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A comparison of thinning methods in red pine:
consequences for stand-level growth and tree
diameter

John B. Bradford and Brian J. Palik

Abstract: Long-term replicated experiments that contrast thinning method (dominant thinning, thinning from below) while
controlling stocking level are rare. Stand growth and tree size responses to thinning method can be useful for making deci-
sions to achieve desired objectives, whether these are timber or wildlife habitat related. We examined data from two long-
term (>50 year old) silvicultural experiments in red pine to understand how alternative thinning prescriptions influence
stand-level basal area, volume, and biomass growth, as well as quadratic mean tree diameter. We found that gross growth
in stands treated with dominant thinning was often, although not always, greater than growth in stands treated with thin-
ning from below. However, the differences in growth between thinning methods are smallest at stocking levels and stand
ages typical for red pine management. We found that biomass growth increases with dominant thinning were generally
less than basal area or volume growth increase. Furthermore, greater gross growth associated with dominant thinning ver-

sus thinning from below must be weighed against the significantly smaller average tree sizes that result from repeated

dominant thinning.

Résumé : Les suivis a long terme d’expériences répétées comparant des méthodes d’éclaircie (par le haut ou par le bas)
tout en controlant la densité résiduelle sont rares. Les réactions en croissance du peuplement et des arbres individuels en
fonction de la méthode d’éclaircie peuvent étre utiles pour prendre les décisions qui permettent d’atteindre les objectifs
visés, qu’ils soient reliés a la production de matiere ligneuse ou aux habitats fauniques. Nous avons analysé les données
de deux expériences sylvicoles de longue durée (plus de 50 ans) dans des peuplements de pin rouge pour comprendre
comment différentes prescriptions d’éclaircie influencent la surface terriére, le volume, la croissance en biomasse du
peuplement de méme que le diamétre moyen quadratique des arbres. Nous avons trouvé que ’accroissement brut des
peuplements éclaircis par le haut était souvent, mais pas toujours, plus grand que celui des peuplements éclaircis par le
bas. Cependant, les différences de croissance entre les méthodes d’éclaircie étaient plus petites a des densités et des ages
typiques de 1’aménagement du pin rouge. Nous avons trouvé que 1’augmentation de la croissance en biomasse a la suite
d’une éclaircie par le haut était généralement inférieure aux augmentations de croissance en surface terriere ou en volume.
De plus, on doit mettre en balance 1’accroissement brut plus élevé associé a 1’éclaircie par le haut comparativement a
I’éclaircie par le bas et la taille moyenne significativement plus petite des arbres a la suite d’éclaircies répétées par le haut.

[Traduit par la Rédaction]

Introduction

Thinning of a forest stand is an important tool to achieve
a variety of management objectives. Traditionally, thinning
has been used as a tool to capture anticipated mortality of
suppressed trees as marketable wood (Drew and Flewelling
1979) and to increase the growth of residual trees by in-
creasing growing space and resource availability to these
trees (Smith et al. 1997). Thinning can also be used to de-
velop structural characteristics important for wildlife habitat
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and to direct the development of structural complexity in
simplified stands (Franklin et al. 1986, 1997; Hayes et al.
1997). For example, thinning can be used to promote the de-
velopment of large diameter trees, which can be important
as roosting and nesting sites, as the location of large dens
and cavities, and ultimately, as a source of large woody de-
bris. Likewise, thinning can be used to promote other struc-
tural characteristics, including the development of forest
understories and vertical structure (Bailey and Tappeiner
1998; Miller and Emmingham 2001).

Thinning can be applied in various ways to a stand, de-
pending on the crown position of the trees removed (Nyland
1996; Smith et al. 1997; Helms 1998). Dominant thinning
(previously referred to as selection thinning) preferentially
removes the largest diameter, usually dominant crown class,
trees (Helms 1998). In contrast, crown thinning, synono-
mous with thinning from above (Helms 1998), removes
dominant and codominant trees specifically to increase the
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Table 1. Allometric equations for estimation of stem volume and above-
ground biomass from diameter and height measurements.

Component Equation* Source’
Stem volume V =0.003 D;,"7° Hy''? Fowler 1997
Bole biomass In(Byg) = —2.84 + 2.39 In(Dem) Ker 1980

Branch biomass
Foliar biomass

]H(Blb) = —1.51+2.50 1n(Dm)
In(By,) = —1.21 4 2.18 In(D,,)

Young et al. 1980
Young et al. 1980

*Similar equations for other species were used, and are available in Jenkins et al.
(2004). V is stem volume in cubic feet; By, and By, are biomass in kilograms and pounds,
respectively; D, and D;, are diameter at breast height in centimetres and inches,
respectively; and Hy is height in feet. Values were converted to metric units for analysis.

fKer (1980) and Young et al. (1980) were both compiled in Jenkins et al. (2004).

growing space of healthy residual trees within the same
crown classes (Smith et al. 1997) but does not necessarily
remove the largest diameter trees preferentially. Thinning
from below, or low thinning, removes trees from the small
end of the diameter distribution, usually suppressed, inter-
mediate, or small codominant trees (Helms 1998).

Thinning, and how it is applied, can influence a variety of
stand characteristics, including gross growth, production of
stem wood, and the maximum, mean, and range of tree di-
ameters. Most empirical studies have found that generally,
in single-cohort, largely single-species stands, volume and
basal area growth on an area basis tend to be similar regard-
less of thinning method if other factors are constant, e.g.,
basal area of growing stock, site index, and vigor of residual
trees (Spur et al. 1957, low vs. crown thinning; Cooley
1969, low vs. dominant vs. crown thinning; Seidel 1986,
low vs. dominant thinning; Smith 2003, low vs. dominant
vs. crown thinning; Gilmore et al. 2005, low vs. dominant
thinning). Some studies report higher volume growth with
thinning from below, but it is not clear if basal area of
growing stock was similar between treatments (Emmingham
et al. 2007, low vs. crown thinning). One recent study in
mature red pine (Pinus resinosa Aiton) suggests that domi-
nant thinning results in greater gross basal area growth rela-
tive to low thinning (Buckman et al. 2006).

Thinning method can influence stand diameter distribu-
tions. By removing smaller diameter trees, low thinning
shifts the diameter distribution and the mean tree diameter
towards larger trees. Dominant thinning, on the other hand,
shifts the distribution and mean diameter towards smaller
trees.

While informative, many studies are limited by experi-
mental design (e.g., lack of replication), lack of long-term
data and (or) temporal analysis, or a focus on only one
growth variable (e.g., basal area). In fact, as Smith (2003)
points out, there are few published studies of long-term re-
plicated thinning method experiments, in particular those
that hold residual basal area constant, that can be used to ad-
dress issues of thinning responses in detail.

In this study, we explore how thinning method influences
periodic growth (basal area, volume, biomass) and tree di-
ameter, using data from two long-term replicated studies in
red pine. An analysis of these studies was included as part
of a recent comprehensive Forest Service Technical report
on growth and yield in red pine (Buckman et al. 2006). Our
intention is to explore growth responses in more detail (e.g.,
multiple measures of growth over time). Specifically, our
objectives were to (1) quantify the overall influence of thin-

ning method, stocking level, and stand age on basal area
growth, stem volume growth, biomass growth, and mean
tree diameter, and (2) assess how the magnitude of the im-
pact of thinning method depends on stand age and stocking
level.

Methods

Study sites and treatments

We examined growth records from two long-term red
pine silvicultural experiments in Minnesota: the Birch Lake
cutting method — growing stock study and the Cutfoot cut-
ting methods study. The Birch Lake experiment is located
at the Superior National Forest in northeastern Minnesota.
Stands are of plantation origin (seeded) and were established
between 1912 and 1913. The Cutfoot experiment is located
at the Chippewa National Forest, Cutfoot Experimental For-
est, in north-central Minnesota, and stands were naturally re-
generated around 1870. Species composition at both sites is
dominated by red pine, which comprises over 95% of basal
area throughout the experiments. Eastern white pine (Pinus
strobus L.) and jack pine (Pinus banksiana Lamb.) are the
bulk of the remaining trees, with other species making up
less than 1% of basal area.

Both experiments contrasted dominant thinning to thin-
ning from below (Buckman et al. 2006). Specifically, domi-
nant and codominant trees of the largest diameters were
removed preferentially (R. Buckman personal communica-
tion, 2007). However, it is useful to consider the effects of
the dominant thinnings on crown distributions and tree di-
ameters. In both studies, the ratio of the mean diameter of
trees before and after the first thinning ranged from 1.0 to
1.2 (Buckman et al. 2006), suggesting that mean diameters
were little affected by thinning. This reflects the fact that in
managed red pine stands, most crowns are in dominant and
codominant positions, with the proportion of suppressed and
intermediate crown classes constituting a small percentage
of a stand (Buckman et al. 2006). In effect, the dominant
thinning method used in these studies was operationally a
crown thinning, despite being implemented conceptually
(and referred to here) as a dominant thinning.

At Birch Lake, the thinning method was applied to five
levels of residual growing stock (7, 14, 21, 28, and
34 m2ha!). Treatment combinations were assigned ran-
domly to 0.8 ha stands, each randomly divided into three
thinning methods (dominant and below, both included in
this analysis, and intermediate, which is not addressed in
this paper). Each thinning treatment was replicated three
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times in a completely randomized design. At Cutfoot, a sin-
gle level of residual growing stock was used (~25 m2-ha').
Thinning treatment was assigned randomly to 4.0 ha stands,
with three replicates of each treatment. An unthinned control
(not examined here) was included only in the Birch Lake
experiment.

Both experiments were thinned at 5-10 year intervals
from about the origination cut until 2003 (Birch Lake) and
2005 (Cutfoot). Cutfoot stands were established (initial thin-
ning) in 1950 and subsequently thinned in 1960, 1970, 1985,
and 2005. Birch Lake stands were established (initial thin-
ning) in 1957 and subsequently thinned in 1962, 1972,
1982, 1992, and 2003, with the exception of the lowest two
residual basal area treatments whose basal area was suffi-
ciently low that they were not thinned after 1962. Following
the initial thinning, volume removed by harvest did not dif-
fer between thinning methods and averaged 45 m3-ha-! and
48 m3-ha-! at Birch Lake and Cutfoot, respectively. Stands
were measured immediately before each thinning on a single
(Birch Lake) or 10 (Cutfoot) permanent 0.8 ha plots per
stand. Measurements included diameter at breast height
(DBH = 1.37 m) for all trees with DBH >10 cm, and height
for 2-3 trees in each crown class in each plot, with the latter
assessed in the field based on visual determination of crown
exposure.

Analysis

We assessed growth and diameter responses to thinning
methods. Growth measures consisted of gross basal area,
stem volume, and whole-tree (bole, branch, and foliage)
aboveground biomass for all red, white, and jack pines with
DBH >10 cm. Gross growth estimates for each variable
were defined as accretion (i.e., growth on existing trees), in-
growth of new trees, and amounts removed in harvest and
mortality. We used gross growth instead of net growth, as
the former is more biologically representative of stand
productivity and is less affected by mortality (Curtis and
Marshall 1988). Moreover, in these studies, gross and net
growth differed little because average annual mortality was
less than 0.15% of basal area, volume, or biomass. We
measured heights from a subsample of trees in each stand at
each measurement period, related height to DBH (results not
shown, 2 values between 0.4 and 0.8), and used these re-
sults to estimate unmeasured heights. Since tree heights
within even-aged red pine stands are quite consistent
(Buckman et al. 2006), height variation in individual trees
that is not captured in our regression equations is quite mi-
nor. Stem volume and aboveground biomass were estimated
from DBH and height using allometric equations (Table 1).
In addition, at each measurement period, we calculated
quadratic mean diameter (QMD) by plot from diameter
measurements (d) for trees i = 1 through n (Husch et al.
2003) as

QMD was used rather than arithmetic mean diameter, as
the former provides a better mensurational representation of
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average tree size differences among treatments (Curtis and
Marshall 2000).

To assess the influence of thinning method on stand
growth (objective 1), we used repeated measures analysis of
variance, with thinning method, residual basal area, and
stand age as class variables, with age as a repeated measure,
with plot as a random variable, and with basal area growth,
stem volume growth, biomass growth, or QMD as dependent
variables. We conducted mean contrasts as appropriate to
identify significant differences between thinning methods
within interactions. We indicate differences that are signifi-
cant at the o = 0.05 level (see Fig. 1 for illustration of con-
trasts). Statistical analysis was performed using the MIXED
procedure in SAS version 9.1 (SAS 2001) with autoregres-
sive covariance structures for models with homogeneous re-
siduals and with autoregressive heterogeneous covariance
structures for models with nonhomogeneous residuals. To
characterize the consequences of dominant thinning versus
thinning from below (objective 2), we calculated the relative
difference between thinning method using the formula (D —
B)/D, where D is response with dominant thinning and B is
response to thinning from below. This formula quantifies the
percentage increase or decrease in growth or diameter as a
consequence of dominant thinning compared with thinning
from below and was calculated for all treatments for basal
area growth, volume growth, biomass growth, and QMD.

Results

At Cutfoot, basal area growth ranged from 0.29 to
0.66 m2-ha-l-year-!, stem volume growth ranged from 4.55
to 6.8 m3-hal-year!, while biomass growth ranged from
1.49 to 2.9 Mg-ha-l-year-! (Table 2). All three measures of
growth were significantly related to thinning method, while
basal area and biomass growth were also related to stand
age (Table 2). The interaction of stand age and thinning
method was not significantly related to any of the three
growth variables at Cutfoot. These models explained 81%
and 72% of the variability in basal area and biomass growth,
respectively, while thinning method alone explained 45% of
the variability in stem volume growth (Table 2). QMD at
Cutfoot ranged from 23 to 45 cm, and 95% of the variability
in QMD was explained by statistically significant relation-
ships with stand age, thinning method, and the interaction
of age and thinning method (Table 2). Basal area growth
and biomass growth decreased with age at Cutfoot, while
QMD increased with age, and volume growth was statisti-
cally consistent across all ages (Fig. 1).

Dominant thinning generally resulted in higher growth
and smaller diameters at Cutfoot. Both basal area growth
and biomass growth were significantly higher with dominant
thinning at all ages except for the youngest measurement pe-
riod. Volume growth at Cutfoot was significantly greater
with dominant thinning only at 120 years. For QMD, the in-
teraction of age and thinning method at Cutfoot suggests
that differences between thinning methods depend on age,
although QMD was significantly larger with thinning from
below across all ages (Fig. 1). Relative to thinning from be-
low, dominant thinning at Cutfoot increased basal area, vol-
ume, and biomass growth by an average of 43%, 21%, and
31%, respectively, and decreased QMD by an average of
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26% (Fig. 2). The effects of dominant thinning on volume
growth and QMD at Cutfoot were most pronounced at older
stand ages (100-110 years), while the effects on basal area
and biomass growth were relatively consistent across all
ages greater than 90 years.

At Birch Lake, basal area growth ranged from 0.32 to
0.95 m%ha!-year!, stem volume growth ranged from 3.0 to
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Fig. 2. Proportional difference in basal area growth, stem volume
growth, biomass growth, and quadratic mean diameter of stands
thinned by dominant thinning as opposed to stands thinned from
below in long-term red pine studies at Birch Lake Plantation and
Cutfoot Experimental Forest. Values are the percentage of higher
or lower growth and larger or smaller diameters when dominant
thinned compared with thinned from below. Error bars are + one
standard error.

12.9 m3-ha-!-year-!, and biomass growth ranged from 1.4 to
4.04 Mghal-year-!. All three growth variables at Birch
Lake were influenced by thinning method, basal area, age,
and the interaction of basal area and age (Table 2). In addi-
tion, stem volume growth was influenced by the interaction
of thinning method and age and by the three-way interaction
of thinning method, basal area, and age. These models ac-
counted for 88%, 94%, and 83% of the variability in basal
area growth, volume growth, and biomass growth, respec-
tively. QMD at Birch Lake ranged between 23 and 45 cm,
and 95% of the variability in QMD was accounted for by
relationships with thinning method; basal area; age; the
basal area and thinning interaction; the basal area and age
interaction; and the three-way interaction of basal area, age,
and thinning method.

These significant interactions indicate that the influence
of thinning method (i.e., differences between dominant thin-
ning and thinning from below) is best understood by exam-
ining all levels of both residual basal area and age (Fig. 1).
Basal area growth tended to be significantly different under
a wider range of conditions than stem volume growth and
biomass growth, and significant differences were generally
most frequent at intermediate levels of residual basal area
(14-21 m2-m=2). QMD, on the other hand, was significantly
higher with thinning from below under all conditions except
the latest two measurement periods in the lowest residual
basal area treatment and the earliest measurement period in
the highest residual basal area treatment (Fig. 1). At Birch
Lake, dominant thinning increased basal area, stem volume,
and biomass growth by an average of 25%, 22%, and 16%,
respectively, over thinning from below, whereas QMD de-
creased by an average of 15% (Fig. 2). The largest differen-
ces occurred in either younger stands (<70 years) with very
low growing stock (7 mZha!) or older stands (>80 years)
with intermediate growing stock (14-28 mZ2-ha-!). Relative
to thinning from below, dominant thinning led to only a
modest increase in growth at intermediate basal areas (21—
28 mZ-ha!) and stand ages less than 70 years. At high resid-
ual basal area (34 m%ha-!), dominant thinning had no con-
sistent effect on growth at any age, although it did decrease
QMD relative to thinning from below.

Discussion

Our results extend the findings of Buckman et al. (2006)
to additional growth measures by showing that dominant
thinning generally resulted in greater basal area, volume,
and biomass growth compared with thinning from below.
These results contrast that of other studies that suggest
stand-level volume and basal area growth tend to be similar
regardless of thinning method (Spur et al. 1957, below vs.
crown thinning; Cooley 1969, below vs. dominant vs. crown

Published by NRC Research Press



Bradford and Palik

thinning; Seidel 1986, below vs. dominant thinning; Smith
2003, below vs. dominant vs. crown thinning; Gilmore et
al. 2005, below vs. dominant thinning).

The dominant thinning method employed in our experi-
ments was operationally, if not conceptually, a crown thin-
ning. While the dominant and codominant trees with the
largest diameter were removed preferentially (Buckman et
al. 2006), the narrow range of diameters within the stand
(ratio of mean diameter after to mean diameter before thin-
ning was near 1.0) and the low percentage of trees in inter-
mediate and suppressed crown classes (Buckman et al.
2006) essentially dictated that the thinning resulted in in-
creased growing space for other dominant and codominant
trees rather than a release of suppressed or intermediate
crown classes, as would occur in a true dominant thinning.
The exception to this may be the highest stocking treatment
at Birch Lake (Fig. 1), where differentiation into crown
classes likely did occur. As a result, the high thinning treat-
ment at the highest stocking level was operationally a true
dominant thinning that left less responsive residual trees,
and consequently, the two thinning methods had virtually
identical growth over time (Fig. 1). Oliver and Murray
(1983) suggest that volume growth in Douglas-fir will be
maximized in stand structures that have more large diameter
trees in dominant and codominant crown classes, because in-
termediate and suppressed trees will not respond much or at
all to increased growing space. Assuming red pine behaves
similarly, the two thinning methods employed in our studies
generally created stand structures that favored trees in domi-
nant and codominant crown classes. The dominant thinning
had the added benefit of increasing growing space to a
greater degree around more of these individuals than did
thinning from below, hence the greater gross growth with
dominant thinning. It would be erroneous to conclude that
growth would also be higher with a more typical dominant
thinning, i.e., removing the largest stems in a stand preferen-
tially, if the residual trees were largely in suppressed and in-
termediate crown classes.

Our results also illustrate that the relationship between
thinning method and growth depends on stand age and
stocking levels. Relative to thinning from below, dominant
thinning had inconsistent impacts on increasing biomass,
volume, and basal area growth within the range of condi-
tions that are typical for commercially managed red pine
stands, i.e., 21-28 mZha! basal area and <80 years old.
The greatest differences in growth rates between thinning
methods occurred at lower stocking levels (14-21 m2ha-')
or in old stands (80—130 years old); conditions that are prob-
ably best managed for purposes other than maximizing
wood yield, e.g., in the development of mixed species stands
at low stocking levels or in the production of large saw or
cabin logs on longer rotations.

Compared with thinning from below, dominant thinning
resulted in less consistent and generally smaller increases in
biomass growth than basal area growth. This difference was
especially apparent in the Birch Lake study, where differen-
ces in biomass growth between dominant thinning and thin-
ning from below were roughly half of the differences in
basal area growth. This suggests that basal area may not be
the best measure by which stand growth should be assessed
if the goal is to identify approaches for increasing biomass

495

yield for utilization in the emerging wood-based biofuels in-
dustry.

Thinning method did have a consistent and significant im-
pact on mean tree diameters. QMDs were consistently lower
with dominant thinning than with thinning from below, with
the greatest differences occurring at the same basal areas
and stand ages where the largest growth differences were
realized. Despite higher stand-level growth with dominant
thinning than with thinning from below, the economic value
of dominant thinned stands for some products, such as cabin
logs, poles, and saw timber, may actually be lower than that
of stands thinned from below because of reduced mean di-
ameters. Such differences in individual tree size and poten-
tial value should be considered as should stand level growth
when making decisions about appropriate thinning method.
In fact, the long biological life span of red pine (200+ years)
and its ability to sustain diameter growth even at older ages
(Rudolf 1990) make it an ideal species to grow in extended
rotation situations, with the focus on individual tree growth.

Our results provide insight into the consequences of thin-
ning strategies, using data from replicated long-term studies.
The results illustrate that growth rates and yield in dominant
thinned stands, relative to stands thinned from below, are
dependent on both stocking level and stand age. Further-
more, our results suggest that growth rate trends are not con-
sistent among basal area growth, volume growth, and
biomass growth, and that the greater growth in dominant
thinned stands than in stands thinned from below should be
weighed against the effects of dominant thinning on individ-
ual tree size and potential value as poles and cabin logs.
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