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Abstract: Standing deadwood is an important attribute of old-growth boreal forests and it provides
essential microhabitats for deadwood-associated species. In managed boreal forests, short rotations
tend to limit the amount and diversity of standing deadwood. This study evaluates if the
anthropogenic supply of deadwood attributes through tree girdling or by providing nest boxes
may favor deadwood-associated species. We studied the short-term response of saproxylic beetles,
foraging woodpeckers, and secondary cavity users to snag and cavity supply in 50 to 70-year-old black
spruce stands. In spring 2015, we girdled 8000 black spruce according to two spatial distributions
(uniform and clustered), and we also installed 450 nest boxes of six different sizes at three distances
from the forest edge. Using trunk window traps, we captured significantly more beetles in sites
with girdled trees than in control sites in both 2015 and 2016. We also recorded a trend of a greater
abundance of beetles in clusters of girdled trees than within uniformly distributed girdled trees.
Trypodendron lineatum (Oliver) dominated beetle assemblages, representing 88.5% of all species in 2015
and 74.6% in 2016. The number of beetles captured was 7x higher in 2015 than in 2016. In contrast,
we observed greater amounts of woodpecker foraging marks in fall 2016 than in either fall 2015 or
spring 2016. Woodpeckers foraged significantly more in clusters of girdled trees than within uniformly
distributed girdled trees. Woodpeckers’ foraging mark presence was positively associated with the
proportion of recent cuts at 1 km around the study sites. Five Boreal Chickadee (Poecile hudsonicus
Forster) pairs used nest boxes and occupied smaller box sizes that were located away from the
forest edge. Our study showed that structural enrichment can be effective in rapidly attracting
deadwood-associated species within managed forest stands.

Keywords: deadwood; cavity; woodpeckers; saproxylic insects; nest box; Trypodendron lineatum

1. Introduction

The overall landscape and age structure of eastern Canadian boreal forests have been altered by
forest harvesting [1,2], thereby inducing changes in the amount and diversity of standing deadwood [3].
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Indeed, the time elapsed between rotations does not allow the recovering of deadwood structures
that are normally found in old-growth boreal forests [4]. Management and conservation targets
implemented in recent decades have proven to be insufficient in preventing habitat losses below
minimum ecological thresholds [5]. Moreover, salvage logging after natural disturbances removes
substantial amounts of deadwood in most accessible areas [6]. In Fennoscandia, several species of
plant, animal, and fungus are now threatened by the rarefaction of deadwood attributes resulting from
long-term intensive forestry [7]. Given the similarities in forest-age structure and bird assemblages of
Fennoscandian and northeastern Canadian boreal forests [8], it is important to implement management
practices that will avoid such an outcome in Canada.

Ecosystem-based forest management has emerged as a means of reducing the negative effects
of forestry on ecosystems [9]. By emulating natural disturbances (e.g., wildfires, insect outbreaks,
windthrows), it is expected that managed forests will maintain forest structures within their historical
range of natural variability. In turn, this would help in maintaining the boreal fauna that have
evolved under natural disturbance regimes. Forestry practices aiming to increase the diversity of
forest structures and promote the availability of different types of deadwood could be an asset for the
conservation of deadwood-associated species, also called saproxylic species [4,10].

Many vertebrates and insects rely on standing deadwood (hereafter referred to as snags) during
some part of their life cycle [11,12]. By digging galleries under the bark or into the sapwood of
recently dead trees, some aggregative beetles such as scolytids (Curculionidae) have a critical effect
on the dynamics of other species that use snags as a foraging substrate [13]. These associations,
however, may differ according to the type of deadwood produced [14]. Indeed, the Black-Backed
(Picoides arcticus Swainson; hereafter BBWQO) and the American Three-Toed (Picoides dorsalis Baird;
hereafter ATWO) woodpeckers prefer to forage on dying trees or recent snags rather than on strongly
decayed ones [15-17]. As primary cavity nesters, woodpeckers also rely on snags to excavate cavities
for nesting, and they are considered as a keystone species in boreal ecosystems [18]. These breeding
cavities initiate successions, as cavities are often used by many secondary cavity nesters/users that
are themselves unable to excavate shelters for nesting or roosting [19]. Associations within nest-webs
also depend on bird size, where large-bodied primary excavators produce adequate cavities for larger
secondary users [20].

Some silvicultural practices, such as partial harvesting [21] or the retention of riverine and remnant
linear forests [22,23], maintain deadwood at the landscape scale [24]. However, the artificial supply of
snags could also have positive effects on associated wildlife at the stand level [25-27]. In some boreal
and temperate ecosystems, is has been shown that tree girdling or leaving high stumps after harvesting
generate suitable habitats for saproxylic beetles [27,28], and that tree topping favors the foraging and
nesting of primary cavity nesters [29]. It is also possible to enhance the availability of cavities using
nest boxes if conservation concerns target secondary cavity nesters [30,31].

However, the spatial distribution of snags at the stand scale may modify the response of the
species targeted by mitigation measures. For instance, the concentration of volatiles compounds
released by snags (e.g., ethanol, a-pinene) should be higher locally in clustered rather than isolated
distribution, and be more attractive to ambrosia beetles [32], which, in turn, release aggregative
pheromones (e.g., lineatin). This could result in an exponential beetle colonization that could represent
an energy-rich food source for predators (e.g., Picidae [13]). Landscape habitat configuration may also
influence the effectiveness of local-scale structural enrichment strategies. Indeed, the occupancy of
appropriate sites could remain low if the surrounding stands are poor source habitats [33].

The main aim of this study was to determine whether an anthropogenic supply of deadwood
attributes (snags by girdling trees and cavities using nest boxes) implemented in a managed boreal
forest favor the presence of deadwood-associated species. Based on the detectability of resource
pulses, our general hypothesis is that clustered snags should be easier to detect by beetles than snags
scattered uniformly throughout a forest stand. A high density of saproxylic beetles would represent an
energy-rich food source for predators and could increase the response of woodpeckers [13], but the
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speed and degree of response may differ between the two groups of organisms. We also hypothesized
that nest boxes should be used for nesting and roosting by several species.

2. Methods

2.1. Study Area

This study was conducted about 150 km northeast of Lac Saint-Jean (Québec, QC, Canada) (49° N,
71° W; Figure 1) in 2015 and 2016. This area overlaps two bioclimatic regions, the balsam fir—white
birch and the black spruce—feather moss bioclimatic domains. These regions are characterized
by coniferous forests dominated mainly by balsam fir (Abies balsamea [L.] Mill.) and black spruce
(Picea mariana [Mill.] B.S.P.), accompanied by white spruce (Picea glauca [Moench] Voss), white birch
(Betula papyrifera Marsh.), and trembling aspen (Populus tremuloides Michx.) [34]. Spruce budworm
outbreaks and wildfires are the main disturbances affecting the balsam fir—white birch and the black
spruce—feather moss domains, respectively. The regional topography is undulating, with valleys
oriented roughly along a north—south axis. Clearcutting with the protection of regeneration and soils
is the most widely practiced harvesting technique in these stands. This method usually cuts all trees
DBH > 9 cm, and leaves small snags (DBH < 9 cm) in place if they do not represent a security concern
for workers.
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Figure 1. Map of the study area. Black squares represent the experimental sites within the 5 experimental
blocks. The inset map shows the balsam fir-white birch (light gray) and the black spruce—feather moss
(dark gray) bioclimatic domains.
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2.2. Experimental Design and Data Collection

2.2.1. Experimental Design

Forest stands were selected using SQL queries on 1:20,000 digital forest maps (Ministére des
Foréts de la Faune et des Parcs, Québec, QC, Canada) in ArcGIS 9.3. Selected forest stands (>4 ha) were
composed of 50- to 70-year-old black spruces of all height classes and had a canopy closure of >40%.
The selection also included the presence of a forest road (of a width ranging from 3 to 5 m) that crossed
the stand and excluded any major watercourses or disturbances (e.g., recent fires, insect outbreaks,
cut blocks). We conducted a field validation for every site to ensure the forest maps had adequately
characterized the actual targeted characteristics.

The study followed a factorial design whereby deadwood supply was increased by girdling trees.
Deadwood supply followed two spatial distributions (uniform vs. clustered vs. a no-girdling control),
and cavity supply was increased using nest boxes (30/site vs. none). Each treatment was assigned
randomly to a 4-ha (200 x 200 m) site in five experimental blocks, each block containing six sites >1.5 km
from one another. Thus, each block had the following treatments: uniform deadwood (DW1), clustered
deadwood (DW?2), cavities (CV), uniform deadwood with cavities (DW1CV), clustered deadwood with
cavities (DW2CV), and control (CT) (Figure 2).
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Figure 2. Schematic representation of the 6 experimental sites (i.e., every treatment combination) within
each experimental block (n = 5). Each black dot represents a girdled tree (n = 400/site). Nest boxes
(n = 30/site) are represented by various symbols.

2.2.2. Deadwood Supply

Standing deadwood was produced by girdling the trunk at breast height of healthy black spruce
(n = 8000) in May and June 2015. A total of 400 commercial trees (diameter at breast height or
DBH > 9 cm) were girdled in sites where deadwood supply was applied (i.e., 100 trees/ha). This value
was a compromise between logistical constraints and the predicted probability of the selection of
nesting habitat by BBWO, as documented by Tremblay et al. [35] in similar habitats (probability
reaching 50% in stands with >200 recent snags/ha). In DW1 and DW1CYV, girdled trees were spaced
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systematically 10 m from each other, whereas in DW2 and DW2CYV, girdled trees were grouped into
four clusters centered on points spaced 100 m from each other (Figure 2).

2.2.3. Cavity Supply

To simulate cavities, we installed 30 nest boxes of six different sizes in June 2015 within all CV,
DWI1CV, and DW2CV sites (n = 450; 7.5 nest boxes/ha). To assess the edge effect on the use of nest boxes,
we placed the three largest nest boxes 0 and 100 m from the road that crossed each site, whereas we
installed the three smaller nest boxes at distances of 0, 50, and 100 m from the road (Figure 2). Nest box
density was determined to test for different combinations of size/distance from the road, but it is
also consistent with the density of natural cavities recorded in the balsam fir-white birch bioclimatic
domain (11.2/ha [18]). Each nest box was set to be preferably east-facing (except for those along the
road) and to avoid exposure from dense lateral cover [35]. Boxes were installed at a height ranging
from 2.5 to 4 m.

2.2.4. Insect Survey

Saproxylic beetles were sampled using trunk window traps (see [36]) installed on two girdled
trees in all DW1, DW2, DW1CV, and DW2CYV sites and on two healthy trees in every CT site
(n = 50). The collecting containers were filled with 70% ethanol and household vinegar (acetic acid)
to preserve specimens. Traps were active for four weeks immediately after girdling (mid-June
to mid-July 2015) and one year post-girdling (mid-June to mid-July 2016), which corresponds
to the colonization period of most saproxylic species. Ten additional traps were distributed
among the CV sites in 2016 to act as a second control for deadwood supply. All samples were
processed by the same observer (S. Dufour-Pelletier) and classified into four taxa (Cerambycidae,
Curculionidae: Scolytinae (hereafter Scolytinae), other Curculionidae (hereafter Curculionidae),
and Cleridae). A second experimented observer (J.-M. Béland) reviewed all samples and identified
insects to the lowest possible taxonomic level.

2.2.5. Foraging Marks Survey

We surveyed a random subsample of 20 girdled trees in all DW1, DW2, DWCV1, and DWCV2
sites in October 2015 (1 = 400) to detect woodpecker foraging marks (i.e., the number of pecking marks
or bark scaling surfaces on the first 2 m above the girdled section). We added another subsample of
20 trees per site for the subsequent sampling periods in June 2016 and October 2016 (total n = 780,
as one site was accidentally harvested during the winter). The same trees were examined over time,
and we identified foraging marks with paint at each sampling period to distinguish old and new marks.
Because foraging marks observed on the additional subsample trees in June 2016 had not been painted
during the first sampling period in October 2015, we used the obvious color differences of sapwood
(i.e., dark vs. light brown) between the older and fresh foraging marks—as observed on the trees that
had been sampled during the first two periods—as a classification criterion. Foraging marks were not
assigned to a specific species of woodpecker.

2.2.6. Cavity Survey

We visited every nest box once in mid-June 2016. Those showing signs of use (i.e., vegetation debris,
nest, bird presence) were surveyed every week to confirm nesting and to determine productivity and
survival rates.

2.2.7. Vegetation Survey

We established two circular plots, 11.28 m radius (400 m?), 50 m from the center of each site.
Within these plots, we measured the diameter of all trees at breast height (DBH > 9 cm) using a digital
distance measurer (Haglof DME201) and a caliper (+0.05 cm). Moreover, in October 2016, we classified



Forests 2020, 11, 424 60of 17

each subsampled girdled tree as living (at least one new twig of the year), dying (no new twigs, a high
proportion of red foliage), or dead (<20% foliage remaining). Digital forest maps were used to extract
old-growth, perturbed and recently cut forest stands around each site based on a buffer width of 1 km
to avoid overlaps between sites. These variables were included in the foraging mark analyses (see
description in Table 1).

Table 1. List and description of habitat variables.

Code Habitat Variable

Landscape scale

RC Recent cuts (% of the buffer zone)

<10-year-old interventions (excludes thinning)

Major natural perturbations (% of the buffer zone)
MP Severe insect outbreak, burn, windthrow, or deterioration (<40 years); affects >75% of the
basal area of the stand

Partial natural perturbations (% of the buffer zone)
PP Partial insect outbreak, burn, windthrow, or deterioration (<40 years); affects between 25%
and 75% of the basal area of the stand

Mature/old-growth stands (% of the buffer zone)

OF >90-year-old even-aged or uneven-aged stands
ALL RC + MP + PP + OF
Site scale
DBH.mean Mean DBH of trees within a site
Tree scale
DBH.Grd DBH of a girdled tree
MS.Grd Mortality stage of a girdled tree

2.3. Statistical Analysis

2.3.1. Saproxylic Beetles

We first compared the number of captured saproxylic beetles based on deadwood supply treatment
and sampling year—including their interaction—using generalized linear mixed models (GLMMs)
following a negative binomial error distribution. We ran these analyses separately for each taxon
(Cerambycidae, Scolytinae, Curculionidae, and Cleridae). Random effects were the sequential number
of traps nested into the interaction of the experimental site and block, and the number of days of capture
was used as an offset variable. We used the R-package car to determine the statistical significance of
factors and their interaction [37].

2.3.2. Foraging Marks

We constructed a set of biologically relevant candidate, mixed-logistic models to predict the
probability of the presence of new woodpecker foraging marks on girdled trees, based on deadwood
supply treatment, sampling season, mean DBH of trees within vegetation plots, and habitat variables
at landscape scale (see Supplementary Table S1). The random effects were the subsampled girdled
trees nested into the interaction of experimental site and block. The retained variables in the final
model were assessed subsequently using the lowest AIC. value. Since the probability of detecting a
new foraging mark likely decreases with the intensity at which a tree was used previously, we created
a dummy variable that contained the proportion of the tree surface used during the previous sampling
period and included this dummy variable in every model.

We used a different mixed logistic model for the 780 subsampled girdled trees surveyed in October
2016—as we then had information regarding tree degradation stage—to determine the fine-scale
variables that best explained the presence of new foraging marks on girdled trees. The fixed effects
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were deadwood supply treatment and the degradation stage of each girdled tree. We used the DBH of
girdled trees as a covariate and an interaction term with the deadwood supply treatment. The random
structure remained the same as in previous analyses.

All GLMMs were fitted using the R-package Ime4 [38], and we used the Ismeans [39] R-package to
assess the posteriori comparisons of least-squares means (x = 0.05).

3. Results

3.1. Saproxylic Insects

In 2015, we captured 24,828 saproxylic beetles belonging to 44 species divided among four
families/subfamilies compared to 3805 beetles in 2016. In 2015, Cerambycidae, Cleridae, Curculionidae,
and Scolytinae accounted for 1.1%, 1.0%, 1.2%, and 96.7% of all captured beetles, respectively,
compared with 1.4%, 2.4%, 1.6%, and 94.6% in 2016. In both years, Trypodendron lineatum (Oliver) was
the most abundant species in the traps, representing 88.5% (n = 21,983) of all individuals in 2015 and
74.6% (n = 2839) in 2016 (see Supplementary Table S2).

Overall, we captured significantly more beetles per day in the uniform and clustered sites than in
the control sites for all four insect (sub)families (Table 2; this pattern was more pronounced in 2015
than 2016 (Figure 3), and, based on pairwise comparison on the same treatment, it was true for most
beetle taxa. We observed no significant difference in the number of beetles captured per day between
the uniform and clustered deadwood treatments, except for the Scolytinae in 2016. The interaction
between the deadwood supply treatment and year was significant only for the Curculionidae (Table 2).

Table 2. Fixed effects and interaction terms of deadwood supply treatment and sampling year on the
daily capture of saproxylic beetles, based on Type III Wald x2 tests.

Insect (Sub)Families df  Wald Chi-Square  p-Value
Treatment 2 8.08 0.018

Curculionidae Year 1 39.73 <0.001
Treatment: Year 2 7.19 0.027

Treatment 2 20.86 <0.001

Cerambycidae Year 1 18.33 <0.001
Treatment: Year 2 1.89 0.387
Treatment 2 13.48 0.001

Clearidae Year 1 15.99 <0.001
Treatment: Year 2 4.99 0.083

Treatment 2 14.91 <0.001

Scolytinae Year 1 48.23 <0.001
Treatment: Year 2 3.61 0.165
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Figure 3. Mean capture (+SE) of Curculionidae, Cerambycidae, Cleridae, and Scolytinae per trap/day
according to treatment and year. Different letters within a year indicate significantly different
least-squares means among treatments, whereas asterisks represent significantly different least-squares
means between years for the same treatment (x = 0.05).

3.2. Foraging Marks

Overall, 17 months after girdling, foraging woodpeckers had used 62.9% (n = 490) of the
subsampled trees (71.3% (n = 285) in clustered treatments and 54.1% (n = 205) in uniform treatments).
According to the best model that included landscape variables and seasons, treatments (x> = 10.27,
p = 0.001) and seasons (x> = 128.49, p < 0.001) affected the probability of new woodpecker foraging
marks with a marginally significant interaction between these main effects (x> = 5.35, p = 0.069).
This probability of presence was similar between the October 2015 and June 2016 samples, but was
significantly higher in October 2016 than in October 2015 and June 2016 (Figure 4). For each season,
clustered treatments had a significantly higher probability of the presence of foraging marks than
uniform treatments. The proportion of recent cuts within a 1 km buffer around sites also positively
affected the probability of use of girdled trees (x> = 17.08, p < 0.001), although this differed depending
on sampling season (x? = 23.84, p < 0.001). For the uniformly distributed deadwood treatments, a high
proportion of recent cuts, 1 km around sites, tended to increase the probability of use by woodpeckers,
although this was more important in October 2015 and June 2016 than in October 2016 (Figure 5a).
For clustered deadwood treatments, the same pattern occurred, but with higher probabilities observed
for all seasons (Figure 5b).
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Figure 4. Predicted probability (+SE; back-transformed from the logit scale) of the presence of new
woodpecker foraging marks on girdled trees during the three sampling seasons. Different letters
within a sampling season indicate significantly different least-squares means among treatments.
Lines with an associated p-value represent different least-squares means between sampling seasons,
regardless of treatment.
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Figure 5. Projected probability of presence of new woodpecker foraging marks (+95% CI) on girdled
trees sampled in October 2015 (green lines), June 2016 (gray lines), and October 2016 (black lines)
based on the proportion of recent cuts 1 km around sites for (a) uniform and (b) clustered treatments.
Gray dots represent the distribution of raw data; the size of the dots is related to the number of
observations; darker gray dots are superimposed data.

Of the 780 girdled trees subsampled in October 2016, 74.1% were dead, 9.5% were dying, 13.1% were
still alive, and 3.3% were lost (identification tag was not found or had fallen). Treatment, as well as the
DBH and the mortality stage of girdled trees, affected the probability of new woodpecker foraging
marks (x> = 4.72, p = 0.029; x> = 9.18, p = 0.002; x> = 72.23, p < 0.001, respectively). The positive effect
of DBH, however, varied depending on treatment (x? = 4.03, p = 0.045). Indeed, the DBH of girdled
trees had a greater effect on the probability of the presence of new woodpecker foraging marks in
uniform treatments (Figure 6a) than in clustered treatments (Figure 6b).
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Figure 6. Projected probability of the presence of new woodpecker foraging marks (+95% CI) on girdled
trees sampled in October 2016, based on the DBH of dead (black lines), dying (green lines), and live trees
(gray lines) for (a) uniform and (b) clustered treatments. Gray dots represent the distribution of raw
data; the size of dots is related to the number of observations; darker gray dots are superimposed data.

3.3. Cavity Survey

Of the 450 nest boxes installed in 2015, only five were used for nesting in June 2016, and all five
were used by the Boreal Chickadee (Poecile hudsonicus Forster). These birds occupied the two smaller
nest boxes types, and no boxes were located at the edge of the road. All pairs successfully produced
3-5 nestlings.

During the nest box survey of June 2016, we noted that 19 nest boxes (the three smallest sizes) were
filled with vegetation debris, probably associated with the activity of squirrels. We also observed that
20.9% of nest box entrances (1 = 94) were chewed by squirrels, often in order to enlarge the entrance
(16.7% of the three largest sizes (n = 15) and 21.9% of the three smallest sizes (n = 79)).

4. Discussion

Our study shows that tree girdling is an effective method for rapidly attracting saproxylic
beetles into 50- to 70-year-old, even-aged, black spruce forest stands. For every insect (sub)family
sampled, except for Curculionidae (other than Scolytinae), there was a higher number of beetles
captured at treatment sites than at control sites. We captured approximately 7-fold fewer beetles
in 2016 (one year after girdling) than in 2015 (a few weeks after girdling); however, the (sub)family
composition remained almost the same between years. We also demonstrated that enhancing the snag
supply can attract foraging woodpeckers, which, in our study, exclusively used the scaling technique.
We observed very few foraging marks in October 2015 (6 months after girdling) and June 2016 (1 year
after girdling); in contrast, we found a large number of foraging marks in October 2016 (18 months
after girdling). Contrary to what we expected, the sample period with the most foraging marks
did not correspond to the period of maximum saproxylic beetle captures. This could be partly or
concurrently explained by two factors: (1) beetle captures did not reflect the real colonization rate of
girdled trees, and (2) woodpeckers could have failed to detect beetles in 2015, even if there had been
beetle colonization.

4.1. Differences between Snag-Supply Treatments

Except for Scolytinae in 2016, we did not find any significant difference between uniformly
distributed and clustered snags in the number of captured saproxylic beetles. This result partly
contrasts with our expectations, since a greater density of recent deadwood would normally increase
the concentration of volatiles, and thus favor the detection of suitable habitat patches by saproxylic
beetles [32,40,41]. Based on the size of experimental sites (4 ha) and the relatively low distances between
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girdled trees in the uniformly distributed snag treatments (10 m), it is possible that the difference
in the concentration of volatiles released from snags at the stand scale was not enough to induce a
change in their detectability by saproxylic beetles (other than Scolytinae). Saint-Germain, Buddle and
Drapeau [32] reported that, even if beetles in flight orient themselves toward habitat patches using
host volatiles, they randomly land on trees and then perform a final host selection in a trial-and-error
manner. However, although not statistically significant, we did observe a general trend of greater
captures of some beetle (sub)families other than Scolytinae in the clustered treatments.

Unlike saproxylic insects, woodpeckers foraged more on girdled trees in the clustered treatments
than uniform treatments. Foraging decisions may be based on information gathered across multiple
spatiotemporal scales, as demonstrated for the Magellanic Woodpecker (Campephilus magellanicus
King [42]). Indeed, this species acts as a locally informed forager and uses visual clues from the
immediate vicinity to select individual trees, whereas the time spent to forage on the same tree is
rather influenced by their long-time memory of tree availability along the foraging route or within
their home range and tree-level attributes (e.g., DBH, decay stage). Based on these foraging strategies,
woodpeckers in our study area could have been more likely to locate girdled trees in clustered
treatments compared with uniform treatments, as foraging sites (i.e., girdled trees) were closer to one
another. Woodpeckers would have used them intensively, given that the foraging substrate was more
abundant and prey was more concentrated in these treatments than in those along their foraging route.

4.2. Effect of Spatial Scale on Snag Use

The presence of woodpecker foraging marks was positively associated with the proportion of
recent cuts (<10 years) at 1 km around sites. These results are similar to those obtained in other sites,
where BBWO often nest in residual snags in recent cuts [35,43]. It has also been shown that ATWO use
clear-cut edges as movement corridors [44]. The more open habitats around our experimental sites may
have favored movement between the fine-scale habitat components within the woodpeckers” home
range (e.g., open nesting habitats toward denser foraging habitats) and increased the probability of
detecting girdled trees. This explanation is more plausible for fall 2015 and spring 2016, when girdled
trees were likely less suitable or less attractive for woodpeckers, than in fall 2016, where the high
attractiveness of the snag supply treatments was the principal driver of the foraging habitat selection
of woodpeckers.

At a finer scale, the probability of the presence of new woodpecker foraging marks in October 2016
was associated with larger-sized, recently dead trees. These results are consistent with the recorded
foraging behavior of boreal woodpeckers (e.g., [15,16,44,45]). Indeed, larger trees are more likely to
harbor a higher density and diversity of saproxylic beetles [46,47]. However, the size of girdled trees
was less important in clustered snag treatments, as woodpeckers were more likely to forage on closer
suitable trees, rather than search systematically for larger ones. In forest sites near to our study area,
foraging ATWO and BBWO selected trees having a mean DBH + SE of 19.2 + 0.5 cm and 18.3 + 0.4 cm,
respectively [15,45]. Given a mean DBH of 13.5 + 0.1 cm for the 780 subsampled girdled trees, we can
assume that girdling larger trees would be more suitable for foraging woodpeckers. A substantial
proportion of girdled trees (13.6%) remained alive even 1.5 years post-girdling. It has been shown that
girdled trees can live and even continue to grow for 1-2 years after girdling before their roots die from
a lack of photosynthate [48].

4.3. Time Lag between Beetle Capture and Woodpecker Foraging-Mark Abundance

Trunk window traps assess visitation rates at trees, but substantial differences may exist with
colonization rates [49,50]. Indeed, even if the number of beetles caught in traps was much greater in
2015 than in 2016, a weak insect colonization success may have occurred in 2015 and could have led to
a low food supply for woodpeckers. This could explain the few foraging marks that were observed in
fall 2015 and spring 2016.
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The striped-ambrosia beetle, T. lineatum, was by far the most abundant species captured in both
2015 and 2016. This wood-boring ambrosia beetle is highly attracted by ethanol produced via the
anaerobic metabolism of stressed or dying trees and, to a lesser extent, by low levels of the monoterpene
a-pinene [51]. After mating, females bore galleries at approximately 2 cm deep into the sapwood to
oviposit. McIntosh and McLean [52] estimated that T. lineatum (adults and their brood) gradually exit
their galleries (and the tree) following an accumulation of 265 degree-days above a 13 °C threshold after
gallery establishment; this threshold is reached around mid-July in meridional Canadian temperatures,
such as those found in the study area. Even if T. lineatum is highly attracted to recently dead trees,
it has been shown that this species prefers colonizing timber killed at the previous fall or winter, rather
than trees killed the same spring [53]. These trees will have undergone ethanol production for a longer
period of time and are more likely to have lower starch content in the sapwood and lower cell viability.
Moreover, conifers have a well-developed constitutive and induced defense system to prevent and
counter bark beetle attacks [48,54,55]. It therefore may be plausible that the colonization of the stressed
living girdled trees in 2015 did not occur proportionally to the number of beetles visiting girdled trees,
as reflected by the number on insects captured in trunk window traps. However, our field observations
confirm a certain degree of colonization, since frass (i.e., boring dust and feces cleaned out from
galleries) had accumulated on the bark scales and at the base of several tree boles. Inversely, in 2016,
the more advanced degradation of girdled trees may have weakened the defense mechanisms of
these trees and favored adequate sapwood characteristics, thereby allowing a marked colonization of
saproxylic beetles and producing suitable foraging substrates for woodpeckers.

The asynchrony between woodpecker foraging activities and beetle captures in traps could also
have resulted from a failure of woodpeckers to detect beetle abundance in 2015. In our study area,
BBWO and ATWO are the two main species likely to forage via bark scaling [17]. Both species forage
almost exclusively on dying or recently dead conifers [16,56,57]. In black spruce forests, Cadieux and
Drapeau [17] showed that bark scaling frequency by Picoides was significantly higher in >90-year-old
unpaludified stands than in 60- to 90-year-old stands, mainly because the former stands have a higher
density of recently dead trees. Given that very few girdled trees showed visual signs of degradation
during the first summer (i.e., red foliage) and the young age of forest stands (i.e., similar to the younger
stands studied by Cadieux and Drapeau [17]), the woodpeckers may not have been attracted to girdled
trees in fall 2015 and spring 2016 as the habitat still looked unsuitable (see [58]). This is also consistent
with our observations in October 2016, that most foraging marks were on recently dead girdled trees,
even though living and dying girdled trees remained available.

4.4. Other Time-Related Effects on the Response of Insects and Birds to Snag Supply

The absence of woodpecker excavation marks into the wood during our survey suggests that
they only fed on beetles present within or directly underneath the bark (i.e., mostly adult Scolytinae).
Most frequently, BBWO excavate small holes to find wood-boring beetles, but may also rely on the
scaling technique to access bark beetles [15]. ATWO always prefer to feed on bark beetles [16,57].
Assuming a marked insect colonization only in spring 2016, and given that T. lineatum (adults and
broods) remained in the sapwood of girdled trees until at least mid-July, it is more likely that the high
proportion of new foraging marks detected in October 2016 was due to a high emergence rate of beetles
during the late summer [59]. This higher foraging activity may also have been exacerbated by the
persistence of adult beetles on girdled trees for overwintering combined with the fall dispersion of
juvenile woodpeckers (Tremblay et al. [60], unpublished data). Such a pulse in resource availability
could have increased the cost-benefit ratio associated with foraging activities.

Moreover, the low abundance of new foraging marks on girdled trees in spring 2016, which covers
the time frame between October 2015 and June 2016, could also be explained by a different foraging
ecology of woodpeckers during the breeding season. Indeed, it has been demonstrated that, during this
period, Scolytinae were rare in the BBWO diet and nestlings were provisioned with Cerambycidae
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(Tremblay et al. [60], unpublished data). One may suppose that Scolytinae are not as energetically
valuable as other prey available during the breeding season (sensu [61]).

4.5. Effect of Cavity Supply

Only five Boreal Chickadee pairs used nest boxes (1.1% of available boxes) and occupied the
two smaller box sizes located away from the forest edge. The selection of small-sized nest boxes by
chickadees over larger boxes has also been observed in a nest-site limitation experiment in western
Canadian boreal forests [30].

Nest box occupancy in this study was lower than in some other cavity-supply studies in different
forest systems [62-64]. However, other studies noted that nest box occupancy tends to increase with
time following installation [63,65,66], suggesting that we might expect a greater use of our installed
nest boxes in the upcoming years. In fact, nest box reuse among birds is common, and this is especially
true after a successful nesting, although this reuse varies widely between species [67,68].

The use of nest boxes as roosting sites by red squirrels (Tamiasciurus hudsonicus Erxleben) and
northern flying squirrels (Glaucomys sabrinus Shaw) is also common [69,70]. However, given their
ability to construct bolus nests in the tree canopy and use underground burrows [71], squirrels are
likely not limited by cavity availability [72]. On the other hand, Aitken and Martin [30] hypothesized
that squirrels’ preference for large-sized boxes and the enlargement of the entrances of smaller boxes
may indicate a shortage of suitable large-sized den sites in their study area. This statement does not
seem to apply to our study, as only the three smaller sizes of boxes were used for roosting, and larger
nest boxes were chewed almost as much as the smaller ones.

5. Conclusions

With the implementation of ecosystem-based management, forest managers should aim to limit
the simplification of the internal structure of forest stands and the loss of certain types of deadwood [73].
To achieve that, researchers highlighted the importance of leaving a greater variety of post-harvest
forest remnants in terms of width, composition and structural attributes [3,24]. Similarly, in black
spruce forests, Tremblay, Savard and Ibarzabal [35] recommended the protection of 50-ha patches of old
irregular forest stands embedded in at least 30% of remnant productive forests within agglomeration
of cut blocks. The use of extensive silvicultural treatments, such as partial cutting, may also provide a
suitable habitat over the long-term for deadwood-associated species [16,35]. Nevertheless, when forest
structures have been locally driven beyond their natural range of variability and a conservation
concern is identified, structural enrichment may serve as an effective compensatory measure to palliate
such deficits. If a problem occurs at a larger scale, tree girdling to increase snag supply could be
integrated into actual forest practices (e.g., at the time of thinning, see [27]). As these strategies
can quickly become expensive, they may be applied in specific situations, for instance ecological
restoration [74], where managers should prioritize their actions based on the greatest potential for
ecological benefits. We have shown that anthropogenic treatments aiming to attract early successional
saproxylic beetles and foraging boreal woodpeckers should be done by girdling black spruce in
several clusters and choose the largest trees available. These snags would remain suitable for these
species over the first few years and would then become suitable for many other species during the
process of decay (e.g., primary and secondary cavity users, late-successional saproxylic organisms).
However, too many snags at a local scale could actually reduce the occupancy of individual snags,
as the availability of the resource would surpass the capacity of beetle communities to colonize
these habitats (Ibarzabal et al., Unpublished data). Further studies in eastern Canadian boreal forests
should aim to test different structural enrichment strategies (e.g., killing methods, target species,
optimal quantities) according to different levels of management intensity. More adaptive methods
could thus facilitate their implementation in commercial activities and favor ecological benefits at
larger scales.
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