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Abstract: Long-term silvicultural trials contribute to sustainable forest management by providing a better scientific un-
derstanding of how forest ecosystems respond to periodic timber harvesting. In this study, species composition, diver-
sity, and net periodic growth of tree species in a mixed mesophytic forest in the central Appalachians were evaluated
after about a half century of management. Three partial cutting practices on 18 research compartments and on 3
unmanaged reference compartments were evaluated (1951–2001) on 280 ha. Single-tree selection, diameter-limit har-
vesting, and timber harvesting in 0.162-ha patches were assessed on three northern red oak site index50 (SI) classes:
24, 21, and 18. Shannon–Weiner’s diversity index (H′) declined from the first (1951–1959) to last (1987–2001) mea-
surements and was related to both SI (P = 0.004) and treatment (P = 0.009). Sugar maple (Acer saccharum Marsh.)
and red maple (Acer rubrum L.) were the two most abundant species in recent years (1987–2001); in contrast, in initial
inventories (1951–1959), northern red oak (Quercus rubra L.) and chestnut oak (Quercus prinus L.) were most abun-
dant. Net periodic annual increment (PAI) of merchantable trees (DBH ≥12.7 cm) was related to both SI (P = 0.004)
and treatment (P = 0.003). Mean PAI ranged from 4.6 m3·ha–1·year–1 for single-tree selection to 2.5 m3·ha–1·year–1 for
unmanaged reference areas across all SI classes. The decline of oak species suggests that only intensive and specific
forest management focused on maintaining oak species can obtain historical levels of diversity.

Résumé : Les expériences sylvicoles à long terme contribuent à l’aménagement forestier durable en procurant une
meilleure compréhension scientifique de la façon dont les écosystèmes forestiers réagissent à une récolte périodique de
matière ligneuse. Dans cet article, la composition en espèces, la diversité et la croissance périodique nette des espèces
arborescentes dans une forêt mésique mixte de la zone centrale des Appalaches ont été évaluées après un demi-siècle
d’aménagement. Trois méthodes de coupe partielle dans 18 compartiments expérimentaux et trois compartiments té-
moins non aménagés ont été évalués (1951–2001) sur une superficie de 280 ha. La coupe de jardinage par pied
d’arbre, la coupe à diamètre limite et la coupe par trouées de 0,162 ha ont été évaluées pour trois classes d’indice50 de
station du chêne rouge : 24, 21 et 18. L’indice de diversité de Shannon–Weiner (H′) a diminué du premier (1951–
1959) au dernier (1987–2001) inventaire et était relié à la fois à l’indice de station (P = 0,004) et au traitement (P =
0,009). L’érable à sucre (Acer saccharum Marsh.) et l’érable rouge (Acer rubrum L.) étaient les deux espèces les plus
abondantes au cours des dernières années (1987–2001), alors que le chêne rouge (Quercu rubra L.) et le chêne châtai-
gnier (Querca prinus L.) étaient les espèces les plus abondantes lors des premiers inventaires (1951–1959). L’accrois-
sement périodique net des tiges marchandes (dhp ≥ 12,7 cm) était relié à la fois à l’indice de station (P = 0,004) et au
traitement (P = 0,003). L’accroissement périodique moyen pour l’ensemble des catégories d’indice de station variait de
4,6 m3·ha–1·an–1 dans le cas du jardinage par pied d’arbre à 2,5 m3·ha–1·an–1 dans les compartiments témoins non amé-
nagés. La disparition des espèces de chênes montre que seul un aménagement forestier intensif et spécifique qui met
l’accent sur le maintien des espèces de chênes peut atteindre des niveaux historiques de diversité.
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Introduction

Partial harvesting is currently the dominant form of timber
harvesting in central Appalachian forests (Fajvan et al.
1998). Most of the owners of nonindustrial private forest
land who choose partial cutting are motivated more by the
desire to harvest commercially valuable timber than by the
desire to develop the future stand through silvicultural plan-
ning (Nyland 1992). Selective cutting that removes only
large-diameter trees, often called diameter-limit harvesting,

is thought to degrade product yields through time (Nyland
1996). However, partial harvesting allows the landowner to
maintain a continuous forest cover. In the central Appala-
chians, single-tree selection (Lamson and Smith 1991) and
the more common diameter-limit harvesting (Fajvan et al.
1998) favor a preponderance of shade-tolerant species
(Smith and Miller 1987; Schuler and Gillespie 2000). This
often results in less oak (Quercus L.), yellow-poplar (Lirio-
dendron tulipifera L.), and black cherry (Prunus serotina
Ehrh.) and more maple (Acer L.), American beech (Fagus
grandifolia Ehrh.), and American basswood (Tilia ameri-
cana L.). Oaks are important commercially for sawtimber
and veneer, and the associated hard mast production pro-
vides an important winter food source for a multitude of spe-
cies (Wentworth et al. 1992; Wolff 1996). Shade-intolerant
black cherry is important to many landowners because it has
the greatest commercial value of any species in the region.
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Yellow-poplar is also a shade-intolerant, fast-growing spe-
cies but often has commercial values less than those of oaks,
black cherry, and sugar maple (Acer saccharum Marsh.). In
addition to changes in commercial value of species associ-
ated with partial harvesting, associated declines in merchant-
able wood yield have been predicted because shade-tolerant
trees often have slower growth rates (Trimble 1967; Smith
and Debald 1975), although the extent of such declines has
not been documented. Moreover, sustainable forest manage-
ment as defined by the Montreal Process (Montreal Process
Criterion and Indicators 1998) includes the maintenance of
forest productive capacity and the conservation of biological
diversity. A reduction in either forest productivity or some
aspect of biological diversity associated with some forms of
partial harvesting practices may be inconsistent with sustain-
able forest management.

Changes in species composition and possible associated
changes in forest productivity after timber harvesting also
have important implications with respect to management op-
tions available to individual owners in subsequent timber
harvesting operations and to regional forest industries that
rely on selected species for specific markets and products. In
addition, a decline in oaks and other species that produce
hard mast could adversely affect populations of certain wild-
life species. A dramatic example of such a decline is the vir-
tual extirpation of American chestnut (Castanea dentata
(Marsh.) Borkh.) in the early 1900s, as a result of chestnut
blight (Weitzman 1949). In the absence of chestnut, oaks are
a critical winter food source for numerous wildlife game
species, small mammals, and nongame birds (Wentworth et
al. 1992; Wolff 1996; McShea 2000). Changes in species
composition also suggest potential changes in species diver-
sity, which has statutory and ecological implications. For ex-
ample, the National Forest Management Act of 1976 directs
the USDA Forest Service to maintain the diversity of tree
species present at the onset of management activities. Espe-
cially diverse stands are of particular interest because they
may be more resilient to some forms of perturbation
(McNaughton 1977) and better able to adapt to the severe
climatic changes predicted for the 21st century (Iverson and
Prasad 1998).

To better understand partial harvesting and its impacts on
forest stand dynamics, three partial cutting practices, in con-
junction with the monitoring of three unmanaged reference
stands, were applied experimentally and monitored for
50 years (1951–2001) on the Fernow Experimental Forest, in
West Virginia. Single-tree selection that used carefully de-
fined goals for residual stand structure, diameter-limit har-
vesting that lacked a residual stand structure goal, and
timber harvesting in small patches (0.162 ha) were used to
assess the long-term effects of these harvesting and (or) re-
generation systems. In this study, the number of patches har-
vested at each cutting cycle within each compartment was
regulated by area control. The long-term objective was to
achieve a balanced age-class distribution in the compart-
ment.

Using portions of this experimental framework, past anal-
yses have addressed numerous forest management concerns,
including residual tree quality following partial cutting
(Trimble and Smith 1970; Smith et al. 1994), composition of
natural regeneration (Smith and Miller 1987; Miller et al.

1995), forest economics (Miller 1991, 1993), growth and
yield (Trimble 1961, 1970), and forest management effects
on water yield (Troendle 1979). My objective was to use the
experimental design as intended by the original investigators
to assess treatment-, site-, and time-related effects on species
composition and forest productivity, including the potential
interaction between species composition and productivity
through time. I hypothesized that as species composition be-
came more dominated by shade-tolerant species, productiv-
ity would decline.

Materials and methods

Study area
This study was conducted on the Fernow Experimental

Forest (39.03°N, 79.67°W) within the Monongahela Na-
tional Forest. Elevations on the Fernow range from about
530 to 1115 m above sea level. The average growing season
is 145 days (May–October), and the mean annual precipita-
tion is about 1430 mm, which is distributed evenly through-
out the year (Pan et al. 1997). The ecological land type of
the Fernow is referred to as the Allegheny Mountains of the
Central Appalachian Broadleaf Forest (McNab and Avers
1994). This study encompasses 21 management units or
compartments on 280 ha (Table 1, Fig. 1). These units were
selected because they were representative of many sites
throughout the Appalachian Plateau as defined by Braun
(1950), including the Allegheny Mountains of northern West
Virginia, western Maryland, and central Pennsylvania; the
unglaciated Allegheny Plateau of western West Virginia,
western Pennsylvania, and southwestern Ohio; and the Cum-
berland Mountains of eastern Kentucky. Of the several forest
types in the region, the white oak – black oak group and the
red oak – sugar maple group as defined by Smith (1995) ap-
proximate the range of forest types and potential productiv-
ity of sites found on the Fernow. In this study, site quality is
divided into three classes as determined by northern red oak
site index50 (SI): 24 (22.5 m = SI < 25.5 m), 21 (19.5 m =
SI < 22.5 m), and 18 (16.5 m = SI < 19.5 m). The oak SI of
Schnur (1937) was determined for each compartment by
field sampling, using the equation developed by Trimble and
Weitzman (1956).

The tract of land that later became the Fernow Experi-
mental Forest was logged initially between 1903 and 1911
(Trimble 1977), during the railroad logging era. During this
period, some trees were left uncut because of their insuffi-
cient size or poor form or because the species was consid-
ered undesirable. The federal government purchased the land
in 1915 and began forest and watershed research in 1933.
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SI (no. of compartments/area in ha)a

Treatment 24 21 18 Total

Diameter-limit harvesting 2/44 2/35 2/16 6/95
Single-tree selection 2/42 2/22 2/9 6/73
Patch cutting 2/24 2/26 2/23 6/73
Reference (unmanaged) 1/28 1/5 1/5 3/38
Total 7/138 7/89 7/53 21/280

aNorthern red oak SI (m) at base age 50 years. SI, site index50.

Table 1. Number and area of research compartments used to as-
sess alternative silvicultural systems, by treatment and SI.



When this study was initiated, in 1950, stands were predom-
inantly even aged and 38–45 years old, with variable densi-
ties of old-growth residual trees. Species composition was
complex (Table A1) and varied with site (aspect, slope posi-
tion, soil characteristics) and disturbance history, but it has
generally been described as mixed mesophytic (Braun
1950), with northern red oak (Quercus rubra L.) and sugar
maple more common on the relatively mesic sites, such as
coves and north-facing slopes; and chestnut oak (Quercus
prinus L.) and red maple (Acer rubrum L.) more common on
the relatively xeric sites, such as ridge tops and south-facing
slopes. Soils of the Fernow are predominantly of the
Belmont and Calvin series (Losche and Beverage 1967). The
Belmont soils are derived from Greenbrier Limestone, along
with some sandstones and shales. The Calvin soils are de-
rived from sandstone and shale and are more acidic and less
fertile than the Belmont soils. Both are well-drained, me-
dium-textured loams and silt loams, with an average depth
of about 1 m. Understory vegetation is species rich and is
dependent on site and disturbance history (Gilliam et al.
1995). Chestnut blight caused by Cryphonectria parasitica
(Murr.) Barr, first noted in West Virginia as early as 1909,
resulted in a 25% reduction in the volume of standing timber
on the Fernow during the 1930s (Weitzman 1949).

Data collection
Field inventories were conducted for all trees more than

12.7 cm in diameter at breast height (DBH) by 5.08-cm
classes and species before the first cut and usually just be-
fore each management intervention cycle (e.g., 10, 15, or

20 years thereafter) (Table 2). Smaller trees were not sam-
pled systematically, because natural regeneration was not a
formal study objective. Also, it was assumed that ingrowth
into the smallest diameter class would eventually character-
ize the successful tree regeneration. Each tree was recorded
as merchantable, cull (unmerchantable), or dead. Most cull
material was cut during the first or second stand intervention
and is no longer prominent in the managed compartments.
The first inventories and assigned treatments were started in
1951 (Tables 1 and 2). The first phase of inventories and
(or) treatments was completed by 1959 on all 21 compart-
ments. Since the study was initiated the compartments as-
signed to this study have been manipulated according to the
guidelines of the study only. All marked trees were tallied at
each intervention, and residual stand structure following log-
ging was calculated from the initial or recruise information
less the species and diameter of trees removed. Logging
crews made separate tallies of all trees not marked for cut
that were damaged and cut during timber harvesting. Cubic
volume estimates used in this analysis were developed from
local volume tables derived from sites throughout the
Fernow. In the 1950s, volume tables were constructed for
each compartment. In 1971, the original data were used to
revise the cubic volume tables for SI and species. The cubic
volume of each tree ≥12.7 cm in DBH to a minimum top di-
ameter of 10.2 cm was determined, and all volumes pre-
sented in this study are based on the 1971 revisions.
Periodically, and most recently in 2002, volume tables were
checked for validity; they continue to serve as useful estima-
tors of actual tree volume. Because cubic volume in English
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Fig. 1. Locations of study compartments in the Fernow Experimental Forest by SI class and treatment. Note: dl, diameter-limit harvest-
ing; patch, patch cutting; ref, unmanaged reference stands; SI, site index50; sts, single-tree selection.



units was used originally, a simple mathematical conversion
to metric units was possible. Net periodic annual increment
(PAI) of merchantable trees (DBH ≥12.7 cm) was computed
as the difference in ending and initial merchantable volumes,
plus harvest volume, divided by the number of years within
the cutting and (or) inventory cycle. Dead trees are not usu-
ally merchantable and were not included in the productivity
estimates.

Silvicultural treatments
Guidelines for each treatment and SI combination are de-

scribed in Table 2. Each treatment was adjusted for the range
of site quality present on the Fernow. For example, cutting
cycles for the patch cutting treatment were longer on lower
quality sites (Table 2). The criteria used are reasonable ap-
proximations of what has been recommended or used for the
range of sites involved, but they have not been tested for
optimality.

The q factor for the single-tree selection (Table 2) refers
to one aspect of residual stand structure following a harvest
operation. A q of 1.3 means that each consecutively smaller
5.08-cm DBH class contains 1.3 times more stems than the

preceding class for the range of size classes managed. Trees
with a DBH of less than 28 cm were not treated according to
a desired residual stand structure, because they could not be
sold as sawlogs and had little monetary value as pulpwood.
In the 1950s, during the study’s inception, managing trees
smaller than 28 cm in DBH had little potential to be adopted
operationally, and the original investigators chose to con-
strain their experimental treatments accordingly. Subsequent
research has shown little difference in productivity and only
minimal influence on species composition between stands
managed with single-tree selection to a minimum DBH of
28 cm and stands managed to a minimum DBH of about
13 cm (Smith and Miller 1987). Ideally, residual stand struc-
tures managed in this manner will have a reverse J-shaped
size-class distribution. The history and use of such an ap-
proach to uneven-age management is described in Nyland
(1996).

Patch cutting in circular openings (0.162 ha) was regu-
lated by area control. Rotation age divided by the length of
the cutting cycle determined the number of harvests in a ro-
tation. The area of the compartment divided by the number
of harvests in a rotation determined the total area of harvest
at each cutting cycle. In addition, the total area harvested at
each cutting cycle divided by patch opening size determined
the approximate number of patches harvested at each cutting
cycle. The original investigators believed that the size of
patch openings used was sufficient to encourage the estab-
lishment of shade-intolerant species (Tryon and Trimble
1969).

Additional treatments in the diameter-limit compartments
were minimal. At each cutting cycle, in addition to trees
above the specified DBH (Table 2), all cull trees or trees of
extremely low quality and high-risk trees were marked for
cutting. As cull trees are not merchantable, they were not in-
cluded in the PAI estimates reported.

Data analysis
The Shannon–Weiner diversity index (H′) (Whittaker

1972) and Pielou’s evenness index (J′) (Pielou 1969) were
calculated on the basis of species relative density (species
stem density / total stem density for DBH ≥12.7 cm) for all
periods and management scenarios. This index is largely in-
dependent of sample size (Magurran 1988), which for this
study was important for dealing with compartments of un-
equal size. Relative stem density alone was used for ordina-
tions and calculations involving H′, J′ because population
and community dynamics were of primary interest. Basal
area alone or combined with relative stem density could
mask the importance of emerging overstory populations
where dominant overstory species are no longer being re-
cruited in smaller size classes.

Because communities can change without affecting mea-
sures of diversity, i.e., one species replaces another, we also
assessed species composition through time, using an ordina-
tion technique called nonmetric multidimensional scaling
(NMS) (McCune and Mefford 1999). An iterative procedure
that is particularly appropriate for ecological applications
(Clarke 1993), NMS was conducted using the Sorensen dis-
tance measure with 60 runs of real data and 50 runs of ran-
domized data (maximum of 200 iterations for each run) for a
Monte Carlo test of significance. Following a finding that
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(a) Single-tree selection.

SIa
Cutting cycle
(years)

RBAb

(m2·ha–1)
LDTc

(cm) q Compartment

24 10 14.9 81.3 1.3 ws5a, 20a
21 10 11.5 66.0 1.3 7c, 16b
18 15 8.0 50.8 1.3 ws5b, 19b

(b) Diameter-limit harvesting.

SI
Cutting cycle
(years)

Harvest
DBHd

(cm) Compartment

24 15 43.2 ws2a, 17a
21 15 43.2 27a, 9a
18 20 43.2 ws2b, 20c

(c) Patch cutting.

SI
Cutting cycle
(years)

Rotation
age Compartment

24 10 65 18a, 17a
21 10 75 30, 18b
18 15 85 17c, 18c

(d) Unmanaged.

SI Compartment

24 ws4a
21 ws4b
18 ws4c

Note: See Fig. 1 for location of compartment; Table 1, for area of
compartments. DBH, diameter at breast height; LDT, largest diameter-
class tree; q factor, see explanation in text; RBA, residual basal area; SI,
site index50.

aRed oak SI (m) at base age 50 years.
bDesired RBA of trees with DBH ≥ 28 cm.
cLDT to retain in the residual stand structure (e.g., 81.3 represents the

center of a 5.08-cm DBH class).
dTrees with DBH ≥ 43.2 cm are harvested at each cutting cycle.

Table 2. Characteristics of silvicultural treatments and compart-
ments used on the Fernow Experimental Forest.



the results probably were not due to chance (P = 0.020), a
three-dimensional solution was chosen for the final iterative
ordination; the best ending point in the preliminary analysis
was used as the starting point in the final run. Coefficients
of determination (R2) for each ordination axis were calcu-
lated as a proportion of the variation explained in the re-
duced matrix relative to that in the original matrix. Unlike
other ordination techniques, NMS axis order does not corre-
late with the relative strength of the axis.

Univariate analysis of variance was used to discern differ-
ences in mean PAI related to treatments and SI. Both treat-
ment and site classification were considered fixed effects.
Model adequacy was evaluated using graphical and statisti-
cal techniques, including the Shapiro–Wilkes statistic, which
tests the expected normality of the error component. Resid-
uals were also plotted against both the predicted values and
the independent variables to verify the assumption of con-
stant variance. PAI means for each SI class and silvicultural
treatment were plotted to expose significant interactions.

Repeated measures analyses were used to evaluate
changes in productivity and diversity through time. Because
management–measurement cycles differed somewhat across
treatments (Table 2), the effects of time on PAI were evalu-
ated separately for each treatment. To achieve adequate rep-
lication for a repeated measures analysis, data from SI
classes 21 and 24 were combined after preliminary analysis
indicated no significant differences in overall productivity,
similar species composition, and equal cutting cycles (SI 18
cutting cycles were longer). Greater experimental replication
may have permitted statistical differentiation between SI 21
and SI 24 compartments. Therefore, the results of the com-
bined repeated measures analysis of these two SI classes
should be interpreted with this mind. For patch cutting and
single-tree selection, only compartments with five inventory
cycles (40 years total) were used. This provided four re-
peated estimates of productivity (n = 3 compartments for
each silvicultural treatment with five inventory cycles). For
diameter-limit cutting, only compartments with four inven-
tory cycles (45 years total) were used. This provided three
repeated estimates of productivity (n = 3 compartments).
Data from SI 18 compartments were not evaluated, because
of insufficient replication for a repeated measures analysis.
Temporal changes in measures of diversity (H′, J′, and spe-
cies richness) from the initial to the most recent conditions
were evaluated by repeated measure analysis, but somewhat
differently than for PAI. Results from all compartments were
combined using the first and last calculations of diversity.
Site index50 (height of the tallest trees at age 50), silvi-
cultural treatment, time, and all potential interactions were
considered fixed effects. To eliminate different inventory cy-
cles and numbers of inventories, only the first (1951–1959)
and most recent (1987–2001) inventories were used.

Results

Species composition and diversity
Thirty-two species of trees were identified during inven-

tory dates in the period 1951–2001 within the study area
(Table A1). During the most recent inventories, sugar maple
and red maple were the two most abundant species, as mea-
sured by relative density. This was a notable change from

the initial inventories, when northern red oak and chestnut
oak were the most abundant species. Northern red oak and
chestnut oak declined to the third and eighth most abundant
species, respectively. Apart from the maples, only American
beech and black birch (Betula lenta L.) increased in impor-
tance: they represented at least 5% of overall relative density
at the most recent inventory dates. All other species declined
or were minor components of species composition.

There have been significant changes in compartment-level
measures of diversity throughout this study, according to the
first and last inventories. These changes were related to both
SI and silvicultural treatment. In the repeated measures anal-
ysis of H′, both time × SI (P = 0.004) and time × treatment
(P = 0.009) interactions were significant. Unmanaged refer-
ence and single-tree selection compartments were most nota-
ble with respect to declining diversity, and both differed
significantly from initial conditions (Fig. 2a). Regardless of
treatment, SI classes 21 and 24 were more diverse than SI 18
compartments when the study was initiated. However,
through time, these classes (SI 21 and SI 24) have declined
in diversity, while SI 18 has not (Fig. 2b). As a result, H′ no
longer differs across SI classes when compared using the
Tukey–Kramer mean comparison procedure. The time ×
treatment interaction was also significant (P = 0.005) when
species richness was assessed, and this partially explains the
reduction in H′. In the unmanaged reference areas, species
richness declined significantly (P = 0.020, with the Tukey–
Kramer mean comparison procedure) from a mean of 21.33
during the first inventory cycle to 19.0 most recently. In the
analysis of evenness through time, J′ was significantly re-
lated to the time × SI interaction (P = 0.016). Evenness did
not change appreciably on SI 18 compartments (P = 0.635),
but it did decline on SI 21 (P = 0.001) and SI 24 (P <
0.001). Consequently, the decline in H′ was due to the re-
duction in evenness for these SI classes.

Additional understanding of how overstory communities
have changed through time was reflected in the NMS ordina-
tion. The proportion of variance explained in the final three-
dimensional ordination was 23.7% for axis 1, 28.9% for axis
2, and 40.3% for axis 3 (cumulative R2 = 92.9%), indicating
compartments were well separated in species space of the
ordination. The first-ordination axis represented temporal
change and was negatively correlated with the year of inven-
tory (r = –0.545) when assessed from a secondary matrix.
Northern red oak, white oak (Quercus alba L.), chestnut
oak, and scarlet oak (Quercus coccinea Muenchh.) were
positively correlated with axis 1 (i.e., they were less abun-
dant through time) (Table 3). Conversely, sugar maple, yel-
low birch (Betula alleghaniensis Britton), black birch, and
American beech were all negatively correlated with axis 1
(i.e., they were more abundant through time). Compartments
along the second-ordination axis represented a gradient of
species associations related to moisture and were negatively
correlated with abundance of mesic species, such as sugar
maple, black cherry, and yellow-poplar, and positively corre-
lated with more xeric-tolerant species, such as red maple and
chestnut oak (Table 3). Compartment SI had a strong nega-
tive correlation with NMS axis 2 (r = –0.755) when evalu-
ated from a secondary matrix (Fig. 3). The third-ordination
axis was positively correlated with H′ (r = 0.399) and nega-
tively correlated with SI (r = –0.438) and PAI (r = –0.327)
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when evaluated from a secondary matrix, somewhat reflect-
ing earlier results that showed that SI 18 compartments had
the lowest initial diversity characteristics. Axis 3 also juxta-
poses diversity (H′) with productivity.

The temporal trend in the ordination is a consistent move-
ment of virtually all compartments toward the lower left
quadrant of the first- and third-ordination axes (Fig. 4). This
trend was not visibly related to the imposed treatment
(Fig. 4). Even after 50 years of manipulation, SI rather than
treatment appears to be the critical factor with regard to spe-
cies composition, as illustrated by the spatial arrangement of
the compartments in species space when SI is used as a
grouping variable (Fig. 3). Compartments with an SI of 18
had the highest axis-2 scores and were spatially distinct
from the others in the ordination. The exception was com-
partment ws2a (SI 24), which occupies the entire eastern
half of a small watershed from the stream channel to a broad
ridgeline. Portions of ws2a near the ridgeline are more xeric
than other SI 24 compartments, possibly accounting for this
inconsistency.

Productivity
The model predicting overall PAI (mean PAI during study

duration) from site and treatment was highly significant (P <
0.001). PAI was related to both SI (P = 0.034) and silvi-

cultural treatment (P < 0.001). The unmanaged reference
compartments had the lowest productivity and were signifi-
cantly different from the managed compartments (Table 4).
The type of treatment was not significant in terms of produc-
tivity, given the variation within treatments. However, over-
all PAI was about 80% greater in stands managed with
single-tree selection than in the unmanaged areas for all SI
combined. PAI was significantly different (α = 0.05) for SI
24 and SI 18, but neither differed from SI 21 (Table 4).

Changes in PAI through time were evaluated by combin-
ing the data from SI 21 and SI 24 to achieve adequate repli-
cation, following the similarities documented earlier with
respect to species composition and mean PAI during the past
50 years. A change in PAI was significant with respect to time
for the diameter-limit treatment only (P = 0.047). There was
not a significant quadratic term, indicating a linear response
through time (Fig. 5). Mean periodic increment for the diame-
ter-limit compartments increased from 4.3 m3·ha–1·year–1 dur-
ing the first 15-year period to 4.8 m3·ha–1·year–1 during the
third 15-year period. In contrast, declining trends for the
other treatments are suggested graphically, but they were not
significant in the repeated measures analysis (P[sts] = 0.602,
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Fig. 2. Mean Shannon–Weiner diversity index (H′) stratified by
treatment (a) and SI class (b). Vertical lines represent ±1 SE.
Mean H′ declined significantly through time (α = 0.05) for sts
and ref treatments and SI 21 and SI 24 (evaluated using the
Tukey–Krammer adjustment for multiple comparisons). Note: dl,
diameter-limit harvesting; patch, patch cutting; ref, unmanaged
reference stands; SI, site index50; sts, single-tree selection.

Species Axis 1 Axis 2 Axis 3

Picea rubra –0.005 0.131 –0.109
Tsuga canadensis –0.380 –0.163 0.260
Populus grandidentata 0.343 0.192 0.206
Juglans cinerea 0.196 –0.451 –0.289
Juglans nigra –0.118 –0.280 –0.050
Carya cordiformis 0.152 –0.579 –0.534
Carya ovata 0.015 –0.269 –0.342
Ostrya virginiana –0.364 –0.286 –0.550
Betula lenta –0.315 –0.270 0.410
Betula alleghaniensis –0.448 –0.324 0.304
Fagus grandifolia –0.366 –0.042 0.348
Quercus alba 0.707 0.513 0.357
Quercus prinus 0.746 0.633 0.604
Quercus rubra 0.556 0.343 –0.314
Quercus coccinea 0.330 0.487 0.198
Quercus velutina –0.005 0.004 0.010
Ulmus rubra –0.190 –0.403 –0.288
Magnolia acuminata –0.161 0.147 0.434
Magnolia fraseri –0.203 0.336 0.444
Lirodendron tulipifera –0.377 –0.694 0.123
Sassafras albidum 0.338 0.327 0.596
Amelanchier arborea 0.114 0.462 0.596
Prunus pensylvanica –0.240 0.066 –0.213
Prunus serotina –0.093 –0.597 –0.682
Robinia pseudoacacia 0.411 –0.262 0.274
Acer saccharum –0.596 –0.462 –0.816
Acer rubrum 0.033 0.807 0.346
Tilia americana –0.365 –0.457 –0.514
Nyssa sylvatica 0.606 0.389 0.662
Cornus florida 0.234 –0.019 0.077
Oxydendrum arboreum 0.293 0.449 0.542
Fraxinus americana –0.246 –0.613 –0.741

Table 3. Correlation matrix of relative stem density
and final scores of the nonmetric multidimensional
scaling ordination for each species.



P[patch] = 0.143, P[ref] = 0.149, where sts refers to single-tree
selection; patch refers to patch cutting; and ref refers to
unmanaged reference stands).

Discussion

In this study, temporal shifts in species composition cor-
roborate local and regional forest trends, which indicate a
decline in all oaks and hickories (Carya Nutt. spp.) and an
increase in red and sugar maples (Parker et al. 1985; Abrams
and Downs 1990; Schuler and Gillespie 2000). This trend is
often accompanied by a concomitant decline in diversity. In
terms of forest management options, this decline in oak and
sympatric species has been partially offset for several de-

cades because of abundant oaks in smaller size classes that
were recruited into the commercial classes as canopy
dominants were harvested periodically. For example, before
treatment began in 1954, there were more than 350 red and
chestnut oaks in the 15-cm DBH class alone in compartment
9a (one compartment of the diameter-limit treatment). By
2001, there were fewer than 50 oak stems in the same size
class, or about 2 oaks·ha–1. Based on the probability of virtu-
ally no new recruitment and the expected diameter growth
rate of about 5 cm·decade–1 (Lamson and Smith 1991), all of
the remaining oak will be harvested in about 50–60 years,
according to the 43-cm DBH diameter-limit protocol used in
this study. Smaller minimum diameters (e.g., 30 cm), often
used in commercial logging operations, would shorten this
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Fig. 3. Nonmetric multidimensional scaling ordination (axes 1 and 2) of research compartments grouped by SI class. Points are identi-
fied by compartment number and year of observation. Vectors radiating from the center of the ordination graph indicate the correlation
of SI with axis 2 (r = –0.755); and year of observation, with axis 1 (r = –0.545). Species correlations with axis scores are in Table 3.
Note: SI, site index50.



period to about 30 years. Significant declines in oak yield
and acorn production would occur during this period. Re-
storing oaks in stands without an oak seed source would be
costly and likely require artificial regeneration.

According to current trends, future forest composition
would be more analogous to the beech–maple–basswood
type (Tyrrell et al. 1998), which is generally located in the
northern third of the eastern United States and southern re-

gions of eastern Canada. However, at a time when global
warming is expected to shift species distributions to the
north, problems related to forest health could emerge to alter
patterns that have been occurring during the past 50 years.
For example, sugar maple is expected to decline in West
Virginia if this region experiences the expected warming
trend (Iverson and Prasad 1998), and new invasive forest
pathogens will shape future forests in ways not reflected in
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Fig. 4. Nonmetric multidimensional scaling ordination (axes 1 and 3) of research compartments stratified by treatment. Points are iden-
tified by compartment number and year of observation. Temporal changes are indicated by lines connecting repeat observations. Spe-
cies correlations with axis scores are in Table 3. Note: dl, diameter-limit; patch, patch cutting; ref, unmanaged reference stands; sts,
single-tree selection.



this study. Beech bark disease, caused by an exotic beech
scale (Cryptococcus fagisuga Lind.) and nectria fungi
(Nectria coccinea var. faginata Lohm., Wats., & Ayers and
Nectria galligena Bres.) association (Houston and O’Brien
1983), is beginning to cause overstory mortality of Ameri-
can beech in the immediate vicinity of the Fernow Experi-
mental Forest. Thus, a transition to a beech–maple–
basswood forest probably will lack overstory beech and as-
sociated production of hard mast. The expected future com-
position represents a significant change from the previous
mixed mesophytic forest type, which included hard mast

from oaks, hickories, beech, and—at one time—American
chestnut, as well as other species of lesser importance, e.g.,
black walnut (Juglans nigra L.) and butternut (Juglans
cinerea L.). As stated earlier, mast-producing species are a
critical food source for many wildlife species, particularly in
the winter (Wolff 1996; McShea 2000). Eastern hemlock
(Tsuga canadensis (L.) Carr.) is also expected to be affected
by new forest pathogens. A minor component of the study
area but long present, eastern hemlock may be functionally
extirpated because of the exotic hemlock woolly adelgid
(Adelges tsugae Annand), which has spread to the Allegheny
Mountains (USDA Forest Service 2002). Eastern hemlock is
considered a constituent of late successional forest in the re-
gion (Smith 1995) and is often found in ecologically impor-
tant riparian corridors.

A conversion in forest type from mixed mesophytic to
beech–maple–basswood, even absent forest health problems,
would be unprecedented during Middle to Late Holocene in
the central Appalachians. Such a change could not be attrib-
uted to successional change only. Extensive pollen studies
have revealed patterns of persistence of mesic oak communi-
ties in the eastern hardwood forests for several thousand
years (Delcourt and Delcourt 1987). Holocene vegetation
dynamics determined from pollen analysis reveal dramatic
changes in species composition during the period 17 000 –
8 000 years BP as the global climate warmed. However, for
the last 8000 years, upland forests in the Allegheny Moun-
tains have been dominated by oak, birch, and chestnut
(Larabee 1986). During the last 2000 years and before Euro-
pean settlement, oak made up about 60% of the forest com-
position in the central Appalachians (Delcourt and Delcourt
1987). During this time, Native American use of fire may
have created conditions suitable for oak to compete success-
fully with both early and late seral species (Whitney 1994;
Delcourt and Delcourt 1997). Following settlement, oaks
and other mid-seral species may have been further enhanced
by repeated partial cuttings, fires, and the decline of Ameri-
can chestnut (Whitney 1987; Crow 1988; Abrams et al.
1995). A recent dendroecological study found that oak, us-
ing growth strategies appropriate to both large and small
openings (<200 m2), became established in remnant old-
growth forests in the central Appalachians until recruitment
ceased in the early 20th century (Rentch et al., 2003).

If diverse stands are a management objective for statutory
or ecological reasons, this study demonstrated that stand-
level diversity is declining in forests managed with single-
tree selection and diameter-limit harvesting. However, there
is no evidence that these practices are accelerating this pro-
cess relative to unmanaged stands. In this study, unmanaged
and single-tree selection compartments exhibited the greatest
decline in diversity (H′) as shade-tolerant species increased
in relative density. Perhaps only the patch cut compartments
would provide canopy gaps large enough to avoid the trend
of increasing dominance of shade-tolerant species. In earlier
work focusing on the species composition of the patches,
shade-intolerant yellow-poplar, black cherry, and black lo-
cust (Robinia pseudoacacia L.) were able to compete with
shade-tolerant species in the patch openings two decades af-
ter the patches were created (Miller et al. 1995). These re-
sults also demonstrated that light was adequate for oak
development. However, unless understory density is con-
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Treatment and SI category
Mean PAI
(m3·ha–1·year–1) N

Single-tree selection 4.55a 6
Diameter-limit harvesting 4.28a 6
Patch cutting 4.00a 6
Reference (unmanaged) 2.52b 3
SI 24 4.46a 7
SI 21 3.98ab 7
SI 18 3.64b 7

Note: Treatment means from about 1951 to 2001 for
each treatment and SI class. Means separated (α = 0.05) us-
ing the Duncan mean comparison procedure and designated
by lower case letters. DBH, diameter at breast height; PAI,
periodic annual increment; SI, site index50.

Table 4. Cubic volume net PAI of merchantable
trees (DBH ≥12.7 cm).

Fig. 5. Mean cubic volume net PAI of merchantable trees (DBH
12.7 cm) (vertical lines = 1 SE) by measurement cycle and treat-
ment category (northern red oak classes SI 21 and SI 24). Com-
partments 27a, 9a, and 9b included in dl; 16b, ws5a, and 20a
included in sts; ws4a and ws4b included in ref; and 30, 18a, and
18b included in patch. Measurement cycles differed by treatment
and were as follows: 10 years for sts and patch; 15 years for dl;
and 10, 20 and 40 years after the initial inventories for the refer-
ence compartments. Note: DBH, diameter at breast height; dl,
diameter-limit harvesting; PAI, periodic annual increment; patch,
patch cutting; ref, unmanaged reference stands; sts, single-tree
selection.



trolled before harvesting, to increase the size of oak seed-
lings, oaks will not persist in stands harvested in small
patches, variably sized groups, or clearcuts (Smith 1995).
This is important in the mixed-oak forest types of the region
because the recovery of diversity following a large distur-
bance without the suite of oak species seems improbable.
Elliott and Swank (1994) documented a slight increase in H′
(based on stem density for DBH >5.0 cm) after a 1939
clearcut in a southern Appalachian mixed-oak forest, but a
subsequent clearcut resulted in a decline in diversity. Earlier
work on the Fernow documented a temporary increase in H′
after a 1948–1949 clearcut, followed by a decline three de-
cades later, with near elimination of oak in the smaller size
classes (Schuler and Gillespie 2000). Diversity is expected
to be high after a large disturbance, decline as a stand ma-
tures, and recover during the transition to the old-growth
stage (Oliver and Larson 1996). However, regional old-
growth  forests  are  experiencing  the  same  lack  of  oak  re-
placement evident in this study, often with a concomitant in-
crease in dominance of one or two shade-tolerant species
(Parker et al. 1985; Abrams and Downs 1990; McCarthy and
Bailey 1996). The regional decline of oak species suggests
that only intensive and specific forest management focused
on maintaining oak species can maintain historical levels of
diversity.

During the past half century in this study, overall PAI has
not yet differed significantly among managed compartments
(single-tree selection, diameter-limit harvesting, and patch
cutting), although all demonstrated higher productivity than
the unmanaged reference compartments. Differences in pro-
ductivity between managed and unmanaged compartments
were expected, as the rate of growth generally declines as
stands age and growing space becomes more limited (Smith
1986). The unmanaged reference compartments clearly ex-
hibit this expected trend graphically (Fig. 5), but a repeated
measures analysis did not reveal a significant temporal trend.
However, given that this pattern follows robust patterns of
stand dynamics, it is reasonable to assume that the observed
trend is valid and reflects ecological principles of forest
growth.

The long-term framework of this study provides an
unusual opportunity to evaluate the effects of repeated har-
vesting and (or) silvicultural treatments to changes in pro-
ductivity. The expectation was that after about a half century
of experimental stand interventions, changes in species com-
position might be beginning to negatively affect productivity.
Mean PAI has generally declined for both the single-tree se-
lection and the patch cut treatments (Fig. 5), but given the
low number of replications and the variability of the treat-
ments the trends were not significant, as indicated by a re-
peated measures analysis. Lamson and Smith (1991)
speculated that converting Appalachian hardwood stands to
shade-tolerant species would reduce periodic growth by at
least 10% because such species often have slower radial
growth than shade-intolerant ones. In contrast to this expec-
tation, especially after the persistent, increasing abundance
of shade-tolerant species was documented, PAI has increased
in the diameter-limit compartments (red oak SI50 of 21 and
24), most recently to about 4.8 m3·ha–1·year–1, equaling the
recent productivity of the single-tree selection compart-
ments. These results are not totally understood but may be

related to the inadvertent effect of the diameter-limit treat-
ment on residual stocking. Early in the study, in two of the
three compartments used for the diameter-limit repeated
measures analysis (9b and 27a), residual stocking levels
were less than full after the initial harvests, according to
even-aged guidelines (Gingrich 1967). Stands that are not
fully stocked are expected to be less productive because the
residual trees cannot fully utilize the growing space. Resid-
ual stocking following subsequent harvests in the diameter-
limit compartments happened to meet full stocking criteria,
and subsequent productivity estimates were similar to those
for the single-tree selection compartments. During the last
treatment cycle, PAI did not differ between the single-tree
selection and the diameter-limit treatments. Guidelines for
residual stocking in the single-tree selection compartments
have generally been met throughout the study, but a transi-
tion period was required for some compartments to obtain
the desired number of stems in the larger size classes. Addi-
tional harvest cycles are needed to test the apparent conver-
gence of the diameter-limit and single-tree selection
treatments in terms of productivity and to evaluate the po-
tential temporal trends associated with these practices
(Fig. 5). Developing optimal stocking guides for stands
managed with single-tree selection was not part of this
study, and guidelines have not been published elsewhere.
However, optimal stocking in stands managed with uneven-
aged silviculture may differ from desired stocking levels
from stands managed using even-aged silvicultural tech-
niques, such as intermediate thinnings. Research is needed
to develop optimal stocking for uneven-aged management
practices and to determine whether even-aged management
guidelines are acceptable.

Average annual productivity in even-aged stands is ex-
pected to be about 4.5 m3·ha–1·year–1, assuming a 65-year
rotation and northern red oak SI50 of 24 (Smith 1995). Mean
PAI in the patch cut compartments during the last manage-
ment cycle was 4.3 m3·ha–1·year–1, similar to the expected
growth rate of even-aged stands. Moreover, excluding the
unmanaged reference compartments, all of the treatments
used in this study approximate productivity levels expected
from even-aged management. This suggests that at current
levels of production (if sustainable), uneven-aged manage-
ment can be accomplished without sacrificing productivity
relative to that of even-aged silvicultural systems. This is not
to say that diameter-limit harvesting represents uneven-aged
silviculture or is an acceptable alternative to sound silvi-
cultural practices. Previous work has shown that monetary
values of such stands are often substantially less than poten-
tial values (Lamson and Miller 1982; Hassler et al. 1999;
Fajvan et al. 2002). Diameter-limit cuts often remove faster
growing species, such as yellow-poplar, black cherry, and
northern red oak, as second-growth stands mature and leave
shade-tolerant species of lesser economic value, such as red
maple and American beech (Fajvan et al. 1998). In practice,
diameter-limit cutting usually removes commercially valu-
able timber and leaves the rest, with no consideration of the
future stand values or uses. Residual shade-tolerant species
are often damaged and frequently worth a small fraction of
what was removed (Miller and Kochenderfer 1998). Yet de-
spite associated silvicultural problems, diameter-limit cut-
ting remains the dominant timber harvesting practice in the
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central Appalachians (Fajvan et al. 1998). Woodland owners
continue to prefer this method because it often maximizes
short-term cash flow and is easy to apply (Miller 1993). A
diameter-limit technique that incorporates economic guide-
lines, controls residual stem quality, and manages residual
stocking has been suggested as a less complicated alterna-
tive to single-tree selection (Miller and Smith 1993). How-
ever, no known treatment can avoid problematic changes in
species composition associated with this type of manage-
ment.

Sustainable forest management includes maintaining long-
term forest productivity by balancing wood removals with
what is determined to be sustainable (Montreal Process Cri-
terion and Indicators 1998). Determination of what has been
removed is straightforward, but estimating potential long-
term forest productivity is complex (Powers et al. 1994). Po-
tential threats to sustainable forest productivity in the central
Appalachians include long-term acidic deposition and the
impacts of repeated harvesting on nutrient depletion (Adams
et al. 2000). In some cases, the effects of timber harvesting
have been assessed indirectly by measuring soil nutrients be-
fore and after management activity (Hendrickson et al. 1989;
Kraske and Fernandez 1993), but the results are influenced
by the addition of new biomass to the forest floor, which can
increase soil nutrient availability in the short term (Knoepp
and Swank 1997). Chronic acidic deposition can also reduce
site productivity by reducing soil base cation availability
(Adams 1999). The unmanaged reference stands in this
study have been monitored intensively for the effects of acid
deposition. Signs of nitrogen saturation have been reported,
but the effects on periodic growth are unknown (Adams
1999). Current growth rates are less in these unmanaged ref-
erence stands than in managed areas, but presumably this
difference is primarily related to stocking and increasing
stand age and reflects the difficulty of assessing long-term
potential productivity. By ultimately achieving stability with
respect to stocking and composition, long-term silvicultural
trials provide opportunities to periodically measure produc-
tivity and assess long-term trends in a changing environ-
ment. Through these assessments, determination of the level
of sustainable forest production may be possible.
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Schuler 997

Species
Current
rank 1987–2001 1970–1981 1951–1959

Acer saccharum 1.000 0.197 0.131 0.069
Acer rubrum 2.000 0.161 0.122 0.078
Quercus rubra 3.000 0.136 0.180 0.198
Fagus grandifolia 4.000 0.070 0.048 0.044
Betual lenta 5.000 0.065 0.062 0.060
Quercus prinus 6.000 0.059 0.077 0.082
Liriodendron tulipifera 7.000 0.055 0.052 0.059
Prunus serotina 8.000 0.047 0.054 0.079
Tilia americana 9.000 0.043 0.042 0.038
Magnolia fraseri 10.000 0.025 0.027 0.031
Magnolia acuminate 11.000 0.021 0.026 0.026
Fraxinus americana 12.000 0.021 0.030 0.032
Quercus alba 13.000 0.014 0.018 0.019
Betula alleghaniensis 14.000 0.012 0.012 0.012
Tsuga canadensis 15.000 0.009 0.004 0.001
Carya cordiformis 16.000 0.009 0.018 0.030
Robinia pseudoacacia 17.000 0.008 0.016 0.047
Oxydendrum arboretum 18.000 0.007 0.013 0.013
Oystrya virginiana 19.000 0.007 0.005 0.003
Amelanchier arborea 20.000 0.006 0.006 0.003
Sassafras albidum 21.000 0.005 0.026 0.048
Prunus pensylvanica 22.000 0.005 0.004 0.000
Nyssa sylvatica 23.000 0.005 0.007 0.011
Quercus coccinea 24.000 0.005 0.006 0.000
Carya ovata 25.000 0.003 0.009 0.008
Ulmus rubra 26.000 0.002 0.001 0.002
Quercus velutina 27.000 0.000 0.001 0.000
Juglans cinerea 28.000 0.000 0.000 0.003
Populus grandidentata 29.000 0.000 0.001 0.003
Cornus florida 30.000 0.000 0.000 0.001
Juglans nigra 31.000 0.000 0.000 <0.001
Picea rubra 32.000 0.000 0.000 <0.001

Note: Observations are combined for all treatments to illustrate overall temporal trends (in-
cluding unmanaged reference stands).

Table A1. Relative stem density and current rank of woody overstory species from
most recent, middle, and oldest inventory dates.




