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approaches recommended for restoring old-growth structural conditions to managed forests, such as
the application of extended rotation forestry, has been little studied. This study uses several long-term
datasets from old growth, extended rotation, and unmanaged second growth Pinus resinosa (red pine) for-
ests in northern Minnesota, USA, to quantify the range of variation in structural conditions for this forest
type and to evaluate the effectiveness of extended rotation forestry at promoting the development of
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old growth late-successional structural conditions. Long-term tree population data from permanent plots for one
Pinus resinosa of the old-growth stands and the extended rotation stands (87 and 61 years, respectively) also allowed
Tree size distributions for an examination of the long-term structural dynamics of these systems.

Old-growth forests were more structurally complex than unmanaged second-growth and extended
rotation red pine stands, due in large part to the significantly higher volumes of coarse woody debris
(70.7 vs. 11.5 and 4.7 m3/ha, respectively) and higher snag basal area (6.9 vs. 2.9 and 0.5 m?/ha, respec-
tively). In addition, old-growth forests, although red pine-dominated, contained a greater abundance of
other species, including Pinus strobus, Abies balsamea, and Picea glauca relative to the other stand types
examined. These differences between stand types largely reflect historic gap-scale disturbances within
the old-growth systems and their corresponding structural and compositional legacies. Nonetheless,
extended rotation thinning treatments, by accelerating advancement to larger tree diameter classes, gen-
erated diameter distributions more closely approximating those found in old growth within a shorter
time frame than depicted in long-term examinations of old-growth structural development. These results
suggest that extended rotation treatments may accelerate the development of old-growth structural
characteristics, provided that coarse woody debris and snags are deliberately retained and created on
site. These and other developmental characteristics of old-growth systems can inform forest manage-
ment when objectives include the restoration of structural conditions found in late-successional forests.

© 2012 Elsevier B.V. All rights reserved.

1. Introduction structures and processes, with the goal of identifying reference
conditions to which managed systems are compared (Foster

Old-growth forests are widely recognized as invaluable re- et al,, 1996; Stephenson, 1999; Spies, 2004). Concerns over de-
sources for guiding forest conservation and management strategies clines in biodiversity in managed forest systems have also led to
(Foster et al., 1996). In particular, a great deal of research has fo- the expansion of management strategies to reduce the disparity

cused on quantifying the natural range of variability in old-growth between managed and unmanaged systems by managing for great-
er structural complexity. Such approaches typically use informa-
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A primary focus for studies of old-growth forests is quantifying
the range of forest structural conditions that characterize these
systems. The emphasis on structure highlights its key role in regu-
lating ecosystem processes and influencing patterns of biodiversity
(Spies, 1998; McElhinny et al.,, 2005). Forest structure may be
quantified by a suite of attributes, including coarse woody debris
(CWD) volumes, snag densities, vertical foliage distribution, can-
opy structure, horizontal spatial distribution, tree basal area, and
live-tree size classes. The variation in forest structural attributes
often reflects disturbance history, as well as differences in func-
tional traits among constituent tree species (Harmon et al., 1986;
Vanderwel et al., 2006; D’Amato et al., 2008). Comparisons of
structural conditions between old-growth and second-growth sys-
tems have emphasized the pervasive influence of anthropogenic
disturbances, often evident as reduced heterogeneity, abundance,
and complexity of structural attributes (McLachlan et al., 2000;
Liira et al., 2007; D’Amato et al., 2008). These differences often
stem from the comparatively young age of most second-growth
systems and the deliberate harvesting of trees and stands before
live tree and deadwood complexity and heterogeneity can develop
(Franklin et al., 2007).

One management approach that has been proposed for restor-
ing more complex structure to systems managed for wood prod-
ucts is to extend the final harvest age beyond that traditionally
used for maximizing economic returns or productivity (Curtis,
1997; Lindenmayer and Franklin, 2002). Generally referred to as
extended rotation forestry, this approach assumes that extending
the period of stand development and allowing for ‘appropriate
recovery periods’ (Franklin et al., 2007) allows accrual of structural
attributes (e.g., more age classes, variety of tree sizes, and large
trees) characterizing old-growth forests (Curtis and Carey, 1996).
In addition, extended rotation forestry typically includes repeated
thinning treatments designed to emulate self-thinning processes
and accelerate the development of understory communities and
larger tree sizes (Bailey and Tappeiner, 1998). However, the ability
of extended rotation forestry for restoring these critical structural
elements in managed forests remains unknown (Hale et al., 1999).

To evaluate the efficacy of extended rotation forestry at
restoring structural complexity, we compared the structure and
development of old-growth, extended rotation, and unmanaged
second-growth red pine (Pinus resinosa Ait.) stands in northern
Minnesota, USA. P. resinosa has an extensive natural range in
north-central and northeastern North America and is an ecologi-
cally and commercially important tree species occupying a signif-
icant proportion of the natural and managed forested landbase in
this region. P. resinosa is typically managed with even-aged silvic-
utural methods such as clearcutting followed by planting (Gilmore
and Palik, 2006). In contrast, the age structures of old-growth P.
resinosa range from single to multi-cohort (Palik and Zasada,
2003; Fraver and Palik, 2012), and tree spatial distributions have
a high degree of complexity reflecting long-term mortality pro-
cesses (Aakala et al., 2012). Further, old-growth P. resinosa rem-
nants currently occupy a small fraction of the area estimated at
the time of European settlement due in large part to logging and
associated fires at the turn of the 20th century (Schulte et al.,
2007). These changes to historic P. resinosa forests further highlight
the need for a better understanding of forest structure and devel-
opmental pathways in these systems to inform restoration and
ecological management approaches.

Our objectives were to: (1) characterize and compare the range of
variability in a set of structural attributes among old-growth, extended
rotation, and unmanaged second-growth P. resinosa forests; and (2)
contrast structural development through time among these forest con-
ditions. To the best of our knowledge, the second objective has not been
previously undertaken, although it is critical for a comprehensive
evaluation of extended rotation forestry as a means of accelerating

structural development toward that found in old-growth forests. By
comparing extended rotation and old-growth P. resinosa at different
developmental stages, we hope to determine the efficacy of manage-
ment for old-growth structure in a system that is similar to many other
fire-dependent forest ecosystems in the northern temperate region.
Moreover, many areas of second-growth forest around the globe are
being set aside as ecological reserves that can contribute to conserva-
tion objectives, including increasing representation of older forest con-
ditions on the landscape (e.g., Jénsson et al., 2009; Foster et al., 2010).
By including the unmanaged second-growth systems in our compar-
isons we examined how this “passive” approach restored old-
growth structural conditions vs. more “active” approaches like ex-
tended rotation forestry.

2. Methods
2.1. Study sites

We utilized existing studies on old-growth, extended rotation,
and unmanaged second-growth forests to address the study objec-
tives above. Sites were located in Itasca and Scenic State Parks
and the Chippewa and Superior National Forests of northern
Minnesota. Temperatures range from —20 °C in January to 25 °C
in July and mean annual precipitation from 53 to 81 cm (Silver,
2012). Stands occurred on a range of substrates, but all were fire-
origin stands dominated by P. resinosa on well-drained, low-fertil-
ity, and sandy soils (Table 1).

The old-growth stands used in this study included the 2-ha Alli-
son plot located in Itasca State Park in north-central Minnesota
(Spurr and Allison, 1956), plus seven stands scattered throughout
northern Minnesota that were established as part of a detailed
study on old-growth P. resinosa age-cohort structure (0.5-ha plot
in each stand; Fraver and Palik, 2012). A more detailed description
of the stands can be found in Silver (2012) and in Fraver and Palik
(2012). Old-growth stands were defined as forests of natural origin
with minimal anthropogenic disturbance and canopy trees >50% of
the maximum age for the species (McGee et al., 1999; Mosseler
et al., 2003). The Allison plot was comprised of a single age cohort;
stand age at the time of our 2010 sampling was 207 years. Recent
disturbances affecting this plot included prescribed burns in 1998,
2000, and 2003, as well as a severe windstorm in 1995 that caused
localized damage on the plot and significant pine mortality
throughout Itasca State Park. Recent disturbance history for the se-
ven remaining old-growth stands, including patchy windthrow
from a 1999 storm, is summarized in Fraver and Palik (2012) and
Aakala et al. (2012). These stands represent a variety of cohort
structures, the oldest living trees having been established 201-
317 years prior to sampling, depending on stand.

The extended rotation stands were part of the Red Pine Grow-
ing-Stock-Levels study, a long-term study on the Cutfoot Experi-
mental Forest, within the Chippewa National Forest (see D’Amato
et al, 2010). This study was established as a randomized com-
plete-block design initiated in 1949 with five basal-area treatment
levels (13.8, 18.4, 23.0, 27.5, and 32.1 m?/ha retained post-
treatment) that were maintained with repeated thinning every
5-10years from 1954 to 2007. All treatment stands consisted of
a single age cohort; stand age at the time of final sampling in
2007 was 143 years. Each basal area treatment was applied to
three 1- to 2-ha stands in which three 0.08-ha plots were perma-
nently installed, resulting in 45 total plots.

Finally, the unmanaged second-growth stands represent a por-
tion of a P. resinosa chronosequence study on the Chippewa Na-
tional Forest (see Bradford and Kastendick, 2010). These six
single-cohort stands ranged in age from 137 to 165 years at time
of sampling in 2009, and each included three 0.02-ha plots. These
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Table 1

Environmental characteristics and forest types for the four Pinus resinosa data sets used in this study.

Site Stand type Soil characteristics Maximum Sampling design
canopy-
tree age (yr)
Allison plot Old growth Well-drained sandy loams and loamy sands 209 1 Stand, single 2.02-ha plot
derived from glacial outwash
Old-growth age-cohort Old growth Well-drained sandy, nutrient-poor soils 201-331 7 Stands, one 0.5-ha plot per stand
study derived from glacial outwash
Red pine chronosequence Unmanaged Well-drained sands derived from glacial 137-165 6 Stands, three 0.02-ha plots per stand
mature outwash
second growth
Growing-Stock-Levels Extended rotation =~ Well-drained sands derived from glacial 145 5 Treatments, 3 replicate stands per treatment,
study outwash 3 0.08-ha plots per replicate

stand ages were comparable to those of the extended rotation
stands (143 years), which allowed us to examine the effects of re-
peated thinning treatments on forest structure relative to second-
growth systems with no thinning history (i.e., active vs. passive ap-
proaches to restoration).

The existence of repeatedly-measured, long-term datasets for
both the Allison plot and the extended rotation stands provided
an ideal opportunity to track the structural development of natural
and actively managed forests over time. The Allison plot provides
this information from stand age 120 through age 207, whereas
the extended rotation study provides this information from stand
age 85 through age 143.

2.2. Field methods

Detailed field-sampling protocols for the seven old-growth
stands, the extended rotation study, and the unmanaged second-
growth study can be found in Fraver and Palik (2012), D’Amato
et al. (2010), and Bradford and Kastendick (2010), respectively. We
present here a brief overview of those protocols to place the studies
in context with one another and to highlight where sampling may
have differed between studies. In contrast, we explain the Allison
plot protocol in more detail, given that protocols have changed since
the original study was established (Spurr and Allison, 1956).

For the seven old-growth stands, species and diameter at breast
height (DBH, 1.4 m) were recorded for all living and dead trees
>10 cm between 2009 and 2011, depending on stand. Downed
CWD pieces >10 cm diameter were inventoried at these stands
using the line-intercept method, with eight transects radiating at
even intervals from plot center to plot borders, for a total length
of ca. 342 m per stand. For the extended rotation study, species
and DBH were recorded for all living and dead trees >8.9 cm every
5-10years from 1949 to 2007. Downed CWD was measured in
these stands in 2010 using the line-intercept method, with three
20-m transects arranged in a ‘turkey-foot’ configuration (transects
radiating from plot center at 0°, 120°, and 240°) at all nine plots per
growing-stock treatment. For the unmanaged second-growth
stands, species and DBH were recorded for all living and dead trees
>2.5cm DBH, and downed CWD pieces >7.6 cm were sampled
identically to that of the extended rotation stands.

Upon establishment in 1923, all trees (N = 1129, stems >7.8 cm)
on the 100 x 200 m Allison plot were uniquely tagged and mea-
sured for DBH, which allowed the tracking of individuals through
time. Sampling occurred roughly every five years through 1963.
We re-sampled the plot in 2010, recording DBH for living trees
and snags >10cm DBH, including ‘ingrowth’, i.e., trees that had
become established since the initial inventory. Saplings (tree stems
<10 cm DBH, height >1.4 m) were also tallied by species at this
time within 14,400-m? circular plots systematically located within
the larger 2-ha plot. We inventoried CWD throughout the entire 2-
ha plot using the line-intercept method, with transects arranged in

four adjacent (from north to south) ‘turkey-foot’ configurations (as
above), for a total transect length of ca. 766 m.

For all studies, increment cores were extracted for age determi-
nation where stand or cohort structures were unknown, and CWD
was assigned to decay classes using the five-class system after Sol-
lins (1982).

2.3. Statistical analysis

Coarse woody debris volume for each plot was calculated using
van Wagner’s (1968) equation, with volumes in decay classes 4 and
5 reduced using decay-class specific collapse ratios (cross-sectional
height-to-width) developed from the old-growth P. resinosa stands
used in this study (Fraver and Palik, 2012). For stands with multi-
ple plots, volumes were averaged across plots and expressed on a
per-ha basis. Coarse woody debris volume, snag density, and snag
basal area were each compared between old-growth, extended
rotation (treatments pooled), and unmanaged second-growth for-
ests using a Kruskal-Wallis test, followed by a Wilcoxon rank-
sum test for pairwise comparisons. These non-parametric tests
were required because of failure to meet assumptions of paramet-
ric tests. Sites had a similar underlying distribution for each coarse
woody debris and snag variable tested and therefore met the
assumptions for Kruskal-Wallis tests.

For all stands, extended rotation treatments, and sampling peri-
ods, live-tree size-class distributions were constructed using 10-
cm diameter classes. Regression equations were fit to the resulting
distributions to determine the overall distribution form using
PROC REG within SAS (SAS Institute Inc., 2012). The Gini coefficient
(G) was used to examine the degree of size inequality within live-
tree distributions between stands and extended rotation treat-
ments over time. This coefficient ranges from zero (all individuals
are equal in size) to one (maximum size inequality) and is a useful
measure of size-class inequality because it can be compared in
populations with different means and in the same population over
time (Weiner and Solbrig, 1984; Dixon et al., 1987). We used the
equation:

o X — X

¢ 2n%x

(1)
where x = DBH and n = total trees, G = the Gini coefficient, i.e., the
mean difference between each pair of individual sizes, divided by
the total mean size. In addition, P. resinosa importance values
(IV = [relative density + relative basal area]/2) were calculated for
all stands and sampling periods using stems >10 cm DBH. We con-
strained our univariate comparisons of structural attributes to CWD
to restrict experiment-wide error rates, but included live-tree size
characteristics within ordinations examining structural variation
among stands (see below).

Non-metric multidimensional scaling (NMS) ordination was
used to examine patterns in structural variation among stands
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and treatments based on their current conditions, as well as over
time for the Allison plot and extended rotation study (McCune
and Grace, 2002). The primary matrix for comparisons among
stands, based on current conditions, contained stand and treat-
ment-level averages for structural attributes, including CWD vol-
ume, snag density, snag basal area, DBH attributes (average,
standard deviation, minimum, and maximum), P. resinosa 1V, P. res-
inosa relative basal area, total basal area, percentage of CWD vol-
ume in decay classes 2-5, total stem density, large tree density
(trees >40 cm DBH), and degree of size inequality based on Gini
coefficients. In contrast, the matrix used to examine structural
development through time between the Allison plot and the ex-
tended rotation study contained only structural data based on live
trees in each sampling period, due to the absence of long-term
CWD data from these areas. For these temporal analyses and com-
parisons of DBH distributions over time, we used three of the five
basal-area treatments from the extended rotation stands (13.8,
23.0, and 32.1 m?/ha) to capture the range of variation in this man-
agement type and to simplify graphical interpretation of long-term
trends. NMS was conducted using PC-ORD version 5.1 (McCune
and Mefford, 1999) and utilized the slow-and-thorough autopilot
mode and Serensen’s distance measure. Optimal dimensionality
was determined based on the configuration with the lowest stress.
In cases where a three-dimensional solution was chosen, the two-
dimensions that explained the majority of the variance were pre-
sented for ease of interpretation. Kendall’s tau (t) statistic was
used to examine relationships between structural characteristics
and NMS axis scores (SAS version 9.2, SAS Institute Inc., 2012).
Multi-response permutation procedure (MRPP) was used to test
for multivariate differences in structure between old-growth, ex-

Table 2

tended rotation, and unmanaged second-growth conditions
(McCune and Mefford, 1999).

3. Results
3.1. Current forest structure

CWD volumes were significantly higher in the old-growth
stands than in the unmanaged second-growth and the extended
rotation stands (Table 2, Z=-3.03, P<0.0001 and Z=-2.85,
P =0.002, respectively); however, CWD volumes did not differ be-
tween unmanaged second-growth and extended rotation stands
(Z=-1.37, P=0.178). Old-growth and unmanaged second-growth
stands also had significantly higher snag densities than the ex-
tended rotation stands (Z=-2.87, P=0.002, and Z=-2.68,
P =0.004, respectively). Snag basal area was significantly higher
in the old-growth stand compared to unmanaged second-growth
stands and the extended rotation stands (Z=-2.13, P=0.029,
and Z = —2.85, P =0.002, respectively).

The overall current structural conditions found within old-
growth, extended rotation, and unmanaged second-growth stands,
based on multivariate patterns in live- and dead-tree attributes,
differed significantly (MRPP, A = 0.19, P <0.0001). This result was
also illustrated by the grouping of stands in ordination space,
which explained 71.1% of the variation in the data describing cur-
rent structural conditions (Fig. 1, final stress =9.8, final instabil-
ity = 0.0). The greatest variation between these stand conditions
was explained by axis 1 (46.3%), which represented a gradient from
stands with high snag basal area and snag density and high

Characteristics of coarse woody debris (CWD) and snags in Pinus resinosa stands in northern Minnesota (n = number of stands for old growth and second growth, n = number of

basal area treatment replicates [plots pooled] for extended rotation).

Structural attribute Old growth (n=38)

Second growth (n=6) Extended rotation (n=15)

Mean + SE Range Mean + SE Range Mean + SE Range
Downed CWD volume (m?/ha) 70.7 + 8.8% 37.2-124.1 11.5 £3.5° 0-25.4 47+1.6° 1.4-10.5
Snag basal area (m?/ha) 69+1.2% 2.7-14.2 29+1.8° 0.6-11.7 0.5+0.3° 0-1.6
Snag density (No./ha) 84.2+6.9° 24.0-166.0 75.0£27.5% 16.6-200.0 10.8 £ 0.5° 0-12.5

Note: statistically significant differences (P < 0.05; Wilcoxon rank sum test) between stand types are denoted by lowercase letters.

SG165
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Fig. 1. NMS ordination of current structural conditions within old-growth, unmanaged second-growth, and extended rotation Pinus resinosa forests in Minnesota, USA.
SG = unmanaged second growth, followed by stand age suffix; ER = extended rotation, followed by basal-area treatment suffix (m?/ha); AP (Allison plot), 0G 1-0G 7 = old

growth stands.
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Table 3

Selected structural and compositional characteristics in Pinus resinosa stands in
northern Minnesota. Values for the extended rotation and old growth sites are from
the final year of measurement only. OG=0Ild growth, SG=Second growth, and
ER = extended rotation.

Stand Gini Average Maximum Percentage P.
coefficient DBH DBH of trees with resinosa
(cm) (cm) DBH >40 cm relative
basal
area (%)
Allison plot 0.03 383 63.6 60.5 87.3
0G 1 0.06 27.5 70.0 11.5 36.0
0G 2 0.10 23.2 92.0 129 61.0
0G3 0.03 39.7 78.2 60.0 50.4
0G 4 0.09 28.2 92.0 23.2 66.5
0G5 0.07 31.2 77.2 339 55.3
0G 6 0.06 283 77.8 259 52.0
oG 7 0.06 28.7 67.4 215 49.1
SG 1 0.05 26.3 58.9 314 75.9
SG 2 0.04 28.8 60.5 36.8 89.0
SG 3 0.03 36.7 62.1 50.0 77.5
SG 4 0.05 22.9 56.8 15.2 733
SG 5 0.04 32.2 61.4 55.0 89.9
SG 6 0.03 30.9 55.5 25.0 86.7
ER 13.8 m?/ha 0.08 27.7 58.2 394 41.0
ER 23.0 m?/ha 0.03 36.0 56.9 58.0 69.2
ER 32.1 m?/ha 0.06 37.2 55.6 33.2 97.9

maximum DBH in the negative portion of the axis to stands with
low CWD volume, low maximum DBH, but high P. resinosa IV
and relative basal area in the positive portion of the axis (Fig. 1).
Old-growth stands had high maximum DBH and low P. resinosa
IV compared to the extended rotation stands (Table 3). Axis 2
(24.8% of the variation) largely represents within-stand-type vari-
ation and ranged from high CWD volume, high P. resinosa IV, and
high maximum DBH in the negative portion of the axis to low

Stand Age

| a) old growth 120

Density (stems/ha)

7.5 12517.522.527.532.5 37.5 425 47.5 52.5 57.5 62.5
Diameter class midpoints (cm)
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CWD volume in decay class 3, low snag density, and lower maxi-
mum DBH in the positive portion of the axis (Fig. 1, Table 4).

3.2. Structural development through time

The patterns in live-tree size distributions varied over time
within and among the old-growth Allison plot, extended rotation,
and unmanaged second-growth stands (Fig. 2). The Allison plot
and extended rotation tree size distributions were primarily uni-
modal or skewed unimodal curves. Distributions for the unman-
aged second-growth stands were right-skewed unimodal
distributions (Fig. 2). The intermediate and lower basal area treat-
ments for the extended rotation stands had much flatter live-tree
distribution (Fig. 2). Although the extended rotation treatments
and the Allison plot had similar live-tree distributions over time
(Fig. 2), the Allison plot had trees in a wider range of diameters (Ta-
ble 3). In the final sampling period, ingrowth was reflected in the
smaller size classes at both the Allison plot and extended rotation
stands (Fig. 2 and 7.5-12.5 cm), most notably the 13.8 and 23.0 m?/
ha basal-area treatments.

The NMS ordination of live-tree structural characteristics over
time for the Allison plot and extended-rotation stands suggested
distinct patterns of development (Fig. 3). All sampling periods
grouped closely together by stand type and basal-area treatment,
as illustrated by the ordination diagram, which explained 72.1%
of the variation in the data (Fig. 3, final stress = 5.48, final instabil-
ity <0.001). The configuration of stand types and sampling periods
along axis 1, which explained 41.0% of the variation, represented a
temporal progression from younger stand ages in the negative por-
tion of the axis to older ages in the positive portion. The structural
attributes correlated with this axis reflected stand development
over time, with low large tree density, but high overall density in
the negative portion to high average, maximum, and minimum

Stand Age
137

b) unmanaged second growth

T T T T T T T T T T T T

75 12.517.522.3 27.5 32.5 37.5 42.5 47.5 52.5 57.5 625
Diameter class midpoints (cm)

extended rotation

140

Stand A 140
¢)13.8 m2lha B

80

60

Density (stems/ha)
o 8 &

5
S

&

d) 23.0 m2/ha e) 32.1 m2/ha

120

100

80

60

75 125175225 275325375425 475525575625

T T
7.5 12517522527.532.537.5 425 475 525575625

T T T T T

7.5 12517522527.5325375425 475525575625

Diameter class midpoints (cm)

Fig. 2. Changes in diameter distributions over time for (a) old-growth Pinus resinosa Allison plot from age 120-207, (b) unmanaged second-growth P. resinosa from age 137-
165 (four of the six stands shown here for visual clarity), and (c-e) extended rotation P. resinosa from age 85-143 years for three basal-area treatments: (c) the lowest,
13.8 m?/ha, (d) the intermediate, 23.0 m?/ha, and (e) the highest, 32.1 m?/ha. All stands show a general shift to larger diameter classes over time, though some also show an
increase in smaller size classes over time due to ingrowth. These are fitted curves, and thus may be negative.
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Fig. 3. NMS ordination of live-tree size distribution, density, and basal area
characteristics of the old-growth Allison plot (10 re-measurement periods) and
extended rotation stands for three basal area treatments: 32.1, 23.0, and 13.8 m?/
ha. Each point on the graph represents a sampling period (and corresponding stand
age) for the stand and treatment levels. See Table 4 for structural characteristic
correlations with axes 1 and 2.

DBH in the positive portion of the axis (Fig. 3). The distribution of
stands along axis 2 (31.1% variation explained) generally reflected
stand differences and thinning treatments and ranged from low
minimum DBH, low density, and more equal distributions in the
negative portion of the axis to high large-tree density and high P.
resinosa basal area and IV in the positive portion (Fig. 3, Table 3,
and Table 4). Additional variation in extended rotation stand devel-
opment visually coincides with thinning treatments. For example,
thinning just before the re-measurement at stand age 110 in the
13.8 m?/ha treatment resulted in a structural shift in multidimen-
sional space (Fig. 3).

4. Discussion

Our results indicate that when compared to unmanaged sec-
ond-growth, extended rotation forestry was more effective at gen-
erating live-tree structural characteristics that approximated those
found in old-growth P. resinosa systems, suggesting that active
management may achieve these conditions more rapidly than pas-
sive approaches. Nonetheless, neither active nor passive ap-
proaches approximated the range of CWD volumes or snag basal
areas found in old-growth systems. These findings suggest that ex-
tended rotation forestry may be a strategy to hasten the structural
development of more complex conditions in currently unmanaged
second-growth; however, provisions for the deliberate creation
and retention of CWD and snags will be necessary if goals include
restoring the full suite of structural conditions found in old growth.
Our results also support a well-documented conclusion that old-
growth forests are more structurally complex than their extended
rotation and unmanaged mature second-growth counterparts. In
particular, old-growth P. resinosa forests are distinguished by high-
er volumes of CWD (including pieces in advanced decay), higher
snag basal areas, and more complex tree size distributions (includ-
ing larger trees), characteristics that have been widely recognized
as distinct between managed and unmanaged systems (Kirby
et al., 1998; McGee et al.,1999; Uotila et al., 2001) and second-
growth and old-growth forests (Spies and Franklin, 1991; Noel
et al., 1998). The comparisons made in this study and the efficacy
of extended rotation forestry are relevant to other forest types
worldwide where dominant species are long-lived and shade
intolerant.

4.1. Current forest structure

Downed CWD volumes differed strongly among the old-growth, ex-
tended rotation, and unmanaged second-growth stands. Old-growth
stands had the highest CWD volume (mean 70.7 m/ha), which was
within the range of volumes reported for other coniferous old-growth
systems (e.g., Sturtevant et al., 1997; Fraver et al., 2008; Aakala, 2010).
The difference in CWD volumes between old growth and unmanaged
second growth was reflective of larger CWD inputs in the old-growth
stands, as well as the differences in mortality processes in the old-
growth and unmanaged second-growth stands (Jonsson et al., 2011).
In particular, much of the downed CWD within the unmanaged second
growth was smaller diameter material presumably resulting from nat-
ural self-thinning mortality, whereas CWD in all of the old-growth
stands was larger diameter material, the result of canopy disturbance
or senescence of overstory trees. CWD volume was very low in the ex-
tended rotation stands, likely due to the removal of potential CWD in-
puts during thinning entries and subsequent low mortality rates
(Powers et al., 2012). Although harvesting activities often cause in-
creased inputs of small-diameter CWD (Fraver et al., 2002 ), these mate-
rials decay rapidly, resulting in lower volumes of CWD in managed
stands relative to old-growth stands (Sturtevant et al., 1997; Siitonen
etal., 2000). Similarly, Duvall and Grigal (1999) found that CWD inputs
varied over time with thinning entries and concluded that extended
rotation management will not restore old-growth structure unless
increasing CWD volumes and snag densities are intentionally in-
cluded as part of management prescriptions.

Snag densities in the old-growth and unmanaged second-growth
stands were similar, but were nearly seven times higher than that of
extended rotation stands, suggesting that passive management over
the time frame examined here allows the accrual of some structures
characteristic of old growth. Duvall and Grigal (1999) also observed
higher snag density in unmanaged P. resinosa forests. Snag density is
especially affected by forest management, as low vigor and declining
living trees are typically removed before they fully senesce or be-
come more susceptible to disturbance, a long-term effect also found
in other managed coniferous forest systems (Cline et al., 1980; Reid
et al,, 1996; Fridman and Walheim, 2000). Snag basal area was sig-
nificantly higher in old growth compared to unmanaged second
growth stands: diameters of snags within unmanaged second
growth were generally smaller than those found in old growth (old
growth =31.3 £ 12.0 cm and second growth = 10.2 £ 5.4 cm). Snag
basal area was significantly higher in old growth compared to ex-
tended rotation stands, as well, however unmanaged second-
growth and extended rotation stands had statistically similar snag
basal area. These trends reflected both the lower abundance of snags
in extended rotation stands, as well as the small diameter of those
few snags that remained in these systems, which likely reflects the
preferential removal of larger diameter individuals.

Although absolute tree sizes differed between old-growth, ex-
tended rotation, and unmanaged second-growth stands (Table 3),
the live-tree size distribution forms were quite similar among the
three stand types by the final sampling period (Fig. 2). Slight differ-
ences in size-distribution characteristics are not surprising given the
difference in age between these stand types, as maximum DBH val-
ues are expected to increase as stands develop. However, despite dif-
ferences in tree size, all stand types exhibited unimodal or skewed
unimodal live-tree diameter distributions. Other studies have docu-
mented diameter distribution forms deviating from the negative
exponential distribution commonly attributed to old-growth forests
(Hett and Loucks, 1976), particularly in systems dominated primar-
ily by long-lived, shade intolerant overstory species (Zenner, 2005;
Fraveretal.,2008). Instead, temporal variability in disturbance leads
to a wide variety of size distributions in older forests, including ro-
tated-sigmoid and unimodal distributions (Coomes and Allen,
2007).
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Our study stands were also differentiated by P. resinosa domi-
nance based on importance values (IVs) and relative basal areas.
Specifically, old-growth stands had lower P. resinosa IVs and lower
relative basal areas than the extended rotation (23.0 and 32.1 m?/
ha stocking levels) and unmanaged second-growth stands (Table 3).
This finding indicates that species composition shifted as the
stands aged, reflecting the ingrowth of non-pine species, and lead-
ing to the development of a lower canopy stratum that includes
Betula papyrifera, Ostrya virginiana, Acer rubrum, and Abies balsamea
(Zenner and Peck, 2009; Fraver and Palik, 2012).

4.2. Structural development through time

Our approach of tracking the development of tree size distribu-
tions through time provided insights into the long-term effects of
extended rotation treatments. In general, the tree-size distribu-
tions for P. resinosa in extended rotation treatments, as well as
old-growth Allison plot, were unimodal through age 120 years,
after which ingrowth of largely intermediate and shade-tolerant
tree species created highly left-skewed and more complex distri-
butions (Fig. 2). By age 143 years, this difference had become more
pronounced with decreasing basal-area retained (Fig. 3), as the
more open conditions and cessation of understory removal on
the 13.8 and 23.0 m?/ha treatments apparently fostered recruit-
ment of other, more tolerant species. The scarcity of ingrowth ob-
served in the 32.1 m?/ha treatments and at the old-growth Allison
plot at this time resulted in unimodal or right-skewed unimodal
distributions. Ingrowth had appeared on the old-growth plot by
the time of the most recent inventory at stand age 207 years
(Fig. 2), presumably the result of more recent canopy openings fol-
lowing patchy overstory mortality as well as the recent prescribed
burning in the stand (pers. obs.). The largely unimodal distribu-
tions for P. resinosa is readily explained by its shade intolerance.
Systems dominated by shade intolerant tree species may often
establish as single cohort stands, with self-thinning processes pri-
marily shaping the development of size distributions (Ford, 1975;
Oliver and Larson, 1996), a process typically leading to unimodal
distributions similar to those observed in this study. In some cases,
more complex composite distributions may develop due to the in-
growth of more shade tolerant species (e.g., Zenner, 2005; Fraver
and Palik, 2012); however, the distribution of the intolerant, over-
story species generally maintains a unimodal pattern over time.
This pattern has been shown, for example, in Scots pine (Pinus syl-
vestris L.) forests of Fennoscandia (Rouvinen and Kuuluvainen,
2005) and in Douglas-fir (Pseudotsuga menziesii Mirbel) forests of
the western United States (Zenner, 2005). Moreover, the unimodal
distributions observed in both the Allison plot and extended rota-
tion forests shifted to larger size classes over time; a finding con-
sistent with other long-term studies examining size distributions
of shade intolerant species (Harcombe et al., 2002; Zenner, 2005).

Our results suggest that extended rotation forestry accelerates
old-growth structural development for some, but not all, structural
attributes; large-tree density, overall density, average DBH, and
maximum DBH were characteristics accelerated by extended rota-
tion forestry. The temporal development we characterized for the
extended rotation stands demonstrates that these systems began
to approximate the old-growth conditions found within the Allison
plot 10-70 years sooner than had occurred through natural stand
development (Fig. 3). This acceleration varied between the stock-
ing levels and the variation was due to differing increases in max-
imum DBH, tree density, and standard deviation of DBH, as well as
decreases in P. resinosa dominance and relative basal area with
time. Several previous studies have found that management for
late-successional attributes is successful for only a portion of the
structural characteristics of old-growth forests (Davis et al,
2007; Jonsson et al., 2009), and that particular attributes such as

the accrual of large trees and CWD in advanced stages of decay
are especially time demanding, taking many decades to develop
(Jonsson et al., 2009). Similarly, we concluded that extended rota-
tion forestry restores characteristics of live-tree distributions
found in old-growth systems, but does not maintain CWD and snag
attributes. We note that the old-growth Allison plot used in this
developmental comparison contains smaller trees and fewer age
cohorts than the seven other old growth site, placing it at the
low end of the natural range of structural variability for old-growth
P. resinosa systems. As a result, restoring the full range of structural
conditions found in old-growth stands may require much longer
recovery intervals and greater provisions for retention of large liv-
ing and dead trees as part of extended rotation forestry
prescriptions.

4.3. Conclusions and management implications

There is an increasing interest in restoring more complex struc-
tural features characteristic of old-growth in managed forests (Mil-
lar et al., 2007; Fraver and Palik, 2012), and these management
goals often incorporate specific structural targets (Keeton, 2006;
Bauhus et al., 2009; D’Amato et al., 2011). The importance of forest
structure in driving ecosystem processes and biodiversity has been
well documented (Spies, 1998), but few studies have directly as-
sessed forest management approaches recommended for restoring
complex structure. By utilizing two rare long-term, permanent-
plot studies, our work highlights the importance of stand develop-
ment processes such as mortality, competition, and regeneration
(or lack thereof) in influencing structural differences between
old-growth and extended rotation stands, a finding found in other
studies of P. resinosa systems (D’Amato et al., 2010; Aakala et al,,
2012; Fraver and Palik, 2012). Furthermore, by incorporating addi-
tional old-growth stands and data from managed second-growth
forests, we were able to place the stand development of extended
rotation and old-growth P. resinosa into the range of variability
inherent to these systems. More specifically, by comparing struc-
tural attributes, we determined that old-growth forests contain
greater snag basal area and CWD volume than their extended rota-
tion and unmanaged second-growth counterparts. These attributes
are critical for deadwood-dependent organisms and should be a fo-
cus of management prescriptions aimed at restoring aspects of the
range of structural conditions in old-growth to managed systems
(Jonsson et al., 2005; Bunnell and Houde, 2010).

The structural comparisons we made between old-growth, ex-
tended rotation, and unmanaged second-growth P. resinosa forests
underscore the importance of empirical evaluations of emerging
management strategies for increasing structural complexity before
wide implementation. While extended rotation forestry has been
widely suggested and adopted for achieving structural conditions
similar to old-growth (e.g., Curtis and Carey, 1996; Hale et al.,
1999), we found that in practice, it leads to a deficit in CWD vol-
umes and snag basal areas. To account for the deficit of CWD, ex-
tended rotation management plans could include deliberate
creation of CWD and snag or cavity-tree retention whenever feasi-
ble. In contrast to CWD volume differences, the extended rotation
stands had living-tree size distributions similar to those of old-
growth stands. To further approximate old-growth structure with
extended rotation forestry, a wider range of tree size classes should
be encouraged, and ingrowth and tree regeneration should be pro-
tected. Additionally, management plans should continue to incor-
porate either thinning from below to allow dominant canopy
trees to grow into larger size classes or variable density thinning
to maintain structural complexity and increase stand heterogene-
ity at stand and landscape scales (Curtis and Carey, 1996;
Franklin et al., 2007). Deliberately creating snags and downed logs
from a portion of trees traditionally removed by these thinning
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Table 4

Correlations (Kendall's 7) between structural characteristic variables and non-metric multidimensional scaling axes 1 and 2 for Figs. 1 and 3. Bold correlations indicate

significance (P < 0.05).

Ordination 1: all stands (Fig. 1)

Ordination 2: old-growth and extended rotation over time (Fig. 3)

Structural characteristic Axis 1 Axis 2 Structural characteristic Axis 1 Axis 2
Gini coefficient -0.336 —-0.299 Gini coefficient 0.762 0.185
Average DBH 0.24 —0.064 Average DBH —0.447 —0.621
Maximum DBH —-0.563 -0.446 Maximum DBH 0.161 -0.513
Minimum DBH 0 0.037 Minimum DBH -0.332 -0.281
CWD volume -0.567 -0.404 CWD volume - -

P. resinosa importance value 0.544 0.333 P. resinosa importance value 0.384 —0.084
P. resinosa relative basal area 0.368 0.298 P. resinosa relative basal area 0.439 —0.091
Live tree basal area —0.181 0.263 Live tree basal area 0.5 —0.038
Density -0.258 0.235 Density 0.801 0.319
Large tree density 0.298 —0.099 Large tree density —0.265 -0.828
% CWD decay class 2 0.375 0.07 % CWD decay class 2 - -

% CWD decay class 3 -0.28 -0.673 % CWD decay class 3 - -

% CWD decay class 4 0.012 0.118 % CWD decay class 4 - -

% CWD decay class 5 —0.066 0.199 % CWD decay class 5 - -

DBH standard deviation —-0.146 -0.216 DBH standard deviation 0.061 —0.088
Snag density -0.736 -0.107 Snag density - -

Snag basal area -0.778 -0.357 Snag basal area - -

treatments would allow for the recruitment of deadwood, while
also accelerating the development of large, living trees. We also
found that passive management over the time frame examined
here allows the accrual of some old-growth structural characteris-
tics, such as snag densities and large trees, in developing second-
growth stands. Inclusion of additional study stands, measurement
of stand heterogeneity, and future monitoring of the old-growth
and extended rotation stand structure will be necessary to further
critically evaluate extended rotation forestry as these systems
develop.

Acknowledgments

We would like to thank R. Blanchette, M. Fulton, C. Gronewold,
and R. Marty for assistance with various aspects of the study, and
we thank T. Aakala, A. Berger, M. Curzon, J. Foster, A. Huff, A. Milo,
and L. Reuling for assistance in the field and D. Kastendick, J. Krage-
thorpe, S. Mann, and K. Budrow for the chronosequence data col-
lection. This study would not have been possible without the
foresight of John H. Allison, P. Zehngraff, Z. Zasada, R. Buckman, J.
Benzie, J. Zasada, R. Barse, and ]. Elioff. Support was provided by
the (US) National Fire Plan, the US Forest Service Northern Re-
search Station, and a University of Minnesota Graduate School Fel-
lowship (to E.S.). Any use of trade, product, or firm names is for
descriptive purposes only and does not imply endorsement by
the U.S. Government.

References

Aakala, T., 2010. Coarse woody debris in late-successional Picea abies forests in
northern Europe: variability in quantities and models of decay class dynamics.
Forest Ecology and Management 260, 770-779.

Aakala, T., Fraver, S., Palik, B.J., D’Amato, A.W., 2012. Spatially random mortality in
old-growth red pine forests of northern Minnesota. Canadian Journal of Forest
Research 42, 899-907.

Bailey, ].D., Tappeiner, ].C., 1998. Effects of thinning on structural development in
40- to 100-year-old Douglas-fir stands in western Oregon. Forest Ecology and
Management 108, 99-113.

Bauhus, J., Puettmann, K., Messier, C., 2009. Silviculture for old-growth attributes.
Forest Ecology and Management 258, 525-537.

Bradford, ].B., Kastendick, D.N., 2010. Age-related patterns of forest complexity and
carbon storage in pine and aspen-birch ecosystems of northern Minnesota, USA.
Canadian Journal of Forest Research 40, 401-409.

Bunnell, F.L,, Houde, 1., 2010. Down wood and biodiversity - implications to forest
practices. Environmental Reviews 18, 397-421.

Cline, S.P., Berg, A.B., Wight, H.M., 1980. Snag characteristics and dynamics in
Douglas-fir forests, western Oregon. The Journal of Wildlife Management 44,
773-786.

Coomes, D.A., Allen, RB., 2007. Mortality and tree-size distributions in natural
mixed-age forests. Journal of Ecology 95, 27-40.

Curtis, R.O., 1997. The Role of Extended Rotations. In: Kohm, K.A., Franklin, J.F.
(Eds.), Pages 165-170 in Creating a Forestry for the 21st Century. Island Press,
Washington, DC.

Curtis, R.O., Carey, A.B., 1996. Timber supply in the Pacific Northwest: managing for
economic and ecological values in Douglas-fir forests. Journal of Forestry 94, 4-
7.

D’Amato, AW., Orwig, D.A. Foster, D.R, 2008. The influence of successional
processes and disturbance on the structure of Tsuga canadensis forests.
Ecological Applications 18, 1182-1199.

D’Amato, A.W., Palik, B.J., Kern, C.C., 2010. Growth, yield, and structure of extended
rotation Pinus resinosa stands in Minnesota, USA. Canadian Journal of Forest
Research 40, 1000-1010.

D’Amato, A.W., Bradford, ].B., Fraver, S., Palik, B.J., 2011. Forest management for
mitigation and adaptation to climate change: insights from long-term
silviculture experiments. Forest Ecology and Management 262, 803-816.

Davis, L.R., Puettmann, KJ., Tucker, G.F., 2007. Overstory response to alternative
thinning treatments in young Douglas-fir forests of western Oregon. Northwest
Science 81, 1-14.

Dixon, P.M., Weiner, ]., Mitchellolds, T., Woodley, R., 1987. Bootstrapping the Gini
coefficient of inequality. Ecology 68, 1548-1551.

Duvall, M.D., Grigal, D.F., 1999. Effects of timber harvesting on coarse woody debris
in red pine forests across the Great Lakes states, USA. Canadian Journal of Forest
Research 29, 1926-1934.

Ford, E.D., 1975. Competition and stand structure in some even-aged plant
monocultures. Journal of Ecology 63, 311-333.

Foster, D.R., Orwig, D.A., McLachlan, J.S., 1996. Ecological and conservation insights
from reconstructive studies of temperate old-growth forests. Trends in Ecology
and Evolution 11, 419-424.

Foster, D.R., Donahue, B.M,, Kittredge, D.B., Lambert, K.F., J. Hunter, M.L., Hall, B.R.,
Irland, L.C,, Lilieholm, RJ., Orwig, D.A., D’Amato, A.W., Colburn, E.A., Thompson,
J.R,, Levitt, ].N., Ellison, A.M., Keeton, W.S., Aber, J.D., Cogbill, C.V., Driscoll, C.T.,
Fahey, T.J., Hart, C.M., 2010. Wildlands and woodlands: a vision for the New
England landscape. Harvard Forest, Harvard University.

Franklin, J.F., Mitchell, RJ., Palik, BJ., 2007. Natural disturbance and stand
development principles for ecological forestry. USDA Forest Service General
Technical Report NRS-19.

Fraver, S., Palik, B.J., 2012. Stand and cohort structures of old-growth Pinus resinosa-
dominated forests of northern Minnesota, USA. Journal of Vegetation Science
23, 249-259.

Fraver, S., Wagner, R.G., Day, M., 2002. Dynamics of coarse woody debris following
gap harvesting in the Acadian forest of central Maine, USA. Canadian Journal of
Forest Research 32, 2094-2105.

Fraver, S., Jonsson, B.G., Jonsson, M., Esseen, P.A., 2008. Demographics and
disturbance history of a boreal old-growth Picea abies forest. Journal of
Vegetation Science 19, 789-798.

Fridman, ., Walheim, M., 2000. Amount, structure, and dynamics of dead wood on
managed forestland in Sweden. Forest Ecology and Management 131, 23-36.

Gilmore, D.W., Palik, B.J., 2006. A revised managers handbook for Pinus resinosa in the
North Central Region. USDA Forest Service General Technical Report NC-264.

Hale, C.M., Pastor, J., Rusterholz, KA. 1999. Comparison of structural and
compositional characteristics in old-growth and mature, managed hardwood
forests of Minnesota, USA. Canadian Journal of Forest Research 29, 1479-1489.

Harcombe, P.A., Bill, CJ., Fulton, M., Glitzenstein, ].S., Marks, P.L., Elsik, LS., 2002.
Stand dynamics over 18 years in a southern mixed hardwood forest, Texas, USA.
Journal of Ecology 90, 947-957.

Harmon, M.E., Franklin, J.F., Swanson, FJ., Sollins, P., Gregory, S.V., Lattin, ].D.,
Anderson, N.H. Cline, S.P., Aumen, N.G., Sedell, J.R., Lienkaemper, G.W.,
Cromack, K., Cummins, KW., 1986. Ecology of coarse woody debris in
temperate ecosystems. Advances in Ecological Research 15, 133-302.



118 E.J. Silver et al./Forest Ecology and Management 291 (2013) 110-118

Hett, ].M., Loucks, O.L, 1976. Age structure models of balsam fir and eastern
hemlock. Journal of Ecology 64, 1029-1044.

Jonsson, B.G., Kruys, N., Ranius, T., 2005. Ecology of species living on dead wood -
lessons for dead wood management. Silva Fennica 39, 289-309.

Jonsson, M.T., Fraver, S., Jonsson, B.G., 2009. Forest history and the development of
old-growth characteristics in fragmented boreal forests. Journal of Vegetation
Science 20, 91-106.

Jonsson, M.T., Fraver, S., Jonsson, B.G., 2011. Spatio-temporal variation of coarse
woody debris input in woodland key habitats in central Sweden. Silva Fennica
45, 957-967.

Keeton, W.S., 2006. Managing for late-successional/old-growth characteristics in
northern hardwood-conifer forests. Forest Ecology and Management 235, 129-
142.

Kirby, KJ., Reid, C.M., Thomas, R.C., Goldsmith, F.B., 1998. Preliminary estimates of
fallen dead wood and standing dead trees in managed and unmanaged forests
in Britain. Journal of Applied Ecology 35, 148-155.

Liira, J., Sepp, T., Parrest, O., 2007. The forest structure and ecosystem quality in
conditions of anthropogenic disturbance along productivity gradient. Forest
Ecology and Management 250, 34-46.

Lindenmayer, D.B., Franklin, J.F, 2002. Conserving Forest Biodiversity: A
Comprehensive Multiscaled Approach. Island Press, Washington, DC.

McCune, B., Grace, ].B., 2002. Nonmetric multidimensional scaling. In: Analysis of
Ecological Communities. MjM Software Design, Gleneden Beach, OR, USA.
McCune, B., Mefford, M.J., 1999. PC-ORD, Multivariate Analysis of Ecological Data,

Version 4.0. MjM Software Design, Gleneden Beach, OR, USA.

McElhinny, C., Gibbons, P., Brack, C., Bauhus, J., 2005. Forest and woodland stand
structural complexity: its definition and measurement. Forest Ecology and
Management 218, 1-24.

McGee, G.G., Leopold, D.J., Nyland, R.D., 1999. Structural characteristics of old-
growth, maturing, and partially cut northern hardwood forests. Ecological
Applications 9, 1316-1329.

McLachlan, J.S., Foster, D.R, Menalled, F., 2000. Anthropogenic ties to late-
successional structure and composition in four New England hemlock stands.
Ecology 81, 717-733.

Millar, C.I., Stephenson, N.L., Stephens, S.L., 2007. Climate change and forests of the
future: managing in the face of uncertainty. Ecological Applications 17, 2145-
2151.

Mosseler, A., Lynds, J.A., Major, ].E., 2003. Old-growth forests of the Acadian forest
region. Environmental Review 11, S47-S77.

Noel, J.M., Platt, W.J., Moser, E.B., 1998. Structural characteristics of old- and
second-growth stands of longleaf pine (Pinus palustris) in the Gulf Coastal
Region of the USA. Conservation Biology 12, 533-548.

Oliver, C.D., Larson, B.C., 1996. Forest Stand Dynamics, Update edition. John Wiley &
Sons, Inc., New York.

Palik, B., Zasada, J., 2003. An ecological context for regenerating multi-cohort,
mixed-species red pine forests. USDA Forest Service Research Note NC-382.
Palik, BJ., Mitchell, RJ., Hiers, J.K, 2002. Modeling silviculture after natural
disturbance to sustain biodiversity in the longleaf pine (Pinus palustris)
ecosystem: balancing complexity and implementation. Forest Ecology and

Management 155, 347-356.

Powers, M.D., Kolka, R.K., Bradford, ].B., Palik, B.J., Fraver, S., Jurgensen, M.F., 2012.
Carbon stocks across a chronosequence of thinned and unmanaged red pine
(Pinus resinosa) stands. Ecological Applications 22, 1297-1307.

Reid, C.M., Foggo, A., Speight, M., 1996. Dead wood in the Caledonian pine forest.
Forestry 69, 275-279.

Rouvinen, S., Kuuluvainen, T., 2005. Tree diameter distributions in natural and
managed old Pinus sylvestris-dominated forests. Forest Ecology and
Management 208, 45-61.

Schulte, LA., Mladenoff, DJ., Crow, T.R. Merrick, L.C., Cleland, D.T., 2007.
Homogenization of northern US Great Lakes forests due to land use.
Landscape Ecology 22, 1089-1103.

Siitonen, J., Martikainen, P., Punttila, P., Rauh, ]., 2000. Coarse woody debris and
stand characteristics in mature managed and old-growth boreal mesic forests in
southern Finland. Forest Ecology and Management 128, 211-225.

Silver, E.J., 2012. Structure, development, and spatial patterns in Pinus resinosa
forests of northern Minnesota, USA. Thesis. University of Minnesota, St. Paul,
Minnesota, USA.

Sollins, P., 1982. Input and decay of coarse woody debris in coniferous stands in
western Oregon and Washington. Canadian Journal of Forest Research 12, 18-
28.

Spies, T.A., 1998. Forest structure: a key to the ecosystem. Northwest Science 72,
34-309.

Spies, T.A., 2004. Ecological concepts and diversity of old-growth forests. Journal of
Forestry 102, 14-20.

Spies, T.A., Franklin, J.F., 1991. The structure of natural young, mature, and old-
growth Douglas-fir forests. In: Ruggiero, L.F., K.B. Aubry, A.B. Carey, M.H. Huff
(Eds.). Pages 91-110 in Wildlife and Vegetation of Unmanaged Douglas-fir
Forests, USDA Forest Service General Technical Report PNW-GTR-285.

Spurr, S.H., Allison, J.H., 1956. The growth of mature red pine in Minnesota. Journal
of Forestry 54, 446-451.

Stephenson, N.L., 1999. Reference conditions for giant sequoia forest restoration:
structure, process, and precision. Ecological Applications 9, 1253-1265.

Sturtevant, B.R., Bissonette, ].A., Long, ].N., Roberts, D.W., 1997. Coarse woody debris
as a function of age, stand structure, and disturbance in boreal Newfoundland.
Ecological Applications 7, 702-712.

Uotila, A., Maltamo, M., Uuttera, J., Isomaki, A., 2001. Stand structure in semi-
natural and managed forests in eastern Finland and Russian Karelia. Ecological
Bulletins 49, 149-158.

van Wagner, C.E., 1968. The line intersect method in forest fuel sampling. Forest
Science 14, 20-26.

Vanderwel, M.C.,, Caspersen, J.P., Woods, M.E., 2006. Snag dynamics in partially
harvested and unmanaged northern hardwood forests. Canadian Journal of
Forest Research 36, 2769-2779.

Weiner, ]., Solbrig, O.T., 1984. The meaning and measurement of size hierarchies in
plant populations. Oecologia 61, 334-336.

Zenner, E.K., 2005. Development of tree size distributions in Douglas-fir forests
under differing disturbance regimes. Ecological Applications 15, 701-714.
Zenner, EK., Peck, J.E., 2009. Characterizing structural conditions in mature
managed red pine: spatial dependency of metrics and adequacy of plot size.

Forest Ecology and Management 257, 311-320.



	Structure and development of old-growth, unmanaged second-growth, and  extended rotation Pinus resinosa forests in Minnesota, USA
	1 Introduction
	2 Methods
	2.1 Study sites
	2.2 Field methods
	2.3 Statistical analysis

	3 Results
	3.1 Current forest structure
	3.2 Structural development through time

	4 Discussion
	4.1 Current forest structure
	4.2 Structural development through time
	4.3 Conclusions and management implications

	Acknowledgments
	References


