11 0C. Soils at sample stands vary
from deep, well-drained silts derived from alluvium and glacial till, to shallow or moderately
deep, well-drained stony loams derived from sandstone parent material, to shallow, poorlydeveloped soils derived from pyroclastic deposits (Franklin and Dyrness, 1988; Ecoshare).
Douglas-fir is the dominant overstory component of forests throughout much of the study
region, with its late-successional associates, western hemlock and grand fir, occupying mid- to
lower-canopy positions in most mature stands. Shade tolerant western redcedar (Thuja plicata
Donn ex D. Don) is locally abundant on mesic sites throughout the Western Hemlock Zone,
while incense incense-cedar (Calocedrus decurrens Torr.), also shade tolerant, is typically more
common on drier sites in the southern portion of the plant zone, where it may co-occur with the
relatively intolerant sugar pine (Pinus lambertiana Dougl.). Bigleaf maple (Acer macrophyllum
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Pursh.), golden chinkapin (Castanopsis chrysophylla (Dougl. Ex Hook.), Pacific madrone
(Arbutus menziesii Pursh), and red alder (Alnus rubra Bong.) are the principal hardwood tree
species, but are typically minor components in terms of stand basal area and stem density. Major
shrub species at study sites include beaked hazel (Corylus cornuta Marshall), vine maple (Acer
circinatum Pursh.), salal (Gaultheria shallon Pursh.), dwarf Oregon-grape (Mahonia nervosa
(Pursh.) Nutt), and Vaccinium spp. Meanwhile, sword fern (Polystichum munitum (Kaufl.)),
bracken fern (Pteridium aquilinum (L.) Kuhn), Oregon oxalis (Oxalis oregana Nutt.), vanilla leaf
(Achlys triphylla (Sm.) DC), and Pacific twinflower (Linnaea borealis ssp. longiflora (Torr.)
Hult), are frequently encountered herbaceous species.
For the purposes of sample selection we defined mature stands as those with a dominant
overstory age of 80 – 199 years (Spies and Franklin, 1988; Williams and Powers, 2019). In
western Oregon, stands within this 80 – 199 year age class are predominantly located on public
land, and sample selection therefore focused on lands managed by the United States Forest
Service (USFS), and the Oregon Bureau of Land Management (Oregon BLM).
To assess drought responses, and multi-objective forest management trade-offs we
employed a randomized complete block study design, comprising eight blocks and three
management treatments (management conditions). Blocking was based on Landtype Association
(LTA) (Ecoshare) and geographic proximity. LTA’s are geospatial units of similar climatic,
geologic, edaphic and geomorphic condition. Using LTAs and as a primary blocking criteria
helped reduce the influence of finer-scale site characteristics – those operating at scales below
our broad plant zones and physiographic provinces - on drought resistance and resilience.
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Supplementing LTAs with geographic proximity helped further reduce such fine-scale inter-site
variability. Each block consisted of one stand representing each of the following three
management conditions;
4. Unmanaged, i.e. no history of intentional overstory density reduction. Basal area at the time
of sampling for this condition ranged from 57.6 – 107.6 m2/ha (mean 76.1 m2/ha).
5. Thinned, i.e. extended rotation (in this instance 100 – 199 years), even-aged management
with a single thinning, and overstory retention of 50 – 85 percent of pre-treatment basal area.
Basal area at the time of sampling for this condition ranged from 28.5 – 127.9 m2/ha (mean
70.0 m2/ha).
6. Structural retention harvest (‘retention harvest’), i.e. even-aged regeneration harvest with
overstory retention of 15 – 30 percent of pre-treatment basal area (live + dead). Basal area at
the time of sampling for this condition ranged from 18.2 – 54.5 m2/ha (mean 32.2 m2/ha).
Additional criteria used in the stand selection process can be found in Williams and
Powers (in press, and Section 2.3.1 of this dissertation). Detailed site characteristics and
summary stand structural data can be found in Table 2.1.
5.3.2. Management impacts on drought resistance and resilience
Data collection
The impact of management on drought resistance and resilience was examined at the
individual tree scale using cores collected from live overstory and mid-canopy trees in each of
the eight treatment blocks described above. Four nested, fixed-radius plot structures were
located, at random, per stand. Plots sizes for overstory trees (those with diameter at breast height
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≥ 25 cm) and mid-canopy trees (diameter at breast height ≥ 10 cm and < 25 cm) were 0.1 ha, and
0.0025 ha, respectively. A 100-m interior buffer was subtracted from the perimeter of each stand
prior to plot establishment in order to control for the influence of edge effects on local vapour
pressure deficit (Ruzicka et al., 2017; Heithecker and Halpern, 2007) and vegetation structure
and composition (Curzon et al., 2017; Wekesa et al., 2019). A single core was extracted from all
overstory and mid-canopy trees in each plot, with the exception of trees suffering severe heart rot
and those with sufficiently warped stems that core extraction was deemed likely to result in a
damaged increment borer. Cores were extracted perpendicular to the direction of slope, and at
breast height.
Cores were processed and dated using standard procedures. Briefly, cores were mounted
and then sanded with progressively finer grades of sand paper until annual ring boundaries were
discernible (1000 grit for hardwood species). All cores were dated visually, cross-dated using the
Cofecha software program (Holmes, 1983), and annual ring widths were measured using
Measure J2X software (Voortech Consulting) in combination with a Velmex TA Measurement
System (Velmex Inc.), including Unislide sliding stage and QC 1100 encoder readout
(Heidenhain Corporation). After excluding cores from mid-canopy trees established after 2001
(Section 5.3.2 Response variables and data analysis), the total sample size for data analysis was
1,424 cores, 76 % of which were Douglas-fir and another 17 % western Hemlock. Hardwood
species comprised approximately 3 % of the total sample size.
Following a similar approach to that introduced by Kohler et al. (2010) and Lloret et al.
(2011), we quantified tree-scale drought resistance and resilience using indices of growth,
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relative to a specified drought event. Region-wide drought events of moderate or higher severity
were identified by querying the monthly Palmer Drought Severity Index (PDSI) archive for
western Oregon (NOAA, 2019). Specifically, drought years were considered those in which
mean monthly (across a calendar year) PDSI values were < -2, and severe drought years as those
with mean monthly PDSI values < -3. An important additional consideration when identifying
drought events was the timing of the drought year, relative to the introduction of overstory
density reduction treatments (including thinning and variable retention harvests) in mature stands
in western Oregon; such treatments were not widespread before the 1990’s, and thus more recent
drought events were prioritized over those occurring many decades ago. On this basis, 2001 was
identified as the most suitable drought year, with PDSI values of between -2 and -4 throughout
the Western Cascades and Coast Ranges for most of the 12-month period (mean PDSI values of 2.6 to -3.4 dependent on US climatological division).
Tree-scale drought resistance, relative to the 2001 drought event, RWDRS, was calculated
from raw ring widths as;

RWDRS =

RWD
RWpre

where RWD is the ring width for 2001, and RWpre is the average ring width over the five
calendar years before the drought event (1996 – 2000). Similarly, tree-scale drought resilience,
relative to the 2001 drought event, RWDRL, was calculated as;

RWDRL =

RWpost
RWpre
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where RWpost is the average ring width over the five calendar years following the drought
event (2002 – 2006). Periods of approximately five years are suitable for assessing climatedriven growth trends (Nowacki and Abrams, 1997), and averaging growth over five year periods
has been used in calculating drought resistance and resilience in the recent silvicultural literature
(D’Amato et al., 2013).
The impact of active management on drought resistance and resilience was investigated
using linear mixed effects models, implemented in the R statistical environment (R Core Team,
2018). Models were constructed using the package nlme (Pinheiro et al., 2017), and included
management condition as a fixed effect, and block and plot modelled as nested random effects.
Species and canopy class (overstory or mid-canopy) were included as tree-scale categorical
explanatory variables, total plot-scale basal area was included as a continuous explanatory
variable, and a management condition x basal area interaction term was also included. Model
residuals were evaluated for evidence of non-normality and heteroscedasticity using graphical
outputs, and measures of model fit were obtained using the MuMIn package (Barton, 2018).
Parameter significance was assessed using likelihood-ratio tests, coupled with profile confidence
intervals. Differences in drought resistance and resilience between management conditions were
then further investigated using Tukey-Kramer multiple comparison 95 percent confidence
intervals (Multcomp package, Hothorn et al., 2008).
5.3.3 Trade-offs between climate change adaptation, climate change mitigation and latesuccessional biodiversity conservation
We evaluated the trade-offs involved in managing for climate change adaptation, climate
change mitigation and late-successional biodiversity conservation (our management objectives),
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using data collected from a subset of 18 stands (i.e. N = 18) from the 24 mature stands previously
examined for drought resistance and resilience (Table 2.1).


Climate change adaptation - Our analysis used drought resistance and resilience (calculated
in Section 5.3.2) as response variables of interest in the context of managing for climate
change adaptation.



Climate change mitigation - Total non-soil carbon storage (i.e. total carbon stocks summed
across all live woody and non-woody vegetation, snags, coarse and fine down wood, and
stumps) was selected as the response variable of interest in managing for climate change
mitigation. Data was drawn from Williams and Powers (2019).



Late-successional biodiversity conservation - Species richness and abundance among latesuccessional songbirds were used as response variables relevant to late-successional
biodiversity conservation (see Chapter 4 of this document).

Data analysis
As silvicultural treatments are typically applied at the stand-scale, our analysis focused on
stand-scale trade-offs between climate change adaptation, climate change mitigation and latesuccessional biodiversity conservation, and not trade-offs across groups of stands or landscapes
(e.g. Carpentier et al., 2017; Creutzberg et al., 2017). Stand-scale indicators of drought resistance
and resilience were obtained by computing the mean drought resistance and mean drought
resilience across all trees within each stand. In order to facilitate comparison between objectives,
we then normalized our stand-scale response variables for each management objective on a scale
of 0 – 1, with 0 representing the minimum score across all stands in our dataset, and 1
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representing the maximum score (Bradford and D’Amato, 2012). The normalized stand-scale
benefit score for a given response variable (A), BAi, was calculated as (Bradford and D’Amato,
2012):

𝐵Ai =

(𝐴OBSi − 𝐴min)
(𝐴max − 𝐴min)

where AOBSi is the observed value for response variable A for stand i (with i = 1…N), Amin
is the minimum stand-scale observed value for response variable A, and Amax is the maximum
stand-scale observed value for response variable A.
Owing to the normalization and subsequent trade-off calculation (see below) process,
extremely high drought resilience in retention harvest stand, S09-M04, severely reduced the
normalized stand-scale benefit scores for our drought resilience response variable in all other
stands and artificially inflated trade-offs, particularly between drought resistance and drought
resilience. In order to avoid this artificial inconsistency, stand S09-M04 was excluded from our
trade-off analysis, and normalized benefit scores were recalculated across the reduced 17 stand
dataset. Observed values and normalized stand-scale benefit scores for each response variable
are listed in Table 5.1.
Trade-offs between combinations of response variables were calculated as the root mean
squared error (RMSE) of the normalized stand-scale benefit scores for the chosen response
variables (Bradford and D’Amato, 2012). For the case of two response variables, A and B, the
trade-off for stand i (TABi) is computed as:
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𝑇ABi

(BAi – 𝑥̅ ABi)2 (BBi – 𝑥̅ ABi)2
√
=
2

where 𝑥̅ ABi is the mean normalized benefit for response variables A and B, for stand i. In
this manner, trade-offs between all two-way, three-way and four-way combinations of response
variables were calculated for each stand. Each response variable combination was then expressed
as a management condition mean (averaged across all stands per management condition), and on
aggregate for the 17 stands included in our analysis. The five-way trade-off between drought
resistance, drought resilience, carbon storage, and late-successional species richness and
abundance was also computed.
In addition to trade-offs between each two-way, three-way and four-way response variable
combination, the mean multi-objective trade-off across all two-way response variable
combinations was computed for each stand and management condition. These two-way trade-off
means represent the average trade-off, for a stand or management condition, when managing for
climate change adaptation, climate change mitigation and late-successional biodiversity
conservation, using the response variables considered in this study. A similar procedure was used
to derive mean multi-objective trade-offs for three-way, and four-way response variable
combinations.
Differences between individual response variable combinations were examined visually for
each management condition, and across all stands. Differences in the mean multi-objective tradeoff magnitude for two-way, three-way, four-way and five-way response variable combinations,
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between management conditions, were then assessed using linear mixed models and multiple
comparisons in R (R Core Team, 2018). Mixed effects models were constructed using the
package nlme (Pinheiro et al., 2017), with treatment modelled as a fixed effect and block as a
random effect. Model residuals were evaluated for evidence of non-normality and
heteroscedasticity using graphical outputs, and logarithmic transformation or heterogeneous
variance structures utilized when necessary to satisfy these assumptions of the linear model
setting. Measures of model fit were obtained using the MuMIn package (Barton, 2018).
Significant differences were further investigated using Tukey-Kramer multiple comparison 95
percent confidence intervals (Multcomp package, Hothorn et al., 2008). Finally, we graphed the
magnitude of the mean multi-objective trade-offs for two-way to five-way response variable
combinations in order to visualize the increase in management complexity as additional
management objectives (and subsidiary objectives, as represented by the individual response
variables for each objective, in our study) are imposed.

5.4 Results
5.4.1 Management impacts on drought resistance and resilience
Among trees in our mature stands, drought resistance was associated with management
condition (Likelihood ratio (LR) chi-square statistic = 6.98, P-value = 0.031) (Table 5.2).
Drought resistance in trees in retention harvest stands was significantly higher greater than in
trees in thinned (difference in mean resistance index of -0.228 for a test of thinned – retention
harvest, 95 % multiple comparison confidence interval of -0.372 – 0.083) or unmanaged stands
(difference in mean resistance index of -0.249 for a test of unmanaged – retention harvest, 95 %
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multiple comparison confidence interval of -0.395 - 0.103) (Figure 5.1). However, trees in
unmanaged and thinned stands did not exhibit different mean drought resistance index. Tree
species was also related to drought resistance in our model (LR chi-square statistic 37.097, Pvalue < 0.001), and this was a result of higher drought resistance in western redcedar trees (Pvalue = 0.040) (Table 5.3), bigleaf maple trees (P-value = 0.014) and golden chinkapin trees (Pvalue < 0.001), than in Douglas-fir trees.
Drought resilience of trees in our mature stands was also related to management condition
(Likelihood ratio (LR) chi-square statistic = 14.356, P-value = 0.001) (Table 5.2). Trees in
retention harvest stands exhibited significantly higher drought resilience than trees in thinned
(difference in mean resilience index of -0.772 for a test of thinned – retention harvest, 95 %
multiple comparison confidence interval of -1.279 – 0.264), or unmanaged stands (difference in
mean resilience index of -0.776 for a test of unmanaged – retention harvest, 95 % multiple
comparison confidence interval of -1.283 – 0.268). Once again, drought resilience did not differ
between trees in thinned and unmanaged stands (Figure 5.1). Of the covariates included in our
model, western hemlock trees exhibited significantly lower drought resilience than Douglas-fir
trees (P-value < 0.000) (Table 5.4), while golden chinkapin tress exhibited significantly higher
drought resilience than Douglas-fir trees (P-value < 0.000), albeit with an extremely small
sample size. Basal area was positively associated with drought resilience (LR chi-square statistic
= 3.225, P-value = 0.045), although the effect size was extremely small (estimate of 0.002,
profile 95 % confidence interval of <0.001 to 0.004) (Table 5.4). The interaction of management
condition x basal area was significant and negative for retention harvest (P-value = 0.017,
estimate of -0.024 and profile 95 % confidence interval of -0.0429 to -0.040).
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5.4.2 Trade-offs between climate change adaptation, climate change mitigation and latesuccessional biodiversity conservation
Two-way multi-objective trade-offs were greatest when drought resilience was included as
one of the response variables. This reflected (i) the extremely low drought resilience benefit
scores of unmanaged and thinned stands - which typically had higher benefit scores for carbon
storage and biodiversity-related response variables, and (ii) extremely high drought resilience
benefit scores for retention harvest stands – which typically had low benefit scores for carbon
storage and biodiversity-related response variables. Aggregated over all 17 stands in our final
sample, two-way trade-offs were strongest for objective combinations of drought resilience –
late-successional species richness, drought resilience – carbon storage, and drought resilience –
late-successional species abundance (Table 5.5). Corresponding trade-offs involving drought
resistance were of lower magnitude owing to the reduced disparity between management
conditions relative to this response variable, but remained higher than trade-offs between carbon
and either biodiversity-related response variable (Table 5.5). Individual two-way multi-objective
trade-offs for all stands included in our analysis are presented in Figure 5.2.
Three-way multi-objective trade-offs were typically greatest for combinations of response
variables relating to all three management objectives that we examined (i.e. climate change
adaptation – climate change mitigation – late-successional biodiversity conservation). Consistent
with the magnitude of two-way multi-objective combinations, the strongest three-way trade-offs
all included drought resilience as one of the response variables; drought resilience – carbon
storage – species richness, drought resilience – species richness – abundance, and drought
resilience – carbon storage – abundance (Table 5.6).
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In our sample of mature stands, raw trade-off magnitude for individual response variable
combinations varied according to management condition, but were more similar between
unmanaged and thinned stands than either of these conditions and retention harvest stands
(Tables 5.5 and 5.6). This is consistent with the greater similarity in stand structure between
unmanaged and thinned stands (Williams and Powers, in press) than between thinned or
unmanaged stands and retention harvest stands.
Despite these differences in raw trade-off magnitude for individual response variable
combinations, the mean multi-objective trade-off magnitude for two-way, three-way, four-way
and five-way trade-offs was not significantly different between management conditions (Table
5.7). In absolute terms, however, mean multi-objective trade-off magnitude was consistently
lowest in thinned stands, and consistently highest in retention harvest stands, with the difference
between unmanaged and retention harvest management conditions being much greater than that
between thinned and unmanaged stands. Our results also demonstrate the increase in
management complexity that typically accompanies increasing numbers of objectives. Among
the objectives considered in this analysis, mean multi-objective trade-off magnitude increased as
additional response variables were added to the response variable combinations (Figure 5.3).
This pattern was true irrespective of management condition.

5.5 Discussion
5.5.1 Management impacts on drought resistance and resilience
Our results suggest that the high-intensity overstory density reductions that characterized
our retention harvest treatment promoted drought resistance and resilience among residual trees,
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when assessing a drought event occurring 1 - 18 years after harvesting. Trees in our retention
harvest management condition exhibited significantly higher resistance and resilience to the
2001 drought, up to two decades following treatment, than trees in unmanaged stands. Increases
in drought resistance and resilience, or radial growth, among overstory trees following heavy
thinning have been observed in a variety of coniferous species in the U.S. Southwest (Kerhoulas
et al., 2013), Central and Southern Europe (e.g. Guillemot et al., 2015; Sohn et al., 2016b;
Navarro-Cerillo et al., 2019), and East Asia (Park et al. 2018). Our results extend these findings
on drought resistance and resilience to retention harvest treatments involving lower basal area
retention than most thinnings, and to Douglas-fir-dominated forests. In other forest types, the
effect of retention harvesting on tree water status in dispersed residual trees has been negative
(Bladon et al., 2006 and 2007) or neutral (Powers et al., 2009). We did not directly examine
individual tree water relations, or soil moisture balance. However, elevated radial growth among
residual trees in retention harvest stands (relative to trees in unmanaged stands), during a period
of low region-wide PDSI values, is consistent with the idea that these trees had improved access
to moisture – a limiting resource for growth in Douglas-fir at low- to moderate-elevation in
western North America (Littell et al., 2008) - during this period.
In contrast to trees in our retention harvest treatment, we found no evidence of an enduring
increase in tree-scale drought resistance or resilience as a result of the lower intensity overstory
density reductions associated with our thinning treatment. Although previous studies have
detected increased drought resistance and resilience (e.g. D’Amato et al., 2013; Sohn et al.,
2013), or growth increment (e.g. McDowell et al., 2003 and 2006) at the tree- or stand-scale
following low- to moderate-intensity overstory density reduction, such responses are typically
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less pronounced, and are less common after low-moderate intensity density reductions than
following higher-intensity overstory density reduction (e.g. Sohn et al., 2013; Guillemot et al.,
2015; Park et al., 2018). Further, while thinning appears to alleviate competition for limited
resources (e.g. Yaussy et al., 2013; Vernon et al., 2018), any release from competitive pressure
provided by the light thinning treatment in our study was likely transient, as a result of increased
leaf area and root growth among residual trees (Sohn et al., 2016a), a process that is likely to be
rapid in Douglas-fir (Erikson et al., 2009). Overstory density reduction in our thinned stands was
conducted 15 to 30 years (mean = 22 years) before the 2001 drought, over a decade earlier than
in our retention harvest stands (mean = 6 years, range = 1 – 18 years). Growth responses to
thinning in older conifers may be delayed (e.g. Latham and Tappeiner, 2002; Kerhoulas et al.,
2013), and it remains possible that the thinning treatment we examined would have reduced
drought vulnerability in our mature stands, had the drought event that we examined occurred
within 15 years of overstory density reduction.
Our findings are also consistent with the existence of differences in drought vulnerability
between the dominant coniferous species in moist, low- moderate-elevation Douglas-fir forests.
Species-specific differences in hydraulic architecture and physiological responses to moisture
stress help determine the ultimate causes of mortality during drought events (McDowell et al.,
2008; McDowell and Allen, 2015), and underlie current distributions of tree species at regional
to continental scales (Russell et al., 2014). Variability in species’ responses to moisture
limitations following overstory density reduction are, therefore, to be expected, and have been
found in many forest types (e.g. Bladon et al., 2007; Vernon et al., 2018; Navarro-Cerillo et al.,
2019). In the Western Hemlock Zone of western Oregon, Douglas-fir and western hemlock are
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the dominant species (reflected in the two species comprising 93 % of our sample), and our
findings suggest that the latter is significantly less resilient to moisture shortage than the former.
Although Douglas-fir growth is less resilient to persistent drought than co-occurring species in
the drier forests to the east of the Cascade Range (Vernon et al., 2018), the species is able to
tolerate a relatively broad moisture gradient (Littell et al., 2008), and possesses adaptations to
cope with seasonal soil moisture shortages (Phillips et al., 2008; Nadezhdina et al. 2009). By
contrast, western hemlock is physiologically less suited to conditions of moisture stress,
possessing a shallower root system and lesser capacity for hydraulic redistribution (e.g. Meinzer
et al., 2007). Accordingly, western hemlock occupies a narrower range of mesic site conditions
(Franklin and Dyrness, 1988). The differences in drought resilience that we detected are
consistent with these physiologically-driven differences in site occupancy.
5.5.2 Trade-offs between climate change adaptation, climate change mitigation and biodiversity
conservation
The results of this study illustrate the potential trade-offs involved in managing forests for
climate change- and biodiversity-related objectives. Whereas many previous analyses of multiobjective forest management trade-offs adopt landscape- or meso-scale perspectives on
management outcomes (e.g. Carpentier et al., 2017; Eyvindson et al., 2017), our evaluation was
restricted to the stand-scale. At this spatial scale, major inconsistencies were apparent in
managing for carbon storage, drought resistance and resilience and late-successional species
richness and abundance, suggesting a need for prioritization of the ecosystem goods and services
desired from individual stands. However, in agreement with D’Amato et al., (2011), Schwenk et
al. (2012), and Burton et al. (2013), our results also demonstrate that manipulating overstory
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density is an effective means of adjusting the position of a stand along the gradient of possible
benefits and trade-offs for a given combination of management objectives.
The management conditions examined in this study represent a range of overstory and
understory structural conditions (Williams and Powers, in press), and our findings suggest that
stand structures providing high relative drought resistance and resilience may not be consistent
with the conservation of older forest biodiversity. Trade-offs between carbon storage, drought
resistance and resilience and late-successional species richness and abundance were a
consequence of low late-successional species richness and abundance in retention harvest stands,
coupled with low drought resilience and, to a lesser extent, drought resistance, in unmanaged and
thinned stands. The consistency of biodiversity conservation and climate change adaptation, as
forest management objectives, has rarely been considered in the literature. However, songbirds
associated with older forest typically respond poorly to harvest treatments that remove a
significant portion of the overstory (e.g. Schwenk et al., 2012; Perry et al., 2018; Chapter 4, this
dissertation), while heavy thinning has been linked with reduced drought vulnerability in a
variety of forest types (e.g. Sohn et al., 2016; Park et al., 2018). Further, our findings are
consistent with the reductions in ecologically important forest-interior soil fauna detected by
Henneron et al. (2015), in one of the few studies to empirically evaluate the impact on
biodiversity of silviculture for drought resistance. In light of the emphasis placed on latesuccessional biodiversity in many temperate regions, and the imperative to adapt forests to a
changing climate, the trade-offs between these two objectives that we observed suggests a need
for additional research on this theme. In particular, there is a need to determine the extent to
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which our findings can be generalized to other taxa of forest biodiversity, and across a broader
set of residual stand density conditions.
As a consequence of our focus on late-successional forest wildlife, trade-offs between
biodiversity conservation and carbon storage mitigation were relatively low, irrespective of
management condition. For retention harvest stands, low trade-offs were a result of low mean
benefits for both carbon storage and late-successional biodiversity, while in unmanaged stands,
carbon storage and late-successional biodiversity benefits were each relatively high, again
resulting in low trade-offs. The consistency between these objectives in our study is undoubtedly
affected by our focus on older forest-associated wildlife (Schwenk et al., 2012; Kline et al.,
2016). Many previous trade-off analyses utilize habitat structures as proxies for biodiversity (e.g.
Carpentier et al., 2017; Mina et al., 2017; Liu et al., 2018), and typically select structural
elements associated with unmanaged older forests, resulting in limited trade-offs between carbon
and biodiversity (although see Eyvindson et al., 2017 for a landscape-scale analysis of a broader
suite of forest wildlife habitat indices). Selection of different taxa, or taxa associated with
successional stages or ecosystems other than older forests may, however, result in much greater
trade-offs between carbon and biodiversity (e.g. Dickie et al., 2011; Phelps et al., 2012; Burton et
al., 2013), or complex trade-offs relationships (e.g. Martin et al., 2015; Cai et al., 2016;
Lautenbach et al., 2017).
Of the multi-objective trade-offs assessed in this study, those between climate change
adaptation and climate change mitigation were most strongly influenced by management
condition. Whereas unmanaged and thinned stands generally exhibited relatively high carbon
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storage and low drought resistance and resilience, resulting in moderate trade-off magnitude,
retention harvest stands exhibited high trade-offs between these objectives. It is notable that
climate change adaptation in the forestry sector encompasses a variety of possible management
options (Janowiak et al., 2014; Swanston and Janowiak, 2016), suited to a range of climatic
changes and associated disturbance phenomena, and we examined only one climate scenario –
that of increased moisture stress. However, the inconsistency we noted between carbon storage
and drought resistance and resilience is in accordance with trade-offs between climate change
mitigation and climate change adaptation reported by D’Amato et al. (2011). Further research
should seek to examine the carbon storage and/or sequestration implications of adaptive
strategies suited to a variety of other climate change stresses.

5.6 Management implications
Differences in drought resistance and resilience among the three management conditions
examined in this study suggest that active management warrants consideration as an adaptive
strategy for late-successional forests faced with increasing moisture stress as a result of global
climate change. Although we evaluated relative growth responses of mature Douglas-fir stands
to a single drought episode, and not absolute drought vulnerability, moisture availability is a
limiting resource for Douglas-fir in western North America (Littell et al., 2008, Restaino et al.
2016), and the forests of western Oregon are likely to experience more severe seasonal droughts
as a consequence of climate change (Chmura et al., 2011; Reilly et al., 2018). In this context,
reductions in overstory density that alleviate moisture stress may reduce the risk of droughtrelated forest dieback (McDowell et al., 2008; Allen et al., 2015, Bottero et al. 2017), and the
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associated impacts on the functional integrity and ecosystem services provided by these forests
(Anderegg et al., 2012). Moreover, by reducing individual tree moisture stress, reductions in
stand density may reduce the vulnerability of forests in western Oregon to a wide range of
additional stressors (Agne et al., 2018). However, our results suggest that individual applications
of low-moderate intensity thinning operations may not produce long-lasting impacts on drought
resistance and resilience. Higher intensity density reductions may be necessary to produce these
long-lasting impacts, but higher intensity retention harvest treatments were associated with tradeoffs in our study that must be carefully weighed in the context of broader management goals and
stakeholder values.
Trade-offs between drought resistance and resilience, and late-successional species
richness and abundance in the three management conditions examined in this study point to a
need for further research on innovative management options capable of achieving diverse
ecological objectives in older forests, without compromising the social license for management
implementation. Our results could suggest that reductions in overstory density of sufficient
intensity to improve drought vulnerability over the medium-term may also reduce habitat
suitability for late-successional forest fauna. In so doing, such treatments are likely to be
unpopular with key stakeholder groups (Spies et al., 2010), even when paired with strategies to
ameliorate loss of old-forest structures, such as greater legacy retention during harvest (Franklin
and Johnson, 2012). By contrast, low-moderate intensity thinning minimized trade-offs between
the management objectives examined here, and may be socially acceptable (Curtis, 1995), but
failed to improve drought resistance and resilience over the medium-term. Repeated lowmoderate-intensity thinning may provide an alternative to either of the active management
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approaches examined in this study by sustaining any short-lived reductions in drought
vulnerability that accrue from overstory density reduction (D’Amato et al., 2013; Sohn et al.,
2016a). Such treatments could also be paired with dead wood retention or creation during harvest
(Maguire and Chambers, 2005; Keeton, 2006; Williams and Powers, in press), to improve habitat
quality for dead wood-dependent biodiversity. The impact of this silvicultural option on older
forest ecology, and ecosystem service provision is understudied in many forest types, and this is
an important future research direction relevant to understanding of both managing for climate
change adaptation, and the trade-offs between climate change adaptation and other management
objectives.
Our findings also illustrate the added complexity associated with incremental addition of
new forest management objectives, or demands on forest resources. Increasing the number of
response variables included in our analysis of mean multi-objective trade-offs resulted in a
monotonic increase in the mean trade-off magnitude. Implementing management strategies to
minimize trade-offs with respect to a given combination of objectives begins with an assessment
of the relationship between objectives, such as that provided here, and proposed by Bradford and
D’Amato (2012). A variety of alternative methods for evaluating trade-offs and assisting in
management decision-making under conditions of known or unknown ownership preferences
have been proposed, including those based on informal graphical and numerical exploration (e.g.
D’Amato et al., 2011; Creutzberg et al., 2017), multi-criteria decision analysis (MCDA) (e.g.
Furstenau et al., 2007; Schwenk et al., 2012), production possibility frontiers (e.g. Ager et al.,
2016; Yang et al., 2018) and linear optimization methods (e.g. Eyvindson et al., 2017; Heinonen
et al., 2017). Whereas many of these alternative methods require significant amounts of data, and
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computational resources, the Bradford and D’Amato (2012) approach we adopted is easily
implemented, sufficiently flexible to accommodate a wide variety of management objectives,
and may be integrated into a hierarchical MCDA framework to incorporate information on
landowner preferences for specific objectives. However, while the approach we used can readily
quantify the magnitude of trade-offs between large numbers of objectives, and compare these
trade-offs under different management approaches, understanding the drivers of individual tradeoff scores remains challenging for combinations of more than two objectives. Moreover, the
intense public scrutiny to which proposed forest management actions are subjected, in many
temperate regions, suggests that integrating social preferences into the trade-off evaluation
process would provide a more realistic assessment of the ecological merit and practical
feasibility of alternative management options (Keough and Blahna, 2006; Bartlett, 2012; Lenart
and Jones, 2014).
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5.9 Figures and tables

Figure 5.1 Multiple-comparison 95 % confidence intervals for differences in drought resistance
and drought resilience between trees in stands representing unmanaged (Unman), thinned (Thin)
and retention harvest (Rt_hv) management conditions.
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Figure 5.2 Graphical depiction of trade-offs for 2-way response variables. Normalized benefit
scores for response variables (drought resistance, drought resilience, total non-soil carbon
storage, late-successional species richness and late-successional abundance) are presented on xand y-axes. Points represent stands (filled circles = unmanaged, open circles = thinned, filled
triangles = retention harvest). Dotted lines represent a line of 0 trade-offs, with trade-off
magnitude increasing with perpendicular distance from this line.
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Figure 5.2 (continued) Graphical depiction of trade-offs for 2-way response variables.
Normalized benefit scores for response variables (drought resistance, drought resilience, total
non-soil carbon storage, late-successional species richness and late-successional abundance) are
presented on x- and y-axes. Points represent stands (filled circles = unmanaged, open circles =
thinned, filled triangles = retention harvest). Dotted lines represent a line of 0 trade-offs, with
trade-off magnitude increasing with perpendicular distance from this line.
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Figure 5.3 Graphical depiction of the magnitude of mean-multi-objective trade-offs for two-way,
three-way, four-way and five-way response variable combinations for stands representing
unmanaged, thinned and retention harvest management conditions, and on aggregate across all
stands.
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Table 5.1 Observed values and normalized benefit scores used in calculating multi-objective trade-offs for 17 mature Douglas-fir
stands in western Oregon representing unmanaged, thinned and retention harvest treatments.
Stand ID
Unmanage
d
S01-M01
S03-M01
S04-M01
S05-M01
S06-M01
S09-M01

Observed values
Drought
Drought
resistance
resilience
0.99
0.90
0.87
0.88
0.90
0.89
0.94
0.84
0.87
0.89
0.96
0.91

Abundance

477
658
652
570
507
397

Species
richness
11
8
7
6
11
9

15
7
5
6
9
13

Normalised benefit scores
Drought
Drought
resistance
resilience
0.44
0.14
0.16
0.12
0.23
0.12
0.32
0.05
0.16
0.12
0.37
0.17

Thinned
S01-M02
S03-M02
S04-M02
S05-M02
S06-M02
S09-M02

1.01
0.82
0.85
1.13
0.92
0.80

0.88
0.85
0.81
1.16
0.87
0.82

1013
247
525
553
558
469

9
7
8
8
10
8

12
5
7
7
10
8

0.49
0.04
0.12
0.78
0.29
0.00

Retention harvest
S01-M04
1.07
S03-M04
1.04
S04-M04
0.98
S05-M04
1.22
S06-M04
1.02

1.15
1.12
1.40
1.25
1.42

219
280
167
300
193

8
7
4
4
8

9
4
4
3
6

0.64
0.56
0.43
1.00
0.52

Carbon stocks

Carbon stocks

Abundance

0.37
0.58
0.57
0.48
0.40
0.27

Species
richness
1.00
0.57
0.43
0.29
1.00
0.71

0.11
0.05
0.00
0.57
0.09
0.01

1.00
0.09
0.42
0.46
0.46
0.36

0.71
0.43
0.57
0.57
0.86
0.57

0.73
0.16
0.32
0.32
0.57
0.41

0.56
0.51
0.97
0.73
1.00

0.06
0.13
0.00
0.16
0.03

0.57
0.43
0.00
0.00
0.57

0.49
0.08
0.08
0.00
0.24

1.00
0.32
0.16
0.24
0.49
0.81
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Table 5.2 Linear model outputs for a test of treatment differences for drought resistance and
drought resilience in trees representing unmanaged, thinned and retention harvest management
conditions.
Variable

Unmanaged
(mean/SE)

Thinned
(mean/SE)

Likelihood
ratio χ2
statistic
14.356

Likelihood
ratio Pvalue
0.001

Marginal
R2

Conditional
R2

RMSE

0.91 (0.02)

Retention
harvest
(mean/SE)
1.63 (0.22)

Drought
resistance
Drought
resilience

0.91 (0.01)

0.474

0.548

0.988

0.92 (0.01)

0.95 (0.01)

1.14 (0.06)

6.98

0.031

0.076

0.141

0.365

Table 5.3 Parameter estimates, statistics and profile 95 % confidence intervals for covariates
included in a model for drought resistance.
Coefficient (1)

Estimate

t-statistic

P-value

95% C.I. lower

95% C.I. upper

Sample size

BASAL_AREA

0.001

2.551

0.013

0.000

0.002

NA

SPECIES_TSHE

-0.038

-1.107

0.269

-0.105

0.029

244

SPECIES_THPL

0.112

2.013

0.044

0.002

0.22

43

SPECIES_ACMA

0.194

2.415

0.016

0.036

0.351

22

SPECIES_ALRU

-0.162

-1.457

0.145

-0.381

0.056

10

SPECIES_CADE

0.161

1.386

0.166

-0.067

0.388

9

SPECIES_ARME

-0.170

-1.432

0.152

-0.402

0.063

7

SPECIES_CHCH

0.543

3.803

0.000

0.263

0.823

5

SPECIES_PILA

0.236

1.174

0.241

-0.158

0.63

2

SPECIES_ABGR

-0.275

-1.022

0.307

-0.803

0.253

1

CC_MID

0.021

0.652

0.515

-0.43

0.086

NA

(1) SPECIES_TSHE = incremental effect of species, western hemlock; SPECIES_THPL = incremental effect of species, western redcedar;
SPECIES_ACMA = incremental effect of species, bigleaf maple; SPECIES_ALRU = incremental effect of species, red alder; SPECIES_CADE
= incremental effect of species, incense cedar; SPECIES_ARME = incremental effect of species, Pacific madrone; SPECIES_CHCH =
incremental effect of species, golden chinkapin; SPECIES_PILA = incremental effect of species, sugar pine; SPECIES_ABGR = incremental
effect of species, grand fir; CC_MID = incremental effect of canopy class, mid-story.
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Table 5.4 Parameter estimates, statistics and profile 95 % confidence intervals for covariates
included in a model for drought resilience.
Coefficient (1)

Estimate

t-statistic

P-value

95% C.I. lower

95% C.I. upper

Sample size

BASAL_AREA

0.001

3.430

0.001

0.325

1.22

NA

SPECIES_TSHE

-0.145

1.830

0.071

-0.0001

0.003

244

SPECIES_THPL

-0.017

-3.722

0.000

-0.221

-0.068

43

SPECIES_ACMA

0.103

-0.289

0.773

-0.131

0.097

22

SPECIES_ALRU

-0.157

1.144

0.253

-0.073

0.279

10

SPECIES_CADE

0.140

-1.366

0.172

-0.382

0.068

9

SPECIES_ARME

-0.036

1.023

0.306

-0.129

0.41

7

SPECIES_CHCH

0.633

-0.254

0.800

-0.318

0.245

5

SPECIES_PILA

0.008

3.814

0.000

0.307

0.958

2

SPECIES_ABGR

-0.157

0.036

0.972

-0.444

0.46

1

CC_MID

0.012

-0.427

0.669

-0.876

0.562

NA

1) Model parameter codes identical to those in Table 5.3

Table 5.5 Trade-off magnitude for two-way response variable combinations for unmanaged,
thinned and retention harvest management conditions, and aggregated across all stands. DRS =
drought resistance, DRL = drought resilience, C = total non-soil carbon stocks, RICH = latesuccessional species richness, ABUN = total late-successional abundance.
Response variable
combination (1)

Aggregated

Unmanaged

Thinned

Retention
harvest

DRS-DRL

0.100

0.080

0.076

0.143

DRS-C

0.177

0.111

0.144

0.276

DRS-RICH

0.189

0.199

0.201

0.168

DRS-ABUN

0.168

0.137

0.143

0.225

DRL-C

0.228

0.162

0.182

0.339

DRL-RICH

0.245

0.273

0.240

0.223

DRL-ABUN

0.220

0.192

0.181

0.288

C-RICH

0.148

0.168

0.124

0.150

C-ABUN

0.111

0.180

0.060

0.093

RICH-ABUN

0.095

0.097

0.103

0.084
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Table 5.6 Trade-off magnitude for three-way response variable combinations for unmanaged,
thinned and retention harvest management conditions, and aggregated across all stands. DRS =
drought resistance, DRL = drought resilience, C = total non-soil carbon stocks, RICH = latesuccessional species richness, ABUN = total late-successional abundance.
Response variable
combination (1)

Aggregated

Unmanaged

Thinned

Retention
harvest

DRS-DRL-C

0.213

0.152

0.169

0.318

DRS-DRL-RICH

0.231

0.239

0.227

0.225

DRS-DRL-ABUN

0.206

0.173

0.169

0.276

DRS-C-RICH

0.223

0.208

0.196

0.264

DRS-C-ABUN

0.195

0.184

0.146

0.257

DRS-RICH-ABUN

0.195

0.185

0.186

0.213

DRL-C-RICH

0.267

0.257

0.230

0.313

DRL-C-ABUN

0.241

0.228

0.180

0.316

DRL-RICH-ABUN

0.244

0.245

0.224

0.264

C-RICH-ABUN

0.154

0.198

0.123

0.142

Table 5.7 Linear model outputs for a test of treatment differences for mean multi-objective tradeoffs for two-way, three-way, four-way and five-way response variable combinations for stands
representing unmanaged, thinned and retention harvest management conditions.
Variable

Unmanaged
(mean/SE)

Thinned
(mean/SE)

5-way
combination
4-way
combination
3-way
combination
2-way
combination

0.237
(0.082)
0.227
(0.082)
0.208
(0.073)
0.158
(0.055)

0.215
(0.062)
0.203
(0.060)
0.187
(0.055)
0.145
(0.043)

Retention
harvest
(mean/SE)
0.304
(0.095)
0.286
(0.092)
0.258
(0.089)
0.198
(0.068)

F-statistic

F-test Pvalue

Marginal
R2

Conditional
R2

RMSE

1.811

0.218

0.216

0.216

0.072

1.596

0.255

0.195

0.195

0.071

1.376

0.301

0.172

0.172

0.065

1.323

0.314

0.167

0.167

0.050
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CHAPTER 6: CONCLUSION
Diversification of forest management objectives, as a consequence of global change and
demand for a more varied blend of ecosystem services, has increased the complexity of forest
stewardship over recent decades. While sustainable timber production was previously a dominant
goal on forest ownerships throughout the temperate zone, extensive tracts of forests are now
managed for production of a diverse suite of non-timber forest products and/or ecosystem
services (Birdsey and Pan, 2015; FAO, 2018; Liu et al., 2018). Biodiversity conservation is
already a driver of, or factor in, forest policy and management in many regions (Thomas et al.,
2006; FSC-US, 2010; Sotirov and Sorch, 2018), and is likely to become even more pivotal as a
consequence of the continued, and well-publicized decline in global biodiversity (IPBES, 2019).
Equally significant, and intricately linked with biodiversity decline, is the challenge presented by
climate change (e.g. Garcia et al., 2014), the ramifications of which will affect ecosystems at
global to local levels, and in ways that remain difficult to predict with a high degree of accuracy
(Anderegg et al., 2012; Wein et al., 2012). As a large and relatively responsive terrestrial carbon
reservoir (e.g. Post et al., 1990), forests are central to both global climate change mitigation
options, and to the emission of greenhouse gases driving climate change (e.g. Stern, 2007;
McKinley et al., 2011). Maintaining or enhancing carbon stocks, or reducing rates of emission
from forest degradation and land-use change are now mandated, encouraged or incentivized via
carbon markets in forests on public and private land throughout the world, and mitigating climate
change has therefore become an important management consideration (Dilling et al., 2013;
Kemp et al., 2015). Frameworks for incorporating climate change adaptation into forest
management are more recent in their development, but now provide detailed guidance for
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identifying and implementing adaptive actions appropriate for local circumstances (Janowiak et
al., 2014; Swanston et al., 2016). As climate change adaptation, climate change mitigation and
biodiversity conservation become more central to forest management, there is a need for greater
understanding of the stand-scale trade-offs between these objectives associated with the adoption
of alternative silvicultural approaches. Research on multi-objective trade-offs has intensified
over the past decade, but few studies have addressed climate change adaptation, climate change
mitigation and biodiversity conservation simultaneously. This dissertation research evaluated
trade-offs between climate change adaption, climate change mitigation, and late-successional
biodiversity conservation across three alternative management conditions in mature Douglas-fir
(Pseudotsuga menziesii (Mirb.) Franco) stands in western Oregon. By focusing on stands in the
mature phase of stand development, this study also provided insights into the ecology of a
relatively understudied period in the structural development of Douglas-fir stands.
Stand structure is a foundation for understanding the ability of forest stands to achieve
management objectives, and Chapter 2 of this dissertation provided a comprehensive description
of the structure of mature Douglas-fir -dominated forests in the Western Hemlock (Tsuga
heterophylla (Raf.) Sarg.) Plant Zone (henceforth, Douglas-fir forests). This study also sought to
assess relative progress toward the development of old-growth structure. Previous analyses of the
structure of young to mature Douglas-fir stands have indicated that active management may
accelerate the development of certain elements of old-growth complexity, including stimulating
understory tree and shrub growth (e.g. Bailey and Tappeiner, 1998; Shatford et al., 2009), and
the development of multiple canopy layers (e.g. Comfort et al., 2010; Kuehne et al., 2015). In
contrast to many of these previous analyses, which focused on individual structural components
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or canopy layers, we sampled a wide range of structural attributes associated with the live
overstory and understory, dead wood in standing, down and stump pools, and the combined
vertical foliage structure. Stands sampled in this study represented unmanaged, thinned and
retention harvest management conditions. Sampling was conducted an average of 38 years and
22 years following treatment (mean for thinned and retention harvest conditions, respectively)
and stands were aged 106 - 193 years at the time sampling. Descriptive multi-variate analysis of
stand structure indicated far greater differences between the structure of retention harvest stands
and either unmanaged or thinned stands, than between unmanaged and thinned conditions.
Understory vegetation, stumps and heterogeneity in stem size were among the primary drivers of
aggregate differences in structure, with unmanaged stands, on average, having a sparse
understory, small stump population and high diversity of overstory stem diameters, and retention
harvest stands having a structurally diverse understory, a large stump population and high size
inequality between cohorts of trees. Low stumps are frequently overlooked in analyses of forest
structure, but may provide a range of important ecological functions (e.g. Harmon and Franklin,
1989; Huffman et al., 1993). Differences in the volume and decay state of stumps and other dead
wood structures among management conditions in this study imply the potential for a degree of
substitution by large stumps in mature Douglas-fir stands managed using a retention harvests, for
the functions typically provided by other dead wood structures in unmanaged stands. In contrast
to the abundance and biomass of stumps in retention harvest stands, thinned stands were, as a
group, characterized by low overall dead wood abundance. Thinned stands did, however, exhibit
relatively high foliage continuity from the forest floor to upper canopy.

268
High vertical foliage continuity is a characteristic of old-growth Douglas-fir stands (e.g.
Ishii et al., 2004; Van Pelt and Nadkarni, 2004). Results from this study of mature stand structure
reinforce the potential of active management for accelerating the development of vertical foliage
continuity in stands lacking existing vertical heterogeneity. Thinned and unmanaged stands did
not differ with respect to scores on two indices of old-growth structure. However, higher scores
for thinned stands on an index of foliage height diversity, and greater understory and mid-canopy
development, supported the role of active management in fostering structural diversity,
consistent with the ecological effects of natural overstory mortality. Our results, therefore, imply
that thinning may enhance complexity among live vegetation, while also reducing complexity
among dead wood structures. Combining overstory density reduction with measures to retain
and/or create dead wood may provide for structural complexity development without the
depletion of snag and log volumes that was evident in thinned stands in this study (Keeton 2006;
Young et al., 2017; Keren and Diaci, 2018). Our mature stands also indicate that, while active
management may help accelerate the development of some aspects of structural complexity in
mature Douglas-fir stands, it should not be viewed as a necessity; unmanaged mature stands in
this study exhibited a wide range of structural conditions, with some displaying considerable
existing complexity in live and/or dead vegetation. In stands with this existing complexity, active
management may reduce or inhibit further development of structural complexity, more than
enhance it (Franklin et al., 2007).
Changes in stand structure that remove or redistribute organic matter have a direct effect
on forest carbon, and its distribution between pools in the forest ecosystem. Chapter 3 of this
dissertation examined the implications of active management for mature stand carbon storage.
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Sampling was conducted in the same stands and management conditions in which stand structure
was previously examined, and included all live and dead vegetation – soil carbon, inclusive of
litter, was excluded from sampling. Total non-soil carbon stocks in retention harvest stands were
significantly lower than in unmanaged or thinned stands, which was a consequence of much
lower carbon storage in live overstory trees. Live overstory trees comprised the dominant carbon
pool in mature Douglas-fir stands, and the effect on total non-soil carbon of reduced overstory
density, in retention harvest stands, considerably outweighed the effect of significantly greater
carbon storage in understory vegetation. Two to five decades following treatment, thinned stands
stored similar total non-soil carbon than unmanaged stands, and comparable levels of overstory
carbon. Although stand structure analysis indicated a depleted dead wood pool in thinned stands,
relative to unmanaged, carbon stocks in individual dead wood pools were not significantly
different between management conditions - a product of high variability in snag and down wood
carbon between stands. By contrast, stump carbon was significantly higher in retention harvest
stands, where it comprised up to 20 percent of total non-soil carbon, than in other management
conditions. This is consistent with observations (Chapter 2) that stumps of mature Douglas-fir
trees remain important physical structures several decades following treatment.
Averaged across all stands included in this study, estimates of carbon storage in mature
stands exceeded those previously reported in regional inventory-based analyses (e.g. Van Tuyl et
al., 2005; Hudiberg et al., 2009). Carbon storage accumulates at different rates according to
climate, site, and intervention by disturbances (Larson et al., 2008; Bell and Gray, 2013; Gray et
al., 2016), in addition to vegetation type. The Douglas-fir stands included in this study spanned a
range of overstory densities and site conditions, and are therefore analogous to the breadth of
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structures and sites present in large-scale regional datasets. Our finding of lower total non-soil
carbon in stands managed using retention harvest than in unmanaged stands is analogous to the
relatively low in-situ carbon stocks from heavily disturbed sites in inventory-based analyses
(although difference exist in the relative carbon losses from decay and harvest) (Bell and Gray,
2013; Gray et al., 2016), and consistent with long-term reductions in in-situ carbon storage noted
previously in some older stands managed using high intensity harvest strategies (e.g. Chattergee
et al., 2009; Puhlick et al., 2017). Although the comparable levels of total non-soil carbon
storage in thinned and unmanaged stands in our study is contra to the general tendency for lower
in-situ carbon stocks in actively managed than unmanaged stands of all ages (e.g. Mund and
Schulze, 2006; Powers et al., 2011; Zhou et al., 2013) differences in carbon storage between light
thinning treatments and unmanaged stands are highly variable between studies (Ruiz-Peinado et
al., 2017). Our findings are, therefore, broadly consistent with existing work on management
impacts on forest carbon storage. Moreover, high mean total non-soil carbon storage across all
mature stands in this study, relative to inventory-based estimates from old-growth forests, is
consistent with the idea that stand-scale carbon storage approaches its maximum by the onset of
old-growth conditions in the productive, low-elevation forests of the Western Hemlock Zone.
Further, while average total non-soil carbon storage in stands sampled in this study was much
lower than previously reported upper bounds for old-growth Douglas-fir forests (Smithwick et
al., 2002; Sillett et al., 2018), our maximum stand-scale estimates of total non-soil carbon were
much more consistent with these upper limits.
In Chapter 4, differences in the songbird community between the unmanaged, thinned and
retention harvest stands sampled for structure and carbon were assessed using point count
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sampling. Songbird relative abundance was assessed, two to five decades following treatment
implementation (described above), using a guild-based approach, with a focus on species
associated with late-successional Douglas-fir forests. Consistent with previous research in latesuccessional temperate forests, songbirds associated with older forest did not respond uniformly
to overstory density reduction (e.g. Kellner et al., 2016; Perry et al., 2018). Thus, while latesuccessional songbird relative abundance in thinned stands was only marginally lower than
unmanaged stands – a difference that was not statistically significant – songbird community
composition differed between these two management approaches. In particular, primary cavity
nesters were much less abundant, in relative terms, in thinned than unmanaged stands; although
models did not indicate any association between lower relative abundance in thinned than
unmanaged stands and key dead wood structures, this finding is consistent with the low dead
wood availability in thinned stands, observed in Chapter 2. By contrast, species associated with
conifer foliage were present in greater relative abundance in thinned than unmanaged or
retention harvest stands, and detections of ground foragers – species whose foraging strategy
benefits from the patchy distribution of herbs, shrubs and open leaf litter found in old-growth
forests – were also highest in thinned. Once again, although model covariates did not indicate
any relationship between these trends and specific structural variables, these results are entirely
consistent with the increased foliage height diversity and greater understory development in
thinned than unmanaged stands (Chapter 2).
Several decades following treatment implementation, the songbird community of retention
harvest stands was more comparable with expectations for an early-seral landscape, than latesuccessional forest. Analysis of the structure of retention harvest stands, in Chapter 2, revealed
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conditions similar to development following moderate- to high-severity disturbance (e.g. Zenner
2005; Tepley et al., 2013). Significantly higher relative abundance of understory leaf gleaners in
retention harvest stands in this study, than either alternative management condition, accords with
this perspective. Moreover, models revealed an associated between these understory leafgleaners and certain components of the woody understory, supporting the idea that differences in
vegetation structure and composition contributed to the observed differences in understory
songbird community. Of interest for future research, given these observations, is the timeframe
over which the songbird community in retention harvest stands converges with that of
unmanaged and thinned mature stands – a process that could be expected to occur more rapidly
than it would in the absence of mature forest structural legacies (Franklin et al., 1997).
Low densities of mature overstory trees in retention harvest stands in this study contributed
to the low carbon storage and relative abundance of late-successional songbirds, seen in Chapters
3 and 4, but is consistent with reducing the density-dependent competition for resources that
underlies moisture stress during drought events. In Chapter 5, the effect of active management on
tree-scale resistance and resilience to the 2001 drought event was evaluated in the stands
previously sampled for structure, carbon and songbirds. Our results provide an indication of the
medium-term responses to active management – i.e. drought resistance and resilience up to
several decades following overstory density reduction. The results of this analysis reinforce the
utility of reductions in overstory density as a means of maintaining tree growth during drought
events (drought resistance, in this study), and facilitating recovery of growth to pre-drought
levels following drought (drought resilience). However, in our mature stands, only trees in
retention harvest stands exhibited higher drought resistance and resilience, than trees in
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unmanaged stands; the drought resistance and resilience of trees in thinned stands were
comparable to drought resistance and resilience of trees in unmanaged stands. Previous research
has demonstrated the short-term nature of thinning benefits for drought resistance and resilience
(e.g. Sohn et al., 2016), and it is important to note that overstory density reduction in thinned
stands in our dataset occurred several decades before the 2001 drought event. Thus, it is possible
that trees in thinned stands in this study would have demonstrated greater resistance and
resilience to a drought event in closer proximity to the time of overstory density reduction than
they did to the 2001 drought. Alternatively, repeated light thinning in the stands evaluated in this
study may have improved resistance and resilience to the 2001 drought (D’Amato et al., 2013).
The trends in drought resistance and resilience, late-successional songbird community
composition and carbon storage between management conditions in this study illustrate
important trade-offs between these three management objectives. In Chapter 5, these
inconsistencies were highlighted in a formal trade-off analysis. Trade-offs were expressed and
evaluated at the stand-scale using a flexible methodology for natural resource trade-off
assessment (Bradford and D’Amato, 2012). Particular interest lies in understanding the
compatibility of climate change adaptation and conservation of late-successional and old-growth
associated wildlife species. Reducing vulnerability to drought is already relevant to Douglas-fir
forests of western Oregon, and is likely to become more so as a result of climate change (e.g.
Littell et al., 2008; Rogers et al., 2011; Reilly et al., 2018). The conservation of biodiversity is
currently an even higher priority of management on federal lands in these forests (USDA and
USDI, 1994; Thomas et al., 2006; Phalan et al., 2019). Evaluating the performance of alternative
approaches to the management of mature Douglas-fir forests revealed that retention harvesting –
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a treatment involving relatively low levels of basal area retention - conferred high drought
resistance and resilience, but did not also support a diverse late-successional forest bird
community. By contrast, a no-harvest approach was most consistent with diversity of latesuccessional songbirds, but resulted in significantly lower resistance and resilience to drought
than retention harvesting. This inconsistency between resistance and resilience to climate change
(drought in the case of this study) and provision of habitat for late-successional biodiversity has
rarely been considered in the existing literature on multi-objective trade-offs, but has important
implications for management, particularly in the PNW. No-harvest strategies are the prevailing
approaches to managing mature Douglas-fir stands in the PNW (Thomas et al., 2006). Our
findings indicate that this may be more suited to the provision of habitat for late-successional
species than treatments involving low levels of basal area retention. However, over the longerterm, drought has the potential to fundamentally alter stand structure (Anderegg et al., 2012),
including through mortality events (Allen et al., 2015). These alterations to stand structure may
compromise the longer-term habitat suitability, for late-successional species, of stands managed
using a no-harvest approach. Balancing these tensions, while also satisfying the many other
common demands on forests, presents considerable challenges for forest managers. The findings
of this study, therefore, also point to the need for future research on the relationship between
climate change adaptation and late-successional biodiversity conservation. Future research on
this theme should (i) explore opportunities to overcome the observed trade-offs between
resistance and resilience to climate change, and late-successional biodiversity conservation, via
management solutions at the stand-, meso-, and landscape-scale; (ii) expand the trade-off
analysis presented here to consider other taxa of late-successional wildlife, and wildlife
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associated with other seral stages; and (iii) incorporate social preferences for alternative
management options, in order to determine approaches that achieve the required social license to
be practical as well as ecologically efficient.
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