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ABSTRACT 
Setting appropriate goals for projects is a primary challenge facing forest restoration. Not only is it difficult to achieve a complete 
restoration of an ecosystem, but deciding restoration goals that involves a set of values from diverse stakeholders is also very challenging. 
In this study, an integrated technique of geographic information systems (GIS), historic remotely sensed images, and three-dimensional 
(3-D) landscape visualization was used to construct a variety of realistic images and animations depicting effects following southern pine 
beetle (SPB) infestations on different forest restoration scenarios in the upper Piedmont of South Carolina. The alternative restoration 
treatments included prescribed burning, mechanical thinning, and the combined effect of both. We also compared the effect of species 
mixture: pure loblolly pine stands and mixed pine stands within the thinning treatment and thinning + burning treatment. The results 
indicated that 1) thinning treatment responded the best (i.e., least damage) to SPB infestation for both pure pine stands and mixed forest 
stands, 2) the presence of other pine or hardwood species would not affect the tree susceptibility but does alter the distance between 
susceptible trees, 3) the short-term effectiveness of prescribed burning was not obvious in our study, and 4) the thinning + burning 
treatment may have resulted in too much stress that increases the stand’s susceptibility for SPB infestations. In addition, the spatial trends 
of infestation were illustrated by the photo-realistic geographical visualized medium to simplify the complicated information. This 
resulted in improvement of the representation and understanding of the SPB restoration scenarios for different decision makers without 
considerable training or experience with map reading and forest restoration. 
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INTRODUCTION 
 
Disturbance always plays a critical role in impacting the 
composition and distribution of forest landscapes. However, 
some intensive and extended disturbances have accelerated 
soil erosion, fragmented forests, altered natural fire regimes, 
and promoted the loss of native species and their habitats 
(Noss and Copperrider 1994; Heilman et al. 2002). Those 
disturbances include logging, fire suppression, road buil-
ding, live-stock grazing, mining, and exotic species inva-
sions (Noss and Cooperrider 1994; Ricketts et al. 1999; 
DellaSala et al. 2003). Forest scientists, managers, and 
related stakeholders have recognized that there is an urgent 
need to restore these damaged forest ecosystems. 

One of the primary challenges facing restoration is how 
to set appropriate goals (Throop 2004; Davis and Slobodkin 
2004). Not only is it very difficult to achieve complete 
restoration of the ecosystem (Lockwood and Pimm 1999), 
but also it is even more difficult to know the original state, 
since there are seldom accurate historical records for deter-
mining the original ecosystem structure and composition 
(Hobbs 2004). Deciding on restoration goals also involves a 
set of theories requiring input from diverse stakeholder 
groups and other concerned publics (at local, regional, and 
national levels). Additionally, policy makers also struggle to 
define a decision-making procedure (Higg 1997). Therefore, 
in order to achieve a meaningful involvement of diverse 
stakeholders at all levels, an open, inclusive, and trans-
parent decision-making process with recognition of and 
respect for differences should be developed (DellaSala et al. 
2003). Meanwhile, the recognition and understanding of the 
objectives, concepts, and management strategies for forest 

restoration should be promoted to related stakeholders and 
interest groups who are typically not professionally trained 
and experienced in ecosystem dynamics or in responses to 
treatments (Mansourian 2005; Meitner et al. 2006). 

 
Three-dimensional (3-D) landscape visualization 
 
Over the past 30 years, advances in computer hardware and 
software have permitted managers and researchers to visu-
alize the complex phenomena and dynamics of natural sys-
tems with a more perceptible and comprehensible com-
puter-aided medium (Daniel and Meitner 2001; Wang et al. 
2006a). 3-D landscape visualization is one of the outstan-
ding innovations resulting from this technological advance-
ment. It can be used as a comprehensive medium to aid in 
providing lay audiences with a general sense of forest stand 
composition and structure, in illustrating the properties of 
geographic information systems (GIS) and remotely sensed 
images, and in visualizing the consequences of different 
restoration alternatives (Orland 1994; McGaughey 1998). In 
addition, 3-D landscape visualizations are quantitative in-
formation-based techniques that can be used to illustrate 
stand succession, landscape transformation, and regional 
planning outcomes (Song et al. 2006; Wang et al. 2006a). 
Visualizing the past, present, and future conditions of the 
forest landscape provides the ability to display potential 
outcomes that are difficult to assess in the field and to allow 
the observation of forest landscapes without temporal and 
spatial limitations (Orland 1994; McGaughey 1998; Song et 
al. 2006). 
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Southern Pine Beetle (SPB) 
 
In this study, the technique of 3-D landscape visualization 
was used to generate realistic landscape restoration anima-
tions of alternative management scenarios following sou-
thern pine beetle (Dendroctonus frontalis Zimmerman, SPB) 
infestations in the upper Piedmont of South Carolina. The 
SPB is one of the most aggressive and destructive insect 
pest of pines in the southeastern United States. Although all 
southern pines may serve as hosts for SPB, loblolly pine 
(Pinus taeda) and shortleaf pine (P. echinata) are con-
sidered the most susceptible (Coulson 1980). From 1999 to 
2003, outbreaks of SPB have severely attacked the southern 
pine forests in Alabama, Florida, Georgia, Kentucky, Ten-
nessee, North Carolina, and South Carolina (Nowak et al. 
2008). Increased susceptibilities of the forests in southeas-
tern US have stand conditions similar to: 1) dominated by 
loblolly and shortleaf pine, 2) littleleaf disease, 3) overly 
dense stands, and 4) poorly drained and eroded soil (Hed-
den and Billings 1979; Coulson 1980; Moorhead et al. 
2004; Fettig et al. 2007). Therefore, almost a million acres 
on forests were infected with estimated $ 1 billion in econo-
mic losses (Nowak 2004). 

 
Restoration strategies 
 
Because the SPB infestations caused great loss of forest 
resources, strategies to mitigate the damage and restore the 
forest ecosystems to its pre-settlement conditions have been 
developed. Forest restoration can help to repair habitat and 
restore forest structure and functions to the natural or 
historical condition (Stanturf 2004). There are two proposed 
treatments: thinning and prescribed burning. For over-
stocked stands, thinning can reduce the stand density and 
relieve the stresses related to living competition and 
drought. Also, thinning can: a) remove the more vulnerable 
hosts to increase stand resistance to initial attack by SPB, b) 
change stand structures to prevent favorable conditions for 
beetle outbreaks, and c) provide overall stand revitalization 
to reduce many linked biological hazards that ultimately 
support bark beetle outbreaks (Belanger 1980; Nebeker et 
al. 1983; Brown et al. 1987; Edmonds et al. 2001; Van Lear 
et al. 2004). Prescribed burning is another popular silvicul-
tural operation to rehabilitate degraded forest ecosystems. It 
can: a) alter species compositions, b) remove more-suscep-
tible and low-vigor species, and c) mimic the role of natural 
fire for restoring forested landscapes (Wade et al. 1989; 
Pyne et al. 1996; Edmonds et al. 2000; Fernandes and 
Botelho 2003). Therefore, we can control the frequency, 
intensity, and behavior of fire to achieve the expected stand 
situation. 

In this paper, we visualize the SPB infestation by vivid 
foliage features, stereo viewsheds, and specially designed 
tree images for different SPB affected-stages and tree spe-
cies. As a case study in the upper Piedmont of South Caro-
lina, we incorporate GIS databases and historic remotely 
sensed images to visualize 3-D landscapes before and after 
the 2002 SPB outbreaks following the thinning and burning 
restoration treatments. We also compare the effects of spe-
cies mixtures in stands (i.e., pure loblolly pine stands and 
mixed pine stands) under the thinning and thinning + bur-
ning stands to discuss the species influence on these forest 
restoration treatments and SPB disturbances. Our objective 
is to develop visual communication media to deliver the 
complex information to different stakeholder groups with 
varying needs and degrees of knowledge about forest res-
toration. We also delineate spatial and temporal changes in 
forest landscapes resulting from alternative forest restora-
tion scenarios. 

 
MATERIALS AND METHODS 
 
Study area 
 
The study area is located in the upper Piedmont of South Carolina, 

covering approximately 300 acres (Fig. 1) (1 acre = 0.4047 ha) 
primarily in the Clemson Experimental Forest (CEF). Before the 
first Europeans settlements here in 1790, the original landscape 
was covered by a mature, even-aged pine-oak-hickory dominated 
forest (McMinn and Ill 1999). The predominant species were 
white oak (Quercus alba), red oak (Quercus falcata), hickory 
(Carya spp.), chestnut (Castanea dentata), and southern pine spe-
cies, including loblolly, shortleaf, and Virginia pine (Pinus virgini-
anna) (Carroll et al. 2002; Van Lear et al. 2004). Originally (i.e., 
prior to the permanent European settlement), Native American 
burning practices and lightning ignited fires, with low-intensity 
and high-frequency, were major influences on the vegetation of the 
upper Piedmont (Owen 2002). From the late 18th through early 
20th centuries, the European settlement and intensive agriculture 
practices resulted in highly modified forest ecosystems that were 
impacted by SPB in contemporary society (Nelson 1989; Van Lear 
et al. 2004; K. Cox pers. comm.). 

Accelerated soil erosion caused by poor agricultural practices 
resulted in significant loss of the soil capability to supply nutrients 
and moisture during droughts (McMinn and Ill 1999; Van Lear et 
al. 2004). In addition, successful fire suppression altered originally 
open and fire-maintained stands into overstocked stands with 
many small-diameter trees (McCullough et al. 1998; Harrington et 
al. 2000). The original disturbances (i.e., low intensity and high-
frequency Native American burning practices and lightning ignited 
fires) were replaced by more severe SPB infestations. 

For this study, one of the SPB infestations, the 2002 SPB out-
break (Boyle et al. 2004), was taken as a case study. The infected 
area was approximately 150 acres, and located in the CEF (Fig. 1). 
Six study sites were selected and under specified restoration sce-
narios. The affected forests were primarily loblolly pine and mixed 
pine stands in high to extremely high stand density (around 300 
trees/acre) (Fig. 1). Mixed pine stands were dominated by loblolly 
pine mixed with other southern pine species (i.e. shortleaf and Vir-
ginia pines). 

 
Data sources and processing 
 
(1) GIS databases of disturbance history were collected from 
forest managers of CEF (K. Cox pers. comm.) and National Forest 
Fire Surrogate (FFS) Study at CEF (R. Phillips pers. comm.). 
Dates of interest were from 1999 to 2002. The GIS databases pro-
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Fig. 1 SPB infestation study locations in the Clemson Experimental 
Forest (CEF). Six study areas were spreading in the CEF where is located 
at the northeast of South Carolina. The definition of study area: PP_T 
indicates the pure loblolly pine stand under thinning treatment; MP_T 
indicates the mixed pine species stand under thinning treatment; PP_TB 
indicates pure loblolly pine stand under thinning + burning treatment; 
MP_TB indicates mixed pine species stand under thing + burning treat-
ment; PP_B indicates pure loblolly pine stand under burning treatment; 
PP_C indicates the un-treated controlled stand. 
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vided stand data required as input parameters for landscape visu-
alization: number of trees per acre, the percentages of different 
species, diameter classes and average heights. The disturbance 
records provided the occurrence date and size (i.e., the infected 
area and the number of trees killed/affected) of SPB infestations. 
 
(2) The Digital Elevation Model (DEM) is the base data layer for 
computer terrain modeling. The DEM files are based on a 30 by 
30 meter sample grid and correspond to 7.5-min quadrangle map 
series produced by the USGS (U.S. Geological Survey 1997). 
 
 
(3) Remotely sensed images, in this study, were mainly collected 
from the ortho-rectified digital aerial photography coverage (Lille-
sand and Kiefer 2000) of the entire study area for periods before 
(1999) and after (2002) the SPB disturbance, which occurred 
during the summer of 2002 (Boyle et al. 2004). After these time-
series images had been georectified, they were used to identify the 
forest types (i.e., pure loblolly pine, mixed pine species, and other 
hardwood stands) and stand condition (i.e., healthy or infected). In 
addition, the patterns of disturbances (i.e., the degrees of severity, 
the locations and the trends of infestations) were delineated from 
time-series aerial photographs with the reference to infestation 
records from the GIS databases (Appendix I). 

 
Development of 3-D landscape visualization 
 
(1) Creation of tree images: Realistic tree images of species are 
the most critical components for quality visualizations (Wang et al. 
2006a). Because of the variety of tree features within individual 
species, as well as among different species, multiple foliage 
images are needed to represent the variation. Tree images can be 
photos taken in the field or designed digital images on a computer. 
In this study, computer-designed tree images were used and cre-
ated through OnyxTree Professional (Onyx Computing Inc. 1992-
2008, http://www.onyxtree.com). This approach is capable of syn-
thesizing realistic-looking foliage images, including hardwoods, 
conifers, palms, bamboos, and shrubs (i.e., grass and flowers), by 
adjusting the variety parametric models through a user-friendly 

platform. The dozen of parametric models, which is based on the 
anatomy and growth of vegetation, including the structure and 
color of trunk and branch, leaf population, crown shape, and wea-
ther effect (i.e., sun light and wind). In this study, we generated 
five categories of foliage images for pine species under different 
SPB affected-stages and four foliage images for hardwood species 
(Fig. 2). 
 
(2) Visualization of 3-D forest landscape: A terrain-modeling soft-
ware package, Visual Nature Studio (VNS) (3D Nature Inc. 1991-
2009, http://3dnature.com/), was used to construct 3-D landscape 
visualizations. A flowchart for generating the 3-D landscape visu-
alization is shown in Fig. 3. The concepts of generating the 3-D 
landscape visualizations are: 1) displaying the base layer of land-
scape (i.e., terrain or landform), 2) delineating the boundaries of 
interest topic (i.e., the spatial arrangement of forest types, stand 
conditions, or degrees of infestation severity), and 3) rendering the 
image-based objects, such as foliage images, snags, deadfall, 
ground cover and other vegetation types for understory and over-
story of forest stands, to realistically represent the composition and 
structure of the boundary of interest, as well as their spatial rela-
tionships to each other (Appendix II). After attaching these eco-
system components to the corresponding landscape patches and 
stands, we could then visualize various scenarios of SPB infesta-
tions under specified stand conditions. 
 
(3) Projection of 3-D visualizations among alternative restoration 
scenarios: In order to visualize the forest restoration scenarios for 
the SPB infected forests, we incorporate the DEMs, GIS maps (i.e., 
forest types and infestation patterns), and specified foliage images 
to visualize 3-D landscapes before and after the 2002 SPB out-
breaks following the proposed restoration treatments (Fig. 3). Data 
from the FFS (Weatherspoon 2000; Phillips and Waldrop 2008) 
were used to compare treatments of thinning, prescribed burning, 
and the combination effect of thinning and burning with the un-
treated controlled stand in terms of SPB infestation and sub-
sequent developments. Four types of treatments were designed by 
the FFS, which is a nationwide study funded by the Joint Fire Sci-
ence Program to assess how forest ecosystem components and 

 
Fig. 2 Specific created tree images. (A) Pine species with green foliage in good condition. (B) Pine species with light green foliage under SPB freshly 
attack. (C) Pine species with brown foliage under intermediate conditions between SPB fresh attacks and developing beetle broods. (D) Pine species with 
red foliage subject to SPB developing beetle broods. (E) Pine species with grey foliage in dead condition. (F) Wax myrtle (Myrica cerifera). (G) Red oak 
(Quercus rubra). (H) Sugar maple (Acer saccharum). (I) White oak (Quercus alba). 

A. B. D. E.C.

F. G. I.H. J.
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processes are affected by both fire and fire surrogate treatments 
(Weatherspoon 2000). In this study, four pure loblolly pine stands 
were selected for each of the treatments (indicated as PP_T, PP_B, 
PP_TB, and PP_C in Fig. 1) from the study area. 

The effects of species composition to SPB infestations were 
also addressed within the stands under thinning treatment and thin-
ning + burning treatment. Two mixed pine stands were selected 
and indicated as MP_T and MP_TB (Fig. 1) to be compared with 
two of the pure loblolly pine stands selected earlier and indicated 
as PP_T and PP_TB in Fig. 1, respectively. 

In this study, we are interested in the visual comparison of 
SPB infestations among different restoration scenarios. The infes-
tation patterns of the overstory horizontal arrangement and the 
variations of infestation severity were specially focused on the 3-D 
landscape visualizations. The regions outside of the infected 
stands were not visualized. 
 
RESULTS 
 
Comparisons of 3-D visualizations among 
alternative restoration scenarios 
 
Through the comparison of SPB infestation effects among 
different treatments (Figs. 4, 5), the most serious impacts 
occurred in the controlled stand. More than 85% of the 
forest was affected and about 70% of the forest was totally 
dead (Table 1). The existing loblolly pines were mostly 
killed and only hardwood species remained. 

The second most serious impacts occurred in the thin-
ning + burning treatment. Most of the loblolly pines (about 
75%) were attacked, but the severity differed by stand loca-
tions (i.e., 64.38% of the forest were dead; 16.87% of the 
forest were moderately affected; 3.17% of the forest were 
slightly affected) (Table 1). The backside of the stand suf-
fered the most serious damage, as shown by the grey foliage. 
This damage grew gradually less severe toward the front of 
the stand, as shown by the red to fading foliage (Fig. 5D). 

However, the stand with the thinning treatment suffered 
the least damage from SPB infestation. In this stand, we can 
see more open spaces with minor attacks displayed as red 
foliages which were covering about 15% of the forest 
(Table 1). Most of the forest (about 75%) was not affected. 

The prescribed burning treatment was also damaged by 
SPB infestations, although the damage was not as severe as 
within the stand subjected to the thinning and burning com-
bination (Fig. 5C; Table 1). As a result, the spatial trends of 
infestation with diverse degrees of severity were revealed 
the locations (i.e., where would be attacked severely), the 
affected patterns (i.e., how it would correspond to the 
arrangement of forest landscapes), and the effects of res-
toration scenarios (i.e., which treatment could aid in the 
SPB infestation control). 

 
Comparisons of 3-D visualizations under different 
species compositions 
 
The effects of SPB infestation on different species composi-
tions were visualized in thinned stands (Fig. 6). These 3-D 
visualizations provide distinctions between pure pine stands 
and mixed pine stands with shades of green foliage (Fig. 6A, 
6C). Subsequent to the attacks from SPB, there were no 
obvious differences in the thinned treatments among the 
pure and mixed stands (Table 1; Fig. 6B, 6D). Only minor 
parts of the pine stands were attacked as shown by red foli-
age, and no area suffered severe damage (Fig. 6B, 6D). 

Conversely, the impacts of SPB infestation on pure and 
mixed pine stands were clearly different in the 3-D visuali-
zation when the stands were subjected to the thinning + bur-
ning treatment (Fig. 7A, 7C). The pure pine stand was more 
uniform and regular, while the mixed pine stand was more 
diverse and fragmented. After the SPB outbreaks (Fig. 7B, 
7D), the pure pine stand suffered severe damage throughout 
the landscape. In the mixed pine stand, however, the most 
severe damage was limited to those areas where loblolly 

 
Fig. 3 Flowchart of 3-D landscape generation and visualization within VNS. 

Table 1 Summary of the restoration scenarios under different degrees of SPB infestation (percentage of the forest area). 
Degrees of SPB infestation Scenarios Dead 

(%) Moderately affected
(%) 

Slightly affected 
(%) 

Non affected 
(%) 

Total 
(acre) 

Within pure loblolly pine stand 
Control 69.23 12.18 4.75 13.84 12.19 
Thinning 2.47 6.3 15.33 75.67 13.75 
Thinning + Burning 64.38 16.87 3.17 15.58 8.64 
Burning 20.41 29.44 26.84 23.31 12.97 

Within mixed pine stands 
Thinning 3.26 6.32 18.69 71.73 11.34 
Thinning + Burning 16.29 3.77 14.49 65.45 13.86 
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pines were dominant, and the other areas (approximately 
65% of the forest, Table 1) were relatively unaffected by 
the infestations. 

 
DISCUSSION AND FUTURE DIRECTIONS 
 
Visual evaluations of alternative restoration scenarios after 
SPB attacks were developed in this study. The damaged 
area, pattern of spread, and the SPB infestation severity 
were successfully visualized. 

These 3-D landscape visualizations (Figs. 4, 5) clearly 
communicate the forest composition and structures, inclu-

ding species composition, stand densities, and the arrange-
ment of patches, in a simple yet comprehensive manner to 
the audiences. Those audiences are not familiar with the 
study area and without considerable training or experience 
with map reading and forest restoration. In addition, the 
damage area, pattern of spread, and the effects of restora-
tion treatments to SPB infestation has been visually com-
pared by combining the tabular infestation records, spatially 
GIS maps with object-oriented classification, and realistic 
foliage images in the medium of 3-D landscape visualiza-
tion. 

By moving through these 3-D landscape visualizations 

 
Fig. 4 3-D landscape visualizations among alternative restoration scenarios before 2002 SPB infestation. (A) Controlled treatment. (B) Thinning 
treatment. (C) Prescribed burning treatment. (D) Thinning + burning treatment. The darker green foliages represent the dominant loblolly pines and the 
lighter green foliages represent other pine species. The brighter and yellowish green foliages represent the hardwood species. 

 
Fig. 5 3-D landscape visualizations among alternative restoration scenarios after 2002 SPB infestation. (A) Controlled treatment. (B) Thinning 
treatment. (C) Prescribed burning treatment. (D) Thinning + burning treatment. The red and brown foliages represent the affected trees and the images 
with little gray foliages represent the dead trees. 
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before and after the 2002 SPB infestation (Figs. 4-7), the 
audiences can gain a perception of the various ecological 
communities within the study area, the structural impacts of 
the SPB infestation, and more generally, the ability of GIS 
maps to detect these changes. In addition, these geographi-
cal visualized representations combine the applications of 
GIS maps and visualization to precisely locate the objects 
and to visually represent the tabular information. 

The results from the comparisons among alternative 
restoration scenarios and different species compositions 
indicated that the thinning treatment responded the best (i.e., 
least damage) from SPB infestation for both pure pine 

stands and mixed forest stands. While, from the compari-
sons of SPB infestation under different specie composition, 
the presence of other pine or hardwood species would not 
affect the tree susceptibility but does alter the distance 
between susceptible trees (Schowalter and Turchin 1993). 
However, although prescribed burning is frequently used to 
reduce competition in southern pine forests (Wade et al. 
1989; Fettig et al. 2007), its short-term effectiveness was 
not obvious in our study. Specifically, the combination of 
thinning and burning may have resulted in too much stress 
for the stands prior to the SPB infestations. Therefore, fur-
ther efforts and long-term studies on the relationship bet-

 
Fig. 6 3-D landscape visualizations of stands with different species composition subject to thinning treatment during two periods. (A) Pure loblolly 
pine stand before 2002 SPB infestation. (B) Pure loblolly pine stand after 2002 SPB infestation. (C) Mixed pine species stand before 2002 SPB 
infestation. (D) Mixed pine species stand after 2002 SPB infestation. 

 
Fig. 7 3-D landscape visualizations of stand different species composition subject to thinning + burning treatment during two periods. (A) Pure 
loblolly pine stand before 2002 SPB infestation. (B) Pure loblolly pine stand after 2002 SPB infestation. (C) Mixed pine species stand before 2002 SPB 
infestation. (D) Mixed pine species stand after 2002 SPB infestation. 

45



3-D landscape visualization of forest restoration scenarios for southern pine beetle infected forests. Chou et al. 

 

ween prescribed burning and SPB damages are needed to 
understand these complex interactions (Boyle et al. 2004; 
Ayres et al. 2008; Xi et al. 2009). 

The technical accuracy of 3-D geographical representa-
tions and their correspondence to the real landscapes are 
essential when applying this visual computer-aided tech-
nique to forest restoration management (Daniel and Meitner 
2001; Sheppard and Salter 2004). Generally, accuracy 
depends on a visual scale and the proper resolution, extent, 
and quality of available data. Data quality also relies on the 
objectives and scale of the visualization (Wang et al. 2006a; 
Salter et al. 2009). In this study, we focused on generating 
the stand scale visualization among different restoration 
treatments. The data required was accurate stem density, 
species composition, and tree height and life condition. 
Within VNS, the landscape patches can be visualized ac-
cording to the quality and accuracy of the required data. 
The accuracy of visual perception is altered by the realistic 
quality of foliage images (Sheppard and Salter 2004; Wang 
et al. 2006b). In the future, we can compare static views of 
the projected landscape visualization with known photo-
realistic viewpoints in order to improve the quantitative 
analysis of accuracy assessment (Orland et al. 2001). 

Although, we only developed the overstory visualiza-
tions, the understory cover, such as shrubs, herbs, and forest 
floor, should also be considered when visualizing a forest 
stand. Because forest stands are the basic management units 
for ecosystem restoration (Stage and Wykoff 1998; Avery 
and Burkhart 2002; Husch et al. 2003). The vertical struc-
ture, the interactions among species, and the stand dyna-
mics, including stand density, species composition, and spe-
cies growth, have been focused on stand scale visualization 
in the following studies: Karjalainen and Tyrnäinen (2002), 
Dunbar et al. (2005), Wang et al. (2006b), and Chou et al. 
(2010). VNS has been used as the 3-D visualization simu-
lator for these studies, because it can project multiple scale 
visualizations for both stand-level and landscape-level 
scales. While the landscape scale visualization focuses on 
horizontal variations, spatial patterns, and landscape trans-
formations (Dunbar et al. 2005; Wang et al. 2006a). 
Therefore, different studies focus on different visual scales 
to appropriately and efficiently represent the point and ex-
tent of the viewshed. In order to accurately and effectively 
generate forest visualization, we have to clearly define the 
objectives and subjects of interest for determining the most 
suitable visual scale (Paar et al. 2008; Wergles and Muhar 
2009). 

One of the most powerful applications from 3-D land-
scape visualization is visualizing the future conditions of 
the forest landscape to convey potential consequences of 
alternative restoration scenarios that are difficult to assess in 
the field (Meitner et al. 2006; Chamberlian and Meitner 
2009; Lange and Hehl-Lange 2010). Based on the historical 
remotely sensed images and disturbance GIS database, we 
can visualize the landscape before, during, and after an in-
festation. Although it is comparatively easy to collect the 
required remotely sensed data after infestations, the precise 
disturbance records at the stand scale were absent in our 
study area. In the future, if we aim to generate landscape 
visualization of long-term recovery after infestation, we can 
rely on ecological restoration simulation models (Appendix 
III). They can help to predict the impacts and effects of dis-
turbances and management strategies. However, there are 
many criteria and limitations that must be considered when 
applying specific models since the output parameters may 
not meet the requirements for developing high quality visu-
alizations (Ghadirian and Bishop 2008; Xi et al. 2008; Cas-
trillón et al. 2011). 

The integrated technique of 3-D landscape visualization 
with GIS databases and remotely sensed images improves 
the understanding and representations of complicated infor-
mation with diverse spatial and temporal dimensions (Stotl-
man et al. 2007; Allen and Madden 2009). It can aid in im-
proving the decision-making process by facilitating com-
munications among scientists, managers, and the general 

public with diverse backgrounds (Seely et al. 2004; Shep-
pard and Meitner 2005; Lange and Bishop 2005). In the 
future, we will aim to strengthen the varying temporal and 
spatial visualizations to satisfy different study purposes. 
More reliable spatial data and appropriate ecological simu-
lation models will be required to visualize landscape as our 
needs evolve through time. 
 
ACKNOWLEDGEMENTS 
 
This research was supported by the grants from the U.S. Depart-
ment of Agriculture, Forest Service. We would like to thank the 
following individuals that provided significant help in this study: 
Patricia A. Layton, Donald Lipscomb, Knight Cox, Ross Phillips, 
Soung-Ryoul Ryu, and Stephen Hutchinson for their comments 
and contributions and Kier D. Klepzig, Danny C. Lee, and Carl C. 
Trettin for their ideas and support. In particular, we are grateful to 
three anonymous referees for their time and most helpful sug-
gestions. Technical Contribution No. 5790 of the Clemson Univer-
sity Experiment Station under project number SC-1700259. 
 
REFERENCES 
 
Allen H, Madden M (2009) Geovisualization of forest dynamics: Hemlock 

Wolly Adelgid damage in Great Smoky Mountains Nation Park. USGIS 2009 
Summer Assembly. Available online: 

  http://www.ucgis.org/summer2009/studentpapers/allen_hunter.pdf 
Arney JD, Milner KS (2000) Biometrics of Forest Inventory, Forest Growth, 

and Forest Planning, Technical Report # 10, Forest Biometrics Library, 279 
pp 

Avery TE, Burkhart HE (2002) Forest Measurements (5th Edn), McGraw-Hill 
Higher Education, New York, NY, 456 pp 

Ayres MP, Martinson SJ, Friedenberg NA (2009) Southern pine beetle ecol-
ogy: Populations within stands. In: Coulson RN, Klepzig KD (Eds) The Sou-
thern Pine Beetle Encyclopedia, U.S. Department of Agriculture, Forest Ser-
vice, Southern Research Station, Asheville, NC. Available online: 
http://www.dartmouth.edu/~mpayres/pubs/Ayres_Martinson_Friedenberg_SP
Bencyclo.pdf 

Baker WL (1992) The landscape ecology of large disturbances in the design 
and management of nature reserves. Landscape Ecology 7, 181-194 

Baskent EZ (1997) Assessment of structural dynamics in forest landscape 
management. Canadian Journal of Forest Research 27, 1675-1684 

Belanger RP (1980) Silvicultural guidelines for reducing losses to the southern 
pine beetle. In: Thatcher RC, Searcy JL, Coster JE, Hertel GD (Eds) The Sou-
thern Pine Beetle, U.S. Department of Agriculture, Forest Service, Science 
and Education Administration Technical Bulletin 1631, pp 165-177 

Billings RF, Kibbe CA (1978) Seasonal relationships between pine beetle 
brood development and loblolly pine foliage color in east Texas. The South-
western Entomologist 3, 89-95 

Bolstad P (2008) GIS Fundamentals: A First Text on Geographic Information 
Systems, Eider Press, White Bear Lake, MN, 620 pp 

Botkin DB, Janak JF, Wallis JR (1972) Some ecological consequences of a 
computer model of forest growth. The Journal of Ecology 60, 849-872 

Boyle MF, Hedden RL, Waldrop TA (2004) Impact of prescribed fire and 
thinning on host resistance to the southern pine beetle: preliminary results of 
the national fire and fire surrogate study. In Connor KF (Ed.) Proceedings of 
the 12th Biennial Southern Silvicultural Research Conference, General Tech-
nical Report SRS-71, U.S. Department of Agriculture, Forest Service, Sou-
thern Research Station, pp 60-64 

Brandt LA, Portier KM, Kitchens WM (2000) Patterns of change in tree 
islands in Arthur R. Marshall Loxahatchee National Wildlife Refuge from 
1950 to 1991. Wetlands 20, 1-14 

Brown MW, Nebeker TE, Honea CR (1987) Thinning increases loblolly pine 
vigor and resistance to bark beetles. Southern Journal of Application Forestry 
11, 28-31 

Carroll WD, Kapeluck PR, Harper RA, Van Lear DH (2002) Background 
paper: Historical overview of the Southern forest landscape and associated 
resources. In: Wear DN, Greis JG (Eds) Southern Forest Assessment, Gen. 
Tech. Rep. SRS-53, U.S. Department of Agriculture, Forest Service, Southern 
Research Station, pp 583-606 

Castrillón M, Jorge PA, López IJ, Macías A, Martín D, Nebot RJ, Sabbagh 
I, Quintana FM, Sánchez J, Sánchez AJ, Suárez JP, Trujillo (2011) Fore-
casting and visualization of wildfires in a 3D geographical information sys-
tem. Computers and Geosciences 37, 390-396 

Chamberlian BC, Meitner MJ (2009) Automating the visual resource manage-
ment and harvest design process. Landscape and Urban Planning 90, 86-94 

Chandra AM, Ghosh SK (2006) Remote Sensing and Geographical Informa-
tion System, Alpha Science, Oxford, UK, 298 pp 

Chou C-Y, Bo S, Hedden RL, Williams TM, Culin JD, Post CJ (2010) 
Three-dimensional landscape visualization: New technique towards wildfire 
and bark beetle management. Forests 1, 82-98 

46



Tree and Forestry Science and Biotechnology 6 (Special Issue 1), 40-50 ©2012 Global Science Books 

 

Coulson RN (1980) Population Dynamics. In Thatcher RC, Searcy JL, Coster 
JE, Hertel GD (Eds) The Southern Pine Beetle, U.S. Department of Agricul-
ture, Forest Service, Science and Education Administration Technical Bul-
letin 1631, pp 71-105 

Crookston NL, Stage AR (1999) Percent Canopy Cover and Stand Structure 
Statistics from the Forest Vegetation Simulator, General Technical Report 
RMRS-24, U.S. Department of Agriculture, Forest Service, 11 pp 

Daniel TC, Meitner MM (2001) Representational validity of landscape visu-
alizations: The effects of graphical realism on perceived scenic beauty of for-
est vistas. Journal of Environmental Psychology 21, 61-72 

Davis MA, Slobodkin LB (2004) The science and values of restoration ecology. 
Restoration Ecology 12, 1-3 

de Kok R, Schneider T, Ammer U (1999) Object-based classification and ap-
plications in the alpine forest environment. International Archives of Photo-
grammetry and Remote Sensing 32, Part 7-4-3 W6, pp 9-21. Available online: 
http://citeseerx.ist.psu.edu/viewdoc/summary?doi=10.1.1.77.4080 

DellaSala DA, Martin A, Spivak R, Schulke T, Bird B, Criley M, van 
Daalen C, Kreilick J, Brown R, Aplet G (2003) A citizen’s call for ecolo-
gical forest restoration: Forest restoration principles and criteria. Ecological 
Restoration 21, 14-23 

Dunbar MD, Moskal LM, Jakubauskas ME (2005) 3D visualization for the 
analysis of forest cover change. Geocarto International 19, 103-112 

Edmonds RL, Agee JK, Gara RI (2000) Forest Health and Protection, 
McGraw Hill Co., Inc. Boston, MA, 630 pp 

Fernandes PM, Botelho HS (2003) A review of prescribed burning effective-
ness in fire hazard reduction. International Journal of Wildland Fire 12, 117-
128 

Fettig CJ, Dlepzig KD, Billings RF, Munson AS, Nebeder TE, Negron JF, 
Nowak JT (2007) The effectiveness of vegetation management practices for 
prevention and control of bark beetle infestations in coniferous forests of the 
western and southern United States. Forest Ecology and Management 238, 
24-53 

Geneletti D, Gorte BGH (2003) A method for object-oriented land cover clas-
sification combining Landsat TM data and aerial photographs. International 
Journal of Remote Sensing 24, 1273-1286 

Ghadirian P, Bishop ID (2008) Integration of augmented reality and GIS: A 
new approach to realistic landscape visualization. Landscape and Urban 
Planning 86, 226-232 

Hann DW, Hester AS, Olsen CLBB (1997) ORGANON User’s Manual, Ore-
gon State University, Department of Forest Resources, Corvalis, OR, 127 pp 

Harrington TB, Xu M, Edwards MB (2000) Structural characteristics of late-
successional pine-hardwood forest following recent infestation by southern 
pine beetle in the Georgia Piedmont, USA. Natural Areas Journal 20, 360-
365 

He HS, Mladenoff DJ (1999) Spatially explicit and stochastic simulation of 
forest-landscape fire disturbance and succession. Ecology 80, 81-99 

Hedden RL, Billings RF (1979) Southern pine beetle: Factors influencing the 
growth and decline of summer infestation in East Texas. Forest Science 25, 
547-566 

Heilman GE, Strittholt JR Jr., Slosser C, DellaSala DA (2002) Forest frag-
mentation of the conterminous United States: Assessing forest intactness 
through road density and spatial characteristics. BioScience 52, 411-422 

Higg ES (1997) What is good ecological restoration? Conservation Biology 11, 
338-348 

Hobbs RJ (2004) Restoration ecology: The challenge of social values and ex-
pectations. Frontiers in Ecology and the Environment 2, 43-48 

Husch B, Beers TW, Kershaw Jr. JA (2003) Forest Mensuration (4th Edn), 
John Wiley & Sons, Inc., Hoboken, NJ, 443 pp 

Karjalainen E, Tynäinen L (2002) Visualization in forest landscape preference 
research: A Finnish perspective. Landscape and Urban Planning 59, 13-28 

Lange E, Bishop ID (2005) Communication, perception and visualization. In: 
Bishop I, Lange E (Eds) Visualization in Landscape and Environmental Plan-
ning: Technology and Application, Taylor & Francis, London, UK, pp 3-21 

Lange E, Hehl-Lange (2010) Making visions visible for long-term landscape 
management. Futures 42, 693-699 

Lillesand TM, Kiefer RW (2000) Remote Sensing and Image Interpretation, 
John Wiley & Sons, NY, 724 pp 

Liu J, Ashton PS (1998) FORMOSAIC: An individual-based spatially explicit 
model for simulating forest dynamics in landscape mosaics. Ecological 
Modelling 106, 177-200 

Lockwood JL, Pimm SL (1999) When does restoration succeed? In: Weiher E, 
Keddy P (Eds) Ecological Assembly Rules: Perspectives, Advances, Retreats, 
Cambridge University Press, Cambridge, UK, pp 363-392 

Mach R, Petschek P (2007) Visualization of Digital Terrain and Landscape 
Data: A Manual, Springer, London, UK, pp 123-254 

Mansourian S (2005) Overview of forest restoration strategies and terms. In: 
Mansourian S, Vallauri D, Dudley N (Eds) Forest Restoration in Landscapes: 
Beyond Planting Trees, Springer, NY, pp 8-13 

Mason, Bruce and Girard, Inc. (1988) SPS User’s Guide: Stand Projection 
System, Version 2.4, Portland, Oregon, 48 pp 

McCullough DG, Werner RA, Neumann D (1998) Fire and insects in northern 
and boreal forest ecosystems of North America. Annual Review of Ento-
mology 43, 107-127 

McGaughey RJ (1998) Techniques for visualizing the appearance of forestry 
operations. Journal of Forestry 96, 9-14 

McMinn JW Ill AC (1999) Regeneration of southern pine stands under ecosys-
tem management in the Piedmont. In: Haywood JD (Ed) Proceedings of the 
10th Biennial Southern Silvicultural Research Conference, U.S. Department 
of Agriculture, Forest Service, Southern Research Station, Shreveport, LA, 
pp 377-380 

Meitner M, Gandy R, Nelson J (2006) Application of texture mapping to 
generate and communicate the visual impacts of partial retention systems in 
boreal forests. Forest Ecology and Management 228, 225-233 

Miller C, Urban DL (1999) A model of surface fire, climate and forest pattern 
in the Sierra Nevada, California. Ecological Modelling 114, 113-135 

Moorhead DJ, Bargeron CT, Douce GK (2004) Stand Visualization for 
Southern Pine Beetle Management and Decision Making, U.S. Department of 
Agriculture, Forest Service, Forest Health Protection Southern Region. 
Available online: http://www.barkbeetles.org/standvisual/ 

Nebeker TE, Moehring DM, Hodges JD, Brown MW, Blanche CA (1983) 
Impact of thinning on host susceptibility. In: Jones Jr. EP (Ed) Proceedings of 
the 2nd Biannual Southern Silvicultural Research Conference, General Tech-
nical Report SE-24, U.S. Department of Agriculture, Forest Service, Atlanta, 
GA, pp 376-381 

Nelson JB (1986) The Natural Communities of South Carolina, South Carolina 
Wildlife and Marine Resources Department, Columbia, SC, 62 pp 

Noss RF, Cooperrider A (1994) Saving Natures’ Legacy: Protecting and Res-
toring Biodiversity, Island Press, Washington, DC, 416 pp 

Nowak J (2004) Southern pine beetle prevention and restoration. Forest Land-
owners Conference Proceedings 63, 21-22 

Nowak J, Asaro C, Klepziq K, Billings R (2008) The southern pine beetle pre-
vention initiative: working for healthier forests. Journal of Forestry 5, 261-
267 

Owen W (2002) The history of native plant communities in the South. In: Wear 
DN, Greis JG (Eds) Southern Forest Assessment, General Technical Report 
SRS-53, U.S. Department of Agriculture, Forest Service, Southern Research 
Station, pp 47-61 

Orland B (1994) Visualization techniques for incorporation in forest planning 
geographic information systems. Landscape and Urban Planning 30, 83-97 

Paar P, Rohricht W, Schuler J (2008) Towards a planning support system for 
environmental management and agri-environmental measures – The Color-
fields study. Journal of Environmental Management 89, 234-244 

Pacala SW, Canham CD, Saponara J, Silander JA, Kobe RK, Ribbens E 
(1996) Forest models defined by field measurements: Estimation, error ana-
lysis and dynamics. Ecological Monographs 66, 1-43 

Paine DP (1981) Aerial Photography and Image Interpretation for Resource 
Management, John Wiley & Son, NY, 571 pp 

Phillips RJ, Waldrop TA (2008) Changes in vegetation structure and composi-
tion in response to fuel reduction treatments in the South Carolina Piedmont. 
Forest Ecology and Management 255, 3107-3116 

Pyne SJ, Andrews PL, Laven RD (1996) Introduction to Wildland Fire (2nd 
Edn), John Wiley & Sons, Inc., NY, 769 pp 

Ricketts T, Dinerstein E, Olson D, Loucks C, Eichbaum W, DellaSala D, 
Kavanagh K, Hedao P, Hurley P, Carney K, Abell R, Walters S (1999) 
Terrestrial Ecoregions of North America: A Conservation Assessment, Island 
Press, Washington, DC, 485 pp 

Ritchie MW (1999) A compendium of forest growth and yield simulators for 
the Pacific Coast States, General Technical Report PSW-GTR-174, U.S. De-
partment of Agriculture, Forest Service, Pacific Southwest Research Station, 
Albany, CA, 59 pp 

Robinson AP, Monserud RA (2002) Criteria for comparing the adaptability of 
forest growth models. Forest Ecology and Management 172, 53-67 

Salter JD, Campbell C, Journeay M, Sheppard SRJ (2009) The digital work-
shop: Exploring the use of interactive and immersive tools in participatory 
planning. Journal of Environmental Management 90, 2090-2101 

Scheller RM, Domingo JB, Sturtevant BR, Williams JS, Rudy A, Gustafson 
EJ, Mladenoff DJ (2007) Design, development, and application of Landis-II, 
a spatial landscape simulation model with flexible temporal and spatial reso-
lution. Ecological Modelling 201, 409-419 

Schowalter TD, Turchin P (1993) Southern pine beetle infestation develop-
ment: Interaction between pine and hardwood basal area. Forest Science 39, 
201-210 

Seely B, Nelson J, Wells R, Peter B, Meitner M, Anderson A, Harshaw H, 
Sheppard SRJ, Bunnell FL, Kimmins H, Harrison D (2004) The applica-
tion of a hierarchical, decision-support system to evaluate multi-objective 
forest management strategies: A case study in northeastern British Columbia, 
Canada. Forest Ecology and Management 199, 283-305 

Sheppard SRJ, Meitner M (2005) Using multi-criteria analysis and visualiza-
tion for sustainable forest management planning with stakeholder groups. 
Forest Ecology and Management 207, 171-187 

Sheppard SRJ, Salter J (2004) The role of visualization in forest planning. In: 
Burley J, Evans J, Youngquist JA (Eds) Encyclopedia of Forest Sciences, 
Academic Press, Oxford, UK, pp 486-498 

Shugart HH (1984) Theory of Forest Dynamics: The Ecological Implications 
of Forest Succession Models, Springer-Verlag, New York, NY, 278 pp 

Song B, Wang X, Williams TM, Mladenoff DJ, Chen J, Gustafson EJ, Hom 

47



3-D landscape visualization of forest restoration scenarios for southern pine beetle infected forests. Chou et al. 

 

JL, Crow TR (2006) Visualizing a landscape, its changes, and driving pro-
cesses. In: Chen J, Saunders SC, Brosofske KD, Crow TR (Eds) Ecology of 
Hierarchical Landscapes: From Theory to Application, Nova Science Pub-
lishers, Inc., NY, pp 167-191 

Stage AR, Wykoff WR (1998) Adapting distance-independent forest growth 
models to represent spatial variability: Effects of sampling design on model 
coefficients. Forest Science 44, 24-238 

Stanturf JA (2004) What is forest restoration? In: Stanturf JA, Madsen P (Eds) 
Restoration of Boreal and Temperate Forests, CRC Press, Boca Raton, pp 3-
11 

Stoltman AM, Radeloff VC, Mladenoff DJ (2007) Computer visualization of 
pre-settlement and current forests in Wisconsin. Forest Ecology and Manage-
ment 246, 135-143 

Troops W (2004) Restoration ecology: The challenge of social values and 
expectations. Frontiers in Ecology and the Environment 2, 43-48 

U.S. Geological Survey (USGS) (1997) Standards for digital elevation models, 
National Mapping Program, Technical Instructions, U.S. Geological Survey, 
5 pp. Available online: http://rockyweb.cr.usgs.gov/nmpstds/demstds.html 

Van Lear DH, Harper RA, Kapeluck PR, Carroll WD (2004) History of 
Piedmont forests: implications for current pine management. In: Connor KF 
(Ed) Proceedings of the 12th Biennial Southern Silvicultural Research Con-
ference, Gen. Tech. Rep. SRS-71, U.S. Department of Agriculture, Forest 
Service, Southern Research Station, Ashville, NC, pp 127-131 

Wade DD, Lunsford JD, Dixon MJ, Mobley HE (1989) A Guide for Pres- 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

cribed Fire in Southern Forests, U.S. Department of Agriculture, Forest Ser-
vice, Sothern Region, TP-R8-11, Atlanta, GA, 56 pp 

Wang X, Song B, Chen J, Zheng D, Crow TR (2006a) Visualizing forest land-
scapes using public data sources. Landscape and Urban Planning 75, 111-
124 

Wang X, Song B, Chen J, Crow TR, LaCroix JJ (2006b) Challenges in visu-
alizing forests and landscapes. Journal of Forestry 104, 316-319 

Weatherspoon CP (2000) A proposed long-term national study of the conse-
quences of fire and fire surrogate treatments. In: Proceedings of Joint Fire 
Science Conference and Workshop on Crossing the Millennium, University of 
Idaho Press, Moscow, ID, pp 117-126 

Wergles N, Muhar A (2009) The role of computer visualization in the com-
munication of urban design – A comparison of viewer responses to visualiza-
tions versus on-site visits. Landscape and Urban Planning 91, 171-182 

Wolf PR (1974) Elements of Photogrammetry: With Air Photo Interpretation 
and Remote Sensing, McGraw-Hill, NY, 628 pp 

Xi W, Coulson RN, Waldron JD, Tchakerian MD, Lafon CW, Cairns DM, 
Birt AG, Klepzig KD (2008) Assessment: Lessons from the Southern Ap-
palachian Mountains. Journal of Forestry 106, 191-197 

Xi W, Waldron JD, Lafon CW, Cairns DM, Birt AG, Tchakerian MD, Coul-
son RN, Klepzig KD (2009) Modeling long-term effects of altered fire re-
gimes following Southern Pine Beetle outbreaks (North Carolina). Ecological 
Restoration 27, 24-26 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

48



Tree and Forestry Science and Biotechnology 6 (Special Issue 1), 40-50 ©2012 Global Science Books 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

APPENDIX I – GIS IN REFORESTATION 
 
GIS is a computer program that allows one to efficiently manage, 
process, analyze, and represent data with the spatial reference to 
any thematic attribute that is connected to a location on the earth 
(Mach and Petschek 2007; Bolstad 2008). With GIS, one can 
utilize information from field or remotely sensed data to help 
clas-sify different land cover types. GIS can also identify the 
detailed forest stand characteristics, including cover type, tree 
species, crown diameter, and stand height and density. Remote 
sensing images, including aerial photography and satellite 
imagery, cons-titute the basis for the creation of a variety of 
spatial data. By interpreting remote sensing images, we can 
identify, recognize, and delineate land cover maps on multilevel 
land cover classifica-tion systems (U.S. Geological Survey 1997). 
With appropriate resolution, land cover maps can be used to 
support different land-scape scale management on a nationwide, 
interstate, or county-wide basis (Chandra and Ghosh 2006). In 
addition, when com-paring remote sensing images across times, 
we can not only des-cribe the type of landscape changing (Brandt 
et al. 2000; Dunbar et al. 2005), but also simulate the phenomena 
of ecological dyna-mics. 
 
Object-oriented approach is used to classify the time-series 
images that had been georectified. Object-based classification 
allowed the images to be classified into forest/tree cover, non-
forest, road/building structure, and water classes. It can also sim-
plify the discrimination of land cover and enhances the practi-
cality for landscape visualizations (de Kok et al. 1999; Geneletti 
and Gorte 2003; Dunbar et al. 2005). 
 
In this study, we used the technique of photointerpretation to 
classify the forest types, stand conditions, and the patterns of dis-
turbances. Photointerpretation was based on the typical elements 
of the remotely sensed image (Wolf 1974; Chandra and Ghosa 
2006), including size, shape, tone, texture, pattern, shadow, asso-
ciation, and site, to delineate different land covers. We delineate 
the pure pine stands and mix forest stand based on their distin-
guished patterns. The pattern of pure pine stands is more regular 
than the pattern of mix forest stands. The variations of crown tex-
ture are important to the identification of species and stand con-
dition. For instance, hardwood stands have s tufted appearance, 
while pine stands look like billowy. In addition, the foliage color 
changes under SPB infestation, and the infestation expanding area 
is easily detected from aerial photographs (Paine 1981; Lillesand 
and Kiefer 2000). 
 
In this study, SPB infestation is classified into five stages on the 
basis of foliage colors of infected trees, which changed with the 
time from initial attack (Billings and Kibbe 1978): Stage 0 (non-
infected, live trees; green trees), Stage 1(freshly attacked, light 
green trees), Stage 1~2 (from freshly attacked to developing 
beetle brood, fading trees), Stage 2 (developing beetle brood, red 
trees), and Stage 3 (inactive trees, no live beetle brood, gray 
trees). 

APPENDIX II – 3-D FOREST LANDSCAPE 
VISUALIZATION 
 
VNS is used to project the 3-D landscape visualizations. It is a 
premium photo-realistic and landscape-visualization software 
package. It was chosen for the following characteristics: 1) integ-
ration with georeferenced GIS datasets, 2) flexibility of land-
cover development, and 3) use of raster and vector formats to ren-
der vegetation components (Dunbar et al. 2005). Because of these 
characteristics, we can then import terrain and land-cover data 
from numerous raster- or vector-based formats to generate vivid 
photo-realistic foliage images. Raster-based formats are con-
sidered as a rectangular grid of pixel and represented by n × m 
array of numbers where different numbers represent different 
spatial entities; i.e., images (.BMP, .JEPG, .TIFF, etc) and DEMs 
or USGS data types. Vector-based formats are used to represents 
geographic features or entities as points, lines or polygons; i.e., 
ArcGIS Shapefiles. 
 
 The following are the processes of 3-D landscape visualization 
within VNS: 
(1) Import the DEM and landcover map as landscape foundation 

(i.e., base terrain): The imported landcover GIS layers with 
different attributes for each polygon are assigned as appro-
priate land cover. 

(2) Assign the landscape patches: It is called “Ecosystem Com-
ponents” within VNS. We assign it by three divisions (Fig. 
3): 

a) Ground effect assignment: The soil, litter, snags, deadfall, 
and other surface materials are visualized by giving the pat-
tern, texture, and tone of the materials. 

b) Overstory and understory assignment: The species compo-
sition (i.e., the numbers of species, the percentage of each 
species), stand density, and average height of each patch are 
assigned. 

c) Foliage effects assignment: specified tree images are linked 
to the appropriate foliage effects for each overstory and 
understory species. 

 
Therefore, the forest landscape visualization is manipulated to 
cover largest possible area, the landscape level, and to show the 
general spatial arrangement of landscape elements and the overall 
structure of the functional land cover units. At the stand scale, the 
vertical distribution of species and the shape of individual trees 
are shown to enhance the visualization quality. 
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APPENDIX III – A LIST OF ECOLOGICAL SIMULATION MODELS
 

Model application Model 
type 

Reference Model name 
Advantages Limitations 

Spatial-scale

Ritchie (1999) CACTOS (California 
Conifer Timber Output 
Simulator) 

Simulate the effects of silvicultural treatments (i.e., 
harvesting and thinning) and wood products, then 
reports biomass. 

Specifically for simulating the growth 
and dynamics of multiple species on a 5 
year growth; without spatial explicitness. 

Arney and Milner 
(2000) 

FPS (Forest Projection 
System) 

Simulate the diameter distribution and local 
competition. Model can be linked to the ArcInfo and 
MapInfo GISs. 

Simulator uses a library to summarize 
stand situation and response surface, 
rather than using equations or models. 

Crookston and 
Stage (1999) 

FVS(forest vegetation 
simulator) 

Simulate the effects of silvicultural regimes, planted 
regeneration, and natural regeneration and 
disturbances. 

Specifically simulating the major forest 
tree species. 

Hann et al. 
(1997) 

ORGANON (Oregon 
growth Analysis and 
Projection) 

Simulate the growth for both even-aged and uneven-
aged mixed-species stands of conifers and hardwoods.

Without the ability to be changed as 
necessary to accommodate new situations
(i.e., different geographic areas and 
populations). 

Stand 
growth 
model 

Mason, Bruce and 
Girard, Inc. 
(1988) 

SPS (Stand Projection 
System) 

Simulate the effects of silvicultural regimes (i.e., 
fertilization, thinning, and harvest). 

Without the ability to simulate the forest 
dynamics from the regeneration or 
disturbances. 

Stand-level 
(Overstory 
and 
Understory) 

Botkin et al. 
(1972) 

JABOWA Project the dynamics of forest composition and 
simulate the interaction between environment factors 
and forest growth. 

Without spatial explicitness. Specifically 
for stand-scale and short-term simulation.

Shugart (1984) FORET Simulate the dynamics of forest distribution and the 
relationship between soil attributes and tree growth. 

Without spatial explicitness. Specifically 
for stand-scale and short-term simulation.

Pacala et al. 
(1996) 

SORITE Predict the long-term (i.e., 2000 years) dynamics of 
transition and simulate competition among tree 
species, tree dispersal, establishment, growth, 
mortality, and fecundity. The spatial resolution (10 x 
10 m2 grid). 

Specifically for northern oak hard woods 
forests, USA. 

GAP model 

Miller and Urban 
(1999) 

ZELIG Simulate forest patterns by integrating climate, fire, 
and soil nutrient. Spatial resolution (15 x 15 m2 grid).

Overestimating the tree mortality by 
overestimating fire intensity of grass-
fueled fires. 

Stand-level 
(Overstory) 

Baker (1992) DISPATCH Simulate the interaction between the climate change 
and landscape structure. Spatial resolution (200 x 200 
m2 grid). 

Without the ability to simulate the forest 
dynamics. 

Baskent (1997) LANDMAN Simulate the structural effects of initial landscapes 
and different harvest patterns for landscape 
fragmentation. 

The spatial extent and resolution are not 
flexible and only set as 43 km2. 

Liu and Ashton 
(1998) 

FORMOSAIC Simulate tree location, regeneration, growth, death, 
spatial interaction and environmental factors. Spatial 
resolution (10 x 10 m2 grid). 

Specifically for the interaction between 
fine-scale changes in tropical forests. 

He and 
Mladenoff 
(1999) 

LANDIS Simulate the forest succession and the interaction 
between disturbances and landscape pattern. Spatial 
resolution (10 x 10 km2 grid). 

Specifically for the simulation of large-
scale and long-term forest landscape 
processes. 

Landscape 
model 

Scheller et al. 
(2007) 

LANDIS II Upgrade the LANDIS and include the biomass 
estimation. Spatial resolution (50 x 50 m2 grid). 

Specifically for the simulation of long-
term forest landscape processes. 

Landscape-
level 
(Overstory) 

 
Note: We here briefly describe some candidate models for each of these three types of models. Ritchie (1999), Robinson and Monserud 
(2003), and Xi et al. (2009) are very good sources for further information about many of these models. 
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