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a b s t r a c t

Ecological forestry practices are designed to retain species and structural features important for main-
taining ecosystem function but which may be deficient in conventionally managed stands. We used
the spatially-explicit, individual tree model CANOPY to assess tradeoffs in enhanced ecological attributes
vs. reductions in timber yield for a wide variety of treatments in uneven-aged, late-successional northern
hardwood forests. Treatments included various combinations of (1) larger retained maximum tree diam-
eters in the post-harvest stand, (2) permanently reserved legacy trees, (3) variable opening sizes, (4)
coarse woody debris retention, (5) species harvest restrictions, and (6) occasional moderate-intensity
harvests with larger openings (‘irregular multi-cohort harvests’). Compared to conventional single-tree
selection, reduction in simulated harvest yields varied widely from a 9% decline with 7 reserve trees/
ha to a 55% reduction in treatments that retained coarse woody debris along with a maximum residual
live-tree diameter of 80 cm. Despite the dominance by shade-tolerant species, simulated declines were
similar in magnitude to those predicted or observed for relatively shade-intolerant conifers of the Pacific
Northwest. Treatments that protected ‘sensitive’ species from harvest or raised the maximum residual
diameter to 80 cm appeared to have the best balance between fostering ecological values of old-growth
forests and moderating the impact on timber yield. These treatments produced stands meeting minimum
structural criteria of old-growth forests while causing harvest declines of 27–30% compared to conven-
tional single-tree selection. Coarse woody debris volumes were similar to those produced by the
reserve-tree treatments, but the species-protection and 80 cm treatments had higher densities of large
trees, and there was less reduction in yield for each large tree retained in the residual stand. Most other
treatments maintained mature forest structure or stands that vacillated between mature and borderline
old-growth conditions.

� 2012 Published by Elsevier B.V.

1. Introduction

‘Ecological forestry’ includes treatments in managed forests
designed to emulate patterns of species composition and stand
structure that develop under natural disturbance regimes. A major
objective is to create biological ‘legacies’ (e.g., live residual trees,
dead snags, and fallen logs) and heterogeneous stand structures
that may help promote biological diversity, critical ecosystem
functions, and resilience to disturbance (Franklin et al., 2007). In
some temperate forest regions, more than 20% of the amphibian,
bird, and mammal species may rely on cavity trees or decaying logs
for nest sites, foraging sites, or escape cover (Evans and Connor,
1979; DeGraaf et al., 1992). Even large living trees without cavities

can provide important foraging sites because the thick, furrowed
bark provides hiding places for insect prey (Jackson, 1979). Inten-
sively managed forests not only tend to have lower populations
of vertebrate species associated with structural elements of old
forests, but they also may have reduced populations of fungi, nitro-
gen-fixing lichens, and other organisms important for ecosystem
functions. In the intensively-managed forests of Sweden, about
50% of the threatened forest species, including several hundred
species of fungi, depend on dead wood (Stokland and Larsson,
2011). Studies on forest tracts managed for legacy trees and struc-
tural complexity suggest that these practices can increase popula-
tions of sensitive species relative to conventionally managed
forests (Stribling et al., 1990; Mazurek and Zielinski, 2004; Smith
et al., 2008; Blomquist and Hunter, 2010), although some con-
trolled experiments suggest that cause-and-effect relations are
complex and outcomes can be influenced by various confounding
factors (McKenny et al., 2006; Sullivan et al., 2008; Aubry et al.,
2009).
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While ecological forestry methods have been applied most
commonly in the context of even-aged management (e.g., Hansen
et al., 1995; Bergeron et al., 2002), the same principles are readily
applicable with some modification to uneven-aged management.
For example, raising the maximum diameter of live trees in the
residual stand can compensate for the deficiency of large trees
often noted in managed uneven-aged stands (McGee et al., 1999;
Angers et al., 2005; Keeton, 2006). A small number of trees can
be permanently reserved to live out their natural lifespan, or some
trees can be girdled or felled and not removed, which can compen-
sate for low levels of coarse woody debris and paucity of soil ‘tip-
up’ mounds. Variable opening sizes and variable harvest intensity
can increase species diversity and provide opportunities for less
shade-tolerant trees to reach the forest canopy, while more closely
mimicking the effects of periodic moderate disturbance (Leak,
1999; Webster and Lorimer, 2005; Hanson and Lorimer, 2007).
These moderate–severity events appear to dominate the distur-
bance regimes in some late-successional forests, inducing irregular
population structure that may persist for centuries (Frelich and
Lorimer, 1991a; Jenkins, 1995; Woods, 2004).

Several studies, using retrospective approaches and simulation,
have investigated the potential for trade-offs in wood production
associated with ecological forestry in conifer forests of the western
USA. These studies have reported similar findings suggesting a sub-
stantial reduction (�25%) in volume of the regenerated cohort with
even low reserve-tree densities of 5 trees/ha, with a further but
more gradual decline in production as retention levels increase
(e.g., Birch and Johnson, 1992; Hansen et al., 1995; Zenner et al.,
1998). In theory, yield reductions in uneven-aged stands may not
be as dramatic due to the heavy dominance of shade-tolerant tree
species. This might especially be the case if production rate per
unit area in openings with reserve trees is strongly asymptotic as
light intensity increases, so that understory and overstory produc-
tion varies little across a range of low to moderate residual tree
densities. In a field study of two-aged forests of the Pacific North-
west, volume of the relatively intolerant Douglas-fir (Pseudotsuga
menziesii) was inversely related to residual tree density, while
there was no significant trend for the shade-tolerant western hem-
lock (Tsuga heterophylla). It was not clear if the lack of response in
hemlock was due to its shade tolerance or the influence of histor-
ical factors such as variation in seed source at the time of stand
establishment (Zenner et al., 1998).

Ecological forestry goals in uneven-aged, late-successional
forests are likely to produce stands of much different structure
than in forest regions where stand-replacing fires are common
and where these fires often leave only scattered legacy trees.
Conventionally managed uneven-aged stands of tolerant species
already have dense canopies, and ecological forestry variants are
likely to have even higher canopy densities with increased num-
bers of large trees, interrupted only by relatively small regenera-
tion gaps. Most of the forest matrix is therefore likely to
experience high levels of competition, which might reduce produc-
tion rates even for shade-tolerant species.

Ecological forestry alternatives are currently being imple-
mented in both experimental (Keeton, 2006) and federally man-
aged uneven-aged forests (USDA Forest Service, 2004), but the
effects of these treatments on structure and yield will not be evi-
dent for decades. The simulation study in this paper was designed
as a companion study to a long-term replicated field experiment
on the biological and economic effects of ecological forestry in sec-
ond-growth northern hardwood forests in northern Wisconsin,
USA. In this paper, we use the individual tree model CANOPY (Choi
et al., 2001, 2007; Hanson et al., 2011) to compare long-term trade-
offs between forest structural goals and wood volume production
under a wide range of alternative ecological forestry treatments.
A major focus is the effectiveness of alternative practices (e.g.,

reserve-tree vs. maximum diameter standards) as mechanisms
for promoting old-growth structural features, desired species com-
position, and coarse woody debris volumes. Ecological forestry
variants of single-tree selection in this study included: (1) raising
the maximum diameter retained in the post-harvest stand to levels
closer to the maximum size attained in old-growth forests; (2) per-
manent reserve trees allowed to live out their natural lifespan; (3)
a variety of opening sizes for structural diversity; (4) protection of
‘sensitive species’ that commonly decline in managed stands of the
region; (5) retention of downed wood to levels approaching 75% of
old-growth values; and (6) irregular multi-cohort harvests based
on residual forest patterns created by moderate–severity wind-
storms of the region. The latter treatments also used various com-
binations of maximum diameters, reserve trees, and retention of
sensitive species.

Because of the numerous dimensions of environmental change
likely to occur in coming decades (e.g., climate change, invasive
plants and earthworms, exotic insects and diseases), for which
effects are poorly known, the simulation results reported in this
paper are not intended to be ‘forecasts’ of the forest condition at
some particular future time. Instead, they are best interpreted as
representing a ‘baseline’ trajectory of response to ecological for-
estry practices expected under the current or otherwise stated
environmental conditions. Simulations are projected for a period
of 300 years to distinguish more clearly the long-term ramifica-
tions of each treatment under the stated conditions and to reduce
the effects of initial conditions on the outcome. In addition to pro-
viding insights into the dynamics and mechanisms of treatment
response, we believe these results will also be useful as a baseline
for assessing the magnitude of future impacts caused by climate
change and invasive species.

2. Methods

2.1. CANOPY model description

CANOPY (Choi et al., 2001; Hanson et al., 2011) is an individual-
tree, spatially explicit model designed to simulate gap dynamics
and three-dimensional canopy structure of a large, contiguous for-
est stand. The model was calibrated with data from >8000 trees in
northern hardwood stands across northeastern Wisconsin and
western upper Michigan on mesic, relatively fertile sites. Data were
obtained from young even-aged and managed uneven-aged stands,
as well as unmanaged mature and old-growth stands. CANOPY in-
cludes an unusually detailed gap dynamics algorithm, with gap
capture predicted from direct simulation of sapling height growth
and lateral gap closure determined by variable crown expansion
rates of gap border trees. CANOPY also includes many stochastic
elements that allow for a wider range of predicted outcomes. Sto-
chastic variation is incorporated into the diameter growth of over-
story trees, individual tree mortality, species composition of new
sapling recruits, individual tree diameter–height relationships,
and rates of snag and log decay.

CANOPY has been subjected to rigorous testing, both with and
without silvicultural treatments (Choi et al., 2001, 2007; Hanson
et al., 2011). Its predictions of stand growth responses to traditional
single-tree selection treatments agree closely with results of inde-
pendent field experiments in the region in stands with similar spe-
cies composition and management specifications (Strong et al.,
1995; Choi et al., 2007; Halpin, 2009). For example, basal area
growth of surviving trees in the single-tree selection field trial
was 0.32 m2 ha�1 yr�1, compared to 0.35 m2 ha�1 yr�1 predicted
by CANOPY. Observed and predicted mortality were 0.10 and
0.11 m2 ha�1 yr�1, respectively. Simulated natural stand develop-
ment compared favorably to patterns observed in unmanaged
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old-growth forests of the Upper Great Lakes region. Density and
species composition of new tree recruits over 23 years in a perma-
nent plot study were closely matched by CANOPY predictions using
the same initial data set. After several centuries of simulation, basal
area and tree densities in various size classes were also near the
middle of the observed range of values in old-growth forests of
the region (Hanson et al., 2011).

2.2. Overview of CANOPY model components

The following description summarizes the main features from
the latest version of CANOPY (v. 2.1) relevant for understanding
the simulations in this paper. Further details, equations, validation
tests, and sensitivity analyses are included in Hanson (2009) and
Hanson et al. (2011).

2.2.1. Competition, growth, and mortality
A plot competition metric based on empirical stand density

charts (Tubbs, 1977) expresses plot basal area as a percentage of
a regional baseline level for stands with the same mean tree diam-
eter (analogous to self-thinning diagrams; Osawa and Sugita,
1989; Westoby, 1984). A grid of non-overlapping 10 � 10 m cells
is superimposed on the stand, and a competition term is computed
for the 900 m2 zone surrounding each cell. This competition term is
used to estimate effects of crowding on diameter growth and mor-
tality for each tree in the cell. For gap saplings and understory
trees, gap area and the aggregate crown area of saplings are used
to predict the effect of competition on height growth. Gap area is
calculated as an irregular polygon defined by the distances from
the subject tree’s stem to the edge of each border tree’s crown.

Diameter growth rates of overstory trees vary with habitat type,
species, subject tree diameter, and the competition level on each
900 m2 subplot. Stochastic variation is incorporated by adding
the predicted diameter increment to the product of the mean
squared error from regression analysis and a random deviate be-
tween �1 and 1 drawn from a standard normal distribution.

Annual probabilities of mortality for each species are logistic
functions of diameter and plot competition level, and are applied
stochastically based on a random number draw. In some of the cal-
ibration data, unusually high mortality was observed for yellow
birch (Betula alleghaniensis) as a result of the severe 1988 drought.
In all treatments in this paper, a non-drought scenario was simu-
lated by using mortality equations with the 1988 measurement
interval excluded.

2.2.2. Recruitment
CANOPY predicts the annual recruitment of new 2–6 cm

saplings entering each 10 � 10 m cell. The number and species of
new recruits are functions of habitat type, species composition of
the surrounding overstory, plot competition level, and current
sapling abundance. Species of low shade tolerance make up a high-
er proportion of the sapling recruits at low stocking levels than at
high stocking based on relationships in the calibration data set
(Fig. 2 in Hanson et al. (2011)). However, for any specified set of
conditions, stochastic variation is introduced by comparing a ran-
dom number draw with the expected proportions of each species
in that local environment. Eastern hemlock (Tsuga canadensis)
recruitment is heavily dependent on the level of deer browse,
but only recruitment equations from low-browse study sites are
utilized for treatments in this paper.

2.2.3. Coarse woody debris dynamics
The CWD module first determines if a newly dead tree is a snag

or a log. At yearly intervals, it estimates the annual decay of each
snag, determines when it falls to become a log, and estimates log
decay. This module utilizes equations of woody debris dynamics

reported in the literature for northern hardwood forests of the
Great Lakes region. Equations and conditional probabilities that
predict a newly dead tree becoming either a snag or a log, rate of
snag decay, and snag fall were calibrated by Vanderwel et al.
(2006) in northern hardwoods of southern Ontario. Decay rates
of hemlock logs were estimated using conditional probability
tables from Tyrrell and Crow (1994a) in hemlock-hardwood forests
of upper Michigan. Decay rates of sugar maple (Acer saccharum)
logs (also applied to all other hardwood species) are based on con-
ditional probability tables from Hale and Pastor (1998) in northern
hardwoods of Minnesota. Annual probabilities of tree fall, snag fall,
snag decay, and log decay specified from the equations or tables
are implemented stochastically within CANOPY using a random
number draw.

In the model, the median longevity of a snag is <10 years for
most species and tree sizes. The median longevity for logs is
34 years for hardwoods and 64 years for hemlock. In the original
studies, log decay rates were calibrated for trees 20–45 cm dbh,
but in the model, probabilities are applied to all tree sizes due to
a lack of data on decay rates for smaller and larger trees. Data
are also insufficient to estimate volume reductions directly as logs
decay, and so available data on the rate of decrease in wood den-
sity of fallen logs (Tyrrell and Crow, 1994a; Hale and Pastor,
1998) were used as a preliminary substitute. The CWD predictions
are therefore considered tentative until further calibration data are
available.

2.3. Stand template used in CANOPY simulations

Because long-term simulations on large, mapped tracts in CAN-
OPY are time consuming, a representative mapped northern hard-
wood stand on the Argonne Experimental Forest in northern
Wisconsin was used as a starting condition for simulations. This
second-growth, even-aged stand is about 100 years old and is
heavily dominated by sugar maple, with lesser amounts of hem-
lock and other species. The stand was selected because it includes
approximately equal proportions of the three most common and
widely distributed northern hardwood habitat types in the region
(Kotar et al., 2002): Acer-Osmorhiza-Caulophyllum (AOCa; the most
productive of the three types), Acer-Tsuga-Dryopteris (ATD), and
Acer-Tsuga-Maianthemum (ATM; the least productive). The species,
dbh, and coordinate of each tree >2 cm dbh were recorded on a
1-ha section of the stand, along with the crown radii of each tree
in the four cardinal directions. Initial snag and downed log diame-
ters, decay classes, and species were estimated from an inventory
recorded in the Argonne Experimental Forest (USDA Forest Service,
2005). The 1-ha section was replicated in a grid of nine 1-ha ‘tiles’
to form a 9-ha stand large enough to accommodate the various
silvicultural treatments. The tiles were rotated in random orienta-
tions to avoid repeating spatial patterns in the initial stand
condition. In long-term simulations, the initial composition and
structure of the template stand have diminished influence as these
attributes become shaped more heavily by prevailing conditions in
the regional calibration data set and by stochastic variation built
into the model.

2.4. Simulated silvicultural treatments

Ten replicates of an unmanaged control (no treatment), a con-
ventional single-tree selection treatment, and various combina-
tions of the structural retention treatments were simulated for a
period of 300 years (Table 1).

2.4.1. Standard single-tree selection
Simulations of selection silvicultural systems were imple-

mented using the BDq method (Marquis, 1978), the most common
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method applied in managed, uneven-aged stands in the region.
Prior to harvests, a target residual basal area (B) and a maximum
diameter (D) were selected, along with the q-ratio (the ratio of
the number of trees in one 5 cm size class to the number of trees
in the next larger size class). The standard selection treatment sim-
ulated in CANOPY had a target residual basal area of 20 m2 ha�1, a
maximum residual dbh of 60 cm, and a q of 1.3 (Tubbs, 1977). From
these parameters, a target residual diameter distribution was calcu-
lated, and surplus trees in each size class above the residual curve
were harvested, as were trees larger than the maximum diameter.
Harvesting ceased when the basal area of the stand reached the
specified target residual basal area. As is presently common in
federally managed forests of the region, selection harvests were
repeated on a 20-year cutting cycle (Mark Theisen, Chequame-
gon-Nicolet National Forest, personal communication).

2.4.2. Maximum diameter
Ecological forestry variants of single-tree selection included two

treatments in which the maximum retained diameter was raised
from 60 cm dbh to 70 and 80 cm. To ensure an adequate number
of large trees, the target residual basal area was raised to
23 m2 ha�1, and the q-ratio was lowered to 1.2 for both treatments.

2.4.3. Group selection
In simulated group selection treatments, the aggregate area of

groups harvested per cutting cycle was �3% of the stand area. Six
openings with areas of 250 m2 and three openings of 450 m2 were
harvested in the 9 ha stand followed by single-tree selection in the
forest matrix. Candidate group selection locations were selected at
random, subject to restrictions. The automated harvester preferen-
tially placed groups in areas of high basal area (P20 m2 ha�1),
avoided overlap with group openings from previous harvest
entries, and provided a buffer zone equal to a subject group’s
radius between all group openings made in the same harvest entry

(Halpin, 2009). BDq parameters spanned the same range as in the
three single-tree selection treatments.

2.4.4. Reserve trees
Permanent reserve trees were retained at densities of 7–22

trees/ha, similar to specifications on some federally managed un-
even-aged forests in the region (USDA Forest Service, 2004). Resid-
ual stand parameters were otherwise identical to standard single-
tree selection. To replace those lost to natural mortality, living
trees between 30 and 50 cm dbh were selected as new reserve
trees at each harvest entry. Trees smaller than the 60 cm dbh max-
imum in the residual stand were considered part of the residual
basal area for calculations of the allowable cut using the BDq meth-
od, but larger trees were not. Actual residual basal areas in reserve
tree treatments may therefore exceed the residual basal area target
for the overall stand.

2.4.5. Species harvest restrictions
Hemlock and yellow birch are often underrepresented in man-

aged northern hardwood stands, and so treatments were applied to
promote the recovery of these species by reserving all hemlock and
yellow birch from harvest or by removing only half of the calcu-
lated allowable cut for these species.

2.4.6. Coarse woody debris retention
In this simulated single-tree/group selection treatment, some

trees marked for harvest were girdled or felled to create dead
wood. Half of the retained coarse woody debris was left in the form
of snags and half as downed logs. Downed coarse woody debris
volumes for conventionally-managed uneven-aged hardwoods in
the region average about 60% of levels found in old growth
(Goodburn and Lorimer, 1998). Target levels of downed logs for
ecological forestry treatments were therefore selected to be at
an intermediate level of about 75% of old-growth values, or
75 m3 ha�1 for trees >20 cm dbh. If log volume was below this

Table 1
Single-tree selection BDq specifications for ecological forestry treatments simulated by the CANOPY model. All single-tree selection treatments were performed on 20 year cutting
cycles. Ten replicates of each treatment were simulated for 300 years.

Treatment Basal area
(B; m2 ha�1)

Max dbh (D; cm) q-ratio (q) Notes

Maximum diameter
60 cm dbh 20 60 1.3 60 cm maximum dbh treatment is traditional (‘standard’)

in northern hardwoods70 cm dbh 23 70 1.2
80 cm dbh 23 80 1.2

Group selection (250 and 450 m2 gaps)
60 cm max dbh 20 60 1.3 Six 250 m2 groups and three 450 m2 groups created on 9 ha

in each treatment70 cm max dbh 23 70 1.2
80 cm max dbh 23 80 1.2

Reserve trees (60 cm max dbh)
7 reserve trees/ha 20 60 1.3 Reserve trees not harvested. New reserve trees randomly selected

from 30 to 50 cm dbh size class15 reserve trees/ha 20 60 1.3
22 reserve trees/ha 20 60 1.3

CWD creation (+ group selection)
60 cm max dbh 20 60 1.3 CWD target 75 m3 ha�1 of downed logs, �75% of log volume

in old-growth northern hardwoods70 cm max dbh 23 70 1.2
80 cm max dbh 23 80 1.2

Species harvest restrictions (70 cm max dbh)
Retain all hem and YB/or half allowable cut 23 70 1.2 All hemlock and yellow birch trees, or half allowable cut,

reserved from harvestSame + group selection 23 70 1.2
Multi-cohort harvests

60 cm max dbh for selection harvests 20 60 1.3 Two multi-cohort harvests applied in each 300 year simulation:
the first in year 2 and the second �year 150. Five selection harvests
on 20 year cutting cycles followed each multi-cohort harvest. BDq
method used for selection harvests but not multi-cohort harvests

70 cm max dbh for selection harvests 23 70 1.2
80 cm max dbh for selection harvests 23 80 1.2
7 reserve trees/ha (80 cm max dbh) 23 80 1.2
15 reserve trees/ha (80 cm max dbh) 23 80 1.2
22 reserve trees/ha (80 cm max dbh) 23 80 1.2
Retain all hem and YB (70 cm max dbh) 23 70 1.2
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level, up to 10 live trees/ha >40 cm dbh were converted to snags
and logs. Limits were placed on the number of large trees retained
for CWD in stands with few large trees in order to minimize yield
reductions. If trees >40 cm dbh retained for CWD made up more
than 50% of all trees marked for harvest, up to 13 smaller trees/
ha (25–40 cm dbh) were substituted for CWD retention. Total
CWD included both snags and logs and could exceed 75 m3 ha�1.

2.4.7. Irregular multi-cohort harvests
The harvest pattern of the irregular multi-cohort treatment was

based on evidence from effects of moderate–severity windstorms
in the region (Hanson and Lorimer, 2007). Harvested areas in-
cluded patches of undisturbed forest, zones with 10–30% basal area
removal, as well as large group and patch openings. Fifteen percent
of the stand area (1.35 ha) was allocated to each of three harvest
intensity levels (10%, 20%, and 30% basal area removal), for a total
of 4.05 ha or 45% of the stand area. Also included on the 9 ha tract
were six group openings each with areas of 1000 m2 and three lar-
ger openings with areas of 2000, 4000, and 5000 m2. A temporary
shelterwood overstory, with basal area of 14 m2 ha�1, was retained
within each of the group openings to enhance hemlock and yellow
birch regeneration and to hinder raspberry (Rubus spp.) domi-
nance. The shelterwood overstory was reduced to 2 m2 ha�1

10 years after the primary harvest. In total, however, no more than
40% of the original stand basal area was removed.

Two multi-cohort harvests were performed in each 300 year
simulation, the first in year 2 and the second in year 150. After each
of the multi-cohort harvests, five cutting cycles of single-tree selec-
tion harvests at 20-year intervals were initiated once stand basal
area had recovered to 27 m2 ha�1, a level close to the minimum
required for a viable timber sale (Mark Theisen, Chequamegon-
Nicolet National Forest, personal communication). BDq parameters
spanned the range used in other single-tree selection treatments.
Prior to the second multi-cohort harvest, the stand basal area
was allowed to recover to 30 m2 ha�1 to help restore mature-old
forest characteristics.

2.5. Analytical methods

Tree volume was calculated using the equation of Gevorkiantz
and Olsen (1955), which estimates cubic stem volume from dbh
and total height.

Stand characteristics at years 60 and 300 were analyzed with
one-way ANOVAs and Tukey’s HSD tests for multiple comparisons
(with a family-wise error rate of 0.05). Some summary values of
stand characteristics were log- or square-root transformed to meet
the assumption of homogeneity of variance. Chi-square goodness
of fit tests as well as two-sample Kolmogorov–Smirnov tests were
performed to examine differences in tree diameter frequency dis-
tributions between the mean of 10 replicates of the managed
stands vs. the target determined by the BDq selection system. Fol-
lowing each of the first five selection harvests in the standard
selection and the multi-cohort treatments, tree diameters >25 cm
were binned in 5 cm size classes and compared to the number of
trees in each size class of the target distribution. All statistical anal-
yses were calculated in the R statistical package, version 2.0.9 (R
Foundation for Statistical Computing, Vienna, Austria).

Simulated stands were examined to determine if they met the
minimum criteria of old growth based on structural definitions
developed in a set of 70 unmanaged stands in upper Michigan (Fre-
lich and Lorimer, 1991b). The classification rules were based on the
proportion of the aggregate exposed crown area occupied by ma-
ture and large trees, but the present study uses proportional equiv-
alents based on basal area (Hanson and Lorimer, 2007). Old-growth
stands have basal areas of at least 20 m2 ha�1 in trees >26 cm dbh
and >45% of the total stand basal area in trees >46 cm dbh. The

46 cm dbh size class corresponds to a mean age of P150 years in
most species (Tyrrell and Crow, 1994b; Lorimer and Frelich, 1998).

3. Results

3.1. Variation in harvested wood volume among treatments

All ecological forestry treatments reduced harvest yields rela-
tive to standard single-tree selection, but the magnitude of the re-
sponse at the end of the simulation ranged from a fairly modest 9%
reduction for 7 reserve trees/ha to a 55% reduction for treatments
that combined coarse woody debris retention with an 80 cm max-
imum dbh (Table 2). In some cases, quite different approaches to
ecological forestry had broadly similar outcomes. For example,
raising the maximum diameter in the residual stand to 70 cm
had similar effects on yield reduction, natural mortality rates,
and coarse woody debris volume as reserving 15 trees/ha to live
out their natural lifespan. Effects of raising the maximum diameter
to 80 cm were similar to those of reserving 22 trees/ha (Fig. 1 and
Tables 2 and 3). Protecting hemlock and yellow birch from harvest
also had similar effects to raising the maximum diameter to 80 cm
except that it produced more CWD.

Initial responses in the first 60 years were not always represen-
tative of long-term trends. In the first few cutting cycles, the re-
serve tree treatments with densities of 7–22 trees/ha produced
harvest volumes within 92–98% of those generated by standard
single-tree selection (Table 2). In later harvests, though, yields
steeply declined and leveled off at an average reduction of 9%,
17%, and 26% per cutting cycle with reserve densities of 7, 15,
and 22 trees/ha, respectively (Fig. 1). In contrast, yields from treat-
ments with maximum diameters of 70 and 80 cm, which were 15–
24% below the standard single-tree selection harvest in the first
cutting cycle, remained fairly constant over the 300-year time span
(Fig. 1). Purposeful retention of trees for coarse woody debris (se-
lected from trees that would otherwise be harvested) caused
immediate reductions in yield—an 18–20% decrease by year 60
compared to selection treatments with the same maximum diam-
eter (Table 2). Yields decreased an additional 16–17% by year 300.
In all treatments, harvest volumes in the first 60 years were higher
than subsequently because of the relatively high initial volume in a
previously unmanaged stand (Table 2).

Treatments that mainly manipulated opening sizes (group
selection and multi-cohort) but retained a 60 cm maximum dbh
had little effect on cumulative harvested volumes. Following each
relatively heavy multi-cohort harvest, however, stands in subse-
quent decades contained fewer trees large enough for sawtimber
compared to stands managed only by single-tree selection. After
a multi-cohort harvest, 56% (SD ±3%) of total yield in the subse-
quent two single-tree selection harvests with a 70 cm maximum
dbh was composed of sawtimber trees, compared to 71% (SD
±2%) in stands treated solely by single-tree selection with the same
maximum diameter.

‘‘Recoverable volume’’ represents the wood volume potentially
available if management objectives shifted from an ecological for-
estry method back to either conventional single-tree selection or
even-aged methods. Based on this metric, much of the loss in har-
vest volume for ecological forestry treatments, at least over a mod-
erate planning horizon of 60 years, was still ‘held in reserve’ in the
form of greater standing live volume compared to standard selec-
tion. After three cutting cycles in year 60, treatments with maxi-
mum diameters of 70 and 80 cm retained 19–28% more residual
volume than the standard selection harvest (Table 2). If this sur-
plus residual volume were to be harvested at that point and aver-
aged in with harvests over the previous 60 years, cumulative yield
would be reduced only by 5–8% relative to standard selection. The
reduction would be even less if the comparison is based on the
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final 60 years or if the entire stand volume were utilized (Table 2).
Similar trends occurred in the reserve tree treatments, where
recoverable volumes with 22 reserve trees/ha were only 1–6%
below that of the standard selection harvest.

3.2. Simulated structural characteristics and similarities to old growth

3.2.1. Size distributions and the abundance of large trees
Under the low-browse scenarios simulated here, all selection

treatments converted the initial unimodal size distribution to the
negative exponential target distribution by the second harvest
(simulation year 40 and total stand age of 140 years; chi-square
test: v2 = 3.4, df = 8, P = 0.9; K–S test: d = 0.11, P = 1). Size distribu-
tions in all multi-cohort treatments approached the negative expo-
nential form 40 years later, in simulation year 80 and a total stand
age of 180 years (chi-square for the 70 cm max diameter treat-
ment: v2 = 5.7, df = 8, P = 0.68; K–S test: d = 0.22, P = 0.99). Multi-
cohort harvests delayed the development of a negative exponential
size distribution by removing trees relatively uniformly among size
classes. However, the new cohort of trees recruited after the rela-
tively heavy multi-cohort harvest did not develop into a persistent
irregular size distribution, as is often present in old-growth stands
of the region (e.g., Tyrrell and Crow, 1994b). A major reason was
that most of the excess pole trees (<25 cm dbh) were removed in
subsequent single-tree selection harvests before they could
advance into larger diameter classes.

The 22 ecological forestry treatments had highly variable effects
on the degree to which the size distribution of live trees satisfied

old-growth structural criteria. The initial stand contained almost
40% of the total basal area in trees >46 cm dbh, and with no treat-
ment reached old-growth status in <15 years (115 years after the
original commercial harvest ca. 1905). Most harvest treatments,
though, merely maintained mature forest structure or vacillated
between mature and borderline old-growth structure. Trials with
70 cm maximum diameters maintained �44% of total stand basal
area in trees >46 cm dbh (Table 3), close to the minimum threshold
of 45% in the old-growth structural classification. In reserve-tree
treatments with a 60 cm maximum diameter, no more than 38%
of stand basal area consisted of large trees (Table 3). Treatments
with 80 cm maximum diameters, as well as those that protected
all hemlock and yellow birch, were the only ones to consistently
promote negative exponential size distributions with large trees
similar to those in the later stages of old-growth development
(Fig. 2).

3.2.2. Accumulation of coarse woody debris
Coarse woody debris levels in the control treatment (no har-

vest) were more than double the abundance predicted for most
of the ecological forestry treatments. Due to natural mortality,
the volume of CWD in the control steadily increased to a maximum
of �190 m3 ha�1 in year 165, and then declined to �160 m3 ha�1 in
year 300 (Fig. 3). In the standard selection treatment, dead wood
volume increased to 77 m3 ha�1 following the first harvest, then
declined to 44 m3 ha�1 by year 300. The purposeful retention of
coarse woody debris in selection trials produced the most CWD
volume among the ecological forestry treatments, but the

Table 2
Predicted mean productivity attributes of the stand following ecological forestry treatments.*,�

Treatment Harvest volume
(m3 ha�1 yr�1)

Natural mortality
(m3 ha�1 yr�1)

Residual volume
(m3 ha�1)

Recoverable volume�

(m3 ha�1 yr�1)

Year 60 Year 300 Year 60 Year 300 Year 60 Year 300 Year 60 Year 300

Control (no treatment) – – 3.31a 4.23a 460a 432a 7.66f 7.20ab

Maximum diameter
60 cm dbh 6.08a 4.03a 1.62e 0.88j 197k 194jk 9.36a 7.27a

70 cm dbh 5.17d 3.38c 1.82cd 1.22hi 234fg 231gh 9.08b 7.24a

80 cm dbh 4.63h 2.89d 2.00b 1.53ef 253d 246e 8.85c 6.99c

Group selection (250 and 450 m2 gaps)
60 cm max dbh 6.04a 4.01a 1.64e 0.94j 198jk 194k 9.34a 7.24a

70 cm max dbh 5.12de 3.31c 1.82cd 1.30gh 235fg 231gh 9.04bc 7.16b

80 cm max dbh 4.14h 2.87de 2.03b 1.61de 253d 246e 8.83c 6.96c

Reserve trees (60 cm max dbh)
7 reserve trees/ha 5.94ab 3.65b 1.63e 1.14i 202j 212ij 9.30a 7.19ab

15 reserve trees/ha 5.83b 3.35c 1.67de 1.35gh 207i 229hi 9.28a 7.16b

22 reserve trees/ha 5.64c 3.00d 1.69de 1.60de 216h 242ef 9.24a 7.03c

CWD creation (+ group selection)–

60 cm max dbh 4.98ef 2.65fg 1.56e 0.92hi 198k 194k 8.27d 5.84d

70 cm max dbh 4.14j 2.13h 1.84c 1.28h 236f 230gh 8.07e 5.93d

80 cm max dbh 3.74k 1.83i 2.04b 1.57ef 253d 245e 7.95e 5.87d

Species harvest restrictions (70 cm max dbh)
Retain all hem and YB 4.86fg 2.80ef 1.89bc 1.76cd 256d 256cd 9.12ab 7.07c

Retain all hem and YB + group selection 4.98ef 2.70ef 1.92bc 1.46fg 247e 256cd 9.09ab 6.97c

Retain half hem and YB allowable cut 5.21cd 3.29d 1.84c 1.28h 234fg 231gh 9.11b 7.14c

Retain half hem and YB allowable cut + gs 5.22cd 3.35c 1.87c 1.27h 236fg 230gh 9.16b 7.19ab

Multi-cohort harvests
60 cm max dbh for selection harvests 5.31c 3.94a 1.60e 1.25h 231g 199jk 9.49a 7.26a

70 cm max dbh for selection harvests 4.87fg 3.34c 1.65de 1.51ef 266c 234fg 9.31a 7.24a

80 cm max dbh for selection harvests 4.38i 2.94d 1.81cd 1.80bc 281b 252d 9.06b 7.14c

7 reserve trees/ha (80 cm max dbh) 4.34i 2.85de 1.84c 1.79bc 281b 255cd 9.01bc 7.11c

15 reserve trees/ha (80 cm max dbh) 4.36i 2.65fg 1.75d 1.91bc 283b 257cd 9.08b 6.93c

22 reserve trees/ha (80 cm max dbh) 4.32i 2.48g 1.78cd 1.93b 283b 260bc 9.04bc 6.81c

Retain all hem and YB (70 cm max dbh) 4.80g 2.52g 1.79cd 1.77cd 278b 267ab 9.44a 6.97c

* Values with same letters in each column not significantly different (Tukey’s HSD test, family-wise error rate of a = 0.05). Mean untransformed standard deviation for data
columns 1–8: 0.09, 0.10, 0.09, 0.11, 2.70, 3.00, 0.09, 0.10; transformed variables were used for significance tests.
� Residual volumes (m3 ha�1) are based on mean standing volumes in years 60 and 300. The volumetric rates shown (m3 ha�1 yr�1) are based on means of the three cutting
cycles prior to years 60 and 300.
� Recoverable volume = (total harvested volume + residual volume)/(measurement interval; i.e., 60 years in this table).
– In the first three harvests, wood volumes retained for CWD creation were 1.14, 0.99, and 0.85 m3 ha�1 yr�1 for the 60, 70, and 80 cm maximum diameters, respectively; in
the final three harvests, retained wood volumes were 1.43, 1.26, and 1.12 m3 ha�1 yr�1, respectively.
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treatment retaining all hemlock and yellow birch approached sim-
ilar levels by simulation year 150 (Fig. 3). Reserve-tree treatments
did not result in significant increases in snag and downed log vol-
ume in the first 60 years, but in later decades, CWD volume was
20–50% higher than in standard selection (Table 3 and Fig. 4).

For treatments that also actively created CWD in addition to
raising maximum residual live-tree diameters, fewer live trees
needed to be girdled or felled to reach the CWD target because
of higher natural mortality. But timber yield under CWD retention
with an 80 cm maximum live-tree diameter was 25–31% lower
than in CWD retention with a 60 cm maximum dbh, and yet it
resulted in no significant increase in dead wood volume. By the
end of the simulation, approximately 35% of harvestable volume
(volume of ‘surplus trees’ above the residual size distribution)
was retained as coarse woody debris in these three CWD retention
treatments.

Effects of treatments on the volume of medium to large dead
trees (>40 cm dbh) followed a pattern similar to total coarse woody
debris abundance. By year 60, dead-tree volume was not higher in

reserve-tree treatments than in the standard selection trial (Fig. 4).
Among the ecological forestry treatments, medium to large dead
trees were most abundant in trials of coarse woody debris reten-
tion with large maximum diameters. These were followed by treat-
ments restricting the harvest of hemlock and yellow birch and
other treatments with 80 cm maximum diameter. These treat-
ments with large maximum diameters or species harvest restric-
tions, along with the control, were the only trials in which >50%
of the total dead wood volume was comprised of very large dead
trees (>60 cm dbh; Fig. 4).

Multi-cohort trials produced coarse woody debris volumes sim-
ilar to those in other treatments with the same maximum diame-
ters except for peak CWD volumes in about simulation year 150
(Fig. 3). The peaks correspond to increased tree mortality as stand
basal area recovered to the minimum level required to perform a
multi-cohort harvest. In these treatments, the mean time for the
stand to regain the required basal area of 30 m2 ha�1 before initiat-
ing a multi-cohort harvest was 34 years (SD ±1) in the 60 cm max-
imum diameter treatment, 34 (±2) in the 70 cm treatment, and 36
(±3) years in the 80 cm trial. Following multi-cohort harvests, the
60, 70, and 80 cm maximum diameter treatments required 23
(±1), 26 (±1), and 30 (±2) years, respectively, for the stand basal area
to recover from the post-harvest residual (20–23 m2 ha�1) to a level
of 27 m2 ha�1 needed to re-initiate single-tree selection harvests.

3.3. Species compositional trends

With the exception of treatments that protected all hemlock
and yellow birch, the ecological forestry treatments produced min-
imal variation of species composition on this site. In the control
treatment, sugar maple remained heavily dominant, hemlock
declined to about half of its initial level (to 7% relative basal area),
and yellow birch remained at low levels (1–1.5%). Compared to the
control, all treatments resulted in more yellow birch but also less
hemlock in most cases (Table 3 and Fig. 5). In nearly all trials, sugar
maple comprised >80% of stand basal area by year 60 and >90% by
year 300 (Table 3). Group selection openings and multi-cohort har-
vests generally increased the relative abundance of yellow birch by
1–2 percentage points and had little effect on hemlock compared
to treatments with no groups. Treatments with large maximum
diameters retained higher proportions of hemlock than most other
treatments in the short term, but eventually hemlock declined to
similarly low levels (Table 3).

Retention of all hemlock and yellow birch in selection, group
selection, and multi-cohort treatments greatly enhanced the prom-
inence of the two species, and both species were more abundant in
these scenarios than in the unmanaged control. In the first few dec-
ades, hemlock abundance increased rapidly as only sugar maple
and other less abundant species were harvested, but more than
100 years elapsed before yellow birch exceeded 5% of the total
stand basal area (Fig. 5). In treatments that removed only half of
the allowable cut of hemlock and yellow birch, hemlock did not de-
cline as much as in most other treatments, although it was only
60–75% as abundant as in the untreated control by year 300. Yel-
low birch, however, was substantially more abundant than in the
control and most other treatments, including conventional single
tree-group selection (Table 3).

4. Discussion

4.1. Mechanisms of structural retention effects on species composition
and yield

Despite the high shade tolerance and late-successional status of
most of the component species, yield reductions under ecological
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forestry methods in northern hardwoods were not substantially
less pronounced than for less tolerant species such as Douglas-fir
in the Pacific Northwest. In both ecosystems, yield reductions of
about 25% could be expected after relatively modest increases in
the number or volume of residual trees (Hansen et al., 1995; Rose
and Muir, 1997). In northern hardwoods, for example, a 26% in-
crease in residual stand volume over a conventional selection har-
vest resulted in a 28% decline in net production due to increased
mortality and slower tree growth (residual volume about 57% that
of an old-growth stand; 80 cm max dbh treatment in Table 2). Over
a limited planning horizon such as 60 years, most of this volume
loss is potentially ‘recoverable’ if management objectives switched
back to conventional selection harvests. But over a span of hun-
dreds of years, recoverable volume becomes only a small fraction
of the yield reduction (e.g., 9% over a span of 500 years for the pre-
ceding example). The conclusion that net production for shade-tol-
erant species is reduced, and mortality increased, as residual
volume increases is consistent with trends observed in indepen-
dent field studies. For example, in a 50-year replicated experiment
in second-growth northern hardwoods, the untreated control had
227% higher mortality and 58% lower net production than stands
managed by standard single-tree selection (Strong, 2005).

In spite of the yield reductions, however, all treatments gener-
ated more than the minimum harvest volume usually required
for economically viable timber sales to private contractors on fed-
erally-managed hardwoods in the region (>4.6 m2 ha�1 of basal
area removed in each cutting cycle; Mark Thiesen, Chequame-
gon-Nicolet National Forest, personal communication). Only the
selection harvest with retention of CWD in conjunction with a
maximum residual diameter of 80 cm dbh produced yields lower
than the minimum required on a 20 year cutting cycle, and only

by a small amount (each of the final three harvests removed an
average of 4.4 m2 ha�1).

Simply raising the maximum retained diameter in selection
harvests increased mortality volume in forest stands in the last
three cutting cycles by 39–74% compared to standard single-tree
selection. Size-mortality trends in mesic temperate forests are
frequently U-shaped, with a steep increase in mortality rates for
trees >65 cm dbh (Busing and Wu, 1990; Lorimer et al., 2001; Fra-
ver et al., 2008; Salk et al., 2011). Thus, treatments that raised the
maximum diameter led to an increase in the abundance of trees
with high risks of death, reducing harvest volumes but raising
CWD levels. Increased mortality rates accounted for 52–57% of
the volume reduction in the last three cutting cycles relative to
standard selection (i.e., difference in mortality volume divided
by difference in harvested volume; Table 2). Although larger max-
imum diameters only reduced stand-level volume growth of sur-
viving trees by 6–10%, 38% of the overall harvest reduction was
attributable to slower growth of surviving trees, and 10% or less
to a slower rate of new recruitment into the smaller size classes
(Table 4).

Unlike the treatments with large maximum diameters, reserve-
tree treatments had only a small effect on harvest volume, CWD
volume, and large tree abundance until the third or fourth harvest
(after 60–80 years of management). The reason is that reserved
trees do not affect forest structure and yield, relative to standard
selection harvests, until they grow beyond the specified maximum
diameter for the other trees in the residual stand. In unmanaged
northern hardwoods, the approximate mean size of canopy trees
at the time of death is 50 cm (Lorimer et al., 2001). Because of
the high natural mortality of large trees, the model predicts that
the long-term mean number of reserve trees >60 cm dbh would

Table 3
Predicted stand structural characteristics following ecological forestry treatments.*,�

Treatment %BA >46 cm dbh CWD volume (m3 ha�1) Species abundance (% basal area)

Year 60 Year 300 Year 60 Year 300 Year 60 Year 300

SM Hem YB SM Hem YB

Control (no treatment) 64.4a 58.5a 138a 161a 74.5h 16.0c 1.0g 89.5d 7.3c 1.4i

Maximum diameter
60 cm dbh 26.1i 26.8k 64g 44h 82.5bc 7.0hi 1.7def 93.3a 0.8f 3.7efhg

70 cm dbh 43.9g 44.4fg 74d 55g 81.4cdef 9.3ef 1.5ef 93.1ab 0.8ef 4.1de

80 cm dbh 49.5e 50.3de 81c 67f 80.6efg 10.3de 1.8def 93.1ab 1.1def 3.8efhg

Group selection (250 and 450 m2 gaps)
60 cm max dbh 29.6i 26.6k 64g 46h 82.4bc 6.8i 2.2c 92.1c 0.7f 4.7cd

70 cm max dbh 44.6f 43.5g 73de 58g 80.4efg 8.9fg 1.8cde 91.5cd 0.9def 5.4c

80 cm max dbh 48.9e 51.3de 82c 70ef 79.8fg 10.5de 2.0cd 91.9c 1.5d 4.8cd

Reserve trees (60 cm max dbh)
7 reserve trees/ha 29.9i 31.0j 63g 53g 82.6bc 7.2hi 1.8cde 93.5a 1.0def 3.2fgh

15 reserve trees/ha 33.2h 35.2i 66fg 58g 82.0bcde 8.3fgh 1.8cde 93.8a 1.1def 3.0gh

22 reserve trees/ha 35.9h 37.8h 66efg 66f 80.6efg 9.4def 1.8cde 93.4a 1.4de 3.0gh

CWD creation (+ group selection)
60 cm max dbh 29.5i 26.6k 107b 102bc 81.9bcde 7.0hi 2.2c 91.5c 0.7f 5.0cd

70 cm max dbh 45.4f 43.8fg 111b 110b 80.7defg 9.3ef 1.7def 91.9c 0.9ef 5.2c

80 cm max dbh 48.9e 50.9de 113b 112b 79.4g 10.8d 2.1cd 91.5cd 1.1def 5.3c

Species harvest restrictions (70 cm max dbh)
Retain all hem and YB 50.9d 51.0de 78cd 87d 62.4i 27.6a 3.3b 58.0ef 24.4b 15.9b

Retain all hem and YB + group selection 50.9d 51.8cd 82c 90d 61.6i 28.4a 3.6b 48.1f 28.6a 21.8a

Retain half hem and YB allowable cut 47.2ef 45.1fg 82c 52g 70.0h 18.3b 1.1g 85.2d 4.4c 8.3bc

Retain half hem and YB + group selection 46.8ef 43.8g 83c 54g 69.9h 18.5b 1.4f 80.8ef 5.5c 11.6b

Multi-cohort harvests
60 cm max dbh for selection harvests 43.7g 27.1k 65g 45h 84.4a 4.4j 3.4b 91.2c 0.8f 5.4c

70 cm max dbh for selection harvests 54.9c 45.0fg 73def 58g 83.1ab 6.7i 2.9b 91.6c 0.9def 5.2c

80 cm max dbh for selection harvests 58.4b 50.1e 81cd 68ef 81.9bcde 8.3fgh 2.9b 91.7c 1.1def 4.9cd

7 reserve trees/ha (80 cm max dbh) 59.2b 51.7de 82c 67f 82.3bcde 7.7ghi 3.1b 92.0c 1.0def 4.8cd

15 reserve trees/ha (80 cm max dbh) 59.4b 53.3bc 79cd 73ef 81.9bcde 8.2fgh 3.2b 92.2bc 1.1def 4.8cd

22 reserve trees/ha (80 cm max dbh) 59.6b 54.3bc 79cd 75ef 81.6bcde 8.9fg 3.0b 92.1c 1.2def 4.8cd

Retain all hem and YB (70 cm max dbh) 55.5c 51.0de 79cd 95cd 61.9i 25.5a 5.7a 49.0f 26.9ab 22.6a

* Values with same letters in each column not significantly different (Tukey’s HSD test, family-wise error rate of a = 0.05). Mean untransformed standard deviation for data
columns 1–10: 0.83, 0.78, 3.50, 3.61, 0.93, 0.77, 0.31, 0.91, 0.31, 0.62.
� Table entries are based on mean values in years 60 and 300.
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be equal to less than half (�40%) of the originally prescribed
reserve-tree density. Redefining reserve trees to include only those

larger than the maximum retained diameter, rather than the
prescribed 7, 15, and 22 trees/ha, results in ‘realized’ reserve tree
densities of 3, 6, and 9 trees/ha, respectively. Reductions in har-
vested volume of 9–26% under these scenarios are similar to those
reported in even-aged stands of Douglas-fir with low densities of
reserve trees (Hansen et al., 1995; Zenner et al., 1998).

Yield reductions attributable to reserve trees can be linked to
both their occupancy of ‘unutilized’ growing space and their com-
petitive effects on nearby trees (Rose and Muir, 1997). An estimate
of the space occupied by reserve trees was obtained by multiplying
the density of ‘realized’ reserve trees (3, 6, or 9 trees/ha) by their
mean exposed crown area (140 m2). To adjust yields to account
for the unavailable growing space, harvested volumes of the three
reserve-tree treatments were then divided by the proportion of the
stand area available to harvestable trees (i.e., 1 � proportion of
space occupied by reserve trees). In all reserve-tree treatments,
slightly less than half of the total reduction in harvested volume,
relative to standard selection harvests, was attributable directly
to the canopy space preempted by reserve trees.

A second independent estimate of the reduction in yield due to
space occupancy can be obtained from the mortality volume of
reserve trees. After several hundred years, the reserve trees have
reached quasi-equilibrium density; mortality volume of ‘realized’
reserve trees is approximately equal to the sum of the volume
growth of the surviving reserve trees and volume of trees newly
recruited into the ‘realized’ reserve-tree population. Dead realized
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reserve trees contributed means of 0.18, 0.34, and 0.51 m3 ha�1 yr�1

of dead wood volume with 3, 6, and 9 realized reserve trees/ha. This
likewise accounts for approximately 50% of the total yield reduction
(mortality volume of dead realized reserve trees divided by the dif-
ference in harvested volume of the treatments). The remaining
reduction in yield was again due to crowding effects from higher
residual basal areas; reserve trees >60 cm dbh increased residual
basal areas by 1.5–3.8 m2 ha�1, depending on their density. Com-
pared to standard single-tree selection, the reserve trees caused a
reduction in survivor volume growth of the non-reserve ‘matrix’
trees of 3–9%, a 14–30% reduction in ingrowth volume, and a
9–24% increase in mortality volume (Table 4).

4.2. Comparisons of model predictions with field observations

While direct comparisons with long-term ecological forestry
trials are not available, simulated results can be compared to a lo-
cal, independent single-tree selection field trial on similar sites on
the Argonne Experimental Forest but not used in the calibration of
CANOPY. Observed mean harvest volume in the Argonne stand was
4.27 m3 ha�1 yr�1 for the three most recent cutting cycles (Strong,
2005), compared to the long-term mean of 4.03 m3 ha�1 yr�1 sim-
ulated by the CANOPY model for a stand with the same target
diameter distribution (<6% difference; Table 2). Observed mortality
rates in the field trial were 0.82 m3 ha�1 yr�1 compared to long-
term means of 0.88 m3 ha�1 yr�1 in simulated treatments. Residual

stand volumes were similar following the field and simulated
selection trials, with 204 m3 ha�1 on the Argonne Experimental
Forest and 195 m3 ha�1 in simulated stands (Table 2). The pre-
dicted 36% reduction in yield of the first harvest in the 80 cm max-
imum diameter–CWD retention treatment compares with a 43%
reduction in a Vermont northern hardwood stand with similar
specifications (Keeton, 2006).

The simulated log and snag volume of 44 m3 ha�1 in standard
selection harvests compares with 46 m3 ha�1 measured by
Goodburn and Lorimer (1998) in northern hardwood selection
stands (harvest tops and branches excluded since branch volumes
are not simulated in CANOPY). The final (year 300) predicted coarse
woody debris volumes in the control treatment of 160 m3 ha�1 are
similar to downed wood volumes of 139 and 166 m3 ha�1

observed in old-growth northern hardwood forests of New Hamp-
shire (Carbonneau, 1986; McGee et al., 1999) but are higher than
the total coarse woody debris volume of 127 m3 ha�1 reported in
old-growth northern hardwoods of upper Michigan (Goodburn
and Lorimer, 1998). The higher site quality of the Argonne stand
in the current study may account for some of the difference; Spetich
et al. (1999) noted an almost linear trend between site productivity
and total CWD volume in other old-growth forests of the Midwest.
However, model CWD predictions are tentative and can likely be
improved by obtaining direct estimates of wood volume reduction
due to decay, rather than the current approximations based on
reductions in wood density.
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The actual trajectory of treated stands in the future will likely
gradually diverge over time from simulated results because of
changes in environmental factors such as global climate, invasive
species, and natural disturbances. Natural disturbances can be
expected to reduce the large-tree component in some stands,
although 60–70% of the northern hardwood landscape prior to
European settlement in this region met the stated minimum
structural criteria for old-growth stands in spite of frequent nat-
ural disturbances (Frelich and Lorimer, 1991a,b; Schulte and
Mladenoff, 2005). Imminent changes in global climate and inva-
sive species will likely have much more drastic impacts. These
will present daunting challenges for modelers, as data are cur-
rently limited and interactions among factors poorly known. For
example, hemp-nettle (Galeopsis tetrahit), a recently arrived exotic
plant in northern Wisconsin, now dominates many of the forest
openings in the companion field study to this project and has un-
known implications for future regeneration patterns. Exotic earth-
worms may also make it difficult for seedling regeneration of
sugar maple and other species by removing much of the litter
and duff layers (Corio et al., 2009); interactions are complex
and depend on many factors such as the species of worms pres-
ent and their relative biomass (Bohlen et al., 2004). The fact that
30 years ago, few ecologists anticipated the potential impacts of
these invasives—or the decimation of major tree species such as
eastern hemlock and ashes (Fraxinus spp.) by exotic insects—
raises a cautionary note about the ability of models to forecast ac-
tual future stand conditions in an era of global change. Until the
mechanisms and interactions are better understood, it may be
necessary to periodically recalibrate forest models with perma-
nent plot data to reflect these emerging influences on species
composition, structure, and yield.

4.3. Relative merits of alternative treatments for balancing ecological
and production concerns

Although all of the ecological forestry alternatives involved
tradeoffs in lowered timber production vs. gains in old-growth
structural features, two general approaches—reserving sensitive
species and raising the maximum diameter—stand out as having
a relatively high ratio of ‘benefits to cost.’ The treatment that re-
served all hemlock and yellow birch fostered the development of
stands that met the minimum structural criteria of old growth
and by year 300 had CWD volumes about double those of standard
single-tree selection. It also substantially increased the proportion
of hemlock and yellow birch over time relative to the control,
resulting in the highest species diversity (evenness component;
Fig. 2). The corresponding 18–33% decline in harvest volume com-
pared to standard selection was less pronounced than in the CWD
treatments and multi-cohort treatments with the higher reserve-
tree density. Single-tree selection with a raised 80 cm maximum
diameter also fostered stands that exceeded minimum old-growth
structural criteria, and the level of harvest decline was similar to
the treatment reserving all hemlock and yellow birch. CWD vol-
ume was about 50% higher than under standard selection in the
last three cutting cycles. But as in standard selection, hemlock
declined drastically relative to the control.

Treatments that only removed half of the allowable cut of hem-
lock and yellow birch were intermediate in both positive ecological
gains and reductions in harvest volume relative to standard selec-
tion. Stands had borderline old-growth structure, greater species
equitability, and modest gains in CWD.

In treatments that protected all hemlock and yellow birch, the
harvest burden was shifted almost exclusively to sugar maple. As
hemlock and yellow birch became more abundant, each harvest re-
moved an even greater proportion of sugar maple from the stand.
By the end of the simulation, almost 50% of the forest stand was
comprised of the two protected species. In this paper, however,
all treatments were simulated with CANOPY’s ‘low browse’ setting
for hemlock recruitment and the ‘no drought’ scenario for yellow
birch mortality. Hemlock recruitment in many areas is currently
inhibited by excessive deer browsing (Rooney et al., 2000; Witt
and Webster, 2010), and periodic severe droughts can cause high
mortality of large yellow birch (Prey et al., 1988; Erdmann, 1990;
Lorimer et al., 2001). Actual long-term abundances of these two
species in many areas are therefore likely to be lower than
predicted under conditions presumed in these simulations.

Examination of the underlying calibration data elucidated some
of the likely mechanisms of hemlock decline predicted under most
of the silvicultural treatments. There is a great deal of scatter in the
calibration data showing the relationship between the proportion
of hemlock saplings in the regeneration pool and stand variables
like stand basal area and relative basal area of hemlock. However,
60% relative overstory basal area of hemlock and a stand density
that is 80% of regional averages for managed stands (Tubbs,
1977) appear to be critical threshold values, below which abun-
dance of hemlock saplings declines rapidly. While standard sin-
gle-tree selection and most ecological forestry treatments
maintain stand densities above these thresholds, examination of
individual 900 m2 subplots showed that competition level often
dipped well below these threshold values at the subplot level. This
outcome was exacerbated by the algorithm of the automated har-
vester that preferentially reduced locally dense patches of forest
and removed the allowable cut of large trees first, of which hem-
lock was often the most prominent. A possible long-term reduction
in hemlock even under conservative silvicultural treatments may
warrant further field study. Our results tentatively suggest that if
patches of hemlock are entered for harvest, foresters should mark
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these patches very lightly and not reduce the proportion of hem-
lock in the residual stand.

Occasional irregular, multi-cohort harvests generated little to
no decrease in harvest yields relative to selection treatments with
the same maximum diameter (Table 2). However, the increased
horizontal heterogeneity with variable opening sizes may be
helpful in providing habitat conditions for a range of fauna and
flora uncommon in stands managed by conventional uneven-aged
methods (e.g., Kohn and Eckstein, 1987; Annand and Thompson,
1997; Costello et al., 2000), including moderately shade tolerant
tree species such as yellow birch (Webster and Lorimer, 2005;
Hanson and Lorimer, 2007).

In CANOPY simulations, however, the spatially variable multi-
cohort harvests in this stand did not result in tree species compo-
sition much different than in the group selection treatments
(Fig. 5). The minimal response of the midtolerant yellow birch to
openings as large as 0.5 ha is likely attributable to the fact that
more than 2/3 of the stand area is on habitat types (AOCa and
ATD) not conducive to yellow birch establishment and growth.
These habitat types are typically heavily dominated by sugar
maple (Kotar et al., 2002; Bakken and Cook, 1998). Yellow birch
abundance is expected to be much greater following multi-cohort
harvests on ATM habitats, where it can comprise 40% of the trees in
gaps >400 m2 (Webster and Lorimer, 2005; Halpin, 2009).

Reserve-tree retention was generally less efficient overall in
meeting ecological goals and minimizing yield reductions than
the other treatments above, at least in restoring old-growth char-
acteristics. Even the highest level of reserve trees did not result in
CWD volumes any greater than the 80 cm maximum diameter
treatment (where no trees were permanently reserved from cut-
ting), nor did it meet minimum old-growth structural standards
for live trees. Of the two ecological forestry treatments with the
explicit goal of increasing the number of large trees, raising the
maximum residual diameter appeared to be more efficient at
minimizing reductions in yield. Maximum diameter treatments
of 70 cm and 80 cm dbh produced residual stands with an aver-
age of 13 and 22 trees/ha >60 cm dbh, respectively, compared
to only 3–9 trees/ha >60 cm dbh retained by the three reserve-
tree treatments. For the maximum diameter treatments, this
equates to �1.0–1.5% reduction in yield for each tree >60 cm
dbh, given the long-term mean reduction per cutting cycle of
16–28% for the 70 and 80 cm dbh trials (Fig. 1). Reserve-tree
treatments, on the other hand, resulted in reductions of 2.5–3%
for each ‘realized’ reserve tree, almost double that of the
maximum diameter trials. The difference between the two treat-
ments appears to be due to the utilization of all available growing
space by harvestable trees in maximum diameter treatments,
unlike reserve-tree treatments. The combination of coarse woody
debris retention with the 80 cm maximum diameter treatment
produced yield reductions of approximately 2.3–2.7% per large

tree (50–60% reduction in harvested volume with 22 trees/ha
>60 cm dbh), very similar to predicted reductions in reserve-tree
treatments.

There has been a recent trend for master plans on US national
forests to set up ‘zones’ within a forest type with different
ecological and timber management goals. For example, in the
Chequamegon-Nicolet National Forest in Wisconsin, some northern
hardwood tracts are designated for standard single-tree selection
with a maximum 60 cm residual diameter. Other zones are desig-
nated to maintain ‘interior’ forest conditions using criteria such as
retention of reserve trees, increased maximum tree sizes, and
retention of sensitive species (USDA Forest Service, 2004). The eco-
logical forestry options examined in our study appear to vary
widely in both ecological benefits and corresponding harvest reduc-
tions, which offer managers much flexibility in selecting manage-
ment regimes for different objectives. Lower densities of reserve
trees can accomplish some ecological goals with minimal yield
reductions, but the present study also suggests that reserve trees
alone are not always the most effective or efficient means of foster-
ing old-growth structural features.

Retention of reserve trees in uneven-aged stands ideally
requires that a crew mark reserve trees by some permanent means
(e.g., metal tree tags) and continually replenish the reserve tree
population at each entry. Another option is to leave reserve trees
unmarked but re-designate a new set of reserve trees every time
the stand is marked for harvest (the current procedure on national
forests in northern Wisconsin). Alternatively, this study suggests
that raising the maximum diameter of the residual stand and pro-
tecting some individuals of long-lived or sensitive species may be a
more effective and presumably less costly way of allowing some
trees to live out their natural lifespan because it requires no sepa-
rate marking/inventory procedures. It is also a more readily verifi-
able system since unmarked reserve trees below 60 cm dbh are
impossible to identify, whereas it is fairly easy to verify that sensi-
tive species have been retained and that a stand has a specified
residual diameter distribution and maximum tree size. Ecologi-
cally, this approach would help maintain a diverse species compo-
sition and promote similar levels of CWD and tip-up mounds as in
reserve-tree retention, given the similar natural mortality rates un-
der these two approaches (Table 2). Yet our results suggest that
residual stands with an increased maximum diameter would also
result in much greater numbers of large trees and a forest structure
more closely resembling old growth than under the existing re-
serve-tree guidelines, but without causing further decreases in
harvest yields.
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J.J. Hanson et al. / Forest Ecology and Management 270 (2012) 94–107 105



Joint Venture agreement 04-JV11231300-046, the Connor
Hardwood Research Fund, and the College of Agricultural and Life
Sciences, University of Wisconsin-Madison. Helpful comments on
earlier versions of the manuscript were provided by E.L. Kruger,
B. Yandell, J. Buongiorno, D.J. Mladenoff, and two anonymous
reviewers.

References

Angers, V.A., Messier, C., Beaudet, M., Leduc, A., 2005. Comparing composition and
structure in old-growth and harvested (selection and diameter-limit cuts)
northern hardwood stands in Quebec. For. Ecol. Manage. 217, 275–293.

Annand, E.M., Thompson, F.R., 1997. Forest bird response to regeneration practices
in central hardwood forests. J. Wildl. Manage. 61, 159–171.

Aubry, K.B., Halpern, C.B., Peterson, C.E., 2009. Variable-retention harvests in the
Pacific Northwest: a review of short-term findings from the DEMO study. For.
Ecol. Manage. 258, 398–408.

Bakken, P.N., Cook, J.E., 1998. Regeneration potential of six habitat types common to
north-central Wisconsin. North. J. Appl. For. 15 (3), 116–123.

Bergeron, Y., Leduc, A., Harvey, B.D., Gauthier, S., 2002. Natural fire regime: a guide
for sustainable management of the Canadian boreal forest. Silva Fenn. 36, 81–
95.

Birch, K.R., Johnson, K.N., 1992. Stand-level wood production costs of leaving live,
mature trees at regeneration harvest in coastal Douglas-fir stands. West. J. Appl.
For. 7, 65–68.

Blomquist, S.M., Hunter, M.L., 2010. A multi-scale assessment of amphibian habitat
selection: wood frog response to timber harvesting. Ecoscience 17, 251–264.

Bohlen, P.J., Scheu, S., Hale, C.M., McLean, M.A., Migge, S., Groffman, P.M., Parkinson,
D., 2004. Non-native invasive earthworms as agents of change in northern
temperate forests. Front. Ecol. Environ. 2, 427–435.

Busing, R.T., Wu, X., 1990. Size-specific mortality, growth, and structure of a Great
Smoky Mountains red spruce population. Can. J. For. Res. 20, 206–210.

Carbonneau, L.E., 1986. Old-growth forest stands in New Hampshire: a preliminary
investigation. M.S. Thesis, University of New Hampshire, Durham, New
Hampshire, USA.

Choi, J., Lorimer, C.G., Vanderwerker, J., Cole, W.G., Martin, G.L., 2001. A crown
model for simulating long-term stand and gap dynamics in northern hardwood
forests. For. Ecol. Manage. 152, 235–258.

Choi, J., Lorimer, C.G., Vanderwerker, J.M., 2007. A simulation of the development
and restoration of old-growth structural features in northern hardwoods. For.
Ecol. Manage. 249, 204–220.

Corio, K., Wolf, A., Draney, M., Fewless, G., 2009. Exotic earthworms of great lakes
forests: a search for plant indicator species in maple forests. For. Ecol. Manage.
258, 1059–1066.

Costello, C.A., Yamasaki, M., Pekins, P.J., Leak, W.B., Neefus, C.D., 2000. Songbird
response to group selection harvests and clearcuts in a New Hampshire
northern hardwood forest. For. Ecol. Manage. 127, 41–54.

DeGraaf, R.M., Yamasaki, M., Leak, W.B., Lanier, J.W., 1992. New England wildlife:
management of forest habitats. USDA For. Serv. Gen. Tech. Rep. NE-144.

Erdmann, G.G., 1990. Betula alleghaniensis Britton. In: Burns, R.M., Honkala, B.H.
(Eds.), Silvics of North America, Volume 2, Hardwoods. USDA For. Serv.
Agriculture Handbook 654. U.S. Gov. Print. Office, Washington, DC, USA, pp.
133–147.

Evans, K.E., Connor, R.N., 1979. Snag management. In: DeGraaf, R.M., Evans, K.E.
(Eds.), Proceedings, Workshop on the Management of North Central and
Northeastern Forests for Nongame Birds, 23–25 January 1979, Minneapolis, MI,
USA, USDA For. Serv. Gen. Tech. Rep. NC-51, pp. 214–225.

Franklin, J.F., Mitchell, R.J., Palik, B.J., 2007. Natural disturbance and stand
development principles for ecological forestry. USDA For. Serv. Gen. Tech.
Rep. NRS-19. Northern Research Station, Newtown Square, PA, USA.

Fraver, S., Jonsson, B.G., Jonsson, M., Esseen, P., 2008. Demographics and disturbance
history of a boreal old-growth Picea abies forest. J. Veg. Sci. 19, 789–798.

Frelich, L.E., Lorimer, C.G., 1991a. A simulation of landscape-level stand dynamics in
the northern hardwood region. J. Ecol. 79, 223–233.

Frelich, L.E., Lorimer, C.G., 1991b. Natural disturbance regimes in hemlock-
hardwood forests of the upper Great Lakes region. Ecol. Mongr. 61, 145–164.

Gevorkiantz, S.R., Olsen, L.P., 1955. Composite volume tables for timber and their
application in the Lake States. U.S. Dept. Agric. Tech. Bull. 1104, Washington,
DC, USA.

Goodburn, J.M., Lorimer, C.G., 1998. Cavity trees and coarse woody debris in old-
growth and managed northern hardwood forests in Wisconsin and Michigan.
Can. J. For. Res. 28, 427–438.

Hale, C.M., Pastor, J., 1998. Nitrogen content, decay rates, and decompositional
dynamics of hollow vs. solid hardwood logs in hardwood forests of Minnesota,
USA. Can. J. For. Res. 28, 1276–1285.

Halpin, C.R., 2009. Simulated long-term effects of group selection on production,
efficiency, composition, and structure in northern hardwood and hemlock-
hardwood forests. M.S. Thesis, University of Wisconsin-Madison, Madison, WI,
USA.

Hansen, A.J., Garman, S.L., Weigand, J.F., Urban, D.L., McComb, W.C., Raphael, M.G.,
1995. Alternative silvicultural regimes in Pacific Northwest: simulations of
ecological and economic effects. Ecol. Appl. 5, 535–554.

Hanson, J.J., 2009. Emulating natural disturbance dynamics in northern hardwood
forests: long-term effects on species composition, forest structure, and yield.
Ph.D. Dissertation, University of Wisconsin-Madison, Madison, WI, USA.

Hanson, J.J., Lorimer, C.G., 2007. Forest structure and light regimes following
moderate wind storms: implications for multi-cohort management. Ecol. Appl.
17, 1325–1340.

Hanson, J.J., Lorimer, C.G., Halpin, C.R., 2011. Predicting long-term sapling dynamics
and canopy recruitment in northern hardwood forests. Can. J. For. Res. 41, 903–
919.

Jackson, J.A., 1979. Tree surfaces as foraging substrates for insectivorous birds. In:
Dickson, J.G., Conner, R.N., Fleet, R.A., Kroll, J.C., Jackson, J.A. (Eds.), The Role of
Insectivorous Birds in Forest Ecosystems. Academic Press, New York, NY, USA,
pp. 69–93.

Jenkins, J., 1995. Notes on the Adirondack Blowdown of July 15, 1995: Scientific
Background, Observations, and Policy Issues. Wildlife Conservation Society,
Bronx, New York.

Keeton, W.S., 2006. Managing for late-successional/old-growth characteristics in
northern hardwood-conifer forests. For. Ecol. Manage. 235, 129–142.

Kohn, B.E., Eckstein, R.G., 1987. Status of marten in Wisconsin, 1985. Wisconsin
Dept. of Nat. Res. Research Rep., Madison, WI, USA.

Kotar, J., Kovach, J.A., Burger, T.L., 2002. Forest Communities and Habitat Types of
Northern Wisconsin, second ed. Department of Forest Ecology and
Management, University of Wisconsin-Madison, Madison, WI, USA.

Leak, W.B., 1999. Species composition and structure of a northern hardwood stand
after 61 years of group/patch selection. North. J. Appl. For. 16, 151–153.

Lorimer, C.G., Frelich, L.E., 1998. A structural alternative to chronosequence analysis
for uneven-aged northern hardwood forests. J. Sustain. For. 6, 347–366.

Lorimer, C.G., Dahir, S.E., Nordheim, E.V., 2001. Tree mortality rates and longevity in
mature and old-growth hemlock-hardwood forests. J. Ecol. 89, 960–971.

Marquis, D.A., 1978. Application of uneven-aged silviculture and management on
public and private lands. In: Proceedings: Uneven-aged Silviculture and
Management in the United States. USDA For. Serv. Gen. Tech. Rep. WO-24,
Washington, DC, USA.

Mazurek, M.J., Zielinski, W.J., 2004. Individual legacy trees influence vertebrate
wildlife diversity in commercial forests. For. Ecol. Manage. 193, 321–334.

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

McKenny, H.C., Keeton, W.S., Donovan, T.M., 2006. Effects of structural complexity
enhancement on eastern red-backed salamander (Plethodon cinereus)
populations in northern hardwood forests. For. Ecol. Manage. 230, 186–196.

Osawa, A., Sugita, S., 1989. The self-thinning rule: another interpretation of Weller’s
results. Ecology 70, 279–283.

Prey, A.J., Hall, D.J., Cummings-Carlson, J., 1988. Forest Pest Conditions in
Wisconsin: Annual Report 1988. Department of Natural Resources, Madison,
WI, USA.

Rooney, T.P., McCormick, R.J., Solheim, S.L., Waller, D.M., 2000. Regional variation in
recruitment of hemlock seedlings and saplings in the upper Great Lakes, USA.
Ecol. Appl. 10, 1119–1132.

Rose, C.R., Muir, P.S., 1997. Green-tree retention: consequences for timber
production in forests of the western Cascades, Oregon. Ecol. Appl. 7, 209–
217.

Salk, T.T., Frelich, L.E., Suigita, S., Calcote, R., Ferrari, J., Montgomery, R., 2011. Poor
recruitment is changing the structure and species composition of an old-growth
hemlock-hardwood forest. For. Ecol. Manage. 261, 1998–2006.

Schulte, L.A., Mladenoff, D.J., 2005. Severe wind and fire regimes in northern forests:
historical variability at the regional scale. Ecology 86, 431–445.

Smith, K.J., Keeton, W.S., Twery, M.J., Tobl, D.R., 2008. Understory plant responses to
uneven-aged forestry alternatives in northern hardwood-conifer forests. Can. J.
For. Res. 38, 1303–1318.

Spetich, M.A., Shifley, S.R., Parker, G.R., 1999. Regional distribution and dynamics of
coarse woody debris in Midwestern old-growth forests. For. Sci. 45, 302–313.

Stokland, J.N., Larsson, K.-H., 2011. Legacies from natural forest dynamics: different
effects of forest management on wood-inhabiting fungi in pine and spruce
forests. For. Ecol. Manage. 261, 1707–1721.

Stribling, H.L., Smith, H.R., Yahner, R.H., 1990. Bird community response to timber
stand improvement and snag retention. North. J. Appl. For. 7, 35–38.

Strong, T.F., 2005. Productivity of second-growth hardwoods in northern Wisconsin
after fifty years of alternative silvicultural practices. Unpub. manuscript on file,
USDA Forest Service, Northern Research Sta., Grand Rapids, MN, USA.

Strong, T.F., Erdman, G.G., Niese, J.N., 1995. Forty years of alternative management
practices in second-growth, pole-size northern hardwoods. I. Tree quality
development. Can. J. For. Res. 25, 1173–1179.

Sullivan, T.P., Sullivan, D.S., Lindgren, P.M.F., 2008. Influence of variable retention
harvests on forest ecosystems: plant and mammal responses up to 8 years post-
harvest. For. Ecol. Manage. 258, 398–408.

Tubbs, C.H., 1977. Manager’s handbook for northern hardwoods in the North
Central States. USDA For. Serv. Gen. Tech. Rep. NC-39. North Central Forest
Experiment Station, St. Paul, MN, USA.

Tyrrell, L.E., Crow, T.R., 1994a. Dynamics of dead wood in old-growth hemlock-
hardwood forests of northern Wisconsin and northern Michigan. Can. J. For. Res.
24, 1672–1683.

Tyrrell, L.E., Crow, T.R., 1994b. Structural characteristics of old-growth hemlock-
hardwood forests in relation to age. Ecology 75, 370–386.

USDA Forest Service, 2004. Land and Resource Management Plan. Chequamegon-
Nicolet National Forests, Park Falls and Rhinelander, Wisconsin, USA.

106 J.J. Hanson et al. / Forest Ecology and Management 270 (2012) 94–107



USDA Forest Service, 2005. Environmental Assessment: Managed Old-growth
Research on the Argonne Experimental Forest. Eagle River-Florence Ranger
District, Chequamegon-Nicolet National Forest, Wisconsin.

Vanderwel, M.C., Caspersen, J.P., Woods, M.E., 2006. Snag dynamics in partially
harvested and unmanaged northern hardwood forests. Can. J. For. Res. 36,
2769–2779.

Webster, C.R., Lorimer, C.G., 2005. Minimum opening sizes for canopy recruitment
of midtolerant tree species: a retrospective approach. Ecol. Appl. 15, 1245–
1262.

Westoby, M., 1984. The self-thinning rule. Adv. Ecol. Res. 14, 167–225.
Witt, J.C., Webster, C.R., 2010. Regeneration dynamics in remnant Tsuga canadensis

stands in the northern Lake States: potential direct and indirect effects of
herbivory. For. Ecol. Manage. 260, 519–525.

Woods, K.D., 2004. Intermediate disturbance in a late-successional hemlock-
northern hardwood forest. J. Ecol. 92, 464–476.

Zenner, E.K., Acker, S.A., Emmingham, W.H., 1998. Growth reduction in harvest-age,
coniferous forests with residual trees in the western central Cascade Range of
Oregon. For. Ecol. Manage. 102, 75–88.

J.J. Hanson et al. / Forest Ecology and Management 270 (2012) 94–107 107




