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Patch Cutting in Temperate Mixedwood Stands:
What Happens in the Between-Patch Matrix?

Patricia Raymond, Marcel Prévost, and Hugues Power

Over the lost two decades, paich cutting systems have been applied in Eastern Canada to regenerate uneven-aged yellow birch (Betula alleghaniensis Britton)-conifer
stands. Yet, we still know very little about how the trees located in the between-patch matrix respond to treatments. This study compares growth, recruitment, and tree
mortality of yellow birch, red maple (Acer rubrum L.), balsam fir (Abies balsamea [L.] Mill.), and red spruce (Picea rubens Sarg.) in three 50% patch cutting treatments
with 20-, 30-, and 40-m diameter circular gaps combined with 33% single-tree cutting in the matrix between patches and an uncut conirol. After 10 years, the positive
effects of cutting treatments on recruitment and growth were nullified by mortality, resulting in nonsignificant changes in stand net merchantable basal area. The mortality
rate modeled at the tree level was highest for trees with larger diameters, defects, and high crown ratios. Trees with small diameters and those located along the border
of harvest gaps had the largest increments in basal area. This study questions the use of patch cutfing in mixed uneven-aged stands comprising an important component
of short-lived balsam fir. Silvicultural systems utilizing nonsystematic placement of variably sized gaps may prove more beneficial for managing wood production and
complexity in yellow birch-conifer stands.
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(Betula alleghaniensis Britton) is among the most valuable tree
species for wood production. This mid shade-tolerant species
benefits from soil disturbance and requires high light levels to rege-
nerate (Willis et al. 2015). Silvicultural systems using gaps, such as

In Eastern Canada’s temperate mixedwood forest, yellow birch

group selection and patch cutting, are often recommended for man-
aging yellow birch in both northern hardwoods (Leak and Filip
1977, Leak et al. 1987, Webster and Lorimer 2002, Pin et al. 2013)
and mixed yellow birch-conifer stands (Ministere des Ressources
naturelles, de la Faune et des Parcs 2003). For mixed-species stands,
the harvest gaps create a variety of niches that can promote coexis-
tence and maintain species diversity (Coates and Burton 1997).
They have been under assessment in Eastern Canada since the late
1990s for regenerating yellow birch-conifer stands (Prévost et al.
2010b, Beaudet et al. 2014, Prévost and Charette 2015). Short-term
results in uneven-aged stands of this forest type indicate that harvest

gaps of moderate size (with a diameter larger than the equivalent of
one tree height; >1H) usually succeed in establishing yellow birch
but can also fail to regenerate shade-tolerant conifers such as red
spruce (Picea rubens Sarg.) and balsam fir (Abies balsamea [L.JMIll.)
(Prévost et al. 2010b, Beaudet et al. 2014, Prévost and Charette
2015).

Although the effects of patch cutting on regeneration dynamics
are important, a broader assessment of this silvicultural system
would involve determining the effects on the growth and yield
of residual trees, particularly when partial harvests are applied in the
residual stand matrix to remove high-mortality risk trees, improve
residual stand quality, and favor regeneration (Nyland 2002, p.
533-536). Aside from producing wood for the next harvest, the
residual stand plays a role in maintaining a forest cover containing
seed trees and in tempering both within- and between-patch micro-
climate for regeneration. To date, however, knowledge of these
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stand-level effects in a thinned residual matrix remain poorly docu-
mented, although literature reports for other silvicultural systems
using gaps in northeastern mixedwood forests exist (e.g., expanding-
gap irregular shelterwood; Arseneault et al. 2011, Arseneault and
Saunders 2012, Saunders and Arseneault 2013). Namely, Arse-
neault et al. (2011) reported a significant growth and regeneration
response on a distance up to 18 m in the unharvested forest adjacent
to patches. They also emphasized how scarce knowledge of edge
effects in gap-based systems is. Other results gleaned from partial
cutting studies indicate that conifers and the short-lived balsam fir in
particular grow faster with the enhanced light conditions, but have
a higher rate of mortality than their competitors (Hatcher 1960,
Prévost et al. 2010a, Martin et al. 2014). Hence, it is critical to assess
the stand-level and species-specific effects on wood production in
the between-patch matrix of forest types dominated by a mixture of
long-lived species and containing high proportions of balsam fir.
Mixed-species stands composed of species with differing traits
(e.g., longevity, shade tolerance, crown or root structure, and phe-
nology) can be more productive than pure stands because of the
optimized resource exploitation related to the differential above-
ground and belowground niche selection by species (Man and Lief-
fers 1999, Brassard et al. 2011, Waskiewicz et al. 2013). According
to Pretzsch (2014), the benefits of mixed-species composition go far
beyond simple niche complementarity in crown geometries among
species (e.g., Thorpe et al. 2010, Bayer et al. 2013) that maximizes
occupancy of canopy space. Rather, he argues, environmental cues
in mixed stands trigger a much larger variation in crown geometry
than is typically found in pure stands (“true mixing effects” sernsu
Forrester 2013), thereby optimizing stand productivity, resilience,
and stability. However, this interspecific variation in crown geo-
metry in response to the local environment remains poorly under-
stood, particularly in mixedwood stands. Nevertheless, a few studies
have found that species can exhibit considerable variation in crown
geometry in response to both resource (e.g., light and space) avail-
ability and competitor identity (Maguire et al. 1998, Thorpe et al.
2010, Bayer et al. 2013, Dieler and Pretzsch 2013). Gap creation
directly alters the intensity of competition and the environment
around residual trees (Vepakomma et al. 2011, Prévost and Ray-
mond 2012). Thus, to fully understand the efficacy of silvicultural
practices such as patch cutting on tree- and stand-level dynamics, it
is necessary to elucidate how the combination of harvest gap crea-
tion and partial cutting between patches affects tree morphological
characteristics that directly influence long-term growth and survival.
The high proportion of edge effects (sezsu Bradshaw 1992) that
result from the use of patch-cutting systems may have additional
impacts on trees located along the periphery of the gaps (Arseneault
and Saunders 2012). These systems typically create circular gaps
with a diameter to canopy height ratio between 1 and 2 (1H-2H)
(Nyland 2002, p. 252) that greatly increases light transmission
within the opening (e.g., 2-3X relative to that for uncut forest;
(Prévost and Raymond 2012). They also result in a spatially hetero-
geneous distribution of light, with a maximum irradiance in the
northern part of gaps at high latitudes (Canham et al. 1990, Ray-
mond etal. 2006, Prévost and Raymond 2012). Trees along the gap
periphery benefit from the increased resource availability with
greater radial growth (Pedersen and Howard 2004, Arseneault et al.
2011, Vepakomma et al. 2011, Stan and Daniels 2014) but can
develop asymmetrical crown and bole shapes because of the hetero-
geneous distribution of sunlight after gap creation (Brisson 2001,
Muth and Bazzaz 2002, Getzin and Weigand 2007). In the specific
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case of yellow birch reserved as seed trees, exposure along the edges
of large gaps could affect stem quality, given its proneness to
epicormic branching after severe canopy opening (Trimble and
Seegrist 1973, Rey-Lescure 1982). Therefore, it is relevant to
contrast the individual responses of trees located at the periphery
of gaps along with those of trees located further in the between-
patch matrix.

In a former study, we characterized the effects of different cutting
treatments (patch cutting with 20-, 30-, and 40-m gaps, 1-ha patch
clearcut, and uncut control) on the microenvironment and early
regeneration dynamics of yellow birch-conifer stands (Prévost et al.
2010b, Prévost and Raymond 2012). The aim of this article is to
assess the stand- and tree-level effects 10 years after patch cutting in
the between-patch matrix of the same stands. Specifically, we quan-
tified how cutting treatments affected the radial growth, mortality,
and recruitment of merchantable trees (>90 mm dbh) in the resi-
dual stand matrix and whether the effects varied by species or among
locations within the treated areas. We expected the following: that
patch cutting with partial cutting between gaps will increase the
growth and decrease mortality of residual trees relative to uncut
controls, enhancing stand development as measured by the change
in quadratic mean diameter (QMD) and basal area (BA); that the
increased resource availability in the between-patch matrix will be-
nefit the development of basal area of small balsam fir more than
that of other species because of its high degree of morphological
plasticity; and that trees along the periphery of gaps will have the
largest growth increments.

Materials and Methods
Site Description

The study was carried out near Riviére-3-Pierre, approximately
80 km northwest of Québec City, QC, Canada. The region is cha-
racterized by a high-hill topography with rounded summits (Robi-
taille and Saucier 1998). Mean monthly temperatures (1981-2010)
vary from —14.6° C in January to 17.3° C in July (using BioSIM)
(Régnitre and Bolstad 1994). On average, the region receives 1,253
mm of precipitation annually, with 31% falling as snow. The expe-
riment is located at the margins of the balsam fir-yellow birch and
the sugar maple (Acer saccharum Marsh.)-yellow birch bioclimatic
domains (Saucier et al. 2009). It was established in high-quality
uneven-aged yellow birch-conifer stands located at two sites, 10 km
from each other. The soil was classified as a humo-ferric podzol.
Before cutting, the first site (Lac Poissonneux) had a mean BA of 31
m?*/ha with 44% yellow birch, 31% balsam fir, 14% red spruce, and
5% red maple (Acer rubrum 1.). The second site (Lac des Etangs)
averaged 28 m*/ha with 44% yellow birch, 17% balsam fir, 15% red
spruce, and 11% red maple. The remaining BA at both stands
comprised companion species, among them sugar maple, pin cherry
(Prunus pensylvanica L. £.), white birch (Betula papyrifera Marsh.),
and striped maple (Acer pensylvanicum L.). Preliminary historical
analysis by Lussier et al. (2000) indicated that these stands were
disturbed repeatedly by spruce budworm (Choristoneura fumiferana
Clemens) epidemics. The infestations of 1912 and 1947 stimulated
tree growth and regeneration the most, presumably because of par-
tial mortality. A partial cutting (salvage) was also applied at the first
site during 1947-1948. Stands were uneven-aged and contained
more than three age classes (Lussier et al. 2000). Precut diameter



uc 1H

<« 120m —»

{ )

«— 120m —»

Figure 1. Layout of an experimental block (repetition) comprising
four treatments: uncut control (UC) and three patch cutting treat-
ments (1H, 1.5H, and 2H). Cutting established systematic gaps
across a comparable area for each treatment (1H: 8 x 20-m
diameter gaps; 1.5H: 4 x 30-m diameter gaps; 2H: 2 x 40-m
diameter gaps) as well as 33% of stocking by single-tree cutting in
the between-patch matrix. Dotted lines indicate the central p?ots
and areas in gray the border plots.

distribution generally followed a reverse J-shaped diameter distribu-
tion (Supplemental Figure S18). The majority of trees had a dbh
smaller than 50 cm.

Experimental Design

The experiment, established in October 1999, contains four
complete randomized blocks (two blocks per site) and four treat-
ments. Selected treatments consist of three different patch sizes (20-,
30-, or 40-m diameter) corresponding to 1, 1.5, and 2 times domi-
nant tree heights (1H, 1.5H, and 2H; H = 20 m in this study) and
an uncut control (Figure 1). Gaps were evenly distributed on a
120- X 120-m experimental unit, with similar proportions of total
area in gaps in each treatment (1H: 8 gaps, 17.5% of area; 1.5H:
4 gaps, 19.6%; 2H: 2 gaps, 17.5%). In addition, one-third of the
BA in the residual stand matrix was harvested. This treatment of
the matrix had objectives similar to those for single-tree selection
cutting: (1) to harvest high-risk trees; (2) to improve stand vigor
and quality; (3) to favor the regeneration of shade-tolerant coni-
fers; and (4) to enhance tree growth and recruitment. However,
because of the difficulty in maintaining a balanced diameter
distribution in mixed stands (Seymour and Kenefic 1998), there
was no attempt to sustain a reverse-] distribution as with the
traditional selection system (see Arbogast 1957). Trees were cut
in all diameter classes after species-based tree marking account-
ing for longevity, vigor, quality, and seed tree potential. Balsam
fir, red maple, and paper birch were harvested as a priority,
whereas vigorous red spruce and yellow birch were maintained in
the stand for both wood and seed production. With the combi-
nation of patch and matrix cutting, 50% of merchantable BA was
harvested from each experimental unit.

Stand-level effects on wood production of the between-patch
matrix were documented for each 40- X 40-m central plot (hereafter
called the central plot). To assess the edge effects on individual tree
characteristics, we expanded the sampling area to include the edge of
gaps (hereafter called border plot). Border plots were located around
the central plot and included the major portion of gaps. Figure 1
shows the location and configuration of the central and border plots
within the four treatments.

Tree Measurements
The first measurement was done in the central plots before
harvesting in 1999, with subsequent measurements during fall

2000 (central and border plots, year 1 after treatment), 2004
(center), 2005 (border), 2009 (center), and 2010 (border). All
trees with a dbh (1.3 m dbh) larger than 90 mm (merchantable
dbh) were numbered and tallied for dbh and species. Tree con-
dition (alive, dead, or harvested) was also recorded at each mea-
surement. In border plots, trees were classified in two locations:
edge trees (i.e., tree with a crown adjacent to a harvest gap) or
not. Projected crown radii along cardinal directions were mea-
sured in 1999, 2000, 2005, and 2010. Total height (m) and
height from the tree base to the first live branch (>1 cm) of the
crown on the main stem (clear bole length) were measured in
1999, 2000, 2009, and 2010. Visible defects that could affect
tree survival and growth (sezsu Majcen et al. 1990, Guillemette et
al. 2008) were recorded in the central plots in 1999, 2004, and
2009. Defects include cankers, holes, decay, injury, insect dama-
ge, lean (=30°), and proportion of crown with dead branches.

Plot- and Tree-Level Variable Calculation

Stand density (no. of trees’/ha), QMD, and merchantable BA
were computed from the living trees of >90 mm dbh and for the
four main tree species (yellow birch, red maple, red spruce, and
balsam fir). In addition, the ratio of tree dbh over stand QMD, the
BA of all trees with a dbh larger than the subject tree (BAL), the ratio
of total height over dbh (H/D), and the ratio of crown length over
tree height (CR) were also calculated for each tree. Crown surface
area was also estimated from crown radii and crown length measure-
ments. The shape of the crown was assumed to be conical for conifer
and parabolic for hardwood species (Prévost et al. 2010a). We cal-
culated plot- and tree-level variables from the 1999 measurement
within the central plot (excluding trees that were harvested the same
year), in 2000 within the central and border plots, in 2004 within
the central plot, and in 2005 within the border plots.

Statistical Analysis
Stand-Level Assessment

Change in QMD and BA.—We analyzed stand-level changes in
quadratic mean diameter (AQMD) and basal area (ABA), as well as
species-specific changes in these variables (AQMD; and ABA,, res-
pectively) in the central plots both immediately after cutting (1999)
and 10 years later (2009). We used the changes in QMD and BA, as
metrics to quantity how each species was affected by treatments.
ANOVAs were performed with the MIXED procedure (SAS 9.3;
SAS Institute, Inc., Cary, NC), where blocks were tested as random
effects and treatments and species as fixed effects. In addition, be-
cause variation in stand conditions among plots and treatments can
affect growth responses, we tested precut BA (and BA,) or immedi-
ately postcut BA (and BA,) as covariates (for immediate effects and
for 10-year effects, respectively). This procedure first required test-
ing the homogeneity of slopes assumption. If the full model failed to
reject the hypothesis of no interaction between the covariate and the
main effect (P> 0.05), the interaction was removed, resulting in an
equal slopes model testing only the covariate. However, in cases
where the covariate X main effects interaction was significant, we
used an unequal slopes model, and treatment differences were tested
for three levels of the BA, covariate: low (first quartile, 2.37 m?/ha or
177 mm/QMD),), average (mean, 7.25 m*/ha or 234 mm/QMD),),
and high (third quartile, 11.0 or 279 mm/QMD,) (Littell et al.

B Supplementary data are available with this article at heep://dx.doi.org/10.5849/forsci.15-023.
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Table 1.  Species-level changes in AQMD, and ABA, for the four main species immediately after treatment.

Variable Level of covariate Species Estimate Pvalue Treatment Estimate Pvalue
AQMD;, (mm) NA YB 6.364 0.458 1H —4.713 0.595
RM 8.774 0.320 1.5H —10.913 0.002
RS —8.798 0.342 2H —3.660 0.691
BF —32.055 <0.001
ABA, (m*/ha) Low YB —1.299 0.339 1H —1.595 0.006
RM —0.938 0.072 1.5H —0.576 0.311
RS —0.788 0.309 2H —1.157 0.055
BF —1.413 0.107
Mean YB —2.074 0.002 1H —3.990 <0.001
RM —2.808 0.001 1.5H —2.970 <0.001
RS —4.230 <0.001 2H —3.552 <0.001
BF —4.904 <0.001
High YB —2.670 <0.001 1H —5.830 <0.001
RM —4.245 0.001 1.5H —4.810 <0.001
RS —6.876 <0.001 2H —5.392 <0.001
BF —7.586 <0.001

Since the species interacted significantly with the covariate, ANOVAs were performed at three levels: low (first quartile = 2.37 m*/ha), mean (7.25 m*/ha), and high precut
BA, (third quartile = 11 m?®/ha). Treatments consist of patch cutting using three circular gap sizes (20-, 30-, and 40-m diameter) corresponding to 1, 1.5, and 2 times tree
heights (1H, 1.5H, and 2H) combined to 33% single-tree cutting in the matrix and an uncut control. NA, not applicable; YB, yellow birch; RM, red maple; RS, red spruce;

BF, balsam fir.

2006). Homogeneity of the variance and normality of residuals
were graphically checked. When nonhomogeneity or nonnor-
mality was detected, the variance of the residuals was modeled
with the REPEATED option of the MIXED procedure. We
estimated the species and treatments parameters with the
LSMEAN function and the ILINK option.

Recruitment and mortality.—We estimated tree recruitment
to the 9.0-cm dbh class in the central plots over a 10-year period. We
classified trees as recruits if they were not recorded at the first mea-
surement but recorded at the last. Red maple was excluded from
recruitment analyses since it proved negligible for the 10-year pe-
riod. We considered trees that were alive in 1999 but dead in 2009
(excluding harvested trees) as having died during the 10-year period.
We performed stand-level analysis of mortality on the ratio between
the species merchantable BA of the trees that died (BAs yy..4) over
the species merchantable BA of living trees in 1999 (excluding har-
vested trees) (BAsgji,in). Recruitment and mortality at the stand
level were analyzed with the GLIMMIX procedure (SAS Institute,
Inc. 2011) with the Laplace estimation method, enabling the use of
a likelihood-based model selection method (Bolker et al. 2008).
Blocks and treatments nested in blocks were used as random effects
in the model. Recruitment was modeled with a negative binomial
distribution and a log link function (White and Bennetts 1996),
whereas mortality was modeled with a binomial distribution and
logit link function. Species and treatments were considered as fixed
effects. The LSMEAN function with the ILINK option was used to
obtain the species- and treatment-specific estimates of recruitment
and mortality. Comparisons between groups with polynomial con-
trasts were performed with the LIMESTIMATE function and the
SIMULATE option.

Tree-Level Assessment

Mortality models.—We modeled tree-level mortality binary
variables with the data from the central plots (to include the stem
defects in the model) over two continuous 5-year periods
(1999-2004 and 2004-2009). We tested dbh, dbh/QMD,
H/D, BAL, crown ratio, crown radius, crown surface area, pre-
sence of defects, species, and group of treatments as explanatory
variables in the model. All predictors and their simple interac-
tions were entered in a full model, and model simplification was
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performed using a backward selection technique based on the
Akaike criterion (Akaike 1973). To avoid problems of conver-
gence, selection of fixed effects was made without random effects
with the GLIMMIX procedure. However, random effects
(blocks and treatments nested in blocks) were entered in the final
model to estimate parameters (Fortin et al. 2008). Model good-
ness of fit was assessed with a Hosmer-Lemeshow test (Hosmer
and Lemeshow 2000, p. 147-156).

Tree growth models.—We used trees from the central and the
border plots to model the tree-level change in merchantable BA
(ABA)). Growth periods were 1999-2004 and 2004-2009 in cen-
tral plots and 2000-2005 and 2005-2010 in border plots. BA, was
estimated from the difference between values at the end and at the
beginning of the growth periods (cm*/year). BA, was modeled with
a linear regression using the MIXED procedure. Blocks, treatments
nested in blocks, and plots nested in treatments were included as
random effects. Correlation between two observations of the same
trees was modeled with the REPEATED statement. The same pre-
dictors were tested as in the tree-level mortality model. To avoid
collinearity, if two predictors showed a variance inflation factor
larger than 10, they were entered separately in the model (Klein-
baum et al. 1998, p. 241). We log-transformed the dependent vari-
able to meet the assumptions of normality and homogeneity of
variance. The smear factor was used to correct the bias when return-
ing to the original scale (Duan 1983). Model selection was con-
ducted similarly to the method used for the tree-level mortality
model, with the difference that random effects were used from the
beginning of the selection procedure.

Results
Immediate Stand-Level Effects
Changes in QMD and BA

AQMD within the central plots did not differ among treat-
ments immediately after treatment but did among species (P =
0.642 and P = 0.008, respectively) (Supplemental Table S2).
Species-level analyses showed that harvesting significantly af-
fected only balsam fir, decreasing QMD by 32 mm (Table 1). As
a result of the cutting, BA of the residual stand between the gaps
was decreased by 6.65 m*/ha, but without differences among
cutting treatments (1H, 1.5H, and 2H) (Supplemental Table



Table 2.  Species-level AQMD, and ABA,, no. of recruits/ha, and BAs gy..a/BAsqiing for the central plots 10 years after treatment.

Variable Level of covariate Species Estimate Pvalue Treatment Estimate Pvalue
AQMD, (mm) NA YB 21.759 <0.001 1H 27.435 <0.001
RM 26.049 <0.001 1.5H 33.551 <0.001

RS 35.189 <0.001 2H 23.601 <0.001

BF 26.09 <0.001 Control 24.499 0.001

ABA, (m?/ha) Low YB 1.963 0.004 1H 0.720 0.066
RM 0.210 0.321 1.5H 1.043 0.001

RS 0.519 0.010 2H 0.388 0.063

BF 0.084 0.695 Control 0.626 0.088

Mean YB 1.626 <0.001 1H —0.092 0.875

RM 0.692 0.249 1.5H 0.813 0.027

RS 2.356 <0.001 2H 1.570 <0.001

BF —1.264 0.030 Control 1.119 <0.001

High YB 1.367 <0.001 1H —=0.716 0.557

RM 1.063 0.223 1.5H 0.637 0.312

RS 3.767 <0.001 2H 2.478 <0.001

BF —2.301 0.031 Control 1.497 0.002

No. of recruits/ha NA YB 9.930 <0.001 1H 20.515 <0.001
RS 4.951 <0.001 1.5H 13.876 <0.001

BF 36.443 <0.001 2H 17.286 <0.001

Control 4.423 0.005

BA 0end/ BAsoiiving NA YB 0.053 0.002 1H 0.234 0.015
RM 0.133 0.077 1.5H 0.102 0.067

RS 0.018 0.338 2H 0.064 0.062

BF 0.383 <0.001 Control 0.040 0.079

When the fixed effect (species or treatment) interacted significantly with the covariate, ANOVAs were performed at three levels of the covariate distribution (mean, first, and
third quartiles). They were 2.37, 7.25, and 11 m*/ha for postcut BA, and 177, 234, and 279 mm for postcut QMD. The mortality rate was computed as the proportion of
10-year BA, in dead trees (BA, g geqq) Over BA, in living trees in 1999 (excluding harvested trees). The number of recruits was too low for red maple to allow analysis. See Table

1 for the description of species. NA, not applicable.

S2). In contrast, BA changed significantly between species, but
the effects interacted with the level of the precut BA covariate
(P < 0.001). No differences were observed among species at low
levels of precut BA,, but there were significant differences at the
average and high levels of precut BA| (Table 1). Contrasts indi-
cate that BA, was reduced more for balsam fir than for other tree
species at those levels (Table 3).

10-Year Stand-Level Effects
Changes in QMD and BA

Ten years after treatment, average stand QMD for residual
trees within the central plots increased by 31 mm (P = 0.001),
without differences in AQMD among treatments (P = 0.502).
When tested at the species level, the change in QMD; did not
differ among species (Supplemental Table S2). Mean stand BA
increased by 2.03 m*/ha (P = 0.020) but with no differences
among treatments (P = 0.171). Species-level BA varied among
species and treatments, depending on the degree of postcut BA|
(see Supplemental Table S2 for significant covariate X main
effect interactions). After 10 years, only yellow birch and red
spruce increased in BA| at all levels of the covariate. Balsam fir
BA, decreased at mean and high levels of the covariate, whereas
red maple remained unchanged (Table 2). Red spruce had the
best 10-year growth response with 3.80 m*/ha at the high cova-
riate level (33% gain). Increases in mean species BA over 10 years
were greatest in treatments with the large gaps (2H) and the
uncut controls, at mean and high levels of postcut BA, (Table 2).
Patch cutting with intermediately sized gaps (1.5H) only signi-
ficantly increased BA, at low to mean levels of postcut BA,. Those
with small gaps (1H) did not affect species-level BA; over 10
years. Contrasts confirm that the average increase in BA_ was
lower by 1.26 m*/ha in treatments with small gaps, compared
with the others, at the mean covariate value (Table 3).

Recruitment and Mortality
For the central plots, the number of trees recruited to the mer-
chantable class over the 10-year period within the matrix between

patches differed among species, but not among treatments (Supple-
mental Table S2). We found that the recruitment into the mer-
chantable size class was higher for balsam fir (36 stems/ha) than for
yellow birch (10 stems/ha) and red spruce (5 stems/ha) (Tables 2
and 3). The mortality rate differed among species and treatments
(Supplemental Table S2). Both balsam fir (38%) and yellow birch
(5%) exhibited significant mortality over 10 years (Tables 2 and 3).
Mortality was marginally significant (P = 0.077) for red maple, repre-
senting 13% of postcut BA,. Significant mortality (23% BA loss) oc-
curred only in the treatments with the smallest gaps (Tables 2 and 3).

Variation in the Components of Net Growth in BA

Overall, despite the fact that patch cutting treatments did not
exert strong effects on the net change in merchantable BA within the
central plots, differences did occur in growth, recruitment, and mor-
tality (Figure 2) across treatments and species. Balsam fir showed the
highest variation, especially for mortality (10—60% of postcut BA,)
and recruitment (2-31% of postcut BA)). Yellow birch had the least
variation in growth and mortality (14 and 7% of postcut BA,, res-
pectively). Within the uncut control these varied little, with the
proportion of postcut BA in growth and mortality remaining at
lower levels than in the patch cutting treatments.

10-Year Tree-Level Effects
Modeling of Mortality and Growth in BA

Probabilities of mortality over 5-year periods varied greatly
among species within the central plots. Balsam fir and red maple had
the highest probabilities, whereas red spruce and yellow birch had
the smallest (Figures 3 and 4). Factors increasing the probabilities of
mortality were the proximity to harvest gaps (border trees) and tree
characteristics such as diameter, presence of defects, and crown ratio
(all 2= 0.001) (Table 4). For trees without defects, probabilities
remained at less than 10% for red spruce and yellow birch (except
for yellow birch at =34 cm dbh in cutting treatments) (Figure 3). In
the matrix of patch cutting treatments, trees with defects and high
crown ratios (e.g., >55%) had a higher probability of dying. We
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Table 3. Results of the polynomial contrasts for species-level analysis for the central plots.

Effects Variable Test Covariate level Estimate df Pvalue
Immediately after the cut AQMD (mm) BF versus other species NA —34.168 29 0.004
ABA, (m*/ha) BF versus other species Low —0.405 28 0.636

BF versus other species Mean —1.867 28 0.006

BF versus other species High —2.990 28 0.003

After 10 years ABA, (m?/ha) BF versus other species Low —0.813 33 0.018
BF versus other species Mean —2.822 33 <0.001

BF versus other species High —4.366 33 <0.001

1H versus other treatments Mean —1.259 33 0.039

No. of recruits/ha BF versus other species NA NA* 32 0.003

BA; 1 0dead/ BAsotiving BF versus YB NA NA* 49 <0.001

BF versus RM NA NA* 49 0.194

BF versus RS NA NA* 49 0.011

1H versus other treatments NA NA* 49 0.008

See Tables 1 and 2 for the description of species and variables.

* Because of the link function between the response and the predicting variables (logit for mortality and log for recruits), the estimate contrasts could not be reported. NA,

not applicable.

also found an interaction between crown radius and crown ratio
(P < 0.001) (Table 4), indicating that the positive relationship of
crown ratio on mortality is stronger for trees with narrower crowns
(e.g., 100-350 cm) than for trees with larger crowns (e.g., >350
cm) (not shown). Moreover, trees with smaller crown radii and
greater crown ratios had higher probabilities of mortality than trees
with larger crown radii and smaller crown ratios (Figures 3 and 4).

Tree-level annual growth in BA (BA)) differed by species, treat-
ments, location within the stand, dbh, crown ratio, and crown ra-
dius (Table 4). Growth in BA, increased with diameter for all species
except for yellow birch (Figures 5 and 6). Trees grew better in BA, if
located around the periphery of gaps (2 < 0.001) and if they had
larger crown radius (P < 0.001) and smaller crown ratios (P <
0.001). Large conifers (e.g., =30 cm dbh) located at the periphery of
gaps had a 6% greater BA, growth relative to that of individuals of
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equivalent dbh in the uncut controls (Figures 5 and 6). Neverthe-
less, the overall combined effects of treatments with dbh (P <
0.001) (Table 4) indicate that the magnitude of response to patch
cutting was higher for smaller trees. For example, small conifers
(e.g., 10 cm dbh) located at the periphery of gaps showed a 94%
greater basal area growth relative to those in the uncut controls

(Figures 5 and 6).

Discussion
Stand-Level Response to Patch Cutting

We expected that the net change in residual stand basal area
would be higher in the matrix of patch cutting treatments than in
the control, because the partial cutting should reduce potential mor-
tality and increase residual tree growth. The patch cutting treat-
ments successfully targeted mature balsam fir and increased stand
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Figure 2. Net change in stand merchantable BA by treatment and species within the central plots after 10 years, following the
components of net growth: growth (dark gray), recruitment (light gray), and mortality (white). Data were standardized as a percentage

of postcut BA to facilitate comparisons.
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Figure 3. Five-year probability of mortality by species within the
central plots as a function of dbh, crown ratio, presence of defects,
and treatment. Trees with 35% crown ratio and no defects are
represented by a full line, 35% crown ratio with defects by a dotted
line, 55% crown ratio without defects by a dashed line, and 55%
crown ratio with defects by a dashed and dotted line. Crown radius
was held constant at 275 ¢m in equations.
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Figure 4. Five-year probability of mortality by species within the
central plots as a function of dbh, crown radius, and treatment.
Trees with 150-cm crown radius without defects are represented by
a full line, 150-cm crown radius trees with defects by a dotted line,
400-cm crown radius trees without defects by a the dashed line,
and 400-cm crown radius trees with defects by a dashed and
dotted line. Crown ratio was held constant at 45% in equations.

QMD. However, net growth did not significantly increase total
10-year basal area compared with that for the control. Under high
latitude, a lag period in tree growth is common, but response usually
occurs within 10 years after cutting (Thorpe and Thomas 2007).
Partial cutting studies in mixedwood stands indicate that gains in
net growth are possible after 10 years if the mortality rate is low
(Prévost and Dumais 2013, 2014). However, high variability can
also explain the lack of differences between treated plots and uncut
controls (Arseneault et al. 2011). In our study, we observed a greater
variation in recruitment, growth, and mortality in the patch cutting
treatments compared to that for the control over the 10-year period
(Figure 2). Recruitment of new stems above 90 mm increased by
3—4 times compared with that for the control. Yet, despite cutting
one-third of the basal area from within the matrix, mortality in-
creased by 2—6 times (Table 2) and offset effects of the treatment on
10-year residual tree growth and recruitment in this mixedwood
forest type. Our study confirms that as in other partial cutting stu-
dies, residual tree mortality is a critical factor that can determine the
success or failure of partial harvests (Thorpe and Thomas 2007).

Table 4. Parameters of the tree-level models for the combined
central and border plots.

Variable Parameter Estimate P value
Mortality rate Intercept =8.1175 <0.001
Dbh 0.0133 <0.001

YB —0.0866 0.807

RS 0.2520 0.641

RM 0.6152 0.334

Healthy versus defect —1.2192 <0.001

Treatment 1.0704 <0.001

Patch matrix versus border 3.2979 0.001

Crown radius (CRad) —0.0033 0.204

Crown ratio (CRat) 0.0566 <0.001

Dbh X YB —0.0058 <0.001

Dbh X RS —0.0112 <0.001

Dbh X RM —0.0058 0.017

CRad X CRat —0.0001 <0.001

BA, growth (m*/ha)  Intercept —5.5599  <0.001
Lndbh 1.0529 <0.001

CRat —0.0118 <0.001

YB 2.6874 <0.001

RS —0.9013 0.106

RM 1.5620 0.045

Treatment 3.2077 <0.001

Patch matrix versus patch border  —0.2990  <0.001

LnCRad 0.5444 <0.001

Lndbh X YB —0.6050 <0.001

Lndbh X RS 0.1326 0.219

Lndbh X RM —0.3220 0.030

Lndbh X treatment —0.5530 <0.001

Mortality rates and BA_ growth based on 5-year periods. See Table 1 for the
description of species.
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Figure 5. Annual change in stem merchantable BA by species
within the central and border plots as a function of dbﬁ, crown
ratio, and treatment. Patch borcﬁer is a specific case of trees located
in the between-patch matrix, but adjacent to a gap (edge trees).
Solid lines represent 35% crown ratio and dashed lines 55% crown
ratio.

Our results shed light on how silvicultural treatments affect spe-
cies-specific responses within mixed-species stands. Contrary to our
expectation, balsam fir did not benefit the most from the partial
cutting within the matrix. We found greater balsam fir growth and
recruitment than with other species in response to treatments and
also higher mortality. This result is common after partial cutting
(Hatcher 1960, Fortin et al. 2008, Prévost and Dumais 2013, Mar-
tin et al. 2014). Our data show that most balsam fir trees did not
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Figure 6. Annual change in stem merchantable BA by species
within the central and border plots as a function of db{m, crown
radius, and treatment. Patch border is a specific case of trees
located in the between-patch matrix, but adjacent to a gap (edge
trees). Solid lines represent 150-cm crown radius and dashed lines
350-cm crown radius.

blow down (not shown). Rather, they died standing, possibly due to
stress or accelerated senescence. We also observed that long-lived
species such as yellow birch and red spruce had more modest incre-
ments, but lower mortality rates. Overall, red spruce benefited the
most from the enhanced growing conditions with a high basal area
incrementand a very low mortality rate. Although red spruce usually
grows more slowly than balsam fir in early growing stages (Davis
1989, Dumais and Prévost 2014), its greater longevity makes it
more persistent in the long-term stand dynamics (Fraver and White
2005). Differences among the species indicate that longer-term
study of their dynamics is essential for an accurate modeling of the
forest responses within this complex ecosystem.

Tree-Level Response to Patch Cutting

Although crown shape may vary for a given diameter and height
in mixedwood stands because of interspecific competition (e.g.,
Bayer et al. 2013), our tree-level mortality risk model is among the
first to rigorously relate mortality risk in mixedwood stands with a
complex of factors such as tree longevity, vigor, size, and crown
attributes (see Fortin et al. 2008 and Guillemette et al. 2008 for
similar results in northern hardwood forests). In our study, trees
with narrower crowns had a higher mortality risk than trees with
wider crowns, probably because they were located in subordinate
crown positions where light is limited and crown expansion is res-
tricted (Gilmore and Seymour 1997). Our results also revealed a
positive relationship between the mortality risk and high live crown
ratio, which contrasts with the trends reported in the literature (e.g.,
Monserud and Sterba 1999).

Our work quantifying relationships between tree growth and
crown attributes allowed us to assess under field conditions the
theoretical “true mixing effects” that Pretzsch (2014) described
through intraspecific shifts in size, shape, and inner space filling of
crowns. Regardless of species, trees with smaller diameters and pos-
sessing narrower crowns (Bechtold 2003) exhibited the greatest
growth response to the increased light availability found in the gaps
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after harvests (Prévost and Raymond 2012). Most likely, small trees
experienced more intense competition before treatment in lower
crown positions, whereas those with larger diameter and wider
crowns were already in more favorable positions in the upper ca-
nopy, which limited their response to treatment (Prévost and Du-
mais 2013). Similar trends have also been documented after selec-
tion cutting in northern hardwood stands, where smaller hardwoods
trees showed better diameter growth than larger ones (Eyre and
Zillgite 1953, Kiernan et al. 2008, Swift et al. 2012). Nonetheless,
conifers with large diameters and wide crowns had the best growth
regardless of treatments because they support a large amount of
foliage biomass and have consequently a higher photosynthesis pro-
duction (Landsberg and Sands 2011). Red spruce and balsam fir
were the species that increased the most in individual-tree growth,
even at large diameters. This suggests that these species possess a
high phenotypic plasticity (sensu de Kroon et al. 2005). We also
found that live crown ratio was inversely correlated to basal area
growth. Because the live crown ratio decreases with increasing tree
size (results not shown), trees with high crown ratios were typically
present in the intermediate and oppressed canopy positions and
probably possess lower stem growth rates due to the limited light
availability (Maguire et al. 1998, Vanninen and Mikeld 2000, Dyer
et al. 2010). Sdill, as predicted, increases in annual growth as a
function of either the live crown ratio or crown radius were most
pronounced for trees along the periphery of the gaps, presumably
due to increased light availability and space for tree development
(Pedersen and Howard 2004, Dyer et al. 2010). Knowledge about
these types of tree interactions within the interspecific environment
is highly relevant for further development of individually based
growth models in mixed-species stands (Pretzsch 2014).

Implications for Management

Gap-based silvicultural approaches were developed from an eco-
logical perspective, based on the perceived natural dynamics of
forested systems (Coates and Burton 1997). Yet, landowners and
forest managers must determine how these approaches affect wood
production objectives. We conclude that despite a relatively high
harvesting intensity in our study, use of systematically located
patches combined with partial cutting resulted in a suboptimal har-
vest of the potential mortality, particularly of balsam fir. However,
the poor 10-year gain in net growth in the between-patch matrix
raises concerns regarding the application of patch cutting systems in
mixed stands comprising an abundant component of short-lived
balsam fir. In these uneven-aged yellow birch-conifer stands, mor-
tality occurs at a scale smaller than that of patches. Hence, these
mini-clearcuts and the partial cutting could not capture the majority
of the potential mortality. Meanwhile, young trees such as yellow
birch poles were harvested in haste, whereas they could still contri-
bute to net growth in BA during the next cutting cycle. For these
reasons, the patch cutting system does not seem well adapted to such
complex uneven-aged mixedwood stands. Yet, we need to monitor
longer-term effects, including the contribution of the regenerating
patches to the overall stand basal area and wood quality (e.g., epi-
cormic branching) to complete this assessment.

Indeed, more flexible silvicultural systems enabling harvest of
most of the potential balsam fir mortality could be more effective in
uneven-aged mixedwood stands, particularly if they allow managers
to choose gap location at a finer scale. Such silvicultural systems
which harvest small groups of trees or single trees (e.g., 100-300
m?) enhance the regeneration of shade-tolerant conifers (Dumais



and Prévost 2014, Prévost and Charette 2015), as has proven chal-
lenging with gap sizes (314—1,256 m?) typically used with patch
cutting systems (Prévost et al. 2010b, Beaudet et al. 2014). Al-
though gap-based approaches still have importance for managing
mixed-species stands and promoting diversity, the systematic cre-
ation of gaps, as is done in our patch cutting treatments, decreases
flexibility for tree selection to control mortality and best simulate the
growth of desired tree species. Moreover, silvicultural systems uti-
lizing variably sized gaps appear more promising for managing com-
plexity and wood production in yellow birch-conifer stands (Knee-
shaw and Prévost 2007, Duchesne and Prévost 2012).
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