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a b s t r a c t
Conifer plantations are thought to provide lower-quality habitat for many old forest specialists because of
their simpliﬁed stand structure and relative paucity of habitat elements such as dead wood. However, at
the landscape scale, plantations may have a positive inﬂuence on biodiversity, e.g. through landscape
supplementation. Here, we test the quality of older spruce plantations as breeding habitat for forest birds
at local and landscape levels. We compared bird species assemblages of 40–50 year-old native spruce
plantations with those of mature, naturally-regenerated conifer forests using a Bayesian hierarchical
model, which accounts for imperfect detection of species. Median species richness was higher in naturally-regenerated conifer stands than in spruce plantations (29.2 vs. 24.4; 95% probability interval = 3.9–5.7), which probably reﬂects the absence of primary cavity nesters from many stations
within plantations. In contrast, more species of canopy nesters were detected in plantations. The proportion of naturally-regenerated conifer forest in the landscape was a predictor of species occurrence for ﬁve
ground nesters, four primary cavity nesters, and two weak excavators. Older spruce plantations did not
provide suitable habitat for some species, mainly cavity nesters. Snag densities in plantations were lower
than the estimated threshold requirements for several cavity-nesting birds. Hence, mature, naturallyregenerated forest patches are essential components of intensively-managed forest landscapes to
maintain rich forest bird assemblages.
Ó 2014 Elsevier Ltd. All rights reserved.

1. Introduction
Plantation silviculture is extensively used to increase timber
yields and their predictability. As of 2010, planted forests comprised 7% of the world’s total forest area, increasing at a rate of
5 million hectares per year (FAO, 2010). The potential implications
of plantation silviculture for biodiversity conservation at local and
landscape scales have fuelled debate (Waldick et al., 1999; Betts
et al., 2005) because planted stands often feature a single species
of tree and a simpliﬁed structure compared to naturally-regenerated forest stands. These characteristics, paired with generally
short-rotation management, make plantations unsuitable to many
species associated with old forests (Barlow et al., 2007; du Bus de
Warnaffe and Deconchat, 2008).
There may be a negative bias against the conservation value
of tree plantations as a result of unfair comparisons between
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young, non-native plantations and mature native stands
(Stephens and Wagner, 2007). A reduction in species richness
in non-native tree plantations has been particularly well documented (Hartley, 2002; Haskell et al., 2006; Bremer and Farley,
2010; Thinh et al., 2012). However, evidence regarding the contribution of native tree plantations to biodiversity is equivocal.
Some studies (Barlow et al., 2007; Farwig et al., 2008; Pietrek
and Branch, 2011) have reported neutral or positive effects
whereas others have reported lower biodiversity in native
tree plantations than in natural stands (Waldick et al., 1999;
Brockerhoff et al., 2008). Furthermore, the scale at which biodiversity is assessed can be misleading. The use of species richness
alone as an indicator can be problematic because it does not
account for species composition (Canterbury et al., 2001). On
the other hand, using one or even a few focal species (e.g. Gjerde
et al., 2005; Barrientos, 2010) as indicators of overall biodiversity
may fail to protect non-target species (Lindenmayer, 1999;
Carignan and Villard, 2002; Roberge and Angelstam, 2006). Thus,
we used both species occurrence in relation to habitat variables,
and overall species richness as indicators of bird response to
plantation silviculture.
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Even if they host lower stand-level biodiversity, commercial
plantations may beneﬁt landscape-level biodiversity by (1) supplementing or complementing resources available in nearby habitat,
(2) facilitating dispersal, or (3) creating a buffer zone around habitat fragments that reduces negative edge effects (Fischer and Lindenmayer, 2006; Brockerhoff et al., 2008). If landscape
supplementation (sensu Dunning et al., 1992) takes place, plantations surrounded by high proportions of naturally-regenerated forest would be expected to host a greater number of mature forest
specialists. However, plantations may also act as an ecological trap
for certain species (Remeš, 2003; Hollander et al., 2012) or they
may reduce landscape permeability for species using contrasting
habitat, e.g. spruce plantations from the perspective of a deciduous
forest bird (Villard and Haché, 2012).
As a rule, the value of plantations for biodiversity conservation
depends on pre-plantation land use (Brockerhoff et al., 2008; Bremer and Farley, 2010). When established on degraded land, plantations, especially of native trees, can increase biodiversity (Stephens
and Wagner, 2007), whereas those established after harvesting
naturally-regenerated forests tend to have negative effects. Negative effects can often be attributed to a paucity of habitat components associated with tree senescence, such as dead wood, or to
low structural complexity (e.g. few canopy gaps, sparse understory). Even-aged structure and intensive silvicultural treatments
tend to reduce dead wood volume (Kirby et al., 1998; Johnson
and Freedman, 2003; Paquette and Messier, 2011). Furthermore,
plantations fragment continuous natural forest cover, are usually
composed of only one or a few tree species, and their understory
composition tends to be simpliﬁed (Paritsis and Aizen, 2008),
which has been shown to reduce species richness of forest birds
(Estades and Temple, 1999).
Researchers have investigated the effects of plantation silviculture on species associated with dead wood that belong to several
taxa, e.g. bryophytes and lichens (Humphrey et al., 2002), fungi
(Amaranthus et al., 1994), invertebrates (Brin et al., 2009, 2011),
birds (Gjerde et al., 2005; Barrientos, 2010), and mammals (McCay
and Komoroski, 2004). Most of these studies suggest increasing
dead wood in plantations to increase their conservation value. This
may be a viable option in plantations established for soil and water
conservation or for wind protection (Carnus et al., 2006), but when
wood production is the main objective, allowing substantial numbers of planted trees to die in order to create deadwood may represent signiﬁcant economic losses. However, restoration efforts in
intensively-managed forests of Fennoscandia have had some success. For example, Berglund et al. (2011) found that prescribed
burning and artiﬁcial creation of dead wood (up to 60 m3 ha1)
positively inﬂuenced the diversity and occurrence of fungi.
This study was conducted in an intensively managed forest
district of New Brunswick, Canada, which features some of the
ﬁrst plantations established in the province. The proportion of
land devoted to plantations continues to increase in New Brunswick (New Brunswick Department of Natural Resources, 2009)
although controversy exists regarding their ecological implications (Waldick et al., 1999; Betts et al., 2005). A study conducted
in southeastern New Brunswick indicated that bird assemblages
from spruce plantations tended to converge towards those of mature, naturally-regenerated stands as they reached 18 years of age
(Parker et al., 1994). In the same region, Johnson and Freedman
(2003) documented avian use of 3–21 year old spruce plantations
and found that after 13 years, some bird species typical of mature
(65–85 years old) natural conifer forests were present. However,
the latter authors predicted that older plantations would not support dead wood-dependent bird species. In addition, they predicted that bird species requiring large-diameter trees would
also likely be absent. Studies are thus needed to examine
biodiversity in older plantations, but they must account for the

111

potential inﬂuence of landscape context (Betts et al., 2005;
St-Laurent et al., 2007).
In this study, we aimed to determine whether point richness of
forest birds in older (40–50 year-old) native spruce plantations
does, in fact, converge towards that of mature, naturally-regenerated conifer forests. Bird occurrence, abundance, and ﬁtness
parameters are considered to be valuable indicators of the effects
of human activities at a variety of spatial scales (i.e. from microhabitat to landscape) (Carignan and Villard, 2002). In addition to
being relatively easy to detect, forest birds include keystone
species such as woodpeckers (Virkkala, 2006; Drever et al., 2008;
Mikusiński et al., 2001), which provide cavities that are essential
for the survival and reproduction of a number of other vertebrate,
and even some invertebrate species (Bonar, 2000; Martin et al.,
2004).
We applied a Bayesian hierarchical model inspired from that of
Zipkin et al. (2010) to compare avian diversity between conifer
plantations and naturally-regenerated conifer stands at three levels: overall species richness, richness of predeﬁned nesting guilds,
and occurrence of individual species. The model estimated species
responses to stand and landscape-level parameters a posteriori,
thus avoiding the bias associated with the a priori selection of indicator species. We hypothesized that, even at commercial maturity,
spruce plantations would provide habitat of lower quality than
that of mature, naturally-regenerated conifer stands for many
old-forest specialists, owing to the paucity of critical structures
such as dead wood and large-diameter trees. Hence, we predicted
that species richness would be higher in naturally-regenerated
conifer stands and that this difference would be most evident in
nesting guilds comprised of species dependent on dead wood or
large-diameter trees (e.g., cavity nesters). We also predicted that
old-forest specialists would exhibit positive species-speciﬁc responses to the proportion of naturally-regenerated conifer forest
in the landscape. We further hypothesized that bird species richness in older spruce plantations would increase with the proportion of naturally-regenerated forest in the surroundings because
older plantations can supplement resources.

2. Methodology
2.1. Study area and experimental design
The study was conducted in the Black Brook District (47°230 N,
67°400 W), a privately-owned managed forest (ca. 200,000 ha) located in northwestern New Brunswick (Fig. 1). The District is located on an undulating plateau, historically covered by a
heterogeneous mosaic of tolerant deciduous, mixed and coniferous
forest (New Brunswick Department of Natural Resources, 2013).
Commonly occurring native coniferous species are red, white,
and black spruce (Picea rubens, Picea glauca; Picea mariana) and balsam ﬁr (Abies balsamea). Since its purchase by J.D. Irving Ltd. (JDI)
in 1944, the District has undergone important changes in landscape composition (Etheridge et al., 2005) and it now comprises
some of the most intensively-managed forest land in Canada
(Porter et al., 2004; Montigny and MacLean, 2005). Conifer plantations were established in 1957 and now represent ca. 37% of the
District’s area. The main species planted are white and black
spruce. Native red spruce, white pine (Pinus strobus) and
non-native Norway spruce (Picea abies) are also planted, but to a
lesser extent. Naturally-regenerated conifer forests represent only
4% of the land base. These stands are mostly designated as benchmark reserves and are protected from harvesting for conservation
and scientiﬁc research (MacLean et al., 2010), although some have
undergone light salvage harvesting following Spruce Budworm
(Choristoneura fumiferana) outbreaks (G. Adams, personal commu-
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Fig. 1. Map of the study area in New Brunswick (inset) and location of point count stations (dots) within 40–50 year-old plantations and NRF. Streams and rivers (curved
lines) and roads (straight lines) are also shown.

nication). In naturally regenerated stands, the dominant conifer
species are white, black, and red spruces, balsam ﬁr, as well as
Eastern white cedar (Thuja occidentalis) in poorly-drained areas.
We surveyed two different forest types to characterize and
compare their bird assemblages: naturally-regenerated, mature
conifer stands (hereafter, NRF) (n = 42 point count stations) and
commercially mature (40–50 year old) spruce plantations (n = 60)
(Fig. 1). NRF had a more important and diverse deciduous component than did conifer plantations. However, we only conducted

surveys in stands that were dominated by conifers and that were
large enough to accommodate P 2 point count stations separated
by 250 m. Due to its scarcity in the District, most of the NRF that
met our selection criteria was sampled. Plantations were selected
a priori from a forest inventory map and ﬁnal selection was based
on accessibility, age (P40 years old) and area (P2 stations).
Although silvicultural intensity varied among spruce plantations,
most had received pre-commercial and commercial thinning treatments, and had been subjected to post-planting herbicide spraying
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to control competing deciduous undergrowth (G. Adams, personal
communication). Besides planted spruces, balsam ﬁr and trembling
aspen (Populus tremuloides) were generally present as scattered
trees.
Within the stands that met our selection criteria, we positioned
point count stations a priori on the georeferenced forest inventory
in order to maximize the number of stations while meeting the following constraints (Fig. 1). Stations had to be separated by at least
250 m in order to reduce the risk of double-counting individual
birds. They also had to be located at least 150 m from the nearest
edge (i.e. road, recent cutblock, or distinct forest type) to reduce
potential edge effects. The forest stands selected, henceforth referred to as study sites, could ﬁt 2–6 point count stations.
2.2. Bird surveys
We recorded species presence using a modiﬁed point count
method, including two silent observation periods of 5 min separated by a 5 min playback of selected species. The second 5 min silent period was useful to detect individuals who were late in
responding to the playback. The species whose vocalizations or
drumming were broadcast are Black-backed and American Threetoed Woodpeckers (Picoides arcticus and Picoides dorsalis), Brown
Creeper (Certhia americana), Red-breasted Nuthatch (Sitta canadensis), and Boreal Chickadee (Poecile hudsonicus), as well as Barred
Owl (Strix varia) and Gray Jay (Perisoreus canadensis). The latter
two species were included in an attempt to elicit mobbing responses and, in turn, to increase the detectability of wide-ranging
species when they did not respond to conspeciﬁc sounds. Recorded
tracks were compiled from Dendroica (http://www.natureinstruct.org/dendroica). Point count surveys were conducted between 25 May and 1 July in 2010 and 2011, from 0500 to 1000.
Only bird detections estimated to be within a 100-m radius were
included in the analysis. Each station was visited three times to
estimate species detectability. Birds ﬂying over the canopy were
excluded from the analyses. For species with large territories and
whose calls or drumming can be heard over long distances (i.e.
woodpeckers), we estimated their distance to the point count by
following the call after the point count was completed. Also, if
one of these species was detected at two consecutive point counts
and we could not be sure that they were different individuals (no
response call, same sex), we attributed the occurrence to the ﬁrst
point count station at which the individual was detected. Each
year, the two observers sampled every station at least once to reduce observer bias.
2.3. Local habitat and landscape metrics
We sampled habitat variables at and around (50 m in each main
cardinal direction) each point count station, for a total of 5 habitat
plots/station. Within a circular plot of 0.04 ha, we measured the
density, species, status (alive or dead), and diameter at breast high
(dbh) of all trees (dbh P 8).
We estimated the proportion of NRF within a 700 m radius of
each point count station using a georeferenced forest inventory
map provided by JDI and Quantum GIS (version 1.8.0). This radius
was chosen to be large enough to encompass the typical home
range of the most area-demanding species we detected, the
Black-backed Woodpecker (150 ha; Tremblay et al., 2010), yet restricted enough to allow for heterogeneity in landscape composition around each sampling point and avoid pseudoreplication.
NRF is sparsely distributed in the study area (ca. 4% of the District;
Etheridge et al., 2005) and is mostly set aside as reserves. It is difﬁcult to assign a precise age to these reserves owing to post-budworm salvage harvesting.
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2.4. Statistical analyses
We adapted the hierarchical community model developed by
Zipkin et al. (2010) to incorporate multiple site-level replicates.
This Bayesian modeling approach is an extension of the single species occurrence model (MacKenzie et al., 2002), hence it provides
estimates of species richness that are corrected for imperfect
detection of individual species as well as direct species-level responses to habitat variables. Species-level responses are modeled
as a function of habitat (spruce snags and large-diameter trees)
and landscape (proportion of NRF) variables.
Even though rare species are often of particular conservation
concern and may exhibit unique responses to landscape alteration,
it is often difﬁcult to include them in occurrence models because
they are detected too infrequently (MacKenzie et al., 2005). The
hierarchical model (Zipkin et al., 2010) uses collective trends in
the species assemblage derived from commonly co-occurring species in the data set to adjust detection probabilities of uncommon
species. Thus, there is no minimum threshold occurrence value for
inclusion in the model. This modeling approach also allowed us to
incorporate habitat and landscape variables and to analyze species
occurrence in response to these variables. We used JAGS, a program which preforms Markov Chain Monte Carlo (MCMC) simulation (Plummer, 2003), to run the model. Model convergence was
veriﬁed through the investigation of trace plots and the R-hat statistic (Brooks and Gelman, 1998).
Species were grouped into ﬁve nesting guilds: ground nesters,
understory nesters, canopy nesters, primary cavity nesters [woodpeckers and Brown Creeper (C. americana)], and weak excavators
[chickadees and the Red-breasted Nuthatch (S. canadensis)]
(Appendix A, Table A1). Nesting guilds have been found to be more
closely associated with habitat structure than guilds determined
according to foraging ecology (Canterbury et al., 2001).
Using estimated species richness values obtained from the
Bayesian hierarchical model, we related median species richness
to the aforementioned habitat variables using generalized linear
models (glm) (Hoffmann, 2003). A separate model was created
for total species richness as well as for each nesting guild. We addressed model selection uncertainty by averaging the parameters
of the top-ﬁt models (DAIC < 2) using the MuMIn package in R
(Barton, 2013). We considered two-way interactions, but not
higher-level interactions, and only those holding biologicallymeaningful interpretations.
2.5. Modeling framework
In our models, species occurrence z(i, j) is deﬁned as a binary
variable in which z(i, j) = 1 if species i occurs within 100 m of station j, and z(i, j) = 0 otherwise. The occurrence state is assumed to
be the outcome of a Bernoulli random variable (z(i, j)  Bern(wi,j)),
where wi,j is the probability that species i occurs at station j. Imperfect observation of true occurrence, and therefore the estimate of
wi,j, is corrected through a detection model of the observed data
which allows for distinction between true absence and non-detection (MacKenzie et al., 2002). Temporal replicates (k = 3) for each
station (j) were performed within the same breeding season, for
which we applied the closure assumption. Spot mapping was conducted repeatedly in a few study sites prior to the beginning of the
sampling period to ensure that migratory species had begun settling on their territories prior to the beginning of point count surveys. We deﬁne detection as x(i, j, k)  Bern(pi,j,k z(i,j)), where pi,j,k is
the detection probability of species i at station j during the temporal replicate k.
Occurrence (wi,j) probabilities at the species level may reﬂect
stand characteristics (density of spruce snags P 20 cm dbh and
live large-diameter trees P 30 cm dbh), landscape composition
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(proportion of NRF within 700 m), or simply forest type (plantation
or NRF). The environmental variables were standardized and incorporated into the model using the logit link function as ﬁxed variables, whereas forest type was incorporated as a two-way factor.
Similarly, study site was added as a random variable to account
for spatial clustering of stations. The occurrence model was similar
to that of Zipkin et al. (2010):

logitðw; i; jÞ ¼ Occði; j; Þ þ a1iðlarge trees jÞ
þ a2iðdeadwood jÞ þ a3iðlandscape jÞ;

ð1Þ

where Occ(i, j) is the probability of occurrence, on a logit scale, for
bird species i at station j. The coefﬁcients pertaining to the three
ai terms are the linear effects of the ﬁxed variables on species i. Contrary to Zipkin et al. (2010), we did not incorporate an augmented
matrix and, therefore, did not estimate potentially unobserved species. The detection model was:
2

logitðpði; j; kÞÞ ¼ pi þ b1i ðdatej;k Þ þ b2i ðdatej;k Þ

ð2Þ

This model estimates the detection probability pi (also on a logit
scale) as a function of the linear and squared effects of the sampling
date (coefﬁcients for the two b terms). These covariates were standardized to have a mean of zero and a standard deviation of one.
3. Results
3.1. Habitat structure
Average density of spruce snags P 8 cm dbh was higher in NRF
(30.4 ± 3.8 SE; range = 0–110) stems ha1 than in spruce plantation
(4.4 ± 1.2 SE; range = 0–50) (Mann–Whitney U test, p < 0.001).
Average density of spruce snags P 20 cm dbh was also higher in
NRF (6.07 ± 0.75 SE) stems ha1 (range = 0–22) than in spruce
plantations (0.88 ± 0.23; range = 0–10). Finally, density of
trees P 30 cm dbh was higher in NRF than in plantations
(17.8 ± 1.7 SE; range = 3–58 vs. 5.1 ± 0.61 SE; range = 0–25)
(Mann–Whitney U test, p < 0.001).
3.2. Bird species assemblages
A total of 46 bird species were detected during our surveys,
including 43 in plantations and 44 in NRF. Mean detection probability varied widely among species (0.026–0.70). Estimated median
species richness (corrected for imperfect detection) was signiﬁcantly higher in NRF than in plantations (29.2 vs. 24.4; t = 10.5;
95% PI = 3.9–5.7). Variability in bird species richness was noticeably higher at low values of either stand or landscape variables
in either forest type (Fig. 2).
3.3. Nesting guilds
Species richness of canopy nesters was higher in plantations
than in NRF (10.2 vs. 9.1; 95% PI = 1.61 to 0.61; t = 4,4) and
negatively related to the proportion of NRF in the landscape
(Fig. 2e). For each of the remaining guilds, species richness in
NRF was higher than in plantations (Appendix A, Table A2). This
was most obvious for primary cavity nesters, whose mean species
richness in NRF was twice as high as in plantations (6.7 vs. 3.4; 95%
PI = 3.02–3.78; t = 17.6). The response of primary cavity-nesting
birds to the proportion of NRF in the landscape and the local density of spruce snags (Fig. 2c and d) reﬂected most closely the pattern observed for total species richness (Fig. 2a and b). In fact,
the proportion of NRF in the adjacent landscape explained 76% of
the variability in the species richness of primary cavity nesters
(Fig. 2c).

3.4. Species-speciﬁc responses
None of the 46 species detected responded to the density of
spruce snags. Two ground-nesting species responded to the density of large-diameter trees, whereas 12 species (a mixture of weak
excavators, primary cavity and ground-nesting species) responded
positively to the proportion of NRF in the landscape (Table 1). Only
the Bay-breasted Warbler (Setophaga castanea), a canopy nester,
exhibited a negative response to the proportion of NRF in the landscape. No other species from the canopy or understory nesting
guilds responded signiﬁcantly to any of the three habitat variables.
The model converged for all species, with the exception of the
Red-breasted Nuthatch (S. canadensis) (R-hat value > 1.2). The nuthatch was detected twice as often in 2010 (occurrence = 0.83) than
in 2011 (occurrence = 0.41), a signiﬁcant difference (G = 6.638;
d.f. = 1; p < 0.01). Furthermore, in 2011, its occurrence in plantations was 0.34 compared to 0.72 in 2010 (Appendix A, Fig. A1), a
38% reduction (G = 29.03; d.f. = 1; p < 0.001). In contrast, there
was only a 17% reduction (1.00–0.83) in the occurrence of this species in NRF (G = 6.08; d.f. = 1; p = 0.01).

4. Discussion
This study aimed to determine the conservation value of commercially mature plantations of native spruce from the perspective
of breeding forest birds. Bird species richness was higher in naturally-regenerated, mature conifer stands, probably as a result of
the paucity of large-diameter snags in plantations. Indeed, the proportion of NRF in the landscape and the density of spruce snags
were important predictors of total species richness. Although median species richness was signiﬁcantly higher in NRF, the fact that a
station was located within NRF (i.e. forest type) was not a predictor
of high species richness. The rate at which species richness increased in response to the proportion of NRF and the density of
large snags (which was also a signiﬁcant predictor) was similar
in plantations and NRF. Small or narrow patches of NRF tended
to be characterized by a lower species richness than larger NRF
stands. The density of large-diameter trees in plantations was also
low compared to NRF, but as a predictor of total species richness,
this variable was less important than expected (see Table 2).
Guild-level results point out the importance of investigating
patterns beyond those revealed by total species richness. Responses to structural and landscape factors differed in both intensity and direction among the four nesting guilds modeled. There
were too few species in the weak excavator guild (n = 3) to obtain
guild-level trends. Of the four remaining nesting guilds, primary
cavity nesters showed the greatest contrast in species richness between plantations and NRF, the number of species being lower in
plantations. None of the plantations hosted the maximum number
of cavity-nesting species encountered in NRF. Of the three covariates, the proportion of NRF in the landscape had the greatest inﬂuence on species richness of primary cavity nesters, explaining 76%
of the variance, but snag density was also a predictor of cavity nester occurrence (see Table 2). Once again, the paucity of largediameter snags in plantations may explain why the proportion of
NRF in the landscape was so important for the occurrence of cavity
nesters.
Ground and understory nesters also occurred less frequently in
plantations than in NRF (Appendix A, Table A2). The proportion of
NRF within 700 m contributed to explain the occurrence of ground
nesters, whereas forest type was a signiﬁcant predictor for understory nesters. This may reﬂect the lower ﬂoristic diversity in the
plantations, although we did not quantify this variable.
Conversely, species occurrence of canopy nesters was higher in
plantations than in NRF and was negatively related to the propor-
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Fig. 2. Variation in species richness of bird assemblages (a and b), and of cavity- (c and d) and canopy- (e) nesting guilds as a function of habitat and landscape variables as
determined using generalized linear models. Open dots represent point count stations within 40–50 year-old plantations, whereas closed dots correspond to NRF. Dotted
lines represent 95% conﬁdence intervals.

tion of NRF in the landscape. This is likely driven by species such as
the Bay-breasted Warbler (S. castanea). Plantations apparently offered plenty of good foraging space for this species: the basal area
of live spruce trees was almost twice as high in plantations
(14.4 ± 6.0 m2 ha1) as in NRF (7.7 ± 6.3 m2 ha1).
Species-speciﬁc responses were consistent with trends found at
the nesting guild level. Species responding signiﬁcantly were almost exclusively associated with the proportion of NRF in the landscape, and positive associations were limited to species from the
ground (4 species), primary cavity (5) and weak excavator (2) nesting guilds. Among these were old-forest specialists such as Blackbacked and Pileated Woodpeckers (Dryocopus pileatus) (Setterington et al., 2000) and Brown Creeper (Poulin et al., 2008, 2013), as
well as both chickadee species, who require well-decayed snags

for nesting (New Brunswick Department of Natural Resources,
2005). The signiﬁcant inﬂuence of the proportion of NRF on these
species suggests that NRF plays an essential role in maintaining
biodiversity within intensively-managed landscapes.
With respect to landscape supplementation, results were inconsistent. For isolated patches of equivalent size, NRF stands likely
contained more old forest habitat components (e.g. large snags)
and hosted more old-forest specialists than plantations. However,
occurrence of old forest specialists would have been expected to
increase in plantations located near NRF if those specialists use
plantations to supplement NRF resources. Indeed, we expected that
species richness would increase at a faster rate in plantations than
in NRF as a function of the proportion of NRF in the landscape. If so,
forest type or an interaction term including proportion of NRF
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Table 1
Species-speciﬁc responses to stand and landscape-level variables as estimated by a Bayesian hierarchical model. Linear responses are either positively (+) or negatively ()
correlated with the variable and are signiﬁcant for 90% or 95% probability intervals.
Explanatory variable

Probability interval (%)

Species

Direction of relationship

Nesting guild

Density of snags (P20 cm dbh)

95
90

None
None

na
na

na
na

Density of large trees (P30 cm dbh)

95
90

Ovenbird (Seiurus aurocapilla)
White-throated Sparrow (Zonotrichia albicollis)

+
+

Ground
Ground

Proportion of NRF (700 m radius)

95

Black-backed Woodpecker (Picoides arcticus)
Pileated Woodpecker (Dryocopus pileatus)
Black-capped Chickadee (Poecile atricapillus)
Canada Warbler (Cardellina canadensis)
Northern Flicker (Colaptes auratus)
Yellow-bellied Flycatcher (Empidonax ﬂaviventris)
Boreal Chickadee (Poecile hudsonicus)
Brown Creeper, (Certhia americana)
Veery (Catharus fuscescens)
Bay-breasted Warbler (Setophaga castanea)
Mourning Warbler (Geothlypis philadelphia)
Northern Waterthrush (Parkesia noveboracensis)

+
+
+
+
+
+
+
+
+

+
+

Primary cavity
Primary cavity
Weak excavators
Ground
Primary cavity
Ground
Weak excavators
Primary cavity
Ground
Canopy
Ground
Ground

90

Table 2
Inﬂuence of site and landscape variables on species richness of the complete bird assemblage, and for each nesting guild separately, according to model averaging from
generalized linear models. Models with a delta AIC < 2 were averaged.

*

Variable

Estimate

Adj. SE

z

p

Total species richness
Model averaging included 2 models
Intercept
NRF 700 m
Snags
NRF 700 m: Snags

3.130
0.208
0.072
0.086

0.033
0.102
0.034
0.070

93.061
2.028
2.088
1.211

<0.001*
0.043*
0.037*
0.226

Species richness of ground-nesting species
Model averaging included 4 models
Intercept
NRF 700 m
Large trees
Snags
Forest type (plantations)

1.652
0.450
0.046
0.026
0.049

0.091
0.143
0.048
0.052
0.141

18.07
3.142
0.943
0.495
0.350

<0.001*
0.002*
0.346
0.621
0.727

Species richness of canopy-nesting species
Model averaging included 3 models
Intercept
NRF 700 m
Snags
Large trees

2.344
0.232
0.027
0.023

0.053
0.120
0.042
0.037

44.01
2.115
0.646
0.630

<0.001*
0.035*
0.518
0.529

Species richness of understory-nesting species
Model averaging included 8 models
Intercept
Forest type (plantation)
NRF 700 m
Large trees
Snags

1.356
0.256
0.297
0.091
0.054

0.206
0.136
0.200
0.066
0.070

6.589
1.877
1.484
1.370
0.778

<0.001*
0.061
0.138
0.171
0.437

Species richness of cavity-nesting species
Model averaging included 6 models
Intercept
NRF 700 m
Snags
NRF 700 m: Snags
Forest type (plantations)
Large trees
Snags: Large trees

1.214
0.958
0.235
0.333
0.263
0.087
0.083

0.206
0.348
0.113
0.172
0.195
0.083
0.062

5.904
2.749
2.084
1.932
1.351
1.049
1.345

<0.001*
0.006*
0.037*
0.053
0.178
0.294
0.179

p < 0.05.

should have been signiﬁcant predictors of total species richness.
Instead, we observed a positive trend for species richness in response to the proportion of NRF, but neither forest type nor any
interaction term was signiﬁcant. Hence, there was no indication
of landscape supplementation with respect to total species
richness.
At the nesting guild level, canopy nesters responded negatively
to the proportion of NRF within a 700 m radius. Hence, they

showed no evidence for landscape supplementation. However, in
the case of understory nesters, landscape supplementation could
be invoked, as forest type may have had an effect on species richness (p = 0.061). Finally, for primary cavity nesters, which tend to
have large home ranges and highly-specialized foraging requirements, landscape supplementation was likely taking place: the
interaction between the proportion of NRF and the density of
spruce snags (p = 0.053) suggests that plantations may supplement
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resources to NRF, but only when snag density in plantations is
high. Therefore, allowing plantations adjacent to NRF patches to
reach the ‘‘overmature’’ stage could contribute positively to the
species richness of cavity nesters in the landscape through landscape supplementation.
The increased occurrence of certain species with the proportion
of NRF in the landscape might also reﬂect source-sink dynamics
(Pulliam, 1988). Because we did not follow individuals or monitor
reproductive success, we could not test these alternative explanations. Nonetheless, inter-annual variations in the occurrence of
Red-breasted Nuthatch (S. canadensis) suggest the possibility of
such regional dynamics. In 2010, point count stations within NRF
were saturated (100% occupancy) by this species, whereas plantations were occupied at 72%. In 2011, there was a major drop in the
regional abundance of this species, but the decline was signiﬁcantly stronger in plantations than in NRF, suggesting that the
Red-breasted Nuthatch preferred NRF during the breeding season
(Appendix A, Table A1). The 2010 season may have represented a
population eruption following a mast-seeding event (Koenig and
Knops, 2000), during which individuals (possibly ﬂoaters) spilled
over into plantations. Not surprisingly, the model did not converge
for this species. The reproductive success of the Red-breasted Nuthatch should be quantiﬁed in both plantations and NRF to test this
explanation.
Interpreting the effects of the landscape variable (proportion of
NRF) is complicated by its correlation with the random variable
(forest type). Forest type was nonetheless included in the analysis
because it was used alone or in interaction terms to investigate
landscape supplementation. For stations within plantations, the
proportion of NRF in the landscape may increase the likelihood
of ﬁnding species that can use plantations but require resources
found in NRF. For stations located in NRF, the proportion of NRF
within 700 m may reﬂect patch size or patch shape effects. For species restricted to NRF, elongated patches (lower proportion of NRF
in the landscape) require individuals to move more extensively to
meet their foraging requirements and local species richness may
be reduced as a result. Indeed, species richness was consistently
higher in stations where the proportion of NRF in the landscape
was greater than 0.6, whereas those located in areas where this
proportion was lower than 0.6 exhibited higher variability and
generally lower species richness (Fig. 2a and c).
The importance of maintaining naturally-regenerated forest
patches in intensively-managed forests has frequently been considered. In Australia, patches of native Eucalyptus increased avian
biodiversity in adjoining plantations of non-native pine (Linden1

2010

0.9

2011

0.8
0.7
0.6
0.5
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mayer and Hobbs, 2004). In Spain, patches of naturally-regenerated forest had a similar importance for the Great Spotted
Woodpecker (Dendrocopos major) in a landscape dominated by
non-native pine plantations (Barrientos, 2010). Native forest probably provided its preferred nesting substrates. Here, naturallyregenerated forest had a similar importance for several primary
cavity-nesting birds even though our study was conducted in a
landscape featuring native planted trees. One of those species,
the Black-backed Woodpecker, has been shown to require
35 m3 ha1 of dead wood in the boreal forest (Tremblay et al.,
2009). A closely–related species, the Eurasian Three-toed Woodpecker (Picoides tridactylus), requires at least 15 m3 ha1
(1.3 m2 ha1 basal area) (Bütler et al., 2004), and possibly even
more (Roberge et al., 2008). In the case of the Black-backed Woodpecker, not only the quantity but also the quality of dead wood
matters because it nests preferentially in large-diameter snags
(Setterington et al., 2000) and mainly uses recently-dead trees
for foraging (Tremblay et al., 2010). Hence, the low basal area
(average = 0.13 ± 0.26 m2 ha1) of relatively small-diameter snags
(<24 cm dbh) in these plantations does not appear to be sufﬁcient
to meet both its nesting and foraging requirements, which may explain the importance of nearby NRF, which offers both a higher
quantity (average basal area = 0.9 ± 1.4 m2 ha1), and higher quality of spruce snags (up to 56 cm dbh). For species such as the
Brown Creeper, the positive relationship with NRF in the surroundings may in fact reﬂect the higher snag diversity within NRF and
not simply higher snag abundance. The Brown Creeper nests preferentially on balsam ﬁr snags (Poulin et al., 2008) which, although
they occur at low density within spruce plantations, are not
planted and are much sparser than in NRF (0.2 ± 0.5 m2 ha1 vs.
1.3 ± 1.6 m2 ha1 respectively).
In this study, 40–50 year-old spruce plantations did not provide
suitable habitat to meet the foraging or nesting requirements of
several old forest specialists, most likely as a result of a paucity
of large-diameter snags. This is cause for concern given the increasing rarity of mature and old, naturally-regenerated forest in managed landscapes of New Brunswick, Canada (Betts et al., 2007;
Erdle and Ward, 2008), or elsewhere in the world. The ecological
consequences of the current expansion of plantation silviculture
should be monitored to ensure the persistence of species such as
the Black-backed Woodpecker and others that are strongly associated with mature, naturally-regenerated conifer forests.
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Fig. A.1. Occurrence of the Red-breasted Nuthatch at stations located in NRF
(n = 42) and in 40–50 year-old spruce plantations (n = 60). Occurrence differed
between years in both NRF and plantations (likelihood ratio test, NRF: G = 6.08,
d.f. = 1, p = 0.01 and plantations: G = 29.03, d.f. = 1, p < 0.001).

Supplementary data associated with this article can be found, in
the online version, at http://dx.doi.org/10.1016/j.biocon.2013.
12.023. These data include Google maps of the most important areas
described in this article.
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Table A1
Breeding bird species grouped by nesting guild. Uncorrected occurrence (proportion
of stations with at least one detection) and detectability of each species are also
shown separately for plantations and NRF.
Species

Occurrence

Detectability

Table A3
Generalized linear models of species richness (SR) as a function of the proportion of
NRF < 700 m (NRF), density of spruce snags > 20 cm dbh (Snags), forest type, and the
density of large live trees > 30 cm dbh included in model averaging (delta AIC > 2).
Models considered in model averaging

Residual
deviance

AIC

99
98

16.36
16.32

541.1
543

Species richness of ground-nesting species
Model averaging included 4 models
SR  NRF
SR  NRF + Large trees
SR  NRF + Snags
SR  NRF + Forest types

100
99
99
99

21.83
20.92
21.58
21.71

400
401.1
401.7
401.9

Species richness of canopy-nesting species
Model averaging included 3 models
SR  NRF
SR  NRF + Snags
SR  NRF + Large trees

100
99
99

12.96
12.53
12.55

436.9
438.5
438.5

10.25
11.20
9.12
9.25
9.78
9.91
12.13
10.07

346.3
347.3
347.2
347.3
347.8
348.0
348.2
348.1

Plant. NRF
Total species richness
Model averaging included 2 models
SR  NRF + Snags
SR  NRF + Snag + Forest types

Degrees of
freedom

Primary cavity nesters
Pileated Woodpecker (Dryocopus pileatus)
Northern Flicker (Colaptus auratus)
Yellow-bellied Sapsucker (Sphyrapicus varius)
Hairy Woodpecker (Picoides villosus)
Black-backed Woodpecker (Picoides arcticus)
Brown Creeper (Certhia americana)

0.03
0.22
0.02
0.05
0.07
0.10

0.17
0.43
0.05
0.02
0.26
0.36

Weak excavators
Black-capped Chickadee (Poecile atricapillus)
Boreal Chickadee (Poecile hudsonicus)
Red-breasted Nuthatch (Sitta canadensis)

0.18
0.73
0.60

0.26 0.132
0.55 0.348
0.95 Nonconvergence

0.07

0.36 0.255

0.35
0.03
0.62
0.00
0.15
0.60
0.78
0.23
0.10
0.80
0.53

0.67
0.17
0.67
0.14
0.10
0.43
0.67
0.07
0.24
0.71
0.48

0.053
0.238
0.351
0.088
0.277
0.619
0.483
0.145
0.256
0.507
0.313

Species richness of understory-nesting species
Model averaging included 8 models
SR  Forest types
100
SR  NRF
100
SR  Large trees + Forest types
99
SR  NRF + Large trees
99
SR  NRF + Forest types
99
SR  Snags + Forest types
99
SR  Large trees
100
SR  NRF + Snags
99

98
97

14.93
13.8

366.5
367.4

97

14.22

367.8

99
96

18.93
12.36

367.8
368.0

99

19.07

368.7

Ground nesters
Yellow-bellied Flycatcher (Empidonax
ﬂaviventris)
Winter Wren (Troglodytes troglodytes)
Veery (Catharus fuscescens)
Hermit Thrush (Catharus guttatus)
Canada Warbler (Wilsonia canadensis)
Mourning Warbler (Geothlypis philadelphia)
Ovenbird (Seiurus aurocapilla)
Nashville Warbler (Oreothlypis ruﬁcapilla)
Tennessee Warbler (Oreothlypis peregrina)
Northern Waterthrush (Parkesia noveboracensis)
White-throated Sparrow (Zonotrichia albicollis)
Dark-eyed Junco (Junco hyemalis)

0.038
0.020
0.304
0.030
0.084
0.225

Understory nesters
Least Flycatcher (Empidonax minimus)
Swainson’s Thrush (Catharus ustulatus)
Wood Thrush (Hylocichla mustelina)
Blue-headed Vireo (Vireo solitarius)
Black-throated Blue Warbler (Setophaga
caerulescens)
Magnolia Warbler (Setophaga magnolia)
American Redstart (Setophaga ruticilla)
American Goldﬁnch (Spinus tristis)
Rose-breasted Grosbeak (Pheucticus ludovicianus)
Chipping Sparrow (Spizella passerina)

0.07
0.78
0.02
0.70
0.22

0.17
0.45
0.02
0.64
0.29

0.147
0.378
0.034
0.643
0.411

0.65
0.02
0.02
0.05
0.12

0.81
0.10
0.05
0.00
0.07

0.147
0.057
0.032
0.096
0.114

Canopy nesters
Olive-sided Flycatcher (Contopus cooperi)
Golden-crowned Kinglet (Regulus satrapa)
Ruby-crowned Kinglet (Regulus calendula)
American Robin (Turdus migratorius)
Blue Jay (Cyanocitta cristata)
Gray Jay (Perisoreus canadensis)
Red-eyed Vireo (Vireo olivaceus)
Yellow-rumped Warbler (Setophaga coronata)
Northern Parula (Parula americana)
Black-throated Green Warbler (Setophaga virens)
Blackburnian Warbler (Setophaga fusca)
Bay-breasted Warbler (Setophaga castanea)
Cape May Warbler (Setophaga tigrina)
Evening Grosbeak (Coccothraustes vespertinus)
Purple Finch (Haemorhous purpureus)

0.10
0.92
0.82
0.73
0.55
0.13
0.18
0.85
0.42
0.42
0.60
0.72
0.38
0.03
0.25

0.17
0.81
0.45
0.50
0.60
0.17
0.29
0.62
0.69
0.81
0.64
0.19
0.00
0.02
0.05

0.157
0.701
0.633
0.425
0.391
0.203
0.517
0.440
0.476
0.508
0.479
0.406
0.241
0.090
0.209

Species richness of cavity-nesting species
Model averaging included 6 models
SR  NRF + Snags + NRF * Snags
SR  NRF + Snags + Forest
type + NRF * Snags
SR  NRF + Snags + Large
trees + NRF * Snags
SR  NRF + Snags
SR  NRF + Snags + Large
trees + NRF * Snags + Snags * Large
trees
SR  NRF + Forest type
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