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Abstract: Northern white cedar (Thuja occidentalis L.) is a species of high ecological and economic
value whose abundance has been declining since the pre-industrial period. It is an important
element of white-tailed deer (Odocoileus virginianus Zimmerman) habitat, but its regeneration can be
compromised by excessive browsing. This situation is especially critical in deeryards, where deer
concentrate during winter. In 2018 and 2019, deer culling operations were carried out by the Ministry
of Forests, Wildlife and Parks of Québec over 400 km2 in response to the occurrence of chronic wasting
disease cases on a red deer farm. This operation offered an opportunity to look at how variations
in deer pressure influence cedar regeneration and how cedar responds to a sudden reduction in
browsing. We conducted regeneration surveys within and outside mapped deeryards both in the
deer reduction zone and in a control zone. We performed dendrochronological analyses of cedar
seedlings and saplings to quantify radial growth response to a reduction in browsing pressure. The
results show that cedar basal area influences the abundance of small seedlings but that the effect of
browsing becomes dominant for seedlings taller than 50 cm. Cedar growth responds to a reduction in
browsing, but a two-year period was not sufficient to translate into changes in regeneration structure.
The duration of the windows of opportunity at low browsing pressure required for cedar to reach
a safe height remains to be determined. However, canopy openness had a significant influence on
growth, suggesting that silvicultural measures could be taken to shorten the period of vulnerability
to deer browsing.

Keywords: plant–herbivore interactions; natural regeneration; browsing

1. Introduction

Northern white cedar (Thuja occidentalis L., hereafter cedar) is a species of high eco-
nomic value occupying a set of niche markets [1]. It is a shade-tolerant species that can be
present in a wide range of sites but is often dominant in extreme sites where competition
by other species is limited [2]. Cedar regeneration can establish as seedlings or layers in the
understory. It can survive with slow growth under low light levels and gain access to the
main canopy when short-lived species die or partial canopy disturbance occurs [1]. Sapling
growth can respond vigorously to increases in light levels [3,4]. Cedar has also shown a
potential for compensatory growth after clipping, in contrast with many other softwood
species [5,6].

For several decades, a decrease in cedar abundance has been observed over a large
part of its range, compromising both economic and ecological benefits [5,7–10]. This
decline has been associated with a lack of recruitment, in large part due to browsing by
white-tailed deer (Odocoileus virginianus Zimmerman, hereafter deer) [5,11]. This issue has
become more prevalent after the 1960s, when deer populations increased rapidly across
eastern North America [12]. Selective browsing by ungulates can limit the diversity and
heterogeneity of vegetation communities. In some cases, intensive browsing can lead to
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the establishment of a recalcitrant understory layer or to the development of alternative
successional trajectories [13–15]. However, the potential for cedar compensatory growth
could make deer–cedar interactions different from other plant–herbivore interactions.

Deer can browse seedling, saplings and tree branches up to a height of approximately
2 m [1]. In the shaded environment where cedar regeneration often develops, it could
take up to 50 years to reach that height [5,9]. Deer impacts would be especially important
in winter deeryards where cedar is used by deer as shelter and food source [5,16,17].
During winter, food sources for deer become limited and cedar becomes one of the best
available sources [16,18]. Seedlings would remain partially protected by snow until they
become apparent above the snow cover and accessible to deer. This has been suggested
by the many studies that found a reduction in the abundance of cedar seedlings > 15 cm
under high browsing pressure [5,19–21]. Cedar regeneration can be favored by natural
gap formation [22] or by partial cuts [23]. However, this regeneration is likely to fail under
high deer pressure [22,24]. Deer control measures would then be needed to enable cedar
regeneration to escape deer reach, but we do not know how fast cedar can respond to a
reduction in browsing pressure in natural conditions. In contrast with the slow growth in
the understory, a height of 3 m has been reached in some plantations in as little as 9 years,
leaving a third of tree height out of reach for deer [25].

In September 2018, 11 cases of chronic wasting disease (CWD) were found in a red
deer (Cervus elaphus Linnaeus) farm in western Québec [26]. To prevent the spreading of the
disease, the Ministry of Forests, Wildlife and Parks of Québec started a culling operation
over a controlled intervention area covering 400 km2 around the deer farm. The operation
was conducted by professionals, leading to the culling of 750 deer including 534 adults [26].
This is 7.65 times the 2017 harvest from sport hunting for this zone [27]. The following
year, the controlled intervention area was integrated into an enhanced surveillance zone
of 2200 km2, where hunting regulations were adjusted to maintain a higher pressure than
usual on deer populations. At the completion of the 2019 hunting season, 1368 deer
were harvested in the enhanced surveillance zone [28], a harvest 2.5 times higher than
the 2017 hunting season [29]. This sudden reduction in browsing pressure could offer an
opportunity for cedar regeneration to respond and eventually recruit to larger sizes.

A culling operation at this scale could hardly be conducted solely for research. We then
took advantage of this situation to look at how cedar responds to such an extreme reduction
in browsing pressure over a wide territory. Specific objectives were to: (1) characterize
spatial variations in deer browsing pressure; (2) quantify the growth response of cedar to
the reduction in browsing pressure; and (3) determine the effect of deer pressure and its
reduction on the abundance and structure of cedar regeneration.

2. Materials and Methods
2.1. Study Sites

We conducted the study in southwestern Québec, Canada (45◦43–46◦07′ N,
74◦38′–75◦29′ W; Figure 1). The study area falls within the western sugar maple–yellow
birch bioclimatic sub-domain (Sugar maple: Acer saccharum Marsh.; yellow birch: Betula
alleghaniensis Britton; ecological region 3b). The mean temperature for this region varies
between 2.5 and 5 ◦C and annual precipitations range from 900 to 1100 mm, a quarter of
this total falling as snow [30].

The sampling for this study was conducted in 2020, during the second growing
season after the start of the culling operation. We selected stands at least 70 years old
with no silvicultural treatment over the previous 20 years, as identified from forest cover
maps, distributed within or outside mapped deeryards. The study area covered two
administrative regions where available forest cover maps differed. Therefore, we applied
minimum cedar basal area thresholds accordingly, selecting stands with >10% basal area in
cedar for the western part, and >25% for the eastern part [31].
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pacted by the deer population control measures but still within the same ecological sub-
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itations, the final choice of stands was made after field validation and additional prospec-
tion directly in the field. A total of 33 stands were retained, 16 within the treated zone (10 
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as plot centre if two merchantable cedar trees (diameter at breast height (DBH) ≥ 9.1 cm) 
were present in a 11.28 m radius and if the stand was sufficiently large to establish a 45 m 
transect for regeneration survey. When these conditions were not met, the closest portion 
of the stand where cedar was present was identified and a random point was selected in 
that direction, with a minimum distance of 50 m from the initial point. The procedure was 
repeated until the conditions were met. 

The main canopy species were northern white cedar, balsam fir (Abies balsamea [L.] 
Mill.), red maple (Acer rubrum L.), sugar maple and yellow birch. The shrub layer was 
mainly composed of mountain maple (Acer spicatum Lam.), speckled alder (Alnus incana 
rugosa DuRoi), beaked hazelnut (Corylus cornuta Marshall) and hobblebush (Viburnum lan-
tanoides Michx.). 

  

Figure 1. Location of the study sites within and outside white-tailed deeryards and a controlled
intervention area where white-tailed deer were intensively culled. The study area is located in
southern Québec, Canada.

To control for pre-treatment deer browsing pressure, the treated and the control zones
had comparable deer harvest and vehicle collision numbers before the culling operation.
The treated zone included the initial controlled intervention area, integrated later into
the enhanced surveillance zone. The control zone was located outside the zone impacted
by the deer population control measures but still within the same ecological sub-domain
(Figure 1).

Given the limitations of maps derived from photointerpretation and some access limi-
tations, the final choice of stands was made after field validation and additional prospection
directly in the field. A total of 33 stands were retained, 16 within the treated zone (10 in
mapped deeryards [32], 6 outside deeryards) and 17 in the control zone (9 in deeryards,
8 outside deeryards). A random point was placed in the selected stands. It was retained
as plot centre if two merchantable cedar trees (diameter at breast height (DBH) ≥ 9.1 cm)
were present in a 11.28 m radius and if the stand was sufficiently large to establish a 45 m
transect for regeneration survey. When these conditions were not met, the closest portion
of the stand where cedar was present was identified and a random point was selected in
that direction, with a minimum distance of 50 m from the initial point. The procedure was
repeated until the conditions were met.

The main canopy species were northern white cedar, balsam fir (Abies balsamea [L.] Mill.),
red maple (Acer rubrum L.), sugar maple and yellow birch. The shrub layer was mainly
composed of mountain maple (Acer spicatum Lam.), speckled alder (Alnus incana rugosa DuRoi),
beaked hazelnut (Corylus cornuta Marshall) and hobblebush (Viburnum lantanoides Michx.).

2.2. Sampling Methods

On each site, merchantable trees were tallied by species in a randomly located 400 m2

circular plot. Saplings (1.1≤DBH < 9.1 cm) were tallied in a 100 m2 plot centered within the
larger plot. Regeneration from ligneous species was inventoried in 10 circular microplots
(4 m2), centered every 5 m along a north–south transect. This meant that some microplots
were outside the 400 m2 circular plot but still within the same stand. Seedlings were
counted by height class (5–15 cm, 16–30 cm, 31–60 cm, 61–100 cm, 101–200 cm, 201 cm up to
1 cm DBH), except for cedar, for which height was measured for seedlings taller than 5 cm.
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To characterize the browsing pressure at each site, we used the growth forms proposed
by Keigley [33]. Growth forms were chosen as a browsing pressure proxy because no
single species was present in sufficient numbers across sites to calculate an index based
on the proportion of browsed twigs. The selected approach uses four growth forms
that ligneous species can develop depending on historical browsing pressure (Table 1).
They enable contrasting the normal seedling development in a low browsing pressure
context to forms that develop when seedlings are heavily browsed at different stages of
development. Individuals of ligneous species having the potential to reach a height of
2.5 m were characterized for growth forms in three 100 m2 plots centered on microplots at
each end and in the middle of the transect.

Table 1. Browsing growth forms proposed by Keigley [33].

Type Description Browse Intensity

Uninterrupted
The terminal leader has never been

browsed and grows each year from the
terminal leader of the previous year

Light to moderate

Arrested
The terminal leader and lateral shoots are

repeatedly browsed, and the tree never
exceeds the snowpack height (arrest height)

Intense

Retrogressed

The terminal leader and lateral shoots had
grown taller than arrest height but an

increase in browsing intensity caused a
retrogression of the living height

Change from light–moderate
to intense

Released

Tree showing past signs of arrest or
retrogression of which one lateral shoot has
become a new terminal leader that grows
each year from the terminal leader of the

previous year

Change from intense to
light–moderate

To analyze the potential radial growth response to the deer control treatment, the
tallest cedar between 15 and 200 cm located within 5 m from each microplot center was
collected. This range of height was selected to focus on individuals that would be accessible
for winter browsing and could, therefore, benefit from reductions in deer browsing pressure.
For each of these, total height, root collar diameter, growth form and current year height
growth were determined. Yearly growth was not completed at the time of measurement,
but all measurements were taken over 9 days during the second half of August, so a
potential effect of time of measurement was deemed inconsequential. For each seedling,
a hemispherical photograph was taken at 1.3 m height with a camera equipped with a
fisheye lens (Nikon Coolpix 950 with fisheye converter FC-E8). These photographs were
then analyzed to derive percent canopy openness [34]. Root collar radial growth was
measured within 0.02µm using a Velmex micrometer and compiled with Dendro2019
software [35].

2.3. Statistical Analyses

A principal component analysis (PCA) using growth forms was conducted to derive
an index of browsing pressure. The frequency of the various types was compiled at the
stand level and converted into relative frequency. Frequencies were then transformed as
logit

{
log
(

p
1−p

)}
to linearize values and increase the precision around values of 0 or 1 [36].

The analysis was conducted on the correlation matrix of input variables, as suggested by
Jolliffe and Cadima [37]. The evaluation of component significance used the randomization
of eigenvalues [38]. We extracted the weights associated with each variable and calculated
the proportion of the variance explained for each of the principal components. The score of
each site on the first principal component (PC1) was extracted to produce a new variable
corresponding to an index of the browsing pressure.
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Larouche and Ruel [20] observed that deer pressure had no impact on the abundance
of regeneration smaller than 15 cm but was determinant for the abundance of regeneration
taller than 60 cm. Therefore, we tested the effect of the deer control treatment for three
height classes: 5–15 cm, taller than 15 cm and taller than 50 cm. Generalized linear mixed
models of seedling abundance at the microplot level were built for each height class using
a negative binomial distribution. Fixed variables included the location of the site within or
outside the treated zone, the natural logarithm of cedar basal area (m2/ha), the location of
the site within or outside a deeryard and the index of browsing pressure. Site was included
as a random effect.

The before–after control–impact (BACI) [39,40] approach was selected to evaluate the
impact of the deer control treatment on cedar radial growth. Following this approach, two
additional binary variables were added to the dataset: a BA variable and a CI variable. The
BA identified years before (before) or after (after) the year of the deer culling operation,
whereas the CI identified sites that were either in the control zone (control) or the treated
zone (impact). The BA*CI interaction was included in a linear mixed model (LMM) with
the natural logarithm of annual radial growth (µm) as the dependent variable. Growth
from 2014 to 2018 was used for the period before the intervention and 2019 to 2020 for
growth after the intervention. Canopy openness, browsing index and root collar diameter
(mm) were used as fixed effects and seedling ID nested within site was included as a
random effect. In order to see how a diameter growth response would translate into a
height growth response, a linear mixed model relating current diameter and height growth
was calculated.

All statistical analysis was conducted in R v4.1.3 [41]. The PCA and the selection
of significant components used the Stats package [41]. GLMMs were generated with the
lme4 package [42]. Model assumptions were checked with the DHARMa package [43].
Collinearity was analyzed with the performance package [44] using a variance inflation
factor threshold of 3 [45]. Results are presented as means with their standard deviations
(SD), except for cedar abundance by site, for which the mean is shown with its 95%
confidence interval calculated with an accelerated bootstrap method with bias (BCa) [46].
The package emmeans [47] was used to calculate the estimated marginal means (least-
squares means) of annual radial growth for periods and zones.

3. Results
3.1. Characterization of Browsing Pressure

The dimensionality of the variables associated with browsing was reduced using
principal component analysis (PCA). The weights associated with each variable and the
proportion of the variance explained for each of the principal components are presented in
Table 2. According to the eigenvalue randomization method [38], only the first PCA compo-
nent was significant. The score of each site for this component (PC1) was used to describe
the browsing pressure at each site in the rest of the analysis. To facilitate the presentation of
the weights (loadings) of the variables for PC1, we nevertheless present he eigenvectors of
the first two principal components in a biplot (Figure 2A). The released, retrogressed and
arrested growth forms had negative scores and differed from the uninterrupted growth
form, which was the only variable with a positive score. Sites with large proportions of
altered forms therefore had negative scores, while sites with a high proportion of normal
individuals had positive scores. The mean score for the treated sites was −0.55 ± 1.2, while
it was 0.52 ± 1.6 (t[22.29] = −2.23, p = 0.033) for the control sites. The control sector had a
greater range of scores than the treated sector, with a few sites having scores of more than 2
(Figure 2B).
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Table 2. Loadings of the browsing growth forms for each principal component (PC) and proportion
of explained variance. PC1 (in bold) is the only significant PC.

PC1 PC2 PC3 PC4

Uninterrupted (U) 0.63 0.26 0.25 0.68
Released (REL) −0.59 0.33 −0.46 0.59

Retrogressed (RET) −0.47 0.26 0.84 –
Arrested (ARR) −0.17 −0.87 0.15 0.43

Proportion of explained variance 0.53 0.30 0.16 0.02
Cumulative explained variance 0.53 0.83 0.98 1.00
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arrested, U: uninterrupted) for the first two principal components (PC) of a principal component
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3.2. Radial Growth of Cedar Seedlings

Using dendrochronological analyses, the radial growth at root collar of 306 seedlings
was measured retroactively from 2020 to their first year of growth. Of these, 154 seedlings
had their first year of growth before 2010, including 56 before 2000 and 6 before 1980.
However, since some sites had no or very few seedlings aged at least one year before 2014,
2014 was considered as the first year of the pre-intervention period (B) in the BACI design.
At that time, there were 288 seedlings spread across the 33 sites and it is only from 2017
that 306 seedlings are included in the analysis. For the pre-intervention period (B) from
2014 to 2018, 1507 growth rings are included in the analysis and for the post-intervention
period (A) from 2019 to 2020, 612 growth rings are included. There were 145 seedlings from
the control sector (C) for a total of 1010 growth rings and 161 seedlings from the treated
sector (I) for a total of 1109 growth rings.

From 2014 to 2018, the average annual radial growth was quite similar between
the treated and control sectors, with slight annual variations. Both sectors had the best
pre-intervention growth in 2017, followed by a decline in 2018. However, for the post-
intervention period from 2019 to 2020, the growth of the treated sector appears to have
increased, while the growth of the control sector appears to have remained stable (Figure 3).
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Figure 3. Mean annual radial growth (µm) and standard deviation of the cedar seedlings for the
treatment and control zones over the study period (2014 to 2020). The deer control treatment started
in the fall of 2018.

The annual radial growth model showed that all parameters had a positive effect on
growth, except for the browsing index (PC1), for which no effect was detected (Table 3). The
interaction between period and sector showed a positive effect of the deer control treatment
(Figure 4A). The predicted radial increment before culling operations was 117.1 µm ± 10.9
for the control sector, while it was 167.3 µm ± 15.3 for the treated area. After the start
of the treatment, the average increment was 105.7 µm ± 10.1 for the control sector and
196.4 µm ± 18.3 for the treated sector. Canopy openness also had a positive effect on radial
growth. For all the seedlings studied, the average canopy openness was 24.5%, with a
range of values from 11.2 to 52.9% (Figure 4B). Using current growth data in a mixed model
with the collar diameter as a covariate, we found a significant relationship between radial
growth and height growth (conditional R2 = 0.371; marginal R2 = 0.142).

Table 3. Anova table of fixed effects of the BACI model on the radial growth of selected seedlings.
Parameters in bold are significant at p = 0.05. The seedling ID nested with the site ID is the random
effect of the model (n = 2119) (conditional R2 = 0.724; marginal R2 = 0.398).

Parameter Sum Sq NumDF DenDF F Value Pr (>F)

PC1 score 0.01 1 33.77 0.04 0.84
Period * Zone 7.46 1 1812.12 40.93 0.00

Canopy openness 0.91 1 286.45 5.00 0.03
Ln (root collar diameter) 38.39 1 301.35 210.59 0.00
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3.3. Abundance of Cedar Regeneration

According to the results of our abundance model for cedar stems between 5 and 15 cm,
only the natural log of cedar basal area had a positive effect on cedar abundance (Table 4,
Figure 5). However, in the abundance model of cedar stems > 15 cm, the browsing index
(PC1) and the natural log of cedar basal area had a positive effect on cedar abundance
(Table 4). The 17 sites with a positive PC1 score (low browsing pressure) had higher
abundances and the site with the highest score (3.72) had no microplots without cedar
seedlings > 15 cm (Figure 6A). Conversely, the nine sites with scores lower than −1,
therefore having a strong browsing pressure, had a cumulative total of four seedlings,
including five sites without seedlings. For cedar basal area, the range of values for all sites
was 3.1 to 75.3 m2/ha (1.1 to 4.3 on a logarithmic scale) and the median was 20 m2/ha
(3 on a logarithmic scale) (Figure 6B).
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Table 4. Generalized linear mixed model results on the abundance of cedar seedlings 5–15 cm
(conditional R2 = 0.339; marginal R2 = 0.139), >15 cm (conditional R2 = 0.678; marginal R2 = 0.484)
and >50 cm (conditional R2 = 0.630; marginal R2 = 0.466). Bold parameters exclude 0 from their 95%
confidence interval. n = 330.

Parameters Estimate 2.5% Confidence Interval 97.5% Confidence Interval

Seedlings 5–15 cm

Intercept −2.50 −4.46 −0.50
PC1 score 0.07 −0.28 0.41

Ln(white cedar basal area) 0.64 0.06 1.22
Zone −0.14 −0.97 0.70

Deeryard −0.40 −1.29 0.48

Seedlings > 15 cm

Intercept −2.6 −5.1 −0.1
PC1 score 0.7 0.3 1.1

Ln(white cedar basal area) 0.8 0.0 1.5
Zone −0.6 −1.6 0.5

Deeryard −0.6 −1.6 0.5

Seedlings > 50 cm

Intercept −4.5 −9.8 0.8
PC1 score 0.9 0.0 1.7

Ln(white cedar basal area) 0.9 −0.6 2.5
Zone −2.7 −5.0 −0.4

Deeryard −1.8 −4.0 0.5
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According to the results of our model of cedar abundance > 50 cm, the browsing index
(PC1) had a positive effect on cedar abundance, whereas the treated zone had a negative
effect (Table 4, Figure 7). Cedar basal area had no effect on this height class. The 17 sites
with a positive PC1 score (low browsing pressure) contained 227 of the 233 cedars > 50 cm
counted in total and the 8 sites with a score greater than 1 contained 218, or approximately
93% of the total. Among the 25 sites with a score less than or equal to 1, only 4 had at least
1 cedar > 50 cm for a total of 15 seedlings. In the sites in the control sector, there were a total
of 229 seedlings > 50 cm and an average of 13.5 (CI: 4.8 to 29.9) per site. In the sites in the
treated sector, there was a total of four seedlings > 50 cm and an average of 0.25 (CI: 0 to 0.8)
per site. In the control sector, 9 of the 17 sites had at least one cedar > 50 cm, while only
2 sites out of 16 in the treated sector had them.
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4. Discussion

This study evaluated how cedar regeneration benefited from a major deer culling
operation. The growth architecture of cedar [48] and its ability to compensate for some
degree of browsing [6] make deer–cedar interactions different from many conifer–herbivore
interactions. In fact, this specific functional trait of cedar is what makes it possible to use
the species for hedges.

Our results confirm that deer browsing constrains the abundance of tall regeneration.
They also show that cedar growth can respond rapidly to a decrease in browsing pressure
but that this effect is not sufficient to translate into an increase in tall regeneration within
two years. Short-term reductions in browsing pressure seemingly do not influence the
establishment of small cedar regeneration (5–15 cm) but can play a role in its recruitment to
larger sizes.

4.1. Characterization of Browsing Pressure

The index of browsing pressure derived from a principal component analysis run on
the growth form of ligneous seedlings and saplings varied a lot within sectors, especially
in the control zone. Such variability is consistent with the large scale of the study and
reflects the fact that, even though we sought sites with comparable pre-treatment browsing
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pressures, our selection data described large-scale patterns, and a lot of variation can be
expected at finer scales. Deer make decisions at multiple spatial scales, from landscape-
to plant-level [49,50], and inconsistencies could, therefore, have appeared, for instance,
between the site-level browsing index and the landscape-level deer density estimates
(treatment zones). There was also a lot of overlap in browsing index values between the
control and the treated zone, which is consistent with the fact that we attempted to sample
sites with similar past browsing pressures. In fact, 75% of the sites in the control zone fall
within the range of values of the treated zone. This can also indicate that two years of deer
population control were not sufficient to induce a change in the distribution of the growth
forms. Reductions in browsing pressure in the treated zones should logically have led to
an increase in the proportion of reiterated forms; while this was impossible to measure
given the absence of data prior to culling, our results could also indicate that two years of
population control was not sufficient to induce sufficient growth reactions.

Growth forms, like all browsing metrics, have their limits. A major one in this case is that
by simplifying browsing to its effect on tree architecture, the actual cause behind interrupted
growth forms was not considered. For instance, although deer browsing is likely the largest
contributor in this study area, other herbivores such as snowshoe hare (Lepus americanus Ersleben)
or moose (Alces alces Gray) could also have played a role [22,25,51]. This short-term deer
population control was, however, unlikely to have caused noticeable changes in hare and
moose populations. Local moose population is limited [52], and other factors such as hunting
pressure and increases in winter tick (Dermacentor albipictus Packard) abundance contribute to
maintaining low moose numbers [53]. With regard to hare, competition with deer has been
observed in some contexts [54]. Based on our knowledge of the study area, however, we expect
an absence of correlation between the two herbivores, as observed in the Great Lakes in the
case of eastern hemlock (Tsuga canadensis (L.)) [55], a species facing regeneration challenges very
similar to those of cedar.

4.2. Growth Response of Cedar to a Reduction in Browsing Pressure

Growth forms and the capacity of cedar to escape from deer are directly related to its
height growth. However, reconstructing height growth for cedar would have required a
detailed destructive longitudinal analysis, since cedar height growth leaves little distinct
signs on the stem [48] and growth can be quite slow in the understory. Since we observed
a significant relationship between height and radial growth, a response in radial growth
should translate into a response in height growth. Therefore, we concentrated on radial
growth.

A positive growth response to the deer control treatment was identified through the
BACI analysis. After the deer control operation, the mean radial growth decreased by
9.5% in the control zone, whereas it increased by 17.4% in the treated zone. The growth
response to treatment observed in 2019 persisted in 2020. Radial growth in 2020 is possibly
underestimated, since the growth may not have been fully completed at the end of August
when the seedlings were harvested [51].

Cedar radial growth increased with canopy openness and root collar diameter. In a
study of regeneration treatments, Larouche et al. [23] observed the best growth in 625 m2

gaps, while the slowest growth was observed in untreated stands. According to Logan [56],
optimum growth would occur at a canopy openness of around 50%, and the maximum
canopy openness observed in our study was 52.9% (average 24.5%± 6.2 SD). Therefore, the
vast majority of the sampled individuals were growing in sub-optimal conditions (Figure 4).
These low light levels are typical of cedar regeneration strategy, since a seedling bank
establishes in the understory, surviving with slow growth, and gains access to the canopy
through successive suppression–release episodes [3,4,57].

The browsing index did not influence cedar growth. This could be explained by
several factors. First, growth forms were only inventoried in 2020, whereas growth from
2014 to 2020 was included in the BACI analysis. The growth forms integrate browsing over
an unknown time period which may differ from the one included in the BACI analysis.
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More importantly, growth forms are a cumulative browsing index, and the 2-year time
period was likely insufficient to cause measurable changes in growth forms. This lack of
effect could also include a selection bias. In this study, we selected the tallest seedling
within a radius of 5 m, which could, for instance, be taller due to lower browsing than
its neighbors. Finally, our index of browsing represents browsing at the stand scale, and
browsing at the seedling level can differ since seedlings can be locally protected by obstacles
such as slash or neighboring vegetation.

4.3. Abundance of Cedar Regeneration

This study showed that the variables influencing the abundance of cedar regeneration
differ between height classes. Short seedlings were not affected by deer browsing, which
suggests that they are protected by snow during winter, when browsing on cedar can become
more intense. The abundance of short seedlings was rather influenced by the basal area of the
cedar. Previous studies have suggested that this variable could reflect the abundance of seed
trees, with the seed rain, particularly in mixed stands, being a critical variable for regeneration
establishment [21,23,58]. Silvicultural methods aiming to regenerate cedar should then favor
the retention of seed trees until seedlings are established in sufficient numbers. Cedar basal
area also influenced the abundance of regeneration from 15 to 200 cm, but an effect of browsing
became apparent. Above 50 cm, browsing became the sole significant factor. Similar effects of
deer browsing on tall cedar regeneration have also been observed in previous studies [5,19–22].
The same impact of basal area on the abundance of smaller but not on taller cedar regeneration
was observed by Rooney et al. [21].

Even though the browsing index revealed a major role of browsing in the recruitment
of cedar regeneration to larger sizes, the deer control operation has not led to changes
in the abundance of the different size categories of cedar regeneration. The only case
where treatment zones differed was for the greater abundance of seedlings taller than
50 cm in the control zone. We attribute this to an artifact related to the greater variability
of the control zone that includes the sites with lower browsing pressures. Among the
seven sites with the lowest browsing pressures, six were located within the control zone,
reflecting a lower longer-term browsing, regardless of the culling operation. Other studies
in northeastern North America have found that deer control operations were successful in
reducing browsing and enhancing the regeneration of browsed species [59–62]. In the case
of Stout et al. [62], some species that were absent before the deer control operation became
present after the operation. Our study involved only two years of deer control, and cedar
growth can be slow in the understory of untreated stands, such as those included here,
which means that browsing should be controlled for more than two years to have an effect.
Jenkins et al. [60] suggested that the hunting pressure should be maintained for more than
15 years in their case, since, at that time, the presence of selected hardwood species taller
than 2 m was not increased.

Another tested variable related to deer pressure was the location within or outside
winter deeryards. Even though deeryards can have a major impact on cedar regenera-
tion [16,17], no effect of that variable was identified here. Using the distance to deeryard in
the model still showed no effect. Bombardier-Cauffopé [63] noticed an interaction between
distance to deeryard and seedling size, showing an effect of distance to deeryard only for
regeneration taller than 15 cm. In another study covering two provinces of eastern Canada,
Capolla [64] also found an effect of distance to deeryard on sapling recruitment. Part of the
explanation may lie in limitations of deeryard maps. Deer use of winter habitat can vary
over time and, given the costs associated with deeryard mapping, maps cannot be updated
every year. It then becomes possible that certain zones mapped as winter deeryards are not
used anymore. This is consistent with observations from Villemaire-Côté et al. [25] that
some cedar plantations developed well and remained unbrowsed, even within deeryards.
Several factors such as deer density, the availability of food and the feeding of deer near
urban areas can lead to changes in the winter use of deeryards and push deer to abandon
their natural tendency to return to the same deeryard [65,66].
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5. Conclusions and Management Implications

Our study has shown that cedar can respond quickly to a sudden reduction in deer
pressure by increasing in diameter, which should translate into increased height growth.
However, two years after the beginning of the deer culling operation, there was still no
detectable impact on cedar regeneration structure. A two-year period is rather short to
expect an increase in tall regeneration abundance, especially for a species with slow height
growth in the understory, such as cedar [3]. A longer observation period might have
allowed the detection of an effect, but the efforts to regulate deer population in the treated
zone had stopped since our measurements and deer populations can recover quickly when
hunting efforts are reduced [67].

It is currently difficult to know how long the hunting pressure should be maintained
to ensure that cedar regeneration is able to grow outside the reach of deer. In a natural
gap study, a steady increase in cedar regeneration was observed within the first 30 years
after the deer population naturally receded [22]. Depending on light availability and site
fertility, it could take from 20 to 50 years for cedar to reach a height of 2 m in the absence of
browsing and understory competition [5,9,17,20], and 75 years may be required to reach
3 m [57]. However, in cedar plantations exposed to a low browsing pressure, a height of 3 m
can be reached within 13 years and this time can even be reduced to 9 years if competing
vegetation is controlled [25]. This opens possibilities to reduce the length of time for which
deer control operations would need to be maintained. In any case, regenerating cedar in
high deer density areas requires a joint forest and deer management approach [68]. Partial
cutting and competition control could be used to shorten the period when cedar seedlings
and saplings remain vulnerable to deer browsing. Periods of lower deer densities following
harsh winters could be targeted for such interventions. Tall seedlings planted in gaps
when deer populations drop would provide a height advantage over newly established
seedlings, and rapid growth of planted seedlings in gaps has been observed in the absence
of deer browsing [23]. Deer population management or local deer exclusion will, however,
likely be necessary in high deer density areas to promote cedar recruitment. In a context of
sustainable forest management, regenerating harvested species is a must. Unless efficient
management approaches are implemented, the lack of cedar recruitment will impact the
forest biodiversity that depends on cedar and the cedar wood industry, and compromise
the long-term future of deeryards.
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