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Abstract.—The environmental relationships of red spruce (Picea rubens Sarg.) were assessed in east-central
West Virginia. Although many significant relationships existed, red spruce was most strongly associated with
elevation, climate, and soil moisture factors. Specifically, red spruce was positively associated with elevation,
number of frost days, mean annual precipitation, and soil wetness (as expressed by depth to impermeable
“fragipan” horizon, depth to water table, and drainage class) and negatively associated with growing degree
days and mean annual temperature. A predictive model was built by subjecting the dataset to logistical
stepwise regression. Elevation was overwhelmingly the most important predictor of red spruce and explained
the majority of variation. A predictive map of red spruce occurrence using a four-factor regression equation
(elevation, depth of water table, precipitation, and growing degree days) was created. Opportunities to restore
red spruce ecosystems in West Virginia were identified by comparing the actual mapped distribution of red

spruce with the predictive model output. Limitations of using current distributional data as input for

predictive modeling are discussed.

INTRODUCTION

The forests of the eastern United States experienced
sweeping changes at the hands of Europeans and other
immigrants (Williams 1982, 1990; MacCleery 1996).
Viewed as impediments to western expansion, forests were
often indiscriminately logged and burned to make way for
agricultural development and settlement (Frederick and
Sedjo 1991). Where forests were allowed to regenerate, tree
species responded differently based on the type of
disturbance (cutting, fire, pasturage), site conditions, and
their individual life histories and physiological traits. When
occurring in mixed forests, conifers were invariably logged
first because their superior timber qualities, ease of transport
(floatable down rivers), or other characteristics (e.g., tannin
from hemlock [ Zsuga canadensis (L.) Carr.] bark) made them
desirable. Under this scenario, hardwoods typically
benefited at the expense of conifers (Nowacki and Abrams
1992, Cole et al. 1998, Schulte et al. 2007). This was

indeed the case with red spruce (Picea rubens Sarg.) in the
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Central and Southern Appalachians, especially after wildfires
burned through logging slash, consuming regeneration and
larger seed trees (Korstian 1937, Allard and Leonard 1952,
Clarkson 1964, Lewis 1998). Seedbed and microclimatic
conditions favorable for red spruce regeneration (thick moist
humus layer; cool, shaded settings) were also badly damaged
by wildfire (Brooks 1911, Minckler 1945, Allard and
Leonard 1952, Pyle and Schafale 1988, Hayes et al. 2007).
Upon drying, thick humus layers became highly
combustible, further intensifying fire and its negative effects
on biota (Pauley 2008). In some extreme cases, nothing but
rubble fields was left behind (Allard and Leonard 1952). All
told, red spruce suffered a serious range contraction as it was
relegated to the most rugged, inaccessible, and highest
portions of its former distribution (Hopkins 1899, Pielke
1981, Pyle and Schafale 1988).

Since the unprecedented level of cutting and burning of the
late 1800s and early 1900s, disturbance conditions have
stabilized and forests have re-emerged, although with more
youthful characteristics (younger and smaller trees; more
shade-intolerant species; simplified age-class and stand
structures) (Allard and Leonard 1952, Pauley 1989, Fortney
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1993). As such, great potential now exists for red spruce
restoration through natural successional processes (Pielke
1981) or active management (planting and thinning;
Hornbeck and Kochenderfer 1998). To engage in red spruce
restoration effectively, managers must identify and prioritize
landscapes where red spruce recovery is most likely to
succeed. In this spirit we set forth to identify those
environmental factors most closely associated with the
current distribution of red spruce and to create a predictive

model to support red spruce restoration efforts.

METHODS

The red spruce data layer used in our analysis was generated
by the Department of Geography, West Virginia University,
in 1988 under contract with the U.S. Forest Service,
Northeastern Forest Experiment Station. The Monongahela
National Forest, the Northeastern Forest Experiment
Station, and the West Virginia Department of Natural
Resources set the mapping specifications. Expert opinion
and other records were used to focus on those areas of the

state where red spruce was the dominant conifer. Color-

infrared aerial photographs at a scale of 1:30,000 were
interpreted and mapped. The data layer depicted stands
having >25 percent conifer cover in the overstory. At
present, it is considered one of the best maps depicting the

red spruce resource in West Virginia (Fig. 1).

Mapped stands of red spruce fell exclusively within eight
counties in east-central West Virginia, which thus became our
study area (Fig. 2). Using a geographic information system,
we created a systematic 500 x 500 meter sampling grid of
more than 60,000 points for the eight-county study area (Fig
3). The points were intersected with the red spruce cover
(presence/absence) and available climatic, topographic, and
soil layers representing 20 different environmental variables
(Table 1). Climate data layers were downloaded from the
Daymet U.S. Data Center (http://www.daymet.org/).
Daymet uses a digital elevation model and ground-based
meteorological station data to generate continuous climate
surfaces (e.g., temperature, precipitation) ata 1 km
resolution. Data layers were based on an 18 year daily record
(1980-1997) and included mean air temperature, mean
annual precipitation, growing degree days, and number of

frost days. Topographic data layers (e.g. aspect, slope,

West Virginia

- Red Spruce

Figure 1.—The occurrence of
red spruce stands (red)
superimposed on a
topographic coverage of West
Virginia. The yellow line
demarcates the eight-county
study area. Note that few
stands are located outside of

Study Area
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I:I Study Area

|:| Counties Figure 2.—The distributiop qf

red spruce stands (red) within
I Red Spruce the eight-county study area in
east-central West Virginia.
County names identified in
call-out boxes. Background
colors represent an elevation
gradient ranging from 195 to
1,481 m (lowest to highest
elevation: green, yellow, dark
red, white).
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Figure 3.—Close-up illustration
of 500-m point locations
superimposed on the 1988
West Virginia red spruce layer.
.| Background colors represent
'« « o anelevation gradient ranging

+ + o from195to 1,481 m (lowest to
+ + « highest elevation: green,

+| yellow, dark red, white).
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Table 1.—Descriptions of 20 soil, climatic, and topographic variables used to analyze and predict red spruce occurrence
in east-central West Virginia. The number of points populated with each variable in parentheses (total possible = 60,220).

Climate variables Acronym?@ Description

Mean Annual Temperature (59,807) MAT Mean °C over an 18-year period of the average air
temperature for a 24-hour period.

Growing Degree Days (59,807) GDD The 18-year mean of the annual summation of the
daily average air temperatures that are >0 °C,
expressed in degree-days.

Number of Frost Days (59,807) FROST The 18-year mean of the number of days in an annual
period when the daily minimum air temperature is <0 °C.

Mean Annual Precipitation (59,807) MAP Thel8-year mean of the total accumulated
precipitation over 1 yr, expressed in cm.

Topographic variables

Elevation (60,114) ELEV Elevation in meters generated from terrain data.
Slope (60,114) SLOP Percent slope generated from terrain data.
Aspect (59,820) ASP Aspect degrees generated from terrain data and

transformed using Beers’ and others (1966) formula.

Soil variablesP

pH¢ (58,884) pH Soil reaction: a measure of acidity or alkalinity.

Cation Exchange Capacity® (58,132) CEC The total amount of extractable cations held by soil,
expressed in milliequivalents/100g of soil at pH 7.

Available Water Capacity® (46,436) AWC The quantity of water that the soil is capable of storing
for plant use expressed in cm of water/ cm of sail.

Bulk Density® (58,583) BULK The oven-dry weight of soil at 1/3 bar water tension
expressed in g/cms,

Organic Matter® (59,008) OoM The amount of plant and animal residue in the soll
expressed as a %, by weight, of the soil.

% Sand° (29,608) SAND The amount of mineral soil particles within 0.05 to 2 mm
in diameter expressed as a %, by weight, of the soil.

% Silt® (29,608) SILT The amount of mineral soil particles within 0.002 to
0.05 mm in diameter expressed as a %, by weight, of
the soil.

% Clay® (29,608) CLAY The amount of mineral soil particles <0.002 mm in

diameter, expressed as a %, by weight, of the soil.

Drainage Class (58,924) DRAIN Numeric portrayal of natural soil drainage as
interpreted from soil polygon data:

1 = excessively drained

2 = somewhat excessively drained
3 = well drained

4 = moderately well drained

5 = somewhat poorly drained

6 = poorly drained

7 = very poorly drained

Depth to Lithic (60,075) LITHIC Inches to bedrock (R horizon).

Depth to Fragipan (60,198) FRAG Inches to a dense soil layer that restricts water
movement.

Depth to Paralithic (60,198) PARA Inches to a paralithic (Cr horizon).

Depth to Water Table (60,198) WATER Inches to a saturated zone in the soil based on

redoximorphic features.

a Acronyms used in Table 3.
b Interpreted from SSURGO soil polygon data.
c Data represented a combined average across all soil layers.

166 Proceedings from the Conference on the Ecology and Management of High-Elevation Forests GTR-NRS-P-64
in the Central and Southern Appalachian Mountains



elevation) were derived from a seamless raster elevation
dataset from the U.S. Geological Survey’s National
Elevation Dataset (NED). The NED uses a diverse set of
source data that is processed to a common coordinate
system and unit of vertical measure. The resolution of this
dataset was 1 arc-second (about 30 meters). Soils data were
obtained online for the eight-county study area from the
USDA Natural Resources Conservation Service’s Soil
Survey Geographic (SSURGO) Database
(http://soils.usda.gov/survey/geography/ssurgo/). More
than 100,000 polygons were mapped in the eight-county
study area, ranging from 0.4-2,575 ha, averaging 1.6 ha,
and representing 493 unique soil map units. Point data

were derived from mapped soil polygons for all soil

variables (Table 1).

The resulting dataset, comprising 60,220 points, was
subjected to single-factor analysis of variance (ANOVA) to
identify significant environmental differences between spruce
and non-spruce locations. Correlation analysis was used to
understand interrelations among all factors, with Pearson’s r of
+0.80 being considered strongly correlated. Since red spruce
data were represented in terms of presence or absence
(binominal), stepwise logistic regression was used in SAS
Version 9.1 (SAS Institute Inc., Cary, NC) for predictive
modeling. All environmental factors were included in the
regression procedure, which ultimately generates an equation
composed of a set of factors that best explains the variation of
the dependent variable (red spruce). This procedure is done in
an iterative fashion, whereby the factor that captures the most
variation is selected first. The variation explained by the
selected factor is removed before the remaining factors are
evaluated for entry (or removal). The stepwise analysis
continues until the critical P level for parameter entry is
reached, which was set at 0.0001. The resultant equation
produces what are called “logits,” which in turn are converted

to probabilities using the following equation:

Red spruce probability = ¢*/ (1 + ¢¥),

where e = natural logarithm, x = red spruce logits
The probability of red spruce occurrence was calculated at

each point and displayed in raster format (500 x 500 m grid
cells) by probability class (0-0.1, 0.1-0.25, 0.25-0.50, >0.50).

GTR-NRS-P-64

RESULTS

Locations harboring red spruce differed in many
environmental aspects from those without spruce (Table 2).
The most conspicuous difference was elevation, with red
spruce heavily skewed towards higher altitudes (Fig. 4a).
Red spruce distribution was largely confined to elevations
above 900 m (mean = 1,171 m), as opposed to 803 m for
nonspruce locations. Several climatic variables were strongly
correlated with elevation (Table 3) and, in turn, also
displayed significant differences between sites with and
without red spruce. The number of growing degree days and
mean annual temperatures were generally lower for red
spruce sites (Figs. 4b and 4c), whereas the number of frost
days and precipitation were higher (Figs. 4d and 5a). Red
spruce was associated with sites having <4,000 growing
degree days, >140 frost days, mean annual temperatures <8
°C, and mean annual precipitation 2140 cm. Red spruce’s
propensity for wetness was reflected in its preference for soils
with shallow fragipans (a soil horizon that restricts water
percolation), high water tables, inherently poorer drainage
(Fig. 5b), and higher available water capacities (Table 2).
This preference is further reinforced by red spruce’s
increased frequency on less steep slopes (slower runoff;
greater water infiltration) compared to non-spruce sites (Fig.
5¢). Red spruce lived up to its reputation as an acidophile by
occurring more frequently on sites that had lower pHs
relative to nonspruce locations (Fig. 5d).

Since red spruce was represented by binomial
(presence/absence) rather than continuous data, stepwise
logistic regression in SAS was used for predictive modeling.
All 20 environmental “predictor” variables were used in the
initial run (Table 1), but the resultant analysis was greatly
restricted by the limited number of observations associated
with percent sand, percent silt, and percent clay data (29,608
points). Since these factors explained a very small amount of
variation in the resultant regression equation, a second run
was performed after their removal, greatly increasing the
number of observations (45,177) and thus improving the
analysis. Nine predictor variables were placed in the final
equation before the variable-entry cutoff was met (Table 4).
No variables were removed during the stepwise procedure.
The vast amount of variation of red spruce was explained by

the first parameter entered, which was elevation (ELEV)
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Table 2.—Descriptive statistics of variables significantly linked to red spruce occurrence based on Analysis of Variance

(ANOVA) 2.
Factor No. of points No. of points Mean of points Mean of points ANOVA
without spruce with spruce without spruce® with spruceP F-Value
Elevation 58,574 1,540 803 1,171 4,542
Growing Degree Days 58,266 1,541 3,732 3,169 4,135
Mean Annual Temperature 58,266 1,541 8.8 6.8 4,067
# of Frost Days 58,266 1,541 146 163 3,196
Mean Annual Precipitation 58,266 1,541 131 148 1,539
Depth to Fragipan 58,657 1,541 187 158 671
Depth to Water Table 58,657 1,541 179 143 622
Drainage Class 57,456 1,468 3.2 3.6 615
% Slope 58,574 1,540 27 19 370
pH 57,418 1,466 4.9 4.6 263
Available Water Capacity 45,036 1,400 0.22 0.31 242
Organic Matter 57,512 1,496 30 22 96
Depth to Paralithic 58,657 1,541 153 167 73
% Silt 28,864 744 49 45 59
% Sand 28,864 744 35 38 34
Bulk Density 57,239 1,344 0.74 0.80 10
Depth to Lithic 58,539 1,536 160 164 8
2 All listed variables were significant at P < 0.01.
b Units listed in Table 1.
Nonsignificant variables: Cation exchange capacity, % clay, and transformed aspect.
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Figure 4 —Frequency distributions of elevation (a), growing degree days (b), mean annual temperature (c), and number of frost
days (d) for spruce and non-spruce sites. See Table 1 for variable descriptions.
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Table 3.—Correlation analysis of red spruce occurrence and 20 environmental and climatic variables. Highly correlated

variables (2 0.80; = -0.80) are highlighted in yellow.

Factor | Spruce | MAT | GDD | FROST | MAP ASP | SLOP | ELEV pH CEC | AWC | BULK | OM | CLAY | SAND | SILT | DRAIN | LITH | FRAG | PARA
Spruce 1.00

MAT -0.25 | 1.00

GDD -0.25 | 0.97 1.00

FROST 0.23 | -0.94 -0.97 1.00

MAP 0.16 | -0.60 -0.60 0.49 1.00

ASP 0.00 | -0.01 -0.01 0.01 -0.01 1.00

SLOP -0.08 | 0.05 0.04 -0.04 0.05 0.05 1.00

ELEV 0.27 | -0.88 -0.90 0.84 0.54 -0.01 | -0.03 1.00

pH -0.07 | 0.21 0.22 -0.24 -0.04 0.01 | -0.03 | -0.30 1.00

CEC 0.01 | 0.15 0.16 -0.22 0.15 -0.02 0.12 0.02 -0.40 | 1.00

AWC 0.07 | -0.19 -0.20 0.27 0.04 -0.01 0.07 0.26 -0.49 | 067 | 1.00

BULK 0.01 | -0.12 -0.13 0.20 -0.13 0.03 | -0.12 | -0.07 0.51 | -0.97 | -0.54 1.00

oM -0.04 | 0.24 0.26 -0.36 0.16 -0.02 0.11 -0.07 -026 | 089 | 0.19 | -091 | 1.00

CLAY 0.00 | -0.12 -0.11 0.09 0.21 -0.02 0.03 0.08 0.06 | 0.15| 056 | -0.08 | 0.15 1.00

SAND 0.03 | -0.04 -0.05 0.05 -0.05 0.03 0.02 0.06 -0.14 | -0.17 | -0.50 | -0.02 | -0.14 | -0.59 1.00

SILT -0.04 | 0.11 0.12 -0.11 -0.01 -0.02 | -0.02 | -0.11 0.19 | 0.18 | 043 0.08 | 0.12 0.41 -0.95 | 1.00

DRAIN 0.10 | -0.11 -0.10 0.08 0.11 -0.03 | -0.24 0.05 0.11 | -0.14 | -0.10 0.16 | -0.10 026 | -0.32 | 0.27 1.00

LITHIC 0.01 | -0.15 -0.16 0.18 0.03 -0.03 | -0.08 0.11 -0.32 | -0.04 | 020 | -0.02 | -0.13 | -0.05 | -0.30 | 0.30 0.16 | 1.00
FRAG -0.11 | 0.10 0.10 -0.07 -0.15 0.04 0.16 | -0.05 0.00 | 0.05| 0.08 | -0.05| 0.01| -0.14 0.11 | -0.06 -0.52 | -0.24 1.00
PARA 0.03 | 0.10 0.11 -0.16 0.11 -0.01 | -0.13 | -0.12 0.38 | 0.04 | -0.31 0.01 | 021 | -0.06 0.38 | -0.47 0.27 | -0.46 | -0.28 1.00

Spruce = red spruce occurrence, MAT = Mean Annual Temperature, GDD = Growing Degree Days, FROST = No. of Frost Days, MAP = Mean Annual Precipitation, ASP
= Transformed Aspect, SLOP = % Slope, ELEV = Elevation, pH = Soil pH, CEC = Cation Exchange Capacity, AWC = Available Water Capacity, BULK = Bulk Density, OM
= Organic Matter, CLAY = % Soil Clay, SAND = % Soil Sand, SILT = % Soil Silt, DRAIN = Soil Drainage Class (1 = excessively drained to 7 = very poorly drained), LITH
= Depth to Lithic, FRAG = Depth to Fragipan, PARA = Depth to Paralithic.
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Figure 5.—Frequency distributions of mean annual precipitation (a), drainage class (b), percent slope (c), and soil pH (d) for spruce

and non-spruce sites. See Table 1 for variable descriptions.
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(chi-square score = 2,830). There was a marked drop in the
amount of variation explained by the second variable entry of
water table depth (WATER) (chi-square score = 496),
followed by mean annual precipitation (MAP) (177), and
growing degree days (GDD) (107). Although meeting the
variable-entry criterion (thus being significant additions to the
equation), the remaining factors explained only small

amounts of variation (Table 4).

Trade-offs had to be weighed when selecting a regression
equation for mapping as each raster cell (the basis of the
map) requires data from all predictor variables to calculate a
probability. As the number of variables increased, the
number of cells by which a probability could be calculated
dropped due to missing input values. Considering this
constraint, we ultimately chose a four-variable equation,
which explained most of the variation in red spruce with a
minimum number of variables. The selected equation to
compute and map red spruce probability (Fig. 6) was:

Probability of red spruce = -4.6199 + 0.00513(ELEV)
- 0.00622(WATER) + 0.0455(MAP) — 0.00288(GDD),

Visual inspection of the resultant probability map and the
base red spruce layer revealed a high level of correspondence
(Fig. 7). Our probability map compared favorably to Menzel
and others’ (2006a) predicted Virginia northern flying
squirrel habitat, especially at the >75 percent probability class,
and Dillard et al. (2008) predicted occupancy for Cheat

Table 4.—The sequential entry of environmental variables
predicting red spruce occurrence (dependent variable)
based on stepwise logistic regression (P-value for variable
entry = 0.0001). The amount of variation explained by each
predictor variable is given by the chi-square score.

Step Variable Entered Chi-Square Score

Mountain salamander (Plethodon nettingi).

Based on our predicted values, three large areas noticeably
lacking red spruce occurred along the periphery of red
spruce’s mapped distribution (see inset maps of Figure 7).
These areas were: (a) the mountainous areas around the
Kumbrabow State Forest in southern Randolph County,
(b) the Cabin Mountain escarpment and Stony River
Valley, and (c) the highlands of northern Greenbrier
County. These are likely areas of past red spruce
occurrence and represent prime areas for future red spruce

restoration efforts.

DISCUSSION

The rich array of plant life is due, in part, to the many
environmental gradients that span the Earth (Whittaker
1956, 1967). In areas where environmental gradients lie in
different directions, geospatial analyses can often
successfully isolate the main factors driving vegetation
patterns and species distribution. However, where
environmental gradients tightly parallel one another, it may
be difficult to disentangle and rank factors according to
their influence on vegetation (Nowacki and Abrams 1992).
This “confounding” is indeed the case in east-central West
Virginia, where climatic, geologic, and edaphic gradients
tend to align themselves across the rugged terrain, thus all

potentially contributing to the presence of vegetation zones
(Brooks 1911, Core 1950, Thomas-Van Gundy et al. 2007).

In mountainous regions, elevation is often used as the
primary backdrop to analyze, identify, and describe an array
of important ecological relationships (Bormann et al. 1970,
White and Cogbill 1992). In this respect, elevation is a
multifaceted factor (or “complex gradient” per Whittaker
1967) that embodies many interrelated variables, especially

1  Elevation 2,829.6 . . .

2 Depth to water table 4958 those associated with hc?w energy fmd 'm01sture are caI.)t'ured
3 Mean annual precipitation 1774 and processed. From this perspective, it was not surprising

4 Growing degree days 107.2 that elevation was found to be most explanatory of red

5 9% Slope 66.5 spruce occurrence, both through analysis of variation (Table
6  Number of frost days 347 2) and stepwise logistic regression (first variable selected;

7 Depth to lithic 252 Table 4). A strong correlation found between elevation and
8  Available water capacity 435 climatic factors (Table 3) seems to confirm Siccama’s (1974)
9  Mean air temperature 19.9 contention that it is climate, as expressed through elevation,
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which is the principal driver of vegetation distribution.
According to Siccama (1974), the change from deciduous to
conifer dominance along mountain flanks corresponds to
marked decline in frost-free (growing) season, increased
contact with clouds and associated moisture from fog drip,

and increased incidence of rime icing and hoar frost.

Red spruce was found at elevations over 900 m in West
Virginia, which corresponds with other studies (Core 1950,
Allard and Leonard 1952, Stephenson and Clovis 1983) and
projected minimum elevations for the state (Cogbill and
White 1991). Here, cool temperatures, short growing
seasons, and persistently wet and cloudy conditions prevail.
Snowfall may also be an important determinant of red
spruce occurrence, especially in the Southern Appalachians
(Nowacki et al. 2010). Pielke (1981) postulated that the
minimum elevation for red spruce follows a 20 °C mean
July temperature isoline, whereas Cogbill and White (1991)
found that ecotones between spruce-fir and adjacent lower
forests correspond to the 17 °C mean July temperature
across the full extent of the Appalachians. Using the same
logic, we found that the lower elevation of red spruce
occurred at an 8 °C mean annual temperature (MAT) (Fig.
4c). However, this 8 °C MAT isoline may have limited
application, as Cogbill and White (1991) found that lower
spruce-fir boundaries do not correlate well with mean
annual temperature across the Appalachians. Furthermore,
attaching temperature limits to present-day red spruce
occurrence may be universally flawed as distributions may
have been substantially altered by past logging and fire
events (Pielke 1981, Pyle and Schafale 1988). For instance,
Hopkins (1899) reported presettlement red spruce
occurring as low as 700 m. Hayes et al. (2007) found that
the lower limits of spruce-fir forests are nearly 200 m higher

today on landscapes where past logging took place.

Red spruce seemed to prosper under wet conditions given
its positive association with precipitation. Red spruce’s
propensity for wetness was further reinforced by soil
(shallow to restrictive fragipans, high water tables, poorer
drainage, and increased available water capacity) and site
attributes (more gentle slopes) (Table 2). These wet
conditions indicate the perudic moisture regime of soil

taxonomy, which may in turn serve as a good predictor of
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red spruce sites (Jason Teets, Natural Resources
Conservation Service, pers. comm.). Alternatively, red
Spruce’s current occurrence on wetter sites may be a mere
reflection of land-use history—essentially representing
refugia from past fires and/or pasture conversion, which
greatly affected much of the West Virginia landscape
(Hopkins 1899). Indeed, red spruce has a wider ecological
amplitude (i.e., occurs on a greater array of sites) in the
Northeast than in the fire-ravaged Southern Appalachians
(White and Cogbill 1992, Fraver et al. 2009, Nowacki et al.
2010). In and around Canaan Valley, WV, spruce grew on a
greater diversity of sites in presettlement times, from wet
valley floors to high, steep, well-drained rocky ridges (Allard
and Leonard 1952). The deleterious effects of fire on red
spruce are well established in the literature (Brooks 1911,
Korstian 1937, Mincker 1945, Pyle and Schafale 1988,
Hayes et al. 2007) and need to be considered when using
current distributional data as model input. For instance, red
spruce’s occurrence on less-steep terrain relative to non-
spruce locations may simply reflect severe past burns on
steep side slopes, thus relegating red spruce to more gently
sloped mountain tops and upper shoulders. Pyle and
Schafale (1988) mention this very phenomenon in the Black
Mountains of North Carolina.

Red spruce’s acidophilic tendencies were corroborated by its
preference for lower-pH soils (Table 2). Red spruce
promotes acidic conditions through its production of acid-
rich foliage. These organic acids, combined with spruce
needle castings, have a distinct effect on soils. Together they
foster the formation of a thick organic surface horizon called
the mor layer. Moreover, as organic acids percolate through
mineral soils in these well-watered environments, they often
leach a zone immediately beneath the mor layer of humus,
iron, and aluminum (called the albic or E horizon) and
redeposit these materials at lower depths (representing Bh,
Bs, or Bhs horizons). Thus, the presence of thick organic
surfaces and spodic properties (E and Bh/Bs/Bhs horizons)
may be indicative of red spruce sites (Bormann et al. 1970).

Surprisingly, yet consistent with a larger assessment
spanning the East (Nowacki et al. 2010), aspect was not
significantly related to red spruce occurrence. This finding

lends credence to the general observation that aspect may
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not be as important as previously thought (Leak 1982,
White and Cogbill 1992, Menzel et al. 2006a, Hayes et al.
2007). One would expect aspect differences to alter red
spruce distributions in a predictable manner (i.e., fostering
red spruce at lower elevations on cool northeast-facing
slopes and elevating it on warm southwest-facing slopes).
Apparently, the high precipitation and perpetual cloudiness
offset the expected effects of aspect on temperature and
insolation (White and Cogbill 1992). The tendency for
afternoon clouds and rain due to orographic effects may
temper radiational heating of southwestern slopes.
Moreover, physical site conditions (e.g., depth to bedrock,
topographic position, soil texture) can easily overshadow the
influence of aspect (Leak 1982). Hayes and others (2007)
determined that aspect did not strongly influence the
presettlement distribution of spruce-fir in the Great Smoky
Mountains National Park in Tennessee and North Carolina.
However, where logging took place on south-facing aspects,
the lower limits of spruce-fir retracted by 122 m. This
retraction was likely due to the desiccation of seedbeds
through exposure, thus thwarting red spruce regeneration.

Red spruce has been greatly affected by past logging and fire
events throughout the Southern Appalachians (Brooks
1911, Korstian 1937, Mincker 1945, Pyle and Schafale
1988, Stephenson 1993). There is ample evidence that post-
disturbance soil and site conditions became warmer and
drier—a situation that greatly discourages red spruce
regeneration (Allard and Leonard 1952, Fortney 1993).

Unfortunately, only approximations of anthropogenic
impacts can be made as the true extent of presettlement red
spruce is unknown in West Virginia. By any account, the
reduction of the red spruce resource has been extreme,
ranging from 50 to 95 percent depending on data source

and time period (Table 5).

Concerns over the wanton destruction and range
contraction of the red spruce resource were expressed early
(Hopkins 1899). Initial efforts to restore red spruce over its
former range date back to the 1920s and 1930s (Minckler
1940, 1945). Interest in red spruce restoration has resurged
(Schuler et al. 2002, Rentch et al. 2007), driven in part by
increased awareness of threatened and endangered species
and their habitat needs (e.g., Cheat Mountain salamander,
Virginia northern flying squirrel [ Glaucomys sabrinus fuscus],
delisted in 2008) (Cohen 1994, Mitchell et al. 1999, Ford
et al. 2004, Menzel et al. 2006ab, Pauley 2008, Dillard et al.
2008). Recent favorable news that red spruce is recovering
naturally (Koon 2004) and that restoration also can be
facilitated through silvicultural practices (Hornbeck and
Kochenderfer 1998) further buoys enthusiasm for

restoration efforts.

In support of impending restoration efforts, a probabilistic
model of red spruce occurrence has been tendered for
consideration (Fig. 6). The congruence of our map with
Menzel et al. (2006a) independent effort that predicted
Virginia northern flying squirrel habitat strongly validates

Table 5.—Timeline comparison of estimated red spruce area in West Virginia between presettlement and subsequent

periods.

Presettlement red spruce acreage Red spruce acreage at given year Percent reduction Source?

607,000 hectares 304,000 hectares 1865 50% Hopkins 1899

607,000 hectares 91,000 hectares 1895 85% Hopkins 1899

607,000 hectares 91,000 hectares 1900 85% West Virginia Board of
Agriculture 1900
[Lewis 1998]

190,000 hectares 77,000 hectares 1910 59% Brooks 1911
[Clarkson 1964, Core
1950]

405,000 hectares 20,000 hectares 1937 95% Korstian 1937

200,100 hectares 24,000 acres 1975 88% Adams and
Stephenson 1989

180,000 acres 24,300 hectares 1980 87% Pielke 1981

2 Literature referring to these areas in brackets.
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both models. Dillard et al. (2008) predicted occupancy
maps of the conifer-dependent Cheat Mountain salamander
provide further support of our work. Altogether these
predictive models provide a scientific basis to locate, plan,

and execute red spruce restoration activities.

Some of the greatest opportunities for restoration may exist at
locations where red spruce has a high predicted probability
but is currently sparse or altogether absent (Fig. 7). For
instance, the highlands encompassing the Kumbrabow State
Forest and the MeadWestvaco Ecosystem Research Forest
may be a prime area (Fig. 7a). Here, red spruce occurs in
scattered stands, some of which harbor the vulnerable
Virginia northern flying squirrel (Menzel et al. (2006b). As
suggested by Menzel et al.(2006b), expanding and
reconnecting these small, disjunct patches of red spruce may
prove beneficial, thus improving habitat conditions for the

Virginia northern flying squirrel and other conifer obligates.

Grand opportunities encircle Canaan Valley, especially from
the Dolly Sods Scenic Area northward across the headwaters
of the Stony River and the Cabin Mountain escarpment
(Fig. 7b). Indeed, red spruce was prominent throughout this
region prior to cutting (Allard and Leonard 1952).
However, restoring red spruce to this landscape might prove
extremely difficult as logging and past fires largely destroyed
the deep humus layers, leaving behind rock-strewn surfaces
(see photos of Allard and Leonard 1952) that greatly deter
red spruce regeneration. Encouragingly, enough red spruce
habitat remains on Cabin Mountain to still support Virginia
northern flying squirrels (Ford et al. 2007). According to
Fortney (1993), red spruce has been expanding downslope

on the mountains rimming Canaan Valley since the 1940s.

Recovery and expansion of red spruce along its southern
boundary in Greenbrier County also have promise (Fig. 7¢).
This area corresponds with the southern extent of Menzel
et al. (2006a) modeled Virginia northern flying squirrel
habitat. Ample opportunity exists here as ~13,560 ha of red
spruce forests formerly existed in Greenbrier County in
presettlement times (Brooks 1911, Clarkson 1964).
However, much of this area lies in private ownership, which
may limit restoration efforts without effective public
outreach.
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We consider our predictive map rather conservative since
red spruce’s original range was much more expansive,
possibly occurring as low as 700 m in places (Hopkins
1899). Due to the inherent limitations of using a current
red spruce stand map as input data, a certain degree of
caution should be exercised when using our probabilistic
map. Case in point is the Canaan Valley, home to some of
the finest presettlement red spruce forests in the
Appalachians (Allard and Leopard 1952, Fortney 1993).
Here, our model generated low probabilities for red spruce
(Fig. 7b). Clearly the potential for red spruce restoration
within Canaan Valley is not captured by our model.
Moreover, the model seems to greatly underestimate spruce
restoration potential at lower elevations, especially in
northern Pocahontas County, southeastern Randolph
County, and southwestern Pendleton County (Kent

Karriker, U.S. Forest Service, pers. comm.).

In areas where red spruce was formerly known to occur,
perhaps the only remaining legacy resides in soils (Stephanie
Connolly, U.S. Forest Service, pers. comm.). Historically
growing under cool, moist, and acidic conditions, red spruce
left distinct signatures in the mor layer and in the
development of spodic horizons (E and Bh/Bs/Bhs horizons
diagnostic of Spodosols) or soils with spodic materials
(Inceptisols). The endurance of these signatures depends on
starting conditions (e.g., thicknesses), landscape position, and
subsequent disturbance events (cutting, burning, and suite of
replacement species). The maintenance of thick O horizons
can be quite ephemeral as post-logging burning was
widespread and intense, effectively consuming many organic
surfaces (Allard and Leopard 1952). As such, their use as red
spruce indicators may be limited, being often relegated to
wetter portions of the landscape that did not burn. The
presence of spodic horizons (or soils with spodic materials) is
probably of greater reliability due to their depth (less affected
by surface disturbances) and inherent longevity.

Optimally, information on presettlement forest conditions
should be used for building a predictive model but,
unfortunately, this information is scarce in West Virginia
(Stephenson 1993). Moreover, most existing information is
nonquantitative, in the form of generalized accounts and

anecdotal observations from early explorers and settlers.
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Therefore area estimates of presettlement red spruce vary
over a wide range (Table 5). Although witness-tree data
probably represent the best, most quantitative information
on presettlement vegetation, there is a paucity of witness
trees in West Virginia, especially at higher elevations
(Strahler 1972, Abrams and McCay 1996). As such, data
layers depicting existing distributions are probably superior
in the end, especially if climate change has occurred over the
past century. In that case, models based on current
distributions may provide more reliable and realistic

predictions for red spruce success.
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