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ARTICLE

Geographic variations in fine-scale vegetation patterns:
aspect preferences of montane pine stands over Southern
Appalachian landscapes
Charles W. Lafon , Alison A. Hanson and Rosemary A. Dwight

Department of Geography, Texas A&M University, College Station, College Station, TX, USA

ABSTRACT
Landscape mosaics commonly reflect local terrain interactions with
broad-scale processes. In the northern hemisphere, insolation inter-
acts with terrain such that south-facing slopes are warmer, drier, and
have sparser and more flammable vegetation than north-facing
slopes. These vegetation differences are reinforced through positive
feedbacks. In the southernAppalachianMountains, USA, south-facing
slopes harbor xerophytic, fire-dependent pine stands within
a hardwood-forest matrix. On certain landscapes, however, pines
prefer west- and northwest-facing slopes. We examine pine distribu-
tion in the southern Appalachian Mountains (Virginia through
Georgia), finding that pines prefer south- and southwest-facing
slopes in the southern section of this region but west-, southwest-,
and northwest-facing slopes in the northern section, suggesting that
broad-scale processes interact differently with terrain in the two
sections. To investigate these differences, we analyze three topo-
climatic factors (topographic wetness, insolation, and wind) that
may influence pine distributions, and discuss other potential influ-
ences (bedrock dip, soils, and ice storms). Insolation receipt can
straightforwardly explain pine distribution on southern landscapes.
No single explanation accounts fully for the anomalous northern
pattern, but several mechanisms (especially wind and disturbances)
may contribute. We present a conceptual model of these processes
and the longer-term coevolution of pine forests with microclimates,
fire regimes, soils, and landforms.
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Introduction

Vegetation patterns reflect the interaction of plants with two major environmental
factors, stress and disturbance, of which the first limits biomass production while
the second destroys existing biomass (Grime, 1977; Huston, 1994). These plant–envir-
onment interactions work through time and space to generate a patchwork of vegeta-
tion across landscapes (Forman, 1995). Such landscape mosaics arise not only through
fine–scale interactions of individual plants with their environment, but through the
interaction of multiple processes operating across a range of fine-to-broad scales
(Peters, Bestelmeyer, & Turner, 2007). A simple but striking example is seen in the
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contrasting plant communities that occupy slopes of differing aspect. In the northern
hemisphere, solar angle interacts with local terrain such that south-facing slopes receive
more insolation than north-facing slopes, and are therefore warmer and drier. These
dry conditions contribute to higher erodibility, gentler slopes, and weaker soil devel-
opment as well as sparser, more flammable plant cover (Huggett, 1995; Pelletier et al.,
2018; Schaetzl & Anderson, 2005).

Vegetation asymmetries between slopes are most evident where the opposing com-
munities differ not only in species composition but also in plant physiognomy and
vegetation structure, for example, between shrubland and grassland or between open
woodland and dense forest (Branson & Shown, 1989; Huggett, 1995). Such vegetation
contrasts provide habitat edges that influence wildlife (Ries, Fletcher, Battin, & Sisk,
2004). They can also generate feedbacks with climate, soils, and disturbance regimes
that reinforce the vegetation patterns (Pelletier et al., 2018; Phillips, 2009).

In the Blue Ridge and the Ridge and Valley physiographic provinces of the
Appalachian Mountains in the eastern USA, stands of xerophytic yellow pine (Pinus,
subgenus Diploxylon Koehne) form patches of evergreen needleleaf forest within
a deciduous broadleaf forest matrix. Our study investigates the distribution of these
pine stands through the southern Appalachian region, defined here as stretching from
northwestern Virginia to northern Georgia. The pine stands are generally understood to
follow the typical pattern in which xerophytic plants occupy warm, dry, south- and
southwest-facing slopes (Whittaker, 1956; Williams, 1998; Zobel, 1969). However,
anomalous patterns are reported in some field studies that indicate pine stands are
clustered primarily on west- or northwest-facing slopes that should be cooler and
moister than south-facing slopes (Aldrich, Lafon, Grissino-Mayer, & DeWeese, 2014;
Aldrich, Lafon, Grissino-Mayer, DeWeese, & Hoss, 2010; DeWeese, 2007; Hack &
Goodlett, 1960; Zobel, 1969). These anomalous distributions are largely reported for
sites in the northern (Virginia) section of the study area, while the “standard” distribu-
tion – with pines on south-facing slopes – seems characteristic in the southern section
(e.g. Brose & Waldrop, 2006; Whittaker, 1956).

Most field studies have targeted only a few pine stands, and therefore it is not clear if
the anomalous distribution pattern applies consistently to whole landscapes, and
perhaps even to the entire northern section of the study region. If a consistent pattern
emerges, it would imply that the controlling macroscale environmental factor(s) oper-
ates in the same direction over a large area. One potential factor is the prevailing wind,
which would preferentially dry the windward slopes (Hack & Goodlett, 1960). Non-
climatic factors might also be involved. For example, Hack and Goodlett (1960)
hypothesized that bedrock structure explains the abundance of pines on northwest-
facing slopes of a Virginia landscape that is situated on the southeast limb of an
anticline. They proposed that as water seeps along bedding planes of southeast-
dipping sedimentary strata, the northwest (scarp) slopes are dried and the southeast
(dip) slopes are moistened. Hack and Goodlett showed that northwest slopes are gentler
and have stonier soils than southeast slopes. These asymmetries suggested the operation
of different geomorphic and pedogenic processes associated with drier conditions on
the northwest slopes. The Hack and Goodlett hypothesis would provide for a consistent
pine distribution over an entire region if bedrock has the same orientation throughout
the region. A related possibility – but not part of the Hack and Goodlett hypothesis – is
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that terrain has evolved within the broad trends of Appalachian geologic structure such
that xeric topographic positions, ridgetops and upper slopes, are preferentially found on
west- and northwest-facing slopes in the northern section of the study region but not
the southern section.

In this study, we use GIS analyses to examine pine distribution over a series of
landscapes arranged from north to south through the southern Appalachian region. If it
is found that pine stands show different aspect affinities between the northern and
southern sections of the region, it would suggest the imprint of different macroscale
environmental processes on local pine distribution. Therefore, we investigate the
orientation of three topo-climatic factors – topographic wetness, insolation, and
wind – that may influence pine distribution. We ask whether these factors are oriented
differently on northern versus southern landscapes so as to account for regional
variations in landscape-scale pine distribution.

Background: montane pine stands of the Appalachian Mountains

The montane pine stands of the Appalachian Mountains have attracted considerable
attention from scientists and resource managers alike. They are part of a hardwood-
pine mosaic (Figure 1) covering mountain slopes within the Blue Ridge and the Ridge
and Valley physiographic provinces of the southern Appalachian Mountains. Pines are
less abundant within the mesophytic forests to the west on the Appalachian Plateau,
which is therefore not considered here. Pine stands are typically dominated by the
Appalachian endemic Table Mountain pine (Pinus pungens Lamb.) and/or pitch pine
(P. rigida Mill.) (Williams, 1998), and commonly include other yellow pine species –

Figure 1. Photograph of a southern Appalachian landscape, the Reddish Knob landscape examined
in this study, showing the pine-hardwood mosaic. The evergreen pine stands, which are clearly
distinct from the deciduous forest in this leaf-off photograph, form patches within the hardwood
forest matrix. The pine patches occupy slopes facing the viewer. The view is from the top of Reddish
Knob toward the southeast, meaning that pine stands are on the northwest-facing slopes.
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Virginia pine (P. virginiana Mill.) or shortleaf pine (P. echinata Mill.). Shortleaf pine is
common at low elevations in the southernmost parts of the region but not at higher
elevations or northern parts of the region (e.g. Aldrich et al., 2010; Brose & Waldrop,
2006; LaForest, 2012; Simon, 2013; Simon, Collins, Kauffman, McNab, & Ulrey, 2005;
Williams, 1998). The stands usually include a hardwood component, especially xero-
phytic oaks (Quercus montana Willd. and Q. coccinea Münchh.).

The yellow pines, which are drought-tolerant and shade-intolerant, typically inhabit
upper slopes and other dry sites (Whittaker, 1956; Williams, 1998; Zobel, 1969). The
pines form self-replacing populations on extremely dry rock outcrops (Barden, 1977), but
most pine stands originated through disturbances and are replaced by hardwood forest
without further disturbance (Williams, 1998). Fire is especially important. The dominant
pines have fire adaptations including thick bark, serotinous cones, and/or post-fire
sprouting (Williams, 1998). Before the era of fire exclusion, the stands appear to have
been maintained under a polycyclic fire regime (Frost, 1998). First, fires of low to
moderate severity burned frequently (at 2–5-year intervals; Lafon, Naito, Grissino-
Mayer, Horn, & Waldrop, 2017) and benefited pine recruitment by reducing leaf litter
and checking the establishment of hardwood competitors (Waldrop & Brose, 1999;
Williams, 1998). Second, higher-severity fires recurred at relatively long intervals
(approximately 75–100 years; Frost, 1998; Lafon et al., 2017), killing overstory trees and
thereby admitting light to the understory. The fires were ignited by both people and
lightning, but humans are generally thought to have been the dominant ignition source in
most places (e.g. Abrams & Nowacki, 2008). Other disturbances – primarily southern
pine beetle (Dendroctonus frontalis Zimmermann) outbreaks and ice storms (heavy
freezing rain events) – also generated canopy openings and provided fuel for wildfires
(Williams, 1998).

This disturbance regime, combined with the slow recovery of forest on dry, stressful
sites, perpetuated pine dominance and inhibited hardwood establishment (Lafon et al.,
2017). Fires that burned the pine stands would have also spread through the surround-
ing hardwood stands, favoring oaks and other fire-adapted hardwoods. However, fire
severity was probably lower in the hardwood matrix because of less flammable hard-
wood litter and perhaps because of greater fuel moisture on wetter topographic posi-
tions. Moreover, plant growth rates on the moister sites would have been high enough
to permit some oak sprouts and seedlings to reach a fire-resistant size between
successive fires, and therefore to have enabled oaks to persist under frequent burning.
Patterning of the oak-pine mosaic appears, therefore, to result from the interplay of
disturbances, fuels, and plant productivity over complex terrain.

This interplay has been disrupted by fire exclusion, resulting in an ongoing decline in the
extent of pine forest. The decline is exacerbated by non-fire disturbances, especially south-
ern pine beetle outbreaks. Historically, beetle outbreaks benefited pine recruitment by
opening the canopy and fueling wildfires (Williams, 1998), but fire exclusion has altered
this relationship such that beetle outbreaks accelerate the successional replacement of pines
by killing overstory pines without reducing the understory or leaf litter that inhibit pine
establishment. Beetle-induced declines occur primarily in the southern section of the study
region, where outbreaks are common (Pye, Price, Clarke, & Huggett, 2004). Outbreaks are
rare in the northern section because of low winter temperatures and shorter growing
seasons that limit beetle populations (Ungerer, Ayres, & Lombrardero, 1999).
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Resource managers of the National Forests, National Parks, and other agencies in the
southern Appalachian region are using prescribed fire to arrest declines in the abun-
dance of montane pine stands and associated plant and animal species (e.g. National
Park Service [NPS], 2010; United States Forest Service [USFS], 2014). Some of these
species do not depend solely on the pine stands for habitat, but instead benefit from the
landscape mosaic that comprises different community types and vegetation structure on
different topographic positions (Harper, Ford, Lashley, Moorman, & Stambaugh, 2016;
Rush, Klaus, Keyes, Petric, & Cooper, 2012). Therefore, this study is relevant to
resource management as well as to a general understanding of Appalachian vegetation
patterns. More broadly, it may suggest the possibility of other exceptions to the typical
north-versus-south-slope vegetation patterning in mountainous terrain.

Research questions

Our study is guided by the following three questions:

(1) How is montane pine forest distributed with regard to aspect in the southern
Appalachian region?

(2) Does this distribution vary across the southern Appalachian region?
(3) If so, are the variations related to differences in topo-climatic factors between

northern and southern sections of the region?

To investigate these questions, we analyzed GIS and climatic data for 12 landscapes,
each 8 × 8 km in size, distributed through the southern Appalachian region from
northwestern Virginia to northern Georgia. We divided these between six northern and
six southern landscapes and then compared patterns of pine forest and topo-climatic
factors between the northern and southern landscapes.

Study area

The southern Appalachian Mountains

The study landscapes are distributed from northeast to southwest along the Blue Ridge
and the Ridge and Valley physiographic provinces of the southern AppalachianMountains
(Figure 2). The Blue Ridge has complex mountainous terrain developed on deformed
sedimentary, metamorphic, and igneous bedrock (Rodgers, 1970). The southern part of
the Blue Ridge is a broad mountainous region bounded by escarpments that separate it
from lower terrain on all sides, while the northern part is a narrow spine of mountains
standing between areas of lower elevation. The montane pine stands occupy both northern
and southern parts of the Blue Ridge and are especially abundant along its bounding
escarpments (Zobel, 1969). The Ridge and Valley province consists of long, roughly
parallel ridges and valleys developed on deformed sedimentary bedrock (Rodgers, 1970).
The pine stands are largely restricted to parts of the Ridge and Valley – roughly north of
the Virginia–Tennessee border – where high ridges form mountainous topography with
suitable habitat for the stands. The southern Ridge and Valley has lower ridges and broad
valleys with few montane pine stands.
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The southern Appalachian region has a humid, temperate climate with hot summers
and cool winters (Bailey, 2009). Climatic means obtained for each landscape (Table 1)
from PRISM (http://www.prism.oregonstate.edu/) show that for the period 1981–2010,
January temperatures averaged – 0.7°C across the six northern landscapes and 1.4°C across
the six southern landscapes, while July temperatures averaged 21.7°C across both northern
and southern landscapes. Northern landscapes were drier than southern landscapes, with
an average of 1170 mm versus 1561 mm of annual precipitation. These precipitation
differences largely result from orographic effects on rainfall distribution.

The deciduous broadleaf forest that forms the general vegetation cover reflects the
temperate climate of the southern Appalachian region. At the scale of local landscapes,
forest types show a complex arrangement that is influenced by terrain, soils, distur-
bances, human manipulations, and other factors (Braun, 1950; Whittaker, 1956). In
general, oak-dominated forests prevail across the mountain slopes and include several
oak species mixed with hickories and other hardwood species. Mesophytic forests
occupy moist coves, ravines, and north-facing slopes, while xerophytic pine-
dominated stands inhabit the driest ridges and slopes.

Study sites

Of the 12 landscapes used in this study, eight were chosen to encompass sites where the
first author has field research experience (Table 1), and the remaining four were
distributed across other areas of the region. The landscapes were also chosen for their

Figure 2. Map of the study area showing the location of the 12 landscapes. The two-letter
abbreviations of these landscapes are defined in Table 1.
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proximity to Remote Automated Weather Stations (RAWS), from which daily climate
records were obtained (Table 1; https://fam.nwcg.gov/fam-web/weatherfirecd/). These
records were used to investigate the strength of wind for each aspect. All the study
landscapes are covered by the same vegetation dataset, which we obtained as 30-m
resolution raster data from the Southeast Gap Analysis Project (SEGAP; http://www.
basic.ncsu.edu/segap/). To evaluate the distribution of montane pine stands through the
analyses described below, we overlaid the SEGAP layer with terrain data, which was in
the form of one-arcsecond (approximately 30-m resolution) Digital Elevation Models
(DEMs) obtained from the US Geological Survey (https://viewer.nationalmap.gov/
basic/). The distribution of cells representing the montane pine forest (hereafter “pine
cells”) can be seen for a sample of four of the landscapes in Figure 3.

Figure 3. Shaded relief maps showing the distribution of montane pine stands (dark cells) across
four of the study landscapes: (a) Reddish Knob, (b) Mill Mountain, (c) Linville Mountain, and (d)
Licklog.
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The pine cells were assembled by combining three of the SEGAP land cover categories.
Of these categories, the predominant one is Southern Appalachian Montane Pine Forest
and Woodland (NatureServe, 2007). This category represents vegetation dominated by
yellow pines, particularly Table Mountain and pitch pines, but also Virginia and shortleaf
pines. It also includes xerophytic oaks and a few other hardwoods. This land-cover
category is the sole component of the pine cells on the six southern landscapes of our
study, and it accounted for the pine forest cells on two of the northern landscapes
(Thorofare Mountain and Kelley Mountain) and about half the cells on another
(Griffith Knob).

Pine cells on the remaining three landscapes (Reddish Knob, Mill Mountain, and
North Mountain) are composed of two other land cover types: (1) Northeastern
Interior Dry-Mesic Oak Forest-Virginia/Pitch Pine Modifier and (2) Southern Ridge
and Valley Dry Calcareous Forest-Pine Modifier. These are predominantly oak-hickory
land cover types, modified to indicate a strong pine presence in certain cases. The
names and descriptions of these two land-cover types do not seem to characterize the
montane yellow pine stands as accurately as the first type, but we are confident they
adequately capture the distribution of the stands.

Our confidence reflects two considerations. First, on the Griffith Knob landscape,
Northeastern Interior Dry-Mesic Oak Forest-Virginia/Pitch Pine Modifier is inter-
spersed evenly with Southern Appalachian Montane Pine Forest and Woodland. This
interspersion suggests they both represent the same forest type. Second, all landscapes
containing the two additional land cover categories have field study sites within them,
and the pine cells mapped for this project correspond with field observations of their
distribution (Aldrich et al., 2014, 2010; DeWeese, 2007). The main discrepancy with the
field observations is that the GIS datasets exclude small patches of pine, an expected
consequence of aggregating complex vegetation into 30 m cells. The exclusion of small
patches should not affect our ability to determine which slope aspects have the greatest
concentrations of pine. Only on one landscape, Reddish Knob (Figure 3(a)), does the
SEGAP classification seem to include cells that do not actually represent the location of
montane yellow pine stands. The cells in question appear as long strips on floodplains
of the largest streams. These cells likely indicate white pine-eastern hemlock forest
(Hack & Goodlett, 1960), whose inclusion could possibly blur some topographic
patterns. However, the much greater abundance of proper yellow pine stands should
enable us to distinguish the patterns of yellow pine.

The land-cover data indicate that montane pine stands are generally more extensive
on northern than southern landscapes of the southern Appalachian study area. This
variation is related to climatic variations across the region. Pine cover, as a percent of
cells classified as pine (log-transformed), is negatively correlated with mean annual
precipitation (r = – 0.55, P = 0.07) and mean annual temperature (r = – 0.75, P < 0.01).
Partial correlations suggest that temperature is the more important climate factor: no
relationship remains with precipitation when controlling for temperature (r = – 0.03,
P = 0.94), but a negative relationship remains with temperature when controlling for
precipitation (r = – 0.60, P = 0.05). The temperature relationship mainly involves winter
temperature, not summer temperature. This distinction is manifested in the strong
negative correlation of pine cover with mean January temperature (r = – 0.76, P < 0.01)
but not with mean July temperature (r = – 0.43, P = 0.17). These relationships of pine
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cover with regional climate gradients seem to contradict the affinity of pines for warm,
dry sites at the local scale. However, the region–scale relationships probably involve the
regional gradient in southern pine beetle outbreaks, which have disproportionately
affected southern landscapes. Regardless of their influence on pine abundance, beetle
outbreaks are not topographically restricted (Williams, 1998) and therefore have prob-
ably had little or no influence on the topographic patterns that are the focus of this
study.

The predominant soil orders across the 12 landscapes are Inceptisols and Entisols, with
Ultisols and Spodosols also found on some landscapes (Table 2). Soil series generally do
not vary by aspect (SoilWeb, https://casoilresource.lawr.ucdavis.edu/gmap/), but aspect
preferences are depicted on certain landscapes. Notably, on the Reddish Knob landscape,
the Leetonia series is mapped as narrow strips on the west- and northwest-facing slopes
that are generally covered with pine forest. This soil is an Entic Haplorthod, described as
an extremely stony loamy sand. We have omitted this soil from the Reddish Knob entry in
Table 2 because of the small area of the landscape covered by the soil. It is more wide-
spread on the Kelley Mountain landscape (Table 2), where it occupies broad summits and
upper slopes that have some pine cover but does not form the primary habitat for pine
stands. On the Holston Mountain landscape, the Ditney series, a Typic Dystrudept
described as a sandy loam, is common over the landscape but shows some preference
for the southwest-facing slopes covered with pine. In contrast, the Keener series (Typic

Table 2. Predominant soils on each landscape.
Landscape Soil subgroup Soil series

Northern section
Thorofare Mtn Extensive areas with no soil description Colluvial land, Rock land

Typic Dystrudept Edneytown, Peaks, Porters, Tusquitee
Reddish Knob Typic Dystrudept Hazelton, Lehew
Kelley Mtn Typic Dystrudept Cataska, Hazelton

Entic Haplorthod Leetonia
Typic Udorthent Drall

Mill Mtn Lithic Dystrudept Weikert
Typic Dystrudept Berks, Dekalb
Typic Hapludult Lily, Oriskany
Lithic Udorthent Rough

North Mtn Lithic Dystrudept Weikert
Typic Dystrudept Berks, Dekalb

Griffith Knob Lithic Dystrudept Weikert
Typic Dystrudept Berks, Dekalb
Typic Hapludult Brushy, Lily

Southern section
Holston Mtn Typic Dystrudept Cataska, Ditney

Typic Hapludult Cataska
Nolichucky River Extensive areas with no soil description Rock outcrops

Humic Dystrudept Chestoa
Lithic Dystrudept Unicoi
Typic Dystrudept Ditney, Soco

Linville Mtn Lithic Dystrudept Unicoi
Typic Dystrudept Ashe, Chestnut, Ditney, Soco

Licklog Typic Dystrudept Ditney, Soco, Stecoah
Typic Hapludult Junaluska, Tsali

Double Knob No soil map coverage of this landscape
Cohutta Mtn Typic Dystrudept Ashe, Porters, Tusquitee

Cumulic Hapludept Haywood

Source: SoilWeb (https://casoilresource.lawr.ucdavis.edu/gmap/).
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Hapludult) is scattered over the Holston Mountain landscape on lower slopes and debris
fans that face northwest and generally lack pine forest.

Methods

Analyses to address Question 1: How is montane pine forest distributed with
regard to aspect?

To address Question 1, we calculated the aspect of the cells in the DEM for each
landscape using ArcGIS (version 10.5, Esri, Inc., 1999–2016). Each landscape was
divided into eight aspect classes centered on the four cardinal and the four ordinal
directions. Then, for each aspect class, we used ArcGIS to extract the number of cells
designated as having pine or non-pine forest. Chi-square contingency tests (Zar, 1999)
were used to assess, for each landscape, whether pine frequency varied by aspect, H0:
Relative frequency of pine and non-pine forest is the same for all aspect classes. For this
and other statistical tests, we report results as statistically significant where P < 0.05.

Analyses to address Question 2: Does this distribution vary across the southern
Appalachian region?

To address Question 2, we calculated the percent of each aspect class covered with pine
on each landscape. These pine percentages (hereafter “pine cover”) were based on the
number of pine and non-pine cells extracted for each aspect class, as described
previously. We then calculated the mean pine cover by aspect for the six northern
and the six southern landscapes. A Mann–Whitney test (Zar, 1999) was used to
compare the pine cover between northern and southern landscapes, H0: The percent
of each aspect class covered with pine forest does not vary between the northern and
southern landscapes.

Analyses to address Question 3: Are the variations in pine distribution related to
differences in topo-climatic factors between northern and southern sections of
the region?

To address Question 3, we examined three factors that might vary over terrain in such
a way as to influence the distribution of pine stands through their effects on soil and/or
fuel moisture. If these factors differ in strength among the aspect classes, they might
contribute to aspect-related differences in pine cover.

The three topo-climatic factors and their characterization
The three topo-climatic factors we examined are topographic wetness, insolation, and
wind. Topographic wetness was characterized through the Topographic Wetness Index
(TWI; Beven & Kirkby, 1979), which is calculated using a DEM to identify topographic
positions that are conducive to runoff or to accumulation of moisture. TWI typically
shows low values on ridgetops and convex upper slopes and high values in valleys and
concave lower slopes.
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Insolation was characterized for each cell in the landscapes using the ArcGIS tool,
“Area Solar Radiation,” to estimate solar power density (W/m2), which was calculated
as the mean value for the equinoxes and solstices. This procedure takes into account
atmospheric attenuation, shading by terrain, and the effects of latitude on sun angle and
daylength. However, it does not consider shading by clouds, influences of reflected
sunlight, or contributions of longwave radiation from the atmosphere.

The wind was characterized by estimating wind power density, which was calculated as
W/m2 of wind power exerted against a vertical plane oriented in the direction of each aspect
class (The Royal Academy of Engineering, https://www.raeng.org.uk/publications/other/
23-wind-turbine). We calculated wind power density using daily RAWS wind speed data,
from which we obtained mean wind speed for the cardinal and ordinal directions. We
excluded records for days with a wind speed of 0 m/s, as the wind did not have a direction
on those days.We also excluded records for days when the anemometer was “frozen” at the
identical compass bearing on consecutive days; such records were excluded beginning with
the fourth straight day having the same compass bearing of wind. In our calculations of
wind power density, we used an atmospheric density of 1.1116 kg/m3. This is the density at
1000 m altitude, roughly the altitude of the mid-elevation pine stands, for the US standard
atmosphere (U.S. Committee on Extension to the Standard Atmosphere [USCESA], 1976).
We weighted wind power density for each aspect by multiplying it by the proportion of
days that wind blew from each of the eight directions. Hereafter, we refer to weighted wind
power density using the less precise but simpler term, “wind power.”

Relationships of pine distribution to the three topo-climatic factors
These three factors could explain the aspect-related patterns of pine only if they, them-
selves, were associated with pine distribution. Therefore, the first step in examining their
influence was to look for general relationships between pine cover and the level of each
factor. To do so, we classed the values of each factor into four categories arranged from
lowest to highest values. Specifically, for topographic wetness, the cells on each landscape
were classed into four TWI quartiles (Zar, 1999), and ArcGIS was used to extract the
number of cells in each quartile covered with pine forest. Pine cover was then calculated for
each quartile. For solar power density, the cells were also classed into four insolation
quartiles. ArcGIS was used to extract the number of cells in each insolation quartile covered
with pine forest, and pine cover was calculated for each quartile. For wind power, the eight
cardinal/ordinal directions were classed into four categories, ranging from the least windy
category (consisting of the two directions with weakest winds on a landscape) to the
windiest category (consisting of the two directions with strongest winds). The number of
pine cells was summed across the two wind directions in each category based on the
number of pine cells in each aspect class (which had been extracted previously to address
Question 1). Pine cover was then calculated for each of the four wind power categories.

We averaged the pine cover for each TWI quartile across the landscapes and used
a non-parametric Friedman test followed by Nemenyi multiple comparison tests (Zar,
1999) to assess whether pine cover differed among topographic positions, H0: Pine
cover is the same for all TWI quartiles. We performed the same types of comparison
among insolation quartiles (H0: Pine cover is the same for all quartiles), and among
the four wind power categories (H0: Pine cover is the same for all categories).
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Variations in the three topo-climatic factors between northern and southern
landscapes
To the extent that pine distribution is influenced by the topo-climatic factors, any
regional differences in compass orientation of these factors may affect the aspect
preference of pine stands. Therefore, we now ask whether the topo-climatic factors
are oriented differently on northern than southern landscapes: are the moisture-limited
sites (xeric/illuminated/windward) concentrated on different aspects of the northern
landscapes than the southern ones?

To express topographic wetness in the most general way, we first combined the lowest
two TWI quartiles into a single “xeric” category and the highest two TWI quartiles into
a single “mesic” category. We calculated the percent of each aspect class composed of xeric
cells. We then calculated the average percentage of each aspect class composed of xeric cells
in the northern versus southern landscapes, and compared the percent xeric cells of each
aspect class between northern and southern landscapes using a Mann–Whitney test, H0:
The percent of each aspect class composed of xeric cells does not vary between the northern
and southern landscapes. We conducted the same types of comparison for insolation. The
lowest two quartiles were combined into a single “shaded” category and the highest two
quartiles were combined into a single “illuminated” category. A Mann–Whitney test was
used to testH0: The percent of each aspect class composed of illuminated cells does not vary
between the northern and southern landscapes.

For wind, we calculated the mean wind power of each aspect class for the northern and
southern landscapes. Wind power of each aspect class was compared between the northern
and southern landscapes using a Mann–Whitney test, H0: Wind power of each aspect class
does not vary between the northern and southern landscapes.

Correlations of pine distribution with the topo-climatic factors by aspect
Finally, we used Pearson correlation analyses (Zar, 1999) to investigate whether the
aspect preferences of pine forest are more responsive to certain topo-climatic factors
in the northern section of the region than the southern, and vice versa. Specifically,
for TWI, we correlated pine cover (log-transformed) of each aspect class with
the percent of each aspect class covered with topographically xeric sites, H0: Pine
cover by aspect is not correlated with the percent of the aspect class composed of xeric
cells. Similar analyses were conducted for insolation (H0: Pine cover by aspect is not
correlated with the percent of the aspect class composed of illuminated cells) and for
wind power (H0: Pine cover by aspect is not correlated with wind power for that
aspect class).

These correlations were conducted first at the level of the northern and southern
sections. Values used for each aspect were the means for that aspect class over the six
landscapes in the section. Using mean values in the analyses yields ecological correlations
(Johnston, 1980), which are useful for portraying general relationships for the entire section
but which could exaggerate the strength of association between the variables. Therefore, to
ascertain whether these general relationships apply consistently at the level of individual
landscapes, we conducted identical correlation analyses for each landscape.

PHYSICAL GEOGRAPHY 445



Results

Question 1: How is montane pine forest distributed with regard to aspect?

The relative frequency of pine cells varies among the eight aspect classes for all the
landscapes (chi-square test, DF = 49, P < 0.05 for each landscape; Figure 4). Pine
extent is greatest on west-, northwest-, and southwest-facing slopes of northern
landscapes, and on the south- and southwest-facing slopes of southern landscapes.

Question 2: Does this distribution vary across the southern Appalachian region?

Pine forest is more extensive on northern than southern landscapes for certain aspects:
west, northwest, north, northeast, and east (not statistically significant for the east;
Figure 5). In contrast, south-facing slopes have greater pine cover on southern than
northern landscapes, but the difference is not statistically significant (P = 0.09) at the
level of P < 0.05 used here. For the remaining two aspects, southeast and southwest,
pine cover is similar for the northern and southern landscapes.

Question 3: Are the variations in pine distribution related to differences in topo-
climatic factors between northern and southern sections of the region?

Relationships of pine distribution to the three topo-climatic factors
In general, pine forest is associated with sites presumed to be moisture-limited.
First, pine cover is greater on dry topographic positions (low TWI quartiles) than

Figure 4. Pine extent for the eight aspect classes on each landscape.
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moist positions (high TWI quartiles; Figure 6(a)). This finding applies region-wide
(all 12 landscapes combined), and also across the six landscapes in either sub-
region. Second, pine cover is greater on sites with greater insolation (high insola-
tion quartiles) than on sites with less insolation (low insolation quartiles; Figure 6
(b)). The difference is statistically significant when analyzed across all 12 land-
scapes or across the six southern landscapes. Third, pine cover is greater on sites
with strong winds than weaker winds (Figure 6(c)). The difference is statistically
significant when analyzed across all 12 landscapes or across the six northern
landscapes.

Variations in the three topo-climatic factors between northern and southern
landscapes
The three topo-climatic factors display relatively similar distributions by aspect in north-
ern versus southern landscapes. With respect to topographic wetness (Figure 7(a)), the
greatest disparities are for east and southeast aspects, where xeric topographic positions
are approximately 1.1 times more extensive on southern than northern landscapes. These
disparities do not correspond with differences in the aspect preferences of pine forest
between northern and southern sections of the region. Regarding insolation, northern
and southern landscapes alike receive peak illumination on south-, southeast-, and
southwest-facing slopes (Figure 7(b)). The greatest insolation differences are for west
and northwest aspect classes, where illuminated sites are 1.2–1.4 times more extensive on
southern than northern landscapes. These disparities also do not correspond with aspect
preferences of pine forest between northern and southern sections of the region. As for

Figure 5. Mean pine cover by aspect. Black bars represent northern landscapes, and gray bars
represent southern landscapes. Asterisks indicate significant differences (P < 0.05) between northern
and southern landscapes, based on Mann–Whitney tests.
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Figure 6. Mean pine cover of (a) the TWI quartiles arranged from driest to wettest (1–4), (b) the
insolation quartiles arranged from least to most illuminated (1–4), and (c) the four wind power
categories arranged from least to most windy (1–4). The set of bars on the left of each chart shows
the means for all 12 landscapes. The middle and right sets show the means for the northern and
southern landscapes, respectively. Categories labeled with different letters have significantly differ-
ent pine cover (Nemenyi tests, P < 0.05). Unlabeled bars indicate that Nemenyi tests were not
conducted because the Friedman’s test did not show the categories to differ at P < 0.05. In the case
of wind power categories, bar height does not do not correspond precisely with the order of
significant differences because the non-parametric Friedman’s and Nemenyi tests were conducted
on ranks, not means, whereas the bar heights are based on means.
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mean wind power, it is generally greatest on northwest, southwest, and west aspects in
both sections of the region (Figure 7(c)). It is considerably stronger for some aspects in
one section or the other, but none of the differences are statistically significant because of
inconsistencies among landscapes within each section. The strongest difference is for the
western aspect class, where mean wind power is 3.3 times greater in northern than
southern landscapes (P = 0.13). This pattern corresponds with the high abundance of
pine on west-facing slopes of the northern landscapes.

In sum, pine cells are associated with topographically xeric, illuminated, and wind-
ward sites. However, these topo-climatic factors show relatively small or statistically

Figure 7. For each aspect class, (a) mean percent composed of xeric cells, (b) mean percent
composed of illuminated cells, and (c) mean wind power. Asterisks indicate significant differences
(P < 0.05) between northern and southern landscapes, based on Mann–Whitney tests.
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weak variations between northern and southern landscapes in terms of their distribu-
tion among aspect classes. Moreover, the variations are not entirely consistent with the
distribution of pine cells among the aspect classes.

Correlations of pine distribution with the topo-climatic factors by aspect
The next set of results investigates whether the aspect preferences of pine forest are
more responsive to certain topo-climatic factors in the northern section of the region
than the southern, and vice versa. These results (Table 3, Figure 8) indicate that
differences in pine cover among the aspect classes are associated primarily with wind
power on northern landscapes and with insolation on southern landscapes. In neither
section do the variations in pine cover among aspect classes show strong or consistent
associations with the distribution of topographically xeric sites.

On northern landscapes, pine cover by aspect (log-transformed) is positively related
to wind power by aspect when examined at the section level via ecological correlation
(r = 0.81; Table 3; Figure 8(c)). This relationship also emerges consistently, albeit more
weakly, at the scale of individual landscapes (r = 0.20–0.79; Table 3).

On southern landscapes, pine cover by aspect (log-transformed) is positively associated
with insolation at the section level (r = 0.98; Table 3; Figure 8(e)), meaning that pine cover is
greatest on aspect classes with a large abundance of illuminated cells. This relationship is
also observed consistently at the scale of individual landscapes (r = 0.80–0.98; Table 3).
Additionally, pine cover shows some evidence of association with wind power on southern
landscapes, but these relationships are inconsistent among the landscapes.

Discussion

This study confirms that the distribution of montane pine stands differs systematically
across the southern Appalachian region. On northern landscapes, pine stands are
consistently spread over several aspect classes but with peak concentrations on west-,
southwest-, and northwest-facing slopes. A consistent distribution also emerges on
southern landscapes: a relatively narrow clustering of pine stands on the south- and

Table 3. Correlation coefficients for the relationships of pine cover (log-transformed) with the topo-
climatic variables for each aspect class. An asterisk denotes the correlation is statistically significant
at P < 0.05.
Section/Landscape With percent xeric With percent illuminated With wind power

Northern section 0.46 – 0.28 0.81*
Thorofare Mtn 0.41 0.03 0.20
Reddish Knob 0.61 – 0.61 0.64
Kelley Mtn – 0.09 – 0.44 0.46
Mill Mtn – 0.19 – 0.06 0.79*
North Mtn 0.35 0.20 0.61
Griffith Knob – 0.26 0.13 0.50

Southern section – 0.20 0.98* 0.33
Holston Mtn – 0.43 0.81* – 0.46
Nolichucky Riv 0.43 0.97* – 0.46
Linville Mtn – 0.23 0.97* – 0.05
Licklog – 0.74* 0.98* 0.73*
Double Knob – 0.10 0.80* 0.42
Cohutta Mtn – 0.24 0.98* 0.75*
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southwest-facing slopes. The southern pattern typifies xerophytic vegetation in moun-
tains of the northern hemisphere and straightforwardly manifests the interactions
between solar radiation and terrain.

Figure 8. Scatterplots depicting the relationships between pine cover and each of the topo-climatic
factors by aspect. Plots on the left (a–c) pertain to the northern section of the study region, and
plots on the right (d–f) pertain to the southern section. These scatterplots are based on mean values
for all landscapes in each section.
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On northern landscapes, insolation can only account for the abundance of pine
forest on southwest slopes and its rarity on east and northeast slopes. Why pine
distribution does not conform more generally to insolation patterns is not clear. One
possibility is that topographic contrasts in insolation receipt are weakened or rear-
ranged by cloud cover. However, mean annual sky cover is not much greater in the
northern section of the study area than the southern section – about 60–70% versus
60% when mapped at the low spatial resolution of first-order weather stations
(Environmental Data Service (EDS), 1968). High-resolution (1 km2) estimates of inso-
lation, which incorporate cloud cover based on satellite images, indicate the northern
landscapes receive about 2–3% less radiation per year than the southern landscapes
(Global Solar Atlas, http://globalsolaratlas.info/). These relatively small differences seem
insufficient, in themselves, to shift pine stands away from south-facing slopes and
toward the west- and northwest-facing slopes.

A more probable role of cloud cover would be to redistribute insolation within
shorter time frames, especially during critical periods. For example, cloud cover differs
more strongly across the Appalachian region during October and November – the peak
of the fall fire season (Lafon et al., 2017) – than for the whole year (EDS, 1968).
Cloudiness during those months could reduce topographic contrasts in fuel moisture
and flammability on northern landscapes. For the diurnal time scale, some evidence
suggests that local-scale convection arises over the Ridge and Valley during the warm
season and supports early- to mid-afternoon cloudiness (Konrad, 1994). These clouds
would shield south-facing slopes from the mid-day insolation peak. They would also
disrupt larger convective circulations that otherwise develop later in the afternoon, as
seen along the Blue Ridge (Konrad, 1994). Having disrupted late-afternoon convection,
the clouds may dissipate and permit insolation onto west- and northwest-facing slopes.
Whether this local-scale process could act coherently over all the landscapes of the
northern section – including the two landscapes on the Blue Ridge – is a question that
would need to be resolved through further research before it could be considered
a probable explanation for pine distribution.

If insolation provides only a partial explanation for pine distribution on northern
landscapes, do the other two topo-climatic factors we examined – topographic wetness
and wind – give a further explanation? Topographically xeric sites clearly favor pine
forest, but they are not oriented in a way that accounts for the aspect preference of
pines. Wind is the only one of these factors that correspond to any degree with pine
aspect preferences. The statistical correspondence is weak, but westerly winds may favor
pine forest on west-facing slopes by drying the slopes or by driving fires up them. Fires
burn more intensely when heading up windward slopes than when backing down
leeward slopes (Finney, 2004). Fires burned these mountain slopes frequently in the
past, before fire exclusion (Lafon et al., 2017), and if heading fires repeatedly burned
west-facing slopes, they might have generated the heavy tree mortality that favored pine
recruitment and thwarted hardwood establishment. Ascertaining the role of wind in
driving topographic patterns of fire severity would require characterization of burn
severity within recent wildfires, combined with analysis of wind power and direction
during those fires. That is, wind conditions on the day of fire may be more important
than mean wind power and direction for pine stand distribution.
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The inability of the three factors we examined to fully explain pine distributions on
northern landscapes suggests a need to consider additional explanations. One candidate
is the bedrock dip hypothesis proposed by Hack and Goodlett (1960) to account for
vegetation patterns in an area that encompasses the Reddish Knob landscape of our
research. The landscape has largely developed on the southeast limb of an anticline,
where the flow of water along southeast-dipping strata was hypothesized to dry the
northwest-facing slopes of the spurs that corrugate the primary slopes of major ridges
(see Figure 3(a)). For the bedrock-dip mechanism to apply on other northern land-
scapes would mean that the west/northwest affinity of pines results from southeast-
dipping bedrock on those landscapes, too. However, bedrock does not dip uniformly to
the southeast in those areas (Cooper, 1944; Gathright, 1976; Kozak, 1965; Werner, 1966;
Wilkes, 2002). The Mill Mountain landscape provides a good example (Figure 3(b)). It
consists of anticlinal and synclinal ridges with beds dipping southeast under some
slopes and northwest under others (Kozak, 1965), but regardless of bedrock orientation,
pine forest is most abundant on the west, southwest, and northwest faces of the spurs
that make up the northwest side of each primary ridge. A further difficulty arises when
southern landscapes are considered: pines occupy the south and southwest slopes
regardless of how the sedimentary strata dip or – in areas of metamorphic rock –
how bedrock foliation is oriented (Bryant & Reed, 1970; Gair & Slacke, 1982; King,
Ferguson, & Hamilton, 1960; Neuman & Nelson, 1965; Peper & Moore, 1988; Rodgers,
1953).

Moreover, landform asymmetries resembling those noted by Hack and Goodlett
apply on opposite sides of spurs even where bedrock dip is identical. A good example is
seen on Rough Mountain, the synclinal ridge that occupies most of the northwestern
side of the Mill Mountain landscape (Figure 3(b)). Bedding planes dip southeast along
the entire northwestern slope of the mountain. Yet the west (pine-covered) faces of the
spurs on this slope are broader and more gently sloped than the east faces of the spurs
(Figure 9(a)), suggesting that west faces are drier mainly because of wind exposure or
other microclimatic factors, not because they are on the scarp slope of the ridge. Similar
patterns exist on the North Mountain and Griffith Knob landscapes (Figure 9(b)).
Bedrock dip undoubtedly affects groundwater flow (Fan, Toran, & Schlische, 2007),
but in light of these difficulties, it does not appear to be a dominant control on site
moisture or pine distribution across northern or southern landscapes.

Soil type is another factor that may contribute to pine distribution because droughty
or infertile soils should favor yellow pines over hardwoods (Williams, 1998). As noted
above, however, soil maps indicate little preference of soil types for particular aspects.
This fact implies either that aspect-related differences in soils are minimal or that the
spatial resolution of the maps is too coarse to delineate small areas with distinct soils on
the west-, southwest-, and northwest-facing slopes that are preferred by pines on
northern landscapes. The latter possibility is suggested by the mapped soil distributions
on the Reddish Knob landscape, where small polygons of the Leetonia series,
a Spodosol, are mapped on pine-covered slopes that face west or northwest (SoilWeb,
https://casoilresource.lawr.ucdavis.edu/gmap/). These small polygons are depicted only
for the portion of the landscape within Augusta County, Virginia. In neighboring
Rockingham County, Virginia, which encompasses the northeastern corner of the
Reddish Knob landscape, soils are mapped at a coarser resolution that does not
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accommodate small polygons of Leetonia. Given that these small patches are barely
mapped for the Reddish Knob landscape, which has the greatest pine cover of all 12
landscapes in our study, it is unsurprising that distinct soils are not mapped for pine-
covered slopes on other landscapes, even if they exist. Alternatively, these distinct soils
may truly be absent from other landscapes, in which case their presence on the Reddish
Knob landscape may have contributed to the abundance of yellow pine there.

One mechanism that has undoubtedly shaped pine distribution is non-fire distur-
bance that kills overstory pines but, unlike fires, causes little damage to understory
vegetation. Southern pine beetles are one such agent of disturbance, but as noted above,
they are mostly restricted to the southern section of the study region and do not show

Figure 9. Topographic maps that depict portions of (a) the Mill Mountain landscape and (b) the
Griffith Knob landscape. The upper panel (a) encompasses an area near the northwest corner of the
Mill Mountain landscape (see Figure 3b). It is centered on the northwest slope of Rough Mountain.
Asymmetry in the west versus east faces of spurs is particularly evident on the lower northwest
slope of Rough Mountain, as is also the case on Griffith Knob, seen in panel B. These maps are
portions of the US Geological Survey 7.5-min topographic quadrangles, published at 1:24,000 scale
and reduced here to 1:40,000 scale. Panel A is from the Nimrod Hall, Virginia quadrangle (1969), and
panel B is from the Big Bend, Virginia quadrangle (1968).
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strong aspect preferences. In the northern section, ice storms are common, and they
exhibit pronounced topographic patterning. Ice storm frequency declines from north-
east to southwest within the study area, a consequence of cold-air damming and
trapping events along the eastern slopes of the Blue Ridge and in the Virginia portion
of the Ridge and Valley (Lafon, 2016). As cold, lower-tropospheric air encounters
mountainous terrain, the synoptic-scale pressure gradient becomes oriented such that
winds blow from the south, southeast, east, or sometimes northeast. During an ice
storm, therefore, the wind blows opposite the normal direction of the prevailing wind –
windward aspects during an ice storm are the south, southeast, east, or northeast slopes.
These windward slopes apparently receive greater ice accumulations than leeward
slopes because of orographic effects on rainfall and/or enhanced cooling of raindrops
on windward slopes (Lafon, Graybeal, & Orvis, 1999), and therefore sustain heavier
forest damage. Within damaged patches, tree mortality varies among species (Lafon,
2016), with yellow pines sustaining particularly high mortality while oaks and some
other species are less affected. Repeated disturbance by ice storms probably contributed
to the low cover of pine forest on south-, southeast-, east-, and northeast-facing slopes.

Conclusions

The patterning of pine forest on landscapes within the southern section of the southern
Appalachian Mountains can largely be explained by variations in insolation receipt by
aspect. To the extent that wind, fire, or other factors are involved, they are overwhelmed
by solar radiation, or their influence aligns with it. In contrast, pine distribution on
northern landscapes may involve the interplay of multiple processes operating in
different directions such that only a partial explanation – high pine cover on southwest
slopes and low cover on east and northeast slopes – can be offered by the standard
insolation model. Drying winds and severe wind-driven fires seem, provisionally,
a good explanation for pines on west-, northwest-, and north-facing slopes, while ice
storms help explain the rarity of pines on the south- and southeast-facing slopes. These
and other potential explanations involve processes that operate at different spatial and
temporal scales to form consistent landscape-scale vegetation patterns over large sec-
tions of the southern Appalachian region. The dominant processes appear to change in
the vicinity of the southern Virginia border such that landscape patterning of pine
forest shifts abruptly between northern and southern landscapes.

Added to the direct ecological interactions manifest through these processes would
be the historical perpetuation and sharpening of vegetation patterns through positive
feedbacks. For example, the development of xerophytic vegetation on dry sites can help
perpetuate xeric conditions through an open stand structure that admits drying wind
and sun to the forest floor (Pelletier et al., 2018). Additionally, pines not only thrive on
dry, fire-prone sites, they also encourage severe fires through their flammability (Lafon
et al., 2017).

The persistence of landscape configurations under positive feedbacks would mean
that present vegetation patterns are partly inherited from past ecological interactions. If
those interactions differed from present ones, they could help account for the weak
relationships we observed between pine cover and topo-climatic factors on northern
landscapes. Indeed, the geomorphic form of west-facing slopes suggests they evolved
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under a long history of xeric conditions (Hack & Goodlett, 1960), which probably
existed before the Holocene (cf. Pelletier et al., 2018). Those conditions may have been
initiated during the Pleistocene by interactions that no longer occur; but once estab-
lished, xeric microclimates endured. They have coevolved with landforms, soils, vegeta-
tion, and disturbance regimes to perpetuate landscape patterns (e.g. Phillips, 2009).

Most likely, the distribution of Appalachian pine stands reflects both historical and
present ecological interactions whose effects cannot be fully separated, as summarized
in Figure 10. The ecological relationships emphasized in this paper are indicated in the
center column of the diagram. They include topo-climatic effects on the levels of stress
and disturbance that favor pine forest on certain aspects (solid downward arrows). Also,
acting at relatively short time scales are positive feedbacks, e.g., on fire severity, that
result from the presence of pine forest (solid upward arrows).

Historical interactions that emerge over centuries to millennia are indicated on the
left and right sides of the diagram. Pine traits (left side) reflect evolutionary tradeoffs
entailed in long-term habitation of stressful, fire-prone sites (Grime, 1977). For the pine
species to have coevolved with the particular sites they now occupy would require their
presence over many generations. Diploxylon pines have inhabited the southern
Appalachian Mountains and surrounding regions since the Pleistocene, according to
fossil pollen and needles (e.g. Ballard, Horn, & Li, 2017; Craig, 1969). The Pleistocene
pine fossils have commonly been interpreted as evidencing the boreal species, jack pine

Figure 10. Conceptual model of ecological and historical interactions that favor the development
and persistence of yellow pine patches on southern Appalachian landscapes. The central column of
the diagram pertains to ecological interactions that are linked closely to the topo-climatic factors
considered in the present study. Solid, downward-pointing arrows indicate positive influences on
pine forest, and solid upward-pointing arrows indicate positive feedbacks that result from the
presence of pine forest. The left and right rectangles and the dashed arrows reflect historical
interactions that contribute to the coevolution of microclimates, landforms, soils, vegetation, and
disturbance regimes that perpetuate pine forest.
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(Pinus banksiana Lamb.), but uncertainties in distinguishing among the Diploxylon
species mean that other yellow pines (e.g. Table Mountain pine) might have been
present (Loehle & Iltis, 1997).

The exact species mix notwithstanding, nutrient cycling is affected by pine litter quality
and favors the development of infertile, acidic soils (e.g. Spodosols; right side, bottom
dashed arrow; Scholes & Nowicki, 1998). Further, low biomass in xerophytic pine stands
provides only modest protection against erosion, resulting in broad, relatively gentle slopes
with shallow soils (Figure 9; Pelletier et al., 2018). These soils reinforce the stressful
environment that favors pine dominance (middle dashed arrow). Moreover, as the slopes
evolve on xeric sites, they would appear to broaden and orient toward the prevalent topo-
climatic factors acting on the landscape (e.g. Figure 9), such that pine forest indirectly
influences its exposure to these factors through landform evolution (top dashed arrow).
Consequently, paleoclimatic conditions may be implicated in the present arrangement of
terrain and vegetation. For example, if westerly/northwesterly winds prevailed in the
northern section of the study area during the Pleistocene, and southwesterly winds in
the southern section, they could help account for the differences in pine distribution
observed today. Appalachian paleowinds are little known, but subcontinental-scale paleo-
wind reconstructions would permit such an interpretation, among others (Bromwich,
Toracinta, Oglesby, Fastook, & Hughes, 2005).

The Appalachian pine stands are part of a larger mosaic of montane vegetation that has
emerged through ecological, climatic, and geomorphic interactions and feedbacks that
operate over multiple scales of time and space. These mechanisms expose different parts of
a landscape to contrasting stresses and disturbance regimes, thereby yielding the hetero-
geneous patchwork of vegetation observed in mountainous landscapes. Ongoing changes
in stress (e.g. through climate change or forest stand crowding) and disturbance regimes
(e.g. fire exclusion) are altering vegetation patterns in the southern Appalachian
Mountains and other regions. Some of the changes can be managed to conserve vegetation
patterns. Prescribed burning, when implemented over large areas (Harper et al., 2016),
offers a particularly effective way to perpetuate landscape mosaics through the interaction
of fire with existing heterogeneity in microclimate, terrain, and vegetation.
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