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Abstract

Maintaining nest trees and enhancing structures in stands can
support occupancy by canopy-dependent mammals, including
at-risk species. Red tree voles (Arborimus longicaudus) are arboreal
rodents that nest within the live crowns of trees, primarily in
Douglas-fir (Pseudotsuga menziesii) forests of western Oregon and
northwestern California. While abundance and distribution of
arboreal nests in stands may inform likelihood of red tree vole
occurrence or predict habitat, little is known about persistence or
survival probability of natural red tree vole nests, especially in
forests under 80 years of age. Further, understanding the
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relationship between nesting dynamics of canopy-dependent
species, such as the red tree vole, and forest age characteristics
may highlight pathways to improving wildlife habitat in
timber-producing stands. To better understand red tree vole nest
site characteristics, persistence, nest density, and interspecific nest
use relationships, we randomly selected 63 Douglas-fir dominated
stands in Oregon'’s central Coast Range, stratified by stand age
class (10-year increments from 20 - 50 years old, 60 - 79 years old,
and > 80 years old) and distance (up to 5 km) from the nearest
patch (> 20 ha) of forest over 80 years old, and latitude. We
surveyed 6,557 trees across 63 stands for arboreal nests using
plot-based ground and climbing surveys during 2019 - 2022. We
recorded nest characteristics, status over time (present/absent)
and evidence of arboreal species, including tree vole, use at 1,044
nests. We modeled nest persistence as a function of time, stand
age, nest volume, nest construction type, and latitude using a
known-fate modeling framework. Red tree vole nest persistence
was highest (0.98, 95% Cl = 0.81 - 0.99) in old forests (> 80 years
old) where nests were more cryptic or associated with protective
tree structures (e.g., cavities). Persistence was lower (0.9, 95% Cl =
0.79 - 0.95) and more variable in young forest stands (<80 years
old), and positively correlated with nest volume. Recently occupied
tree vole nest density exhibited a bimodal pattern, with local peaks
in 30-year stands (1.24 + 0.35 nests/ha) within 1,425 m of old forest
patches, declining to near-zero in 50 - 79 year stands, then
reaching maximum densities in old forests (53.5 + 14.9 nests/ha).
In young forest stands, nests were often constructed and used by
multiple species, most commonly red tree voles and Humboldt's
flying squirrel (Glaucomys oregonensis). In young forests stands,
nests were often built on large, stable structures (e.g., split trunks
and broken tops) compared to nests found in old forest stands,
which were commonly supported by smaller structures (e.g. moss
mats and epicormic branches) and used primarily by red tree
voles. We described trends in nest persistence and interspecific
nest construction, highlighting variations among nest availability,
habitation, and interspecific interactions of red tree voles across
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forest age. Forest management practices in Oregon'’s Coast Range
that preserve and maintain diverse tree structures can enhance
arboreal nest availability and longevity, supporting
canopy-dependent species like tree voles. Our study may be
especially relevant for habitat management in young forest stands
where nesting space may be a limiting factor for red tree vole
occurrence and reproduction.

Visualization for Survey Methods within Piasecki et al. (2025) [

Document Nest Persistence
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b ®

Abstract photo. We conducted a red tree vole (Arborimus
longicaudus) nest persistence study in Oregon's Coast Range,
2019 - 2022. We conducted ground-based surveys in young
forest stands (20 - 59 years) and canopy-based climbing surveys
in older stands (60+ years) across 63 Douglas-fir dominated
stands. Our key findings include nest persistence was primarily
driven by nest size rather than forest age, with nests > 0.3 m?
achieving nearly 100% annual survival. Interspecific nest use
between red tree voles and other canopy species was common in
young forests, suggesting potential competition for limited
nesting structures in young stands commonly managed for
timber resources.

Keywords: Arborimus longicaudus, tree vole, Douglas-fir, forest
management, nest, Oregon, Pseudotsuga menziesii, survival
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Introduction

For arboreal wildlife, the live crown, or the portion of a tree supporting
living branches and foliage contributing to the forest canopy (Parker et al.,
1995, Moffett, 2000), provides food resources, shelter from predators and
the elements, space to reproduce and rear young and may facilitate
dispersal (Carey, 1996, Berthier et al., 2012, Wilson and Forsman, 2013).
Arboreal nest occurrence and retention can increase diversity, survival and
immigration of canopy-dependent species (Michel and Winter, 2009,
Berthier et al., 2012, Deeming et al., 2023). Thus, the establishment and
persistence of nests and natural nest-supporting tree structures can
increase the resiliency of canopy-dependent species and contribute to
forest food- and nest-web diversity (Jones et al., 2009, Michel and Winter,
2009, Ibarra et al., 2020). For instance, bird and mammal densities in
mature, mixed-conifer forests in British Columbia, Canada were positively
associated with increased nest-site availability (Aitken and Martin, 2012).
However, physical characteristics, interannual use and maintenance, and
species interactions of arboreal nests by canopy-dependent mammals are
largely unknown.

In western Oregon and northwestern California, USA, the full extent of
their range, red tree voles (Arborimus longicaudus; hereafter, tree vole) are
considered the most canopy-dependent mammal in Douglas-fir
(Pseudotsuga menziesii) dominated forests (Carey, 1991). Tree voles are also
classified as a ‘species of greatest conservation need’ in Oregon primarily
due to their limited mobility and dispersal combined with habitat loss from
wildfire and intensive forestry practices (Oregon Department of Fish and
Wildlife, 2016). Tree voles feed almost exclusively on fresh Douglas-fir
needles, from which they also obtain water (Forsman and Price, 2011), and
live twig cambium (Maser, 1965), collecting small branches, primarily at
night, and feeding at their nest throughout the day (Forsman et al., 2009).
Tree voles rely on canopy-based nests for reproduction, rearing young,
and protection and concealment from predators (Maser, 1965, Forsman et
al., 2009, Swingle and Forsman, 2009). So long as they have access to the
live crown for food and movement, tree voles can nest in a variety of
places including in tree cavities, dense branch structures and in existing
nests constructed by other species (Lesmeister and Swingle, 2017).
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Because tree voles spend the majority of their life inside their nests, only
leaving for an average of < 30 minutes nightly (Forsman et al., 2009), nest
stability and placement is essential for survival and reproduction. However,
tree voles are not the only rodent species that depend on the forest
canopy in western Oregon to fulfill key functions of their life history.
Humboldt's flying squirrel (Glaucomys oregonensis), woodrats (Neotoma
spp.), Douglas squirrel (Tamiasciurus douglasii) and Townsend's chipmunk
(Tamias townsendii) also commonly use forest canopies for nesting,
foraging, and reproduction such that these species all use nests within the
live crowns of trees (Maser et al., 1981, Carey, 1991, 1996).

A variety of stand- and tree-specific characteristics influence nesting habits
of tree voles in young forests. Because tree voles are canopy-dependent,
they utilize physical connections in the live crown to travel between trees
for food and escape from predators (Carey, 1991). Branch and tree
connections that create pathways throughout the canopy, along with the
availability of nest-supporting features and pre-existing arboreal nests,
improve habitat suitability for tree voles and other arboreal species in
young forest (Linnell et al., 2018). These nest-supporting features, often
referred to as ‘tree structures,’ play an important role in facilitating forest
biodiversity (Bruce et al. 1985). The longevity, quantity, and characteristics
of arboreal nests likely differ among forest stands of different ages
(Berthier et al., 2012, Jiménez-Franco et al., 2018). Old Douglas-fir forests,
especially those with trees > 200 years, exhibit increased structural
complexity compared to younger, managed forests (Ruggiero et al., 1991).
Red tree voles have been described as an old forest obligate (Corn and
Bury, 1986, Carey, 1991, Gomez and Anthony, 1998, Linnell and
Lesmeister, 2019), possibly due to a preponderance of research and
management in older stands, primarily on public lands (USDA and USDI,
1994). However, young forest stands less than 80 years old can also
develop nest-supporting tree structures, providing nesting space for
canopy-dependent mammals such as flying squirrels, woodrats,
chipmunks, and tree voles (Maser et al., 1981, Carey, 1991, Michel and
Winter, 2009, Linnell et al., 2018). Despite the presence of tree structures
in young forests, the structural complexity of old forest greatly outweighs
that of young forest (Michel and Winter, 2009), which often have reduced
canopy complexity and densities of nest-supporting structures, as well as
increased structural variability among stands (Michel and Winter, 2009,
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Griffey et al., 2020). Stands with insufficient nest-supporting structures
tend to be characterized by lower species occupancy, survival and
reproductive success of canopy-dependent species (Berthier et al., 2012,
Jiménez-Franco et al., 2018). The abundance and density of such structures
and their long-term effects on tree vole populations in young forests are
unknown.

Observed patterns in tree vole occurrence and distribution may reflect a
lack of nesting opportunities in young forests (Linnell et al., 2018, Linnell
and Lesmeister, 2020). Installing artificial nest platforms in the the live
crown of trees at densities of 2 per ha in young forest stands in Oregon'’s
central Coast Range resulted in increased occupancy of red tree voles as
well as other canopy-dependent species like Douglas squirrels and
Humboldt's flying squirrel (Linnell et al., 2018). Limited nesting space or
availability of suitable locations for nest placement may lead to an increase
in interspecific competition between canopy-dependent mammals.
Although this interaction is well documented in bird species (Kempenaers
and Dhondt, 1991, Ingold, 1994, Charter et al., 2016), studies on nest space
competition between arboreal mammals are scarce (Linnell and
Lesmeister, 2020).

In addition to availability of nest supporting structures, persistence of
nests between seasons and especially through winter, may be critical to
arboreal mammal diversity and occurrence, especially rodents, which
utilize their nests for a wide range of functional roles such as reproduction,
protection from predators and thermal insulation (Deeming, 2023). While
most avian nests are rebuilt annually (Hansell, 2000), this investment may
be too energetically costly for species that rely on nests year-round for
critical functions. Although tree voles often use multiple nests within a
home-range, nest longevity is still critical for tree voles due to their low
vagility and high dependence on arboreal nests (Carey, 1996, Swingle and
Forsman, 2009). High variability in nest persistence, often modeled similar
to animal survival, has been reported for ground-dwelling small mammals,
with an annual probability of nest destruction often > 70% (Millar, 2007).
Persistence of arboreal nests used by Sonoma tree voles (Arborimus pomo)
declined over time with a median expected persistence time of 28.6
months, and although Sonoma tree vole nest persistence rates did not
differ by stand age class, both nest persistence and recolonization varied
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over time (Thompson and Diller, 2002). If this pattern occurs more broadly,
we predict increased arboreal mammal diversity and occupancy in areas
with increased arboreal nest abundance and increased nest persistence.

Improved understanding of how stand age, nest supporting tree
structures, and nest size influence nest longevity and use may help forest
managers assess arboreal mammal populations within stands. Both nest
site availability and nest persistence influence population occurrence and
persistence (Jiménez-Franco et al., 2018), and nest presence can be used as
a proxy for species occupancy (Pierluissi and King, 2008). However, this
assumption depends strongly on a species' life history dynamics and nest
persistence and use patterns. If, for example, nest occurrence is correlated
with number of tree voles in a stand, ground surveys for arboreal nests
could be used to assess tree vole occupancy or abundance. Correlations
among nests, tree vole density and predicted habitat suitability in the
Pacific Northwest are not clearly understood (Forsman et al., 2019,
Rosenberg, 2019). If nests have high turnover, with unused nests
diminishing in size or frequently eliminated by weather or other stochastic
events, then nest density is likely to correlate with use. However, if nests
are relatively persistent even when unused, then nest presence may not
directly reflect occupancy, site use, diversity, or abundance of
canopy-dependent forest mammals, including tree voles. Correlation
between nests and individual tree voles is further complicated by
imperfect detection of both tree voles and their nests (Forsman et al.,
2016, Marks-Fife, 2016).

Similarly, accurate density estimates are fundamental for conservation
planning, yet few studies have provided detection-corrected nest density
estimates for red tree voles across forest development stages. Maser
(1965) estimated 2.47 tree voles/ha in old forest, while Thompson and
Diller (2002) found Sonoma tree vole nest densities of 3.40 - 6.21 nests/ha
in 30 - 60 year stands, though neither study accounted for imperfect
detection. Marks-Fife (2016) provided the first detection-corrected
estimates (1.91 £ 1.2 occupied nest trees/ha) but lacked sufficient sample
sizes across age classes to identify trends. The relationship between nest
density and individual tree vole density remains unclear, as individual voles
may use 1 - 7 nests (Swingle and Forsman, 2009, McCoy, unpublished
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data). Describing density patterns across forest age could inform habitat
capacity and provide context to our nest persistence results.

To better understand relationships between forest age and arboreal
nesting dynamics, specifically regarding tree voles, our objectives were to
1) quantify arboreal nest site characteristics (e.g., supporting structures,
branch and tree connections, nest volume, use) in Douglas-fir dominated
stands that differ in age, 2) model persistence of non-species-specific
arboreal nests and tree vole nests, 3) provide an index of
detection-corrected nest density based on our data, and 4) describe
patterns of nest use by tree voles and other canopy-dependent mammals.
We predicted nest characteristics and supporting tree structures would
differ among forest age as forest composition changed and that, as a
result of variations in nest site characteristics across stand age, tree vole
nest persistence would be lower in young forest stands (< 80 years old)
than in older forest stands. We also predicted that interspecific nest use
would be higher in younger forest stands based on assumed limited
availability of nest supporting structures.

Methods and Materials

Our study evaluated arboreal nest site characteristics, persistence and
density, with a specific focus on tree vole nests in the Oregon Coast Range,
USA (study area - 12,466 km?, Figure 1). Throughout Oregon’s
northernmost coast, where wildfire and timber harvest have constrained
large areas of forest, tree voles are considered rare (Price et al., 2015,
Linnell and Lesmeister, 2019, Linnell et al., 2023). Approximately 30% of
our study area overlapped with the proposed Distinct Population Segment
(DPS) of red tree voles, which had listing decisions under the U.S.
Endangered Species Act (ESA) published in 2019 and 2023 (USFWS, 2019,
2023). The southern portion of our study area overlapped with areas of
previous research aligning with more consistent sightings and occurrence
(Forsman et al., 2016). Based on these previous surveys, we expected
forest stands in the Oregon Coast Range to exhibit a gradient of tree vole
occupancy probabilities and density, with the lowest occupancy rates
assumed to occur at the northern extent of the species range, nearest to
the Columbia River, likely due to intensive timber harvest and wildfire (e.g.,
Price et al., 2015, USFWS 2019, 2023, Linnell et al., 2023).
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Before random sampling of stands was conducted, we created 3
stratifications to balance sample size among presumed tree vole density,
stand age classes, and young forest stands with differing distances to old
forest patches assumed to be inhabited by tree vole source populations.
We defined a forest stand as a spatially contiguous community of trees
that were similar in age, composition, and distribution such that they are
distinct from adjacent tree communities (Nyland et al., 2016). We restricted
sites to Douglas-fir dominated stands, but some multi-successional stands
included western hemlock (Tsuga heterophylla) and Sitka spruce (Picea
sitchensis) as co-dominant species, especially closer to the coast. In some
unmanaged stands, grand fir (Abies grandis) and alder (Alnus sp.) were
present. We restricted selected stand area to between 10 and 30 ha to
balance sufficient stand area to harbor tree voles with the ability to
conduct ground- and climbing-based activities in a reasonable timeframe.
Additionally, we only considered stands if they were not scheduled to be
harvested during the study period, and to mitigate bias resulting from
habitat modification, we excluded stands that had been pre-commercially
thinned. Our pilot season (2019) included a small extent of the central
Coast Range, however in 2020, we evenly divided our study area into 4
latitudinal zones where we consistently stratified by stand age and
distance to patches of old forest greater than 20 ha to ensure sufficient
sampling across the full study area (Figure 1).
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Figure 1. Extent of study area in the Oregon Coast Range (2019 - 2022), USA with LiDAR derived old forest
stands (green; = 80 years of age) and stands surveyed (purple points) for arboreal and red tree vole (Arborimus

longicaudus) nests during 2019 - 2022.

Young forest stands (< 80 years) in the Oregon Coast Range are commonly
managed for timber production. We identified 7 landowners within our
study and received inventory data specifying exact stand age. We randomly
selected stands stratified by 6 age classes: 20 - 29, 30 - 39, 40 - 49, 50 - 59,

60 - 79, and > 80 years of age, aiming for at least 6 randomly selected
stands of each class in each of the 4 latitudinal areas to evenly sample the

entire study range.
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To calculate the distance of young forest stands to the nearest patch of old
forest, we created an old forest feature layer in ArcGIS (ESRI, 2020). We
classified ‘old forest’ as stands > 80 years of age, aligning with established
U.S. Forest Service definitions and previous tree vole studies (Old-Growth
Definition Task Group, 1986, USDA and USDI, 1994, Marks-Fife, 2016,
Rosenberg et al., 2016, Linnell et al., 2017). We downloaded and compiled
LiDAR from the Oregon Department of Geology and Mineral Industries,
collected between 2009 - 2012 (Downloaded 2015;
https://www.oregon.gov/dogami/lidar/pages/index.aspx). We used stand

age data from the Bureau of Land Management (BLM) Forest Operations
Inventory Vegetation Publication (Downloaded 2020;
https://gbp-blm-egis.hub.arcgis.com/datasets/6dd6576c4dd84197b378193
8123e2d1Db) to correlate LiDAR derived mean tree heights (m) for all
inventoried stands > 80 years of age. Using this height-age association, we
delineated our old forest layer to only include areas of trees > 42 m in
height, subsequently assuming a relative stand age of > 80 years. We

removed small patches of trees (e.g., riparian corridors), only including
patches of old forest > 20 ha in size, the minimum area assumed for
self-sustaining tree vole populations based on density estimates in old
forest (Maser, 1965, Marks-Fife, 2016, Linnell et al. 2017). We
cross-referenced our map with the Forest Activity Electronic Reporting and
Notification System maintained by the Oregon Department of Forestry
(https://ferns.odf.oregon.gov/) to eliminate areas that had been disturbed
or harvested since LiDAR was collected. We referenced our map to a
previous delineation of old forest for tree voles that used similar methods
and > 20 ha patches developed by Linnell et. al. (2017) and visually
evaluated areas using publicly available satellite imagery, eliminating
patches that had been disturbed. Lastly, during field work, we verified the
age of older stands by collecting data at random plots (1/ha density) using
visual aging techniques outlined in Van Pelt (2007) and averaged our
estimated field-verified age within each stand.

Within each randomly selected stand, we generated circular 17.8 m radius
(995m?) survey plots at a density of one per ha using the random point tool
in ArcGIS. These plots provided a minimum survey area of 10% of the total
stand area. In forest stands aged 20 - 59, we conducted ground-based
surveys of each plot for arboreal nests. During these surveys, we walked
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the entire plot area and used binoculars to comprehensively search the
canopy for arboreal nests. We also thoroughly searched the canopy for
nests from the ground while traveling between plots to increase the
sample size of nests surveyed year after year for analysis of nest
persistence. We uniquely marked all nest trees found with numbered
aluminum tree tags and flagging. We recorded tree and live crown metrics
and geolocation using Trimble Smart Receivers (Trimble Inc. Model R-1000
#99133). Following our ground survey, we climbed all trees with nests
discovered in the live crown that we were able to safely climb using spur
climbing techniques (Berdeen et al., 2015).

During initial site evaluation in stands over 60 years old, we determined
that ground surveys likely would be ineffective given height and complexity
of the canopy, aligning with prior research which reported nest tree
detectability from the ground to be as low as 7% in mature (80 - 200 years)
and 3% old (> 200 years) forests (Marks-Fife, 2016). Therefore, instead of
conducting ground-based surveys in stands over 60 years of age, we
searched plots for nests from within the canopy using a new vertical-climb
survey method which we developed. Upon entering each randomly
generated plot, we selected a tree within the plot to represent the ‘center.’
We selected this tree based on climbing safety, crown-to-crown visibility to
other trees within the plot, and presence of tree structures that could
potentially support tree vole nests. Once selected, we climbed the plot
center tree using stationary rope climbing techniques (Berdeen et al.,
2015). We surveyed for nests within the plot center tree and in the live
crown of surrounding plot trees. Following this, any nests that we
discovered in adjacent trees were then climbed and inspected for evidence
of tree vole presence (Table 1).

Nest site characteristics

During nest surveys, we examined physical evidence (e.g., nest
composition, materials) to determine nest construction and use by tree
voles and other arboreal species. We determined tree vole nest status by
searching each nest for presence of 45° chisel-cut Douglas-fir cuttings
(between 1 - 35 cm long), discarded resin ducts stripped from fir needles
during feeding, 45° chisel-cut debarked twigs (< 6 cm long), and tree vole
fecal pellets (Lesmeister and Swingle, 2017). We classified tree vole nests
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as ‘old’, if resin ducts, fecal pellets, and collected Douglas-fir cuttings were
dried and brown, or ‘recent’ if resin ducts, fecal pellets, and collected
Douglas-fir cuttings were fresh and green (Table 1). We examined nests for
evidence of other arboreal species. For example, fecal pellets and long
Douglas-fir cuttings (> 30 cm long) associated with Bushy-tailed woodrat or
fresh moss and bark shavings associated with Humboldt's flying squirrel
(Carey, 1991, Maser, 1998, Lesmeister and Swingle, 2017).

Table 1. Classification for arboreal nest status by distinguishing nests with or without evidence of red tree voles
(Arborimus longicaudus), and the type of evidence at the time of survey Oregon Coast Range, 2019 - 2022.

Classification

Nest status Description

No sign No tree vole signs of any type found

Old sign Any combination of brown, 45°chisel cut dried
cuttings, brown resin ducts, 45° chisel cut debarked
twigs, and/or black or brown tree vole fecal pellets

Arboreal nest

Tree vole nest

tree vole nest

Recent sign Any combination of fresh, 45° chisel cut green
cuttings, green resin ducts, and/or green tree vole

Recently occupied fecal pellets

Occupied Tree vole occupancy confirmed by either remote
camera or live capture*

*Live captures were conducted as part of an adjacent study and were permitted under IACUC permit 2021-0180 and ODFW Scientific

Collection Permit 108-21.

Accurately evaluating nest use was not possible via ground-based
observation and required climbing to visually inspect nests within the live
crown. To permanently identify nests, we marked each nest at nest height
with a uniquely numbered aluminum tag painted brown to minimize the
risk of attracting nest predators. We quantified the physical characteristics
of each nest and the type of tree structure that physically supported each
nest. We identified tree structures, which were often the result of
abnormal growth patterns or a prior injury or infection to the bole or
branches, using categories established in Swingle (2005), Michel and
Winter (2009), and Marks-fife (2016) (Supplemental Table S1).

We estimated nest volume (V) in meters cubed using the volume
calculation:
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L*W*D
100,000

vV =
Where L was nest length in cm measured perpendicular to the bole of the

tree, W was nest width in cm measured parallel to the bole of the tree, and
D was nest depth in cm measured vertically from the top to the bottom of

the nest.

To evaluate live crown connectivity at nest sites, we quantified the number
of branch connections and tree connections for each nest. We counted
physical branch connections to other live conifer trees within one branch
whorl above and below the nest. We counted tree connections as the total
number of live conifer trees with a direct physical connection to the nest
tree.

To assess the availability of tree structures in each stand, we counted the
total number of each structure type encountered in each plot. In young
forest stands, we counted tree structures during ground surveys. In old
forest stands, where it was impossible to visually survey an entire tree
from the ground, we verified and quantified the occurrence of available
tree structures through climbing. Since our plots represent 10% of the
stand area, we extrapolated our tree structure counts to the stand level to
create an estimate of tree structure density in each stand.

To identify temporal patterns in interspecific nest use, we estimated the
number of distinguishable nest layers corresponding with evidence of how
one or more species may have used the nest over time. We assigned a
species to each nest ‘layer’ using evidence as being built or used by a
particular species similar to previous research (Maser et al., 1981, Carey,
1991, Maser, 1998, Lesmeister and Swingle, 2017). For example, a nest
may have initially been constructed and used by Humboldt's flying squirrel,
evidenced by the presence of a single moss-lined chamber about the size
of a grapefruit (Maser et al., 1981). The same nest may have later been
colonized by a tree vole, as evidenced by presence of discarded resin ducts
and debarked twigs (Lesmeister and Swingle, 2017). Because arboreal
species may colonize and add nest material on top of or inside existing
nests, spatial placement of nest material may not coincide with
chronological nest construction or use. Thus, we quantified and classified
nest layers on a temporal scale such that the newest layer was attributed
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to the species that left the most recent sign of construction or habitation.
For instance, if a nest exhibited recent tree vole sign, we attributed the
most recently constructed layer to this species (Supplemental Figure S1).
We associated suspected species to individual nest layers only when able
to determine distinct signs of species-specific nest material or construction
habits. We classified ‘undetermined’ nests as nests or nest layers with
unidentifiable construction characteristics.

Estimating nest density

We provided a density estimation of both arboreal nests and recently
occupied tree vole nests using our plot-based nest data and detection
rates derived from double-sampling in young forests (p = 0.84, 95% Cl 0.72
- 0.96) and census surveys in old forests (p = 0.055, 95% CI 0.00 - 0.12;
details in Piasecki, 2023). Briefly, in old forest, we applied the
Lincoln-Peterson abundance estimator to determine detection probability
(p) for each plot: N = (n/p), where n represented nests found within plots
during initial survey, and N represented all nests found in plots during
census survey. We calculated density estimates by dividing relative
abundance above by area in ha. We generated 95% confidence intervals by
extrapolating confidence bounds of detection probabilities.

Estimating nest persistence

We revisited arboreal nests annually after their initial discovery and
climbed trees with newly observed nests to document new construction
and colonization. We evaluated nest persistence for (1) arboreal nests,
which we classified as a nest structure in the live crown of the tree
constructed or inhabited by any species (bird or mammal), and (2) tree vole
nests, which we defined as any arboreal nest that exhibited any tree vole
sign at any survey occasion from 2019 to 2022. We classified nests as
‘present’ (1) if they could provide suitable shelter, and nests that had been
destroyed or decomposed to a state where they would be functionally
ineffective as ‘absent’ (0) (Figure 2). If a nest was classified as ‘absent’, we
did not resurvey the following year (i.e., we did not document
rebuilding/recolonization at extirpated nest sites). Additionally, in a survival
model framework, an individual cannot be classified as ‘present’ once it
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has been classified as ‘absent’. If a nest was unable to be surveyed in
subsequent years or removed from the study due to climbing safety, it was
assigned a censored value (.) for analysis.

: ‘:..\‘ '\ / I\ “ 5
Figure 2. An example of a red tree vole (Arborimus longicaudus) nest, Oregon Coast Range. These photos depict
an example of nest survival where the nest was present in 2021 (left) but classified as absent in 2022 (right).

We estimated nest persistence using a known-fate modeling framework in
Program MARK (White and Garrott, 1990, Cooch and White, 2019). Under
our definition of nest persistence as ‘present’ or ‘absent’, we treated all
surveyed nests as marked individuals that were able to be monitored until
they became extirpated (became absent), were censored, or reached the
end of the study. Because we geolocated and marked nest trees and nests,
the re-encounter probability of any nests found was 100%. We used
binomial known-fate modeling to estimate annual probability of nest
persistence, modeled as survival (S), for arboreal nests (Cooch and White,
2019). We modeled arboreal nest persistence across each annual time
interval (i.e., year: t), stand age at the time of initial survey (stand age), and
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nest size in cubic meters at the time of initial survey (nest size). We
modeled tree vole nest persistence in relation to t, stand age, and nest size.
We also included nest construction type (construct) to determine if
probability of tree vole nest persistence changed between nests originally
constructed by other species and nests constructed by tree voles. Finally,
we included latitude in decimal degrees (/atitude) in our model for tree vole
nest persistence. We predicted tree vole nest persistence would increase
with higher presumed tree vole densities in the southern portion of our
study area, assuming a positive relationship between tree vole density and
frequency of nest construction and maintenance. We used Akaike's
Information criterion adjusted for small sample size (AIC,), the difference
between model AlCc and the lowest model AIC. in the model set (AAIC),
and Akaike weights (AIC, wts.) to determine the most parsimonious model
(Burnham and Anderson, 2004). To evaluate the importance of covariates
included in top-ranking models we considered those that were not zero
(i.e., 95% Cl did not overlap zero) as being strongly supported (Dugger et
al., 2016).

Results

We surveyed a total of 63 stands from 2019 to 2022. Because of variation
in funding, crew experience and staffing, and seasonal weather, our survey
effort varied year-to-year. We surveyed 13 stands for 4 years, 20 stands for
3 years, 12 stands for 2 years, and 18 stands for 1 year (Supplemental
Table S2). We surveyed 6,557 trees and found 1,044 arboreal nests located
in the live crown that we investigated through tree climbing. We classified
564 (54%) as tree vole nests based on presence of old or recent tree vole
signs (e.g., Table 1). The proportion of all arboreal nests with recent tree
vole sign varied by year from 22% in 2019 (n = 12 stands with tree vole
nests), 16% in 2020 (n = 28 stands with tree vole nests), 17.6% in 2021
(n=35 stands with tree voles nests), and 15% in 2022 (n = 40 stands with
tree vole nests), our year with the most survey effort. We detected tree
vole evidence within 61% of our stands (n = 39) varying between stand age
class (e.g., 50% of our surveyed 20-year old stands within 1.4 km of old
forest, 77% of > 80 year old stands), potentially suggesting that
distributions were patchy across all age classes.
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Nest site characteristics

We recorded nest dimensions and calculated nest volume in cubic meters
(m?) for 1044 arboreal nests. The largest nest was 4.68m? (200 cm W x 180
c¢m L x 130 cm D) and was initially constructed by a bald eagle (Haliaeetus
leucocephalus). The smallest nest measured was 0.000192 m? or 192 cm? (8
cm Wx 8 cm L x 3 cm D) and was initially constructed by a tree vole. Only
0.3% (n = 3) of all arboreal nests were larger than 1 m?, two of which were
larger than 4 m°, highlighting that nests greater than 1 m?> were markedly
rare. Mean nest volume across all age classes of forest stands was 0.042 +
0.084 m* while median nest volume was 0.016071 m>. Due to the presence
of outliers in nest size, for comparative analysis, we focused on median
nest volume, which was larger in young forest stand age classes relative to
the old forest stand age class (Kruskal-Wallis rank sum test, p < 0.001)
(Supplemental Table S3).

The average number of branch connections and tree connections at tree
vole nests decreased as stand age increased (One-way ANOVA, p < 0.001;
Table 2). We found 93.8% of tree vole nests in young forest had at least
one branch connection within one whorl above and below the nest
compared to only 16.7% of tree vole nests in old forest. We recorded 97.3%
of tree vole nest trees in young forest with at least one tree connection to
an adjacent live conifer compared to only 62.3% of tree vole nest trees in
old forest.

Table 2. We report mean branch and tree connections and their standard deviation (SD) at tree vole
(Arborimus longicaudus) nests across stand age classes, which has been predicted to be a mechanism for

tree vole connectivity.

Stand age class

20 30 40 50 60 80 p-value
n=180 n=169 n=23 n=25 n=>5 n=162
Branch 8.41(4.61) 6.53(4.78) 5.00(3.61) 3.82(3.13) 4.20(4.27) 0.30(0.80) <0.001

connections

Tree connections 5.23(1.84)

4.66(1.77) 4.35(1.61) 3.28(1.59) 3.20(1.10) 1.11(1.14) <0.001
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Tree structure density increased with stand age and in almost all old forest
stands, was an order of magnitude higher than in young forest stands
(Figure 3). In young forest stands, most tree vole nest construction was
supported by branch whorls, broken tops, and split trunks. For example,
using data from 2022 (n = 564 nests), in the 20-year age class, these
structures supported 46%, 28%, and 19% of tree vole nests respectively. In
old forest stands, tree vole nest construction was supported largely by
epicormic branch whorls (33%), large branches (25%), and moss mats
(18%) (Figure 3; Supplemental Table S4).
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Figure 3. We observed varied tree structure density quantifying an estimate for all structure types (y-axis)
across stand age. We represented the most common supporting tree structure for tree vole nests (shapes) in

stands where tree vole nests were confirmed (n = 39). We excluded branch whorls as these have not previously
been considered distinct ‘tree structures’ and their occurrence is ubiquitous across stand ages.
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Tree structures that supported large arboreal nests varied with forest
stand age. In old forest stands, where available, cavities (n =19, 11%)
supported the largest arboreal nests with a median volume of 0.06 m> +
0.17. In young forest stands, where cavities were not present, broken tops
(n =233, 27%) and split trunks (n = 154, 18%) supported the largest nests
with a median volume of 0.02 m*® + 0.31 and 0.02 m® + 0.04 respectively
(Supplemental Figure 2).

Nest density

In young forests (20 - 59 years, n = 45 stands), arboreal nest density was
highest in 20-year stands (3.76 £ 0.49 nests/ha) and declined linearly with
age (R =0.31, p <0.001). In old forests (> 80 years, n = 7 stands), density
was an order of magnitude higher (152.9 + 76.82 nests/ha) and increased
with stand age, though confidence intervals were large due to low
detection rates. In stands where recently occupied tree vole nests were
detected, recently occupied tree vole nest density exhibited a bimodal
pattern across age classes. Within young forests < 1,425 m from old forest
patches, which was the maximum distance from old forest that a tree vole
nest was discovered, estimated recently occupied tree vole nest density
peaked in 30-year stands (1.24 + 0.35 nests/ha, n = 10 stands) and declined
to near-zero in 50 - 79 year stands. In old forest stands, estimated recently
occupied tree vole nest density was substantially higher (53.5 + 14.9
nests/ha, n = 20) (Figure 4; Supplemental Table S5). Our maximum
recorded nests per tree was 11 in old forests compared to 2 in young
forests, indicating higher within-tree nesting capacity in structurally
complex stand ages.
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Figure 4. Estimated density of recently occupied tree vole nests for each age class in 2019 (red), 2020 (green),
2021 (teal), and 2022 (purple) using detection rates of 0.84 in young forests (< 80) years and 0.055 in old forest
(= 80 years) forest (detection rates from Piasecki 2023). Excludes stands where no recently occupied tree vole
nests were found. Sample sizes in Supplemental Table S5.

Arboreal nest persistence

We recorded nest persistence for 663 arboreal nests for at least 2 years
between 2019 and 2022 (n = 980 observations). We observed nest
extirpation across all age classes (Supplemental Table S6). The proportion
of nests that became extinct was consistently highest in the 50- and
60-year age classes however, there were few nests found and surveyed for
at least two years in these age classes (5% and 0.8% respectively).
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We modeled arboreal nest persistence using encounter histories over four
annual survey occasions (2019 - 2022; 663 nests). The model with the
strongest support included only nest size (S(nest size); AIC. weight 61.78%,
Table 3). Nest persistence increased linearly with nest size (Brestsize = 31.8,
95% Cl = 21.0 - 42.6), however when we graphed this relationship, it
appeared as nest size increased, annual persistence probability
approached an asymptote of near 100% (Figure 5). To more accurately
capture this potential pseudo-threshold relationship, we added a post-hoc
model that included the natural log of nest size (i.e., In[nest size]). However,
the model including In(nest size) did not outperform the linear model
suggesting the natural log of the nest size did not effectively account for
enough variation in the data compared to the linear model (Table 3). This
was likely because there were very few large nests > 1m?, so while
graphically these large nests appeared to have a strong influence on the
survival threshold, in reality the remaining 99.7% of the nest size data was
linearly associated with nest persistence.

Table 3. A priori known-fate model selection results from analysis of annual persistence probability (S) of
663 arboreal nests across 3 time periods from 2019 - 2020, 2020 - 2021, and 2021 - 2022 (t) and/or nest
size (continuous) and stand age (continuous). We listed models in order of increasing AIC_ values.

Model AIC, Delta AIC, AIC_Weights Model Likelihood Num. Par
S(nest size) 829.36 0 0.618 1 2
S(stand age + nest size) 831.36 1.99 0.23 0.37 3
S(t + nest size) 832.76 3.40 0.11 0.18 4
S(t + stand age + nest size)  834.78 5.42 0.04 0.07 5
S(In(nest size))* 847.44 18.08 0 0 2
S() 893.05 63.69 0 0 1
S(stand age) 894.89 65.53 0 0 2
S(t) 896.64 67.28 0 0 3
S(t + stand age) 898.54 69.18 0 0 4

*post-hoc model
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Figure 5. Annual persistence probability of arboreal nests in the central Oregon Coast Range (2019 - 2022; n =
663) as a function of nest size (m°) as per our top model (See Table 3 for model ranking).

Tree vole nest persistence

We also modeled nest persistence for tree vole nests with ‘recent’ or
‘occupied’ status that were surveyed for at least 2 years (2019 - 2022; n =
150 tree vole nests). Our top model included the additive effects of time
interval, stand age, and nest size effects on annual persistence probability
(Table 4). Nest size had a strong positive effect on annual persistence (B est
size=22.3,95% Cl = 4.7 - 39.8), and stand age also had a positive but weak
effect on annual persistence probability (Bsangage = 0.01, 95% CI = 0.0 - 0.03)
suggesting tree vole nests may be more likely to persist in older forests
compared to young forests, however this determination would benefit
from additional sampling. We observed some annual variation in nest
persistence with higher persistence from 2020 to 2021 (Bgme=1.17, 95% CI
=0.03 - 2.32) relative to the reference year (2021 - 2022), but no difference
in persistence from 2019 to 2020 given confidence interval limits that
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widely overlapped zero (Bime = 0.73, 95% Cl = -0.44 - 1.90) (Figure 6, Table

4).

Table 4. A priori known-fate model selection results from analysis of annual persistence probability (S) of 150
red tree vole (Arborimus longicaudus) nests across 3 time periods (t) from 2019 - 2020, 2020 - 2021, and
2021 - 2022. We included an indicator for whether a vole or other species initially created the nest (construct;
discrete), stand age (continuous), and latitude (continuous). Models are listed in order of increasing AlCc

values.

Model AIC, Delta AIC, AIC.Weights Model Likelihood Num. Par
S(t + stand age + nest size) 158.44 0.00 0.35 1.00 5
S(stand age + nest size) 159.56 1.12 0.20 0.57 3
S(t + construct + stand age + nest size) 160.11 1.66 0.15 0.44 6
S(construct + stand age + nest size) 160.87 2.43 0.11 0.30 4
/S;;:uzoe;)struct + stand age + nest size + 162.06  3.62 0.06 016 7
S(t + stand age + In(nest size))* 162.76  4.32 0.04 0.12 5
S(construct + stand age + nest size + latitude) 162.88 4.44 0.04 0.11 5
S(nest size) 163.49 5.05 0.03 0.08 2
S(t + nest size) 163.97 5.53 0.02 0.06 4
S(construct + nest size) 164.39 5.95 0.02 0.05 3
S(construct + nest size + latitude) 166.30 7.86 0.01 0.02 4
S(t + stand age) 167.26 8.82 0.00 0.01 4
S(stand age) 167.59 9.15 0.00 0.01 2
S(construct + stand age) 169.49 11.05 0.00 0.00 3
S() 170.85 12.41 0.00 0.00 1
S(construct + stand age + latitude) 171.54 13.10 0.00 0.00 4
S(t) 171.55 13.11 0.00 0.00 3
S(construct) 17258 14.14 0.00 0.00 2
S(latitude) 172.84 1440 0.00 0.00 2
S(t + latitude) 173.52 15.08 0.00 0.00 4
S(t + construct + latitude) 175.39 16.95 0.00 0.00 5

*post hoc model
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Figure 6. Annual persistence probabilities of recently occupied red tree vole nests (Arborimus longicaudus, n =
150) in the central Oregon Coast Range as a function of time period, stand age and nest size (m’) (See Table 4

for model ranking).

Our model suggested that, although weak, stand age influenced tree vole
nest persistence such that annual persistence probability was lower (0.90,
95% Cl = 0.79 - 0.95) and more variable (Range = 0.67 - 0.99) in young
forests (<80 years) and higher (0.98, 95% Cl = 0.81 - 0.99) and more stable
(Range = 0.86 - 1.0) in old forests (> 80 years) (Figure 6). Using this model,
the probability of a recently occupied tree vole nest of average size (0.04
m?) in a 35 year old forest persisting for 3 years was 0.74 (95% Cl = 0.62 -
0.83), while the same sized nest in a 200 year old forest had a probability
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of (0.96, 95% Cl = 0.66 - 0.99) to persist for 3 years. The relationship
between nest size was similar for both tree vole and overall arboreal nest
persistence where nests > 0.3m? had very high likelihood (~1.0) of annual
persistence (Figures 5, 6). Similar to modeling arboreal nest persistence we
investigated the pseudo-threshold relationship between persistence and
nest size by adding a post-hoc model including In(nest size) (Table 4). Again,
this model did not outperform the linear model because the logarithmic
trend in the model only appears as a result of a single very large nest
accounting for only 0.6% of the tree vole nest size data.

Interspecific nest use

We documented species associated with nest layer construction and/or
use at every nest from 2020 to 2022. For summary, we highlight tree vole
nests surveyed during 2022 (n = 439), which represents our largest annual
sample size. Of nests with tree vole evidence, 72.2% (n = 317) were
composed of a single distinct layer, 25.7% (n = 113) were of two identifiable
layers, and 2% (n = 9) were of three identifiable layers. We identified
multi-layer nests across all forest age classes but they were most common
in 20- and 30-year age classes (44% and 33% of nests respectively) and
least common in the > 80-year age class (4.3% of nests). Nests with 3
identifiable layers were only found in the 20- and 30-year age classes.
Based on evaluation of nest layer data and suspected species associated
with layer construction, tree voles and Humboldt's flying squirrel exhibited
the highest occurrence of interspecific nest use compared to other
recorded species; 42.6% of all tree vole nests were originally constructed
by Humboldt's flying squirrel and 29.3% of Humboldt's flying squirrel nests
were originally constructed by tree voles (Table 5).
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Table 5. Percentage of multi-layer red tree vole (Arborimus longicaudus) nests originally constructed by
another arboreal species (n = 61) and multi-layer nests originally constructed by tree vole and later colonized
by another arboreal species (n = 58) using data from 2022. We observed evidence of use by bushy-tailed
woodrat (Neotoma cinerea), Humboldt's flying squirrel (Glaucomys oregonensis), and tree squirrels
(Tamiasciurus douglasii, Sciurus griseus). ‘Undetermined’ includes use but not characteristic evidence to a

specific species or group.

Existing nest colonized by tree vole Tree vole nest colonized by other

(n=61) arboreal species (n=58)
Bird species 4.9% 8.6%
Bushy-tailed woodrat 6.6% 1.7%
Humboldt's flying squirrel  42.6% 29.3%
Tree squirrel spp. 16.4% 25.9%
Undetermined 26.2% 29.3%

We observed no temporally sympatric nest use between tree voles and
other arboreal mammals. However, we documented green resin ducts,
debarked twigs, and fresh Douglas-fir cuttings that were harvested by a
tree vole pulled into a tree cavity directly under and extensively
throughout the dense structure of a bald eagle nest. We observed a mating
pair of bald eagles rearing chicks at this nest prior to climbing the tree to
search for tree vole nests approximately two weeks after the chicks had
fledged. Based on these observations, we suspected both species had
been actively using the nest at the same time (Supplemental Figure S3).

Discussion

Through an extensive, 4-year study in Oregon's central Coast Range, we
found that arboreal nest persistence was largely dependent on nest
volume and tree vole nest construction and use often overlapped with
other canopy-dependent species in young forests. Through this large-scale
effort, we developed an improved understanding of the drivers behind
nest persistence and nest site characteristics for arboreal mammals in
forests that differ in age.

Although nest persistence in young Douglas-fir stands was more variable
than in old forest stands, nests had > 70% likelihood of annual persistence
in most years especially for nests larger than 0.1 m?, which is similar to
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annual persistence estimates for Sonoma tree vole nests (Thompson and
Diller, 2002, Figure 5), but significantly exceeds estimates for nests of
ground-dwelling small mammals (Millar, 2007). Although prior research
showed no significant difference of survival in nests in forest stands
between 20 - 70 years (Thompson and Diller, 2002), we found some
variability in nest persistence year-to-year in young forest stands. However,
the main difference in annual nest survival was evident when comparing
young forest stands to old forest stands. An average-sized nest in a
35-year-old stand had an estimated likelihood of 75% to survive for at least
3 years compared to 96% in a 200 year old stand. This is higher than the
approximate 3-year persistence rate (45%) for Sonoma tree vole nests
under average conditions in northwestern California, but this study did not
account for nest size (Thompson and Diller, 2002). Our results suggest
larger (> 0.3 m°®) arboreal nests had higher annual survival rates with nearly
100% persisting in young forest stands from 2019 to 2022. Larger nests in
our study were often supported by stable, robust tree structures, such as
split trunks and broken tops in young forest stands and cavities in old
forest. Our observations in young stands were similar to others where
these tree structures trees with broken tops, split trunks or other defects
in young stands bolstered construction of large nests, which were often
used for reproduction and rearing of tree voles (Lesmeister and Swingle,
2017, Linnell et al., 2018). Thus, these structures may be essential
stand-wide features for population persistence.

Although old forest stands exhibited increased diversity and availability of
tree structures in the canopy compared to young forest stands, both stand
age classes provided individual tree structures that supported arboreal
nesting (Supplemental Table S4). In young forest stands, arboreal nests
were often supported by platforms created by broken tops (e.g., presumed
wind and snow breakage of the leading stem), split trunks (i.e., where two
or more stems develop concurrently) and sites with dense, interconnecting
branch whorls. Composition and location of broken tops and split trunks
commonly resulted in high densities of interconnected live branches.
Access to adjacent trees via these branch connections could facilitate
movement throughout the canopy, and availability and persistence of
these nest supporting structures could support occurrence and dispersal
of tree voles and other canopy-dependent species in young forest stands.
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In old forests, despite availability of split trunks and branch whorls, other
tree structures characteristic of mature trees (e.g., cavities, moss mats,
epicormic branches) were abundant and were used more often by tree
voles to support nest construction. Cavities created by animal excavators
(e.g., woodpeckers), fungi, or disease not only provided nest support but
also likely increased concealment and protection from predators (Bunnell,
2013). Similarly, tree vole nests created under moss mats covering large
branches, common throughout canopies of mature trees, were extremely
difficult to locate and likely provided a high level of concealment from
predators. Although we documented moss mat supported nests
comprising 18% of tree vole nests in old forest stands (n = 162; 2022),
these may be underrepresented due to their cryptic nature. Therefore, this
nest type likely represents a larger proportion of nests than are
represented by our data. Epicormic branch structures supported 33% (n =
53; 2022) of identified tree vole nests in older forest stands, consistent with
previous findings (26%; Swingle, 2006).

Our observed bimodal pattern of recently occupied tree vole nest density
across forest development stages provides some insights into availability.
The local density peak in 30-year stands (1.24 nests/ha) likely reflects
optimal conditions of high canopy connectivity (97.3% of nest sites had
tree connections to adjacent tree crowns) combined with adequate
structural complexity before stem exclusion begins to naturally thin the
stand, reducing canopy connectivity and suitable nesting sites. The density
decline in 50 - 79 year stands supports the hypothesis that this age class
represents poor habitat due to reduced canopy connectivity and limited
tree structure availability (Michel and Winter, 2009). This lack in nest
density surrounding the 50 - 69 year age class was also observed in
Sonoma tree voles (Thompson and Diller, 2002). The 43-fold difference in
nest density between 30-year young forests and old forests (53.5 nests/ha)
reflects fundamental differences in habitat quality and carrying capacity.
Old forests supported up to 11 nests per tree compared to a maximum of
2 in young forests, indicating that tree structure availability enables higher
within-tree occupancy. However, the relationship between nest density
and individual tree vole density remains uncertain given that individuals
can use multiple nests within a home range (Swingle and Forsman, 2009,
McCoy, unpublished data).
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As expected, arboreal nests in our study hosted a diversity of species. We
documented interspecific nest construction and use by tree voles,
Humboldt's flying squirrels, bushy-tailed woodrats, other tree squirrels and
a bald eagle (Supplemental Figure S3). Despite recording 4% of tree vole
nests in young forest stands as having multiple distinct layers initially
constructed by another arboreal species, sympatric nest use was rare and
has only been documented at occupied tree vole nests with deer mice
(Peromyscus maniculatus) and western grey squirrel (Sciurus griseus)
(Brown, 1964, Maser, 1965). We suspect this behavior may occur in
situations where nest size permits sufficient allocation of nesting space
and where species interaction is limited and non-detrimental. We recorded
the first occurrence of sympatric nest use by tree voles and bald eagles.
Although bald eagles commonly prey on mammals, voles have not been
extensively recorded in bald eagle diets (Jackman et al., 1999). These
species may have co-habitated unnoticed due to tree voles’ small size and
primarily nocturnal activity patterns. In this specific instance, the nest was
located in a tree along the shoreline of the Alsea River which likely
presented more abundant and optimal prey species than tree voles.
Further, nests constructed by bald eagles offer protection and refuge from
predators, structural stability, and because of their size, can fulfill space
requirements for tree vole reproduction.

Interestingly, we recorded frequent interspecific nest use and construction
between tree voles and Humboldt's flying squirrel in young forest stands,
while observing almost no overlap in nest construction or use between the
two species in old forest stands. Multiple species using the same nests
among years, or even months, may suggest limitation of desirable nest
supporting tree structures, which likely results in competition for space.
Nesting space has been predicted to be a limiting factor for occurrence
and dispersal of tree voles in young forest stands (Linnell et al., 2018).
Conversely, this observation may suggest a mutually beneficial relationship
through interspecific nest construction and use where arboreal species
benefit from pre-existing nests through a synergy for large-nest
maintenance. For example, previous observations of female flying squirrels
using ‘fragile’ nests for giving birth, especially in second-growth forests,
was hypothesized to occur either because of competition over cavities or a
preference towards ‘fresh’ structures (Carey et al., 1997). Flying squirrels
have also been documented extirpating tree voles from occupied active
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nests and occasionally predating tree voles where nest use overlapped
(Linnell and Lesmeister, 2020). Similarly, southern flying squirrels
(Glaucomys volans) can be significant nest predators for birds (Degregorio
et al., 2019). As such, we assume that flying squirrels may aid in nest
persistence and maintenance of larger nests but would ultimately be
detrimental to individual tree voles where nest use temporally overlaps.

In contrast to young forest, competition for nest space between tree vole
and flying squirrel may be less prevalent in old forest stands as flying
squirrels frequently nest in snags and cavities that are not available in
younger stands in older stands (Carey et al., 1997). Snags and trees that
lack forage opportunities (e.g., live branches) or connectivity to the
surrounding forest canopy would likely be unattractive nest sites for tree
voles. Further, overall availability of tree structures used for nesting was
significantly higher in old forest stands than in young forest stands. While
tree voles can construct their own nests on branch whorls and other
structures, the energy requirements involved in nest construction and
prolonged exposure to predators while nest building may be a significant
trade-off (Guerra and Ades, 2002, Mainwaring and Hartley, 2013, Deeming,
2023). Therefore, in young forests, tree voles could be motivated to choose
pre-existing natural nests (this study) or artificial nests (Linnell et al., 2018)
if available, especially when those nests were large (> 0.3m°) and
supported by stable tree structures.

While this study details the effects of stand age on nest persistence and
nest site use, the scale at which we examined forest age as an independent
variable varied between young forest stands and old forest stands. We
balanced our study design, focusing on the range of forest ages 20 to 79
years (n = 54 stands). We combined old forest as all stands > 80 years,
which spanned 97 to 320 years (n = 9 stands) and thus old forest surveys
would benefit from additional replication across the range of ages included
in our old forest age class to capture changes in tree crown and structure
development throughout this category. Age estimation in old forest stands
was challenging because older forest stands under natural succession
were composed of trees from different age cohorts, so assigning a singular
value to stand age did not capture the structural and developmental
variability present. Finally, conducting effective surveys in old forest stands
through our canopy-based survey method required significantly greater
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effort compared to surveys conducted in young forest stands and there is
significant uncertainty in the overall distribution of voles in old forests. For
instance, we observed vole sign in 7 of our 9 old stands (77%), which was
significantly higher than Dunk and Hawley (2009) who reported 96 of 365
plots with vole sign, of which 91 plots with voles were in stands with tree
diameters > 90cm (n ~258 late seral old growth plots; ~35% of the sample).
Dunk and Hawley (2009) estimated the probability of Forest Inventory
plot-level (1-ha, 100 x 100 m) red tree vole occurrence to be 25% in
reserves and 17% for predicted habitat on public lands outside old growth
reserves, given their data. Our inferences were strongest for 20- to
50-year-old stands, with less representation regarding the range of
variation associated with arboreal and tree vole nest characteristics and
persistence in older forest stands. Understanding vole occurrence would
require additional effort following directed power analyses and modified
sampling protocols (Piasecki, 2023, Moriarty et al., unpublished data).
Further, we found that not every nest that exhibited recent tree vole sign
was occupied. This is critical in informing future research and management
regarding tree voles and aligns with results produced by Swingle and
Forsman (2009) wherein a single tree vole can use multiple nests within its
home range. Research that implements live-capture techniques to track
tree vole movement and confirm individual nest use can effectively
contextualize the relationship between recently occupied tree vole nests
and abundance of individual tree voles within a stand.

Management Implications

Understanding persistence of arboreal nests can play an important role in
conserving canopy-dwelling species and supporting their nesting
requirements, especially in forests with limited structural complexity,
where species may compete for nesting space. Our four-year study across
Oregon's central Coast Range demonstrated that arboreal nest persistence
was primarily driven by nest size, with nests larger than 0.3 m? achieving
nearly 100% annual survival. While red tree vole nests in old forests (> 80
years) exhibited higher persistence rates than in young forests, the
frequent interspecific nest use in young stands suggests young forests may
provide habitat despite limited structural characteristics compared to old
trees. Such young forest habitat is likely critical in facilitating connectivity
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for tree voles between patches of older forest refugia (Linnell et al., 2017).
Given our high nest survival rates, caution is warranted when interpreting
the relationship between nest abundance and red tree vole population
size. In 2022, we documented recent tree vole sign in 43% of surveyed
stands, with 15% of observed nests showing evidence of recent use and
20% of those classified as occupied. This translates to approximately 3
occupied nests per 100 nests in stands with confirmed tree vole
occurrence, likely varying between young and old forest. We also highlight
the necessity to consider differences in research methods in old forest
compared to young forest accounting for challenges associated with
canopy complexity and nest detectability. While these data provide initial
insights into nest use variability, additional sampling and longer study
duration are needed to clarify the relationship between nest density and
individual tree vole abundance.

To support voles and canopy-dependent species, forest managers could
prioritize canopy connectivity and retention of nest-supporting structures
including broken tops, split trunks, and interconnected branch whorls
during stand management operations to support construction of larger,
more persistent nests and facilitate movement throughout the canopy.
Given that 75% of average-sized nests in 35-year-old stands were likely to
persist for at least three years, young managed forests can support small
populations of red tree voles and facilitate connectivity between old forest
patches when appropriate structural features are retained.

Because canopy research and monitoring, in particular assessments of
nest use, is both physically challenging and requires specialized training
and safety equipment, understanding the relationship among nest
occurrence and persistence in relation to use, specifically by tree voles,
would aid in assessing or prioritizing stands for surveys, management, and
conservation. Future research and management efforts would benefit
from further investigation into understanding tree vole demographic rates
(i.e., reproduction, survival) in stands that differ in age.
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