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Abstract 
Hemlock woolly adelgid (Adelges tsugae Annand, HWA) outbreaks are posing a major threat to 
eastern hemlock (Tsuga canadensis L. Carr.) and Carolina hemlock (Tsuga caroliniana Engelm.) 
forest landscapes in the eastern USA. As foundation species, hemlocks play a variety of functional 
roles in forest landscapes. These species usually occur as isolated canopies and mixed species in 
landscapes where variation in topography is extreme. Spatially explicit inventory information on 
HWA induced hemlock mortality at landscape scale does not exist. High resolution aerial image-
ries enable landscape scale assessment even at the individual tree level. Accordingly, our goal was 
to investigate spatial pattern and distribution of HWA induced hemlock mortality using a high 
resolution aerial image mosaic in the Linville River Gorge, Southern Appalachians, western North 
Carolina. Our study objectives were: 1) to detect dead trees within the Lower Linville River wa-
tershed; 2) to estimate the area occupied by dead trees in the forest canopy surface; 3) to investi-
gate the relationship of dead hemlocks and topography; and 4) to define the spatial pattern of the 
dead trees. We found ca. 10,000 dead trees within the study area, occupying over 7 ha of the ca-
nopy surface with an average area of 36 m2 per dead tree. The density of the dead trees was higher 
in proximity to the Linville River, at higher elevations, and on northern and northwestern aspects. 
Spatial pattern of the dead trees was generally clustered at all spatial scales. We suggest that al-
though the reduction in plant biomass resulting from herbivory within the landscapes is modest, 
impact of the clustered distribution of hemlock mortality, especially in the riparian zones, is 
noteworthy. Our analysis of the pattern of hemlock decline provides new means for projecting fu-
ture impacts of HWA on the range of hemlock distribution in eastern North America. 
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1. Introduction 
Biological invasions are one of the greatest environmental challenges of today (Dix et al. 2010). Monitoring and 
minimizing the impacts of damage by invasive pest insects has become a central issue in the field of forest re-
search (Pimentel et al. 2005; Dukes et al. 2009). The hemlock woolly adelgid (Adelges tsugae Annand, HWA) 
(Hemiptera: Adelgidae) is currently causing severe decline in vitality and survival of eastern hemlock (Tsuga 
canadensis L. Carr.) (Pinaceae) and Carolina hemlock (Tsuga caroliniana Engelm.) in eastern North American 
forests. The HWA, native to East-Asia, is a sap-sucking insect feeding on hemlock parenchyma cells. The ecol-
ogy of HWA in the eastern USA is well documented (see McClure 1991; Stadler et al. 2006). The initial out-
break in the northeastern USA occurred in the early 1950’s (Souto et al. 1996; Orwig et al. 2002). For decades 
the species has been regarded as a harmless organism (Ward et al. 2004). The populations started to expand 
from New England during the 1980’s (Del Tredici & Kitajima 2004; Clark et al. 2012). Movement into the 
Southern Appalachians is recent (Cheah et al. 2004; Krapfl et al. 2011). Eastern and Carolina hemlocks of all 
size and age classes are infested. HWA herbivory results in progressive decline in tree health and subsequent 
mortality, usually within 5 - 15 years (Stadler et al. 2006). Eastern and Carolina hemlocks have shown little or 
no resistance to HWA (Eschtruth et al. 2006). 

Hemlocks are keystone host species that are able to tolerate extreme shade and provide unique multi-layer 
canopies (Orwig & Foster 1998; Jonas et al. 2012). Eastern hemlock is one of the principal riparian and cove 
canopy species in the Southern Appalachians (Brown 2004; Ford & Vose 2007). Mature hemlocks provide 
thermal cover and forage for over 120 vertebrate species, including mammals and almost 90 bird species (Ward 
et al. 2004). Hemlock canopies have a significant impact on biodiversity of fish (Ross et al. 2003), terrestrial 
arthropods (Rohr et al. 2009;Sackett et al. 2011), aquatic invertebrates (Snyder et al. 2002), and other plant spe-
cies (Kizlinski et al. 2002; Ellison et al. 2005; Orwig et al. 2012). Hemlocks also have an important role in 
maintaining stream quality and amplitude of stream flow (Ford & Vose 2007).  

HWA can fundamentally modify forest landscapes by altering ecosystem composition, structure, and function 
(Ford & Vose 2007; Ford et al. 2012). Effects at the landscape scale include widespread elimination of hemlocks 
resulting in a forest structure dominated by broadleaved tree species (Stadler et al. 2006; Clark et al. 2012; Birt 
et al. 2014). Hemlock elimination can significantly alter microclimatic conditions in forests, such as solar radia-
tion. Due to increased light penetration, less shade-tolerant tree species, such as red maple (Acer rubrum L.) 
(Aceraceae) and black birch (Betulalenta L.), (Betulaceae) could be established in the disturbance patches 
(Stadler et al. 2006; Spaulding & Rieske 2010). The newly generated forest canopy gaps resulting from hemlock 
elimination could also serve as potential areas for establishment of invasive plant species, such as tree of heaven 
(Ailanthus altissima Mill.) and mimosa tree (Albizia julibrissin Durazz.) (Webster et al. 2006). Hemlock decline 
by HWA can lead to significant changes in hydrology (Ford & Vose 2007), carbon cycling (Albani et al. 2010), 
nitrogen cycling (Orwig et al. 2008), and decomposition (Cobb 2010). 

Landscape topographic characteristics of elevation, slope, and aspect may have a major influence on the spa-
tial pattern of HWA infestations, but this interaction has not been examined (Orwig & Foster 1998). Topography 
has been associated with the intensity of outbreaks for several other insect species, including European pine 
sawfly (Neodiprion sertifer Geoffr.) (Niemelä et al. 1987), Siberian silk moth (Dendrolimus superans sibiricus 
Tschetw.) (Kharuk et al. 2007), autumnal moth (Epirrita autumnata Borkhausen) (Tenow 1975; Ruohomäki et 
al. 1997), and larch bud moth (Zeiraphera diniana Guenée) (Baltensweiler et al. 2008). 

Development of cost-efficient mapping and monitoring methods for investigating the spatial pattern of im-
pacts of HWA on forest landscapes are needed. Changes in forest canopy, such as tree mortality, are often more 
visible from a bird’s eye view than that on the ground. Remote sensing, including aerial images, can more ra-
pidly produce data for broad, remote, and even inaccessible forest lands at a much lower cost in comparison to 
ground inventories (Ciesla 2000; Hall et al. 2007; Morgan et al. 2010). Aerial imagery is the most frequently 
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used remotely sensed data in the field of forestry (Hall 2003). Modern high resolution aerial images enable as-
sessment even at the individual tree level. According to Wulder et al. (2006), a wide range of forest health mon-
itoring needs can be fulfilled with digital aerial imageries. 

The general distribution of HWA has been mapped at state and county levels. However, spatially explicit data 
on the spatial pattern of HWA infestation is needed for realistic ecological and economic impact assessment 
(Orwig et al. 2002). These data sets have not been collected, largely because hemlocks occur in forest land-
scapes often characterized by extreme topographic variation. Traditional forest inventory methods are often im-
practical. Precise information on hemlock mortality still is needed to evaluate the real impacts of HWA herbi-
vory on forest landscapes. Accordingly, our goal was to investigate spatial pattern and distribution of HWA in-
duced hemlock mortality in the Linville River Gorge, Southern Appalachians, North Carolina. Our study objec-
tives were to: 1) detect dead trees within the Lower Linville River watershed; 2) estimate the area occupied by 
dead trees in the forest canopy surface; 3) investigate the relationship of hemlock mortality and topography; and 
4) define the spatial pattern of the tree mortality. Our study demonstrates additional tools in the investigation of 
broad scale ecological and economic impacts of HWA on forest landscapes and vegetation dynamics. 

2. Material 
2.1. Study Area 
The study area for this investigation was located in the Lower Linville River watershed of the Grandfather Ran-
ger district (GF) (35˚56'N, 81˚55'W), Pisgah National Forest, Southern Appalachian Mountains, western North 
Carolina, USA (Figure 1). The spatial extent was 60 km2. The Linville Gorge wilderness area covers most of 
the study area. The majority of the wilderness area has remained unlogged and it is one of the largest old-growth 
forests in the region. However, the area has been subjected to frequent forest fires (Newell & Peet 1998; Wim  
 

 
Figure 1. Image mosaic of the Grandfather Ranger district (GF) area with location of the Lower Linville River 
watershed study area (red) and Linville River (blue) (large image), and location of the GF in western North 
Carolina (inset upper left corner) (© Esri map).                                                        
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berly & Reilly 2007). Elevations range from approximately 350 m above sea level (a.s.l.) at the southern part of 
the watershed and the bottom of the river basin to 1300 m a.s.l. on the upper ridges. The topography is very 
rugged with prominent cliff-like bluffs dividing upper and lower slopes (Wimberly & Reilly 2007). 

The three major ecological zones in the area are Acidic Cove, Xeric Pine-Oak Heath and Oak Heath, and 
Mesic Oak-Hickory (Simon et al. 2005). The soils are derived from high-grade metamorphosed sedimentary 
rocks, covered by unconsolidated Quaternary-aged colluvial and alluvial deposits (Lesure et al. 1977; Elliott et 
al. 2013). The humid temperate climate, diverse topography, and site types provide a variety of habitats suitable 
for more than 400 vascular plants and a wide diversity of different tree species (Peet et al. 1998; Schafale & 
Weakley 1990; Simon et al. 2005). Both eastern and Carolina hemlocks are abundant in the area (Jetton et al. 
2008). The HWA was first observed in the area at the early 21th century (Koch et al. 2006). 

2.2. Data Sets 
2.2.1. Color-infrared Aerial Imagery 
Color-infrared imagery (CIR) with 1 m spatial resolution was acquired with a Multiple Intergraph Digital Map-
ping Camera (DMC) system at an altitude of approximately 9000 m in the summer of 2010 (leaf-on) by the Na-
tional Agricultural Inventory Program (NAIP). Images were captured simultaneously from four pixel multispec-
tral (MS) cameras with 30 mm lenses to produce red (R), green (G), blue (B), and near-infrared (NIR) bands. 
The CIR imagery was used to identify dead trees and estimate canopy surface. 

2.2.2. Color Imagery 
Color (RGB) aerial imagery with 15 cm spatial resolution with R, G, and B bands was acquired by The Sanborn 
Map Company Inc. with a large format Zeiss/Intergraph DMC in the winter of 2010 (leaf-off). The flying alti-
tude was of approximately 1500 m above mean terrain. The RGB imagery was used as a reference in dead tree 
detection when needed, ensuring that bare ground was not misclassified as dead trees. 

2.2.3. Digital Elevation Model 
Digital elevation model (DEM) by the National Elevation Dataset (NED) was used. NED 3 DEM data sets have 
a spatial resolution of approximately 3 m (1/9 arc-seconds) and elevation units in meters. Slope and aspect lay-
ers were calculated from the DEM separately.  

3. Methods 
3.1. Dead Tree Identification and Canopy Surface Area Estimation 
We excluded urban artifacts, such as visible roads, fields and residential areas, deep shadows, and water from 
the analysis. We digitized these non-forest areas and extracted them from the data sets. The resulting analyzed 
area was approximately 57 km2. We used a tree-wise approach with visual interpretation of the CIR imagery. 
The RGB image was used as a reference when needed, e.g., to distinguish dead trees from bare ground. We 
identified all the visible dead trees within the watershed. In practice, the detected trees were mostly in the upper 
canopy cover layers. In most cases, dead trees in the suppressed canopy cover layer were not visible. 

We took a random sample of 20% of all the detected dead trees for further analysis. The objective was to es-
timate the potential gap sizes in the forest canopy surface rather than estimate the tree crown widths. We classi-
fied the canopy surface areas and created a distribution with bins of 5 m2 of each class. Our assumption was that 
the surface area distribution of the sample follows that of the whole dead tree population within the study area. 
We generalized the area distribution for the entire dead tree population within the study area to estimate the total 
surface area occupied by the dead trees 

3.2. Topography Related to the Dead Tree Density 
We investigated if elevation, slope, or aspect had an influence on the dead tree density. We derived aspect and 
slope layers from the DEM raster. The DEM raster was binned to elevation classes by every 100 m a.s.l., aspects 
by cardinal and ordinal compass directions, and slopes by every 10 degrees. Coordinates of the dead trees were 
extracted according to these topographic classes. We calculated densities of the dead trees (n/km2) according to 
each topography class for elevation, aspect, and slope separately. 
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We measured Euclidean distances between all the individual dead trees and the Linville River banks to inves-
tigate proportion of the dead trees in the riparian areas. We considered Euclidean distance to better represent the 
functional grain of HWA regarding its perception of distance in the sharply reliefed landscape of our study area 
rather than ground distance over the terrain surface. Differences between Euclidean and ground distances vary 
depending on alteration in topography. We took a subsample of 0.1% of the trees (n = 99) to compare the Eucli-
dean and the ground distances. The distances varied between 9.1 m and 1304.3 m. Percentage of the differences 
varied between 0.02% and 51.9%. However, the mean difference between the Euclidean distance and the ground 
distance was only 10.1%. 

3.3. Spatial Pattern 
We studied spatial pattern of the dead trees using Ripley’s K-function (Ripley 1976, 1977, 1981). Ripley’s 
K-function is a test for deviation from complete spatial randomness (CSR). Ripley’s K-function is a second or-
der statistic, based on the distribution of pairs of points. It describes a small-scale spatial correlation structure of 
a known point pattern and uses information on all inter-point distances (see in more details Goreaud & Perlissier 
2003; Wiegand & Moloney 2004). The process is essentially the same as counting the number of points in cir-
cles of radius t centered on the n points (Dale 1999). With the method, it is possible to compare a point pattern at 
different scales with point patterns generated by known processes, e.g., a homogenous Poisson process (Bailey 
& Gatrell 1995). The Ripley’s K-function is detecting only large-scale of clustering (Dale 1999). Ripley’s K- 
function describes a pattern over a range of spatial scales, and therefore mixed patterns can also be detected 
(Wiegand & Moloney 2004). Ripley’s K-function has been used in various forest research applications, includ-
ing assessment of live tree pattern (Wolf 2005), stand structure (Zenner & Hibbs 2000; Youngblood et al. 2004), 
tree mortality (Aakala et al. 2006, 2012), coarse woody debris (Rouvinen et al. 2002), and forest pest monitoring 
(Kelly & Meentemeyer 2002; Liu et al. 2007; Lynch & Moorcroft 2008). 

We divided the study area into a grid of subareas, each representing 1 km2 (Figure 2). We clipped the sub-
areas bordering the study area to the perimeter of the watershed to ensure accuracy and avoid errors in the esti-
mation. A minimum of 10 dead trees within a subarea was used as a threshold value for the analysis. We used a 
linearized square root transformation of the Ripley’s K-function; the L-function. The L-function is easier to in-
terpret than the K-function; moreover, the L-function stabilizes the variance and, in this form, under CSR, the 
L-function equals zero (Goreaud & Perlissier 2003). We evaluated the statistical significance with the Monte 
Carlo simulation, at 95% confidence level. We compared the observed point patterns with Monte Carlo enve-
lopes from 100 simulations of CSR of the same dimensions as the observed subareas (Haase 1995; Wiegand & 
Moloney 2004). We analyzed the pattern for spatial scales of 1 m to 250 m with intervals of 1.0 m. We used the 
R statistical computing environment (The R Project 2013), Spatstat library (Baddeley & Turner 2005), and 
Translation correction (Ohser 1983) in the implementation. 

4. Results 
4.1. Dead Tree Identification and Canopy Surface Area Estimation 
We detected and located a total of 9881 dead trees within the watershed. The majority of the dead trees were 
found in the northern half of the study area and relatively close to the Linville River (Figure 3(a)). We digitized 
a canopy surface area for 1977 individual dead trees (20%). The classified canopy surface areas ranged from 3 
m2 to 88 m2 with a mean area of 36 m2. The dead trees occupied 7.2 ha of the forest canopy, corresponding 0.1% 
of the study area. The frequency distribution was positively skewed, indicating scarcity of detected small dead 
trees in the population (Figure 3(b)).  

4.2. Topography related to Dead Tree Density 
There is a sharp difference of approximately 1000 m in elevation between the southern and northern sections of 
the study area. The slope angle in the area varied from flat (0 degrees) to 80 degrees, facing all cardinal and or-
dinal compass directions (Figure 4). The distribution of dead trees with respect to topographic characteristics 
(Figure 5(a)) differed from the distribution of available topographic categories in the study area (Figure 5(b)). 
Densities of dead trees were highest in the elevation classes of 900 - 1000 m a.s.l., with 497.0 dead trees/km2 
and 1000.1 - 1100 m a.s.l., with 323.5 dead trees/km2 (Figure 5(a)). Dead tree densities were also highest on  
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Figure 2. One km2 grid (yellow lines) over the Lower Linville 
River watershed study area (left) and over the analyzed grid 
cells (right) Analyzed grid cell subareas (orange) were those 
having ten or more dead trees.                                   

 

 
Figure 3. a) Detected dead trees (yellow dots) within the Lower Linville 
River watershed study area, the Linville River (blue), and the areas excluded 
from analysis (pink); b) The distribution of canopy surface areas of dead 
trees.                                                            
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Figure 4. Maps of the Lower Linville River watershed study area showing elevation (left), 
aspect (middle), and slope angle (right) classes.                                            

 

 
(a) 

 
(b) 

Figure 5. (a) Densities of the dead trees (n/km2) related to elevation, aspect, and slope and (b) 
total areas within each class, respectively for the Lower Linville River watershed study area.        
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northern and northwestern slopes. There were not distinct differences between slope classes. A mild trend can be 
observed; dead tree density is slightly increasing along with the slope angle (Figure 5(a)). 

Euclidian distances between the dead trees and the Linville River varied between 0 m and 2760 m. The ma-
jority of the dead trees were found relatively close to the Linville River (Figure 6). Twenty five percent of the 
dead trees were closer than 60 m from the river banks (Figure 6(b)). Thresholds for 50% and 75% of the cumu-
lative distribution were met at the distance to the river of 194 m and 577 m respectively (Figure 6(b)). 

4.3. Spatial Pattern 
Density of the dead trees within different subareas varied between 0 and 1192 trees per km2 (Figure 7). We 
analyzed a total of 54 sub-areas of 1 km2 grid cells. The spatial pattern of dead trees was clustered at all spatial 
scales from 1 m to 250 m in 36 subareas and random in 3 subareas (Figure 7). We detected a mixed spatial pat-
tern of dead trees, varying between random and clustered, in 15 subareas. No dispersed patterns were observed. 
The pattern of dead trees was clustered at all spatial scales, mostly on higher elevations and near the Linville 
River (Figure 7). 

5. Discussion 
5.1. Evaluating Hemlock Mortality at a Suitable Scale for Impact Assessment 
Landscape scale spatially explicit patterns in hemlock decline from HWA have not been studied, and the mag-
nitude of their importance is unknown. Herein, we use the term landscape scale to mean a broad spatial extent 
(Coulson & Tchakerian 2010). Three approaches have been used previously to investigate the impact of HWA 
herbivory on hemlocks: plot data within stands, FIA plot data, and remotely sensed data. Each approach is ex-
amined below. 

Plot- and stand-wise hemlock mortality between 0% and 95% from HWA has been observed (Orwig & Foster 
1998; Paradis et al. 2008). In the Southern Appalachians, Elliott & Vose (2011) found that in less than three 
years of HWA infestation, mortality of eastern hemlock was less than 1% in the Coweeta Basin of western 
North Carolina. During the following three years, hemlock mortality increased to 33.1%. Krapfl et al. (2011) 
found that the mortality of the overstory hemlocks was 11% on 32 sampling plots in the Great Smokey Moun-
tains of the Tennessee/North Carolina border. Krapfl et al. (2011) suggested that extreme drought in 2007 and 
2008 may also affected the hemlock mortality. These studies report important and detailed discoveries on the 
relation of HWA herbivory and hemlock mortality at a fine scale (small spatial extent). However, a land-
scape-level analysis of hemlock mortality in the Southern Appalachian forest is lacking.  

The current USDA Forest Service Forest Inventory and Analysis (FIA) sampling scheme is based on hex-
agons of approximately 2500 ha, having at least one 0.4 ha permanent plot within each hexagon (Woudenberg 
2010). This FIA scheme was initiated in 1998. Trotter et al. (2013) used the FIA database to address hemlock  
 

 
Figure 6. a) Frequencies of the dead trees related to the distance to the Linville River in the 
Lower Linville River watershed study area. b) A cumulative distribution of the distances. 
Orange lines represent the threshold distances of 25% (60 m), 50% (194 m), and 75% (577 m) 
of the cumulative distribution.                                                                 
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Figure 7. Maps of the Lower Linville River watershed study area study area showing spatial 
pattern of the dead trees within the analyzed grid cell subareas (left), the dead tree density 
(middle), and the reference point pattern of dead trees (right).                                  

 
abundance and change in the eastern USA. They found that basal area of both living and dead hemlocks in-
creased during a 20-year study period at county- and state-levels. They did not find a significant difference be-
tween infested and un-infested counties. Trotter et al. (2013) suggested that although many previous studies 
show substantial negative within-stand impacts of HWA, at the regional level the effects are not evident. Accu-
racy of the FIA sampling is suitable for national forest inventory purposes and large region inventories. The plot 
design is not suitable for evaluating HWA impact at the landscape scale. 

Emphasis of remote sensing applications on evaluation of impacts of HWA has been based on low-resolution 
satellite images. Landsat Thematic Mapper (TM) has been the most utilized remote sensing data source (Bon-
neau et al. 1999; Royle & Lathorp 2002; Wimberly & Reilly 2007; Kong et al. 2008). However, hemlock and 
hemlock mortality mapping via lower resolution data sets has limitations (Koch et al. 2005). Hemlocks typically 
grow in isolated canopies, distributed throughout landscapes as mixed species that generally also include other 
conifers. Distinguishing the other conifer species from hemlocks is difficult (Royle & Lathorp 1997; Orwig et al. 
2002; Koch et al. 2005). Therefore high resolution remote sensing applications are needed to map this scattered 
and clustered phenomenon. The high resolution imagery used in this study provides a means for interpreting 
ecological impact in the context of landscape heterogeneity (Coulson & Tchakerian 2010). 

5.2. Topography Related to HWA Induced Hemlock Mortality 
We located almost 10,000 dead trees within the Lower Linville River watershed. Our results indicated that most 
of the dead trees could be found in proximity of the Linville River. Density of the dead trees was highest on 
northern and northwestern aspects. In contrast to the distribution of the living hemlocks in the Coweeta Basin, 
dead hemlocks in our study area were most abundant at higher elevations. This pattern was similar to that ob-
served in Japan, where hemlocks outside their normal range of distribution were more vulnerable to scale insects 
(McClure 1985). In addition to sap-sucking insects, topography has been observed to influence the distribution 
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of other forest insects and their host trees (Niemelä et al. 1987; Ruohomäki et al. 1997; Kharuk et al. 2007; Bal-
tensweiler et al. 2008). 

Orwig et al. (2002) studied the landscape pattern of hemlock decline in the central Connecticut, and Naraya-
naraj et al. (2010) examined the influence of terrain and landform on living eastern hemlocks in the Coweeta 
Basin, North Carolina. Orwig et al. (2002) observed that a large number of stands were located on ridge tops, 
steep hillsides, and narrow valleys, which was in accordance to our findings. Forty-six percent of the stands 
were located on western or northwestern slopes, and 31% on north or northeastern slopes. The HWA was 
present on 90% of their sampling plots. The mean overstory hemlock mortality varied between 0% on the south 
facing slopes and 45% on the west facing slopes, which was similar to our results. Correlation with aspect was 
weak. Narayanaraj et al. (2010) discovered that the living hemlocks were more abundant close to streams, on 
flat or gentle slopes, and at lower elevations. They did not find any relationship between hemlock abundance 
and aspect. 

A variety of factors affect species distribution, composition, and abundance (Hodkinson 2005). If the terrain 
characteristics are well known, vegetation composition and structure could be predicted via species-terrain rela-
tionships (Narayanaraj et al. 2010). In the case of HWA induced hemlock mortality, the interactions among to-
pography and tree mortality are complex. Variables, such as solar radiation, mean and maximum air and soil 
temperatures, vapor pressure deficit, etc. greatly affect the microclimatic habitat conditions for the insect. The 
effects of this variation are mostly related to change in elevation (Narayanaraj et al. 2010). In addition, Orwig et 
al. (2002) found that the mortality was correlated strongly with latitude, which could explain the contrasting re-
sults regarding aspect in Connecticut and North Carolina. The short infestation history of HWA in the Southern 
Appalachians might be a critical factor affecting the dynamics of herbivory. 

5.3. Pattern of HWA Herbivory in Forest Landscapes 
We found that the dead trees were clustered in most parts of the study area. Out of 54 analyzed sub-areas, 36 
exhibited clustered tree mortality at all studied spatial scales from 1 m to 250 m. The spatial pattern was random 
within the three sub-areas at every spatial scale. In 15 sub-areas, the spatial pattern was mixed, varying between 
random and clustered. In most cases, sub-areas with a random or mixed pattern had small numbers of dead trees. 
A small sample size widens the confidence envelopes which can result in a random pattern (Buckland 1984). 
Plot-wise analysis in Connecticut indicated spatially patchy within-stand mortality (Orwig et al. 2002). 

We found a wide variation in potential forest gap sizes from individual dead trees (3 m2 - 88 m2 of a class 
mean), occupying an estimated total of over seven ha of the forest canopy surface (0.1% of the canopy surface). 
The distribution was positively skewed (Figure 3). This result could be due to hidden smaller dead trees in the 
understory that are not visible in the imagery. Furthermore, the forests in the study site are mostly mature and 
this area has not been logged. The pattern of hemlock mortality may be related to canopy cover layers. In a 
study conducted in the Great Smokey Mountains, Krapfl et al. (2011) found greater HWA caused mortality in 
understory hemlocks in contrast to trees growing in the upper canopy layers. Orwig & Foster (1998) found that 
the mortality was highest among overtopped and intermediate hemlocks within the sampling plots on moderate-
ly damaged forest stands in Connecticut. They suggested that the smaller trees exhibited higher mortality rate 
due to less extensive root systems, higher root competition, lower stem capacitance, and insufficient carbohy-
drate reserves. 

5.4. Impact of Hemlock Removal from the Southern Appalachian Landscapes 
At the landscape scale, the impact of HWA induced mortality is noteworthy, especially in the riparian areas. 
Clusters of dead hemlocks may have greater impact on ecosystem structure and function than more scattered in-
dividual dead trees. Furthermore, hemlocks serve as foundation (keystone) species in the Southern Appalachian 
forests. Removal of them from the landscape has a greater ecological impact than would be suggested by bio-
mass alone. Dead hemlocks were most abundant near the Linville River. Clusters of dead trees along the riparian 
area will affect the vegetation community and structure. According to Ross et al. (2003) and Ford & Vose 
(2007), the stream environments are substantially affected by the hemlock decline. For example, broadleaved 
tree species replacing eastern hemlocks may increase winter insolation and thereby change stream temperatures, 
water yields, and event timing (Ross et al. 2003; Ford & Vose 2007; Narayanaraj et al. 2010). 

The hemlock decline can lead to more heterogeneous landscapes. Nuckolls et al. (2009) proposed that hem-
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locks would either be replaced by mixed early successional tree species such as red maple, black birch, and yel-
low poplar (Liriodendron tulipifera L.), or with shrubs like great rhododendron (Rhododendron maximum L.). 
Birt et al. (2014) simulated long-term impacts on forest landscapes after hemlock removal. They found that the 
succession without hemlocks leads to an increased proportion of shade intolerant species. They also found out 
that temporal fluctuation of tree species composition will be more pronounced after hemlock elimination. 

Hemlock decline has been compared to the ecological impact of chestnut blight (Cryphonectria parasitica 
(Murrill) Barr.) on American chestnuts (Castanea dentata (Marsh.) Borkh.) between 1900 and 1940. Day & 
Monk (1974) studied changes in species composition following chestnut mortality in a Southern Appalachian 
watershed. They found that in most cases, chestnuts were replaced by multiple tree species, rather than a single 
co-dominant species. They also suggested that these large-scale (large area) disturbances might also allow native 
invasive species such as great rhododendron and mountain laurel (Kalmia latifolia L.) to establish. The HWA 
also causes severe economic losses (Moore 2008; Holmes et al. 2009). Aukema et al. (2011) estimated that the 
total annual economic costs by HWA to be over $200 million. Losses exclusively to residential property due to 
dead and dying hemlock can reach up to $8000 per ha (Holmes et al. 2009). 

We could not distinguish dead hemlocks from other tree species due to similar spectral reflectance. A portion 
of the dead trees in the study area could have been other tree species. The risk of misidentification was especial-
ly high in the southern part of the study area, where the dead tree distribution was coarse and random. However, 
HWA is currently the most important damaging agent in the Linville River Gorge. The southern pine beetle 
(Dendroctonus frontalis Zimm., SPB) (Coleoptera: Scolytidae) was earlier a major pest in the area (Xi et al. 
2009). Knebel & Wentworth (2007) studied influence of fire and SPB in the Linville River Gorge area between 
1992 and 2001. During this period, both basal area and density of pines on their plots were decreased. 

6. Conclusion 
Hemlock mortality resulting from HWA herbivory will fundamentally change the forest vegetation composition 
of eastern North American forest landscapes. Evaluating the ecological and economic impact requires precise 
and accurate estimation of hemlock mortality. Previous studies using plot-wise sampling designs or low-resolu- 
tion imageries offer valuable insights into hemlock mortality resulting from HWA herbivory. However, these 
approaches do not provide spatially explicit mortality estimates at appropriate spatial scale needed to evaluate 
ecological and economic impact in forest landscapes. Our study contributes new insights on spatial pattern and 
distribution of hemlock mortality at a suitable larger scale and fine resolution. The high resolution imagery used 
in this study provides means for interpreting ecological impact in the context of landscape functional hetero-
geneity, i.e., how other living organisms are affected by the removal of hemlock as a component of the forest 
vegetation community. The reduction in plant biomass within the landscape resulting from herbivory is modest. 
As foundation species, hemlocks play a variety of functional roles in forest landscapes, ranging from modulating 
environmental conditions to provision of food and habitat resources for wildlife. The clustered distribution of 
dead hemlocks, particularly in riparian zones, serves to amplify the impact of HWA herbivory on the forest 
landscape. Knowledge of the pattern and distribution of hemlock decline provides new means for projecting fu-
ture impacts of HWA on the range of hemlock distribution in the eastern North America. 
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