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 Wild American ginseng is the root part of a family of plants called Panax, and is primarily 

used as a medicinal herb, and is found only in the Northern Hemisphere. Wild American ginseng 

grows mainly in the understory of the eastern deciduous forests in North America, and has a 

growing high demand in the Asian market, which, in turn, has led to the formation of very high 

prices for this species in the market. These high prices have provided strong incentives for illegal 

harvest of wild American ginseng, resulting in a high harvest pressure on the plant in the wild, 

while harvesting ginseng (which is the root part of the plant) is fatal to the whole plant, which has 

consequently shrunk the population size of this plant and placed the species in the danger of 

extinction. That is, “the growing market for wild American ginseng in Asia” (which has increased 

the market demand for wild American ginseng) as well as the scarcity of this plant in the wild due 

to “growing illegal harvest” (which has decreased the market supply of this plant) have been 

simultaneously pushing up the price of American ginseng in the market, which, unfortunately in 

turn, increases incentives even further for illegal harvest of this soon-to-be-extinct species in a 

vicious-circular manner. To prevent this extinction from occurring, there needs to be research 

studies conducted on the geography of wild American ginseng to identify the spatial distribution 

of the suitable habitat of the plant in wild. Additionally, such research can provide advice on what 

conditions are required and what regions are suitable for cultivating it in farms, introducing an 

alternative to the wild American ginseng to decrease the harvesting pressure on its wild 

counterpart, breaking the vicious circle described above. In view of this, the objective of the 

present study is to analyze different habitat variables to develop a predictive model that captures 

geographical areas possessing the most suitable habitat for wild American ginseng growth in the 
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state of North Carolina. This study develops models by employing three popular geospatial 

methods, including Binary Screening method, Ordinal Ranking, and Weighted Linear 

Combination method, to carry out a capability analysis and mapping for wild American ginseng 

in North Carolina. These methods have proven decent predictability powers in the literature of site 

suitability. After building such models, the models were validated by using the data of the known 

locations of wild American ginseng plant in North Carolina. Developing such models would help 

us gain a more comprehensive understanding of where the plant naturally grows and would shed 

light on how government agencies can more effectively and more efficiently plan for law 

enforcement activities to better protect this plant from illegal harvest. The general pattern of our 

results suggests that western NC counties such as Jackson, Haywood, Transylvania, Henderson, 

Cherokee, and Ash are some of the most suitable geographical areas for wild American ginseng to 

grow. The result of our model validation analysis and comparing our models’ predictions with the 

observations made of wild American ginseng in nature show that the Binary Screening method’s 

predictions match with almost 96% of the observations made and reported in nature. This suggests 

that the influential natural factors necessary for wild American ginseng are more of complementary 

factors to each other than being substitutes, meaning that they all must exist in the environment 

for it to grow, and it could not be that the lack of one natural factor can be compensated by the 

abundance of another natural factor. In addition, the results of our sensitivity analysis imply that 

the shade-related factors and spatial factors play very important roles in predicting suitable areas 

for wild American ginseng to grow in nature in the context of North Carolina, meaning that the 

more weight given to these factors, the higher the predictability of the model (i.e., the higher the 

consistency level of the model predictions and observations made in the real world).   

KEYWORDS: Ginseng, Wild American Ginseng, GIS, Binary Screening, Ordinal Ranking, 

Weighted Linear Combination, Sensitivity Analysis. 
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CHAPTER I: INTRODUCTION 

Ginseng is the root part of a family of plants called Panax1, which are characterized by the 

existence of ginsenosides2 and gintonin3. Historically, ginseng has long been used in China as 

traditional medicine. Ginseng is found only in North America, Korea, Manchuria, and Siberia, 

which are all located in the Northern Hemisphere. Wild American ginseng is a long-lived perennial 

herb that grows mainly in the understory of the eastern deciduous forests4. Wild American ginseng 

is very similar to Chinese ginseng, especially in terms of its high level of ginsenosides, while 

Siberian ginseng does not contain ginsenosides. The high level of ginsenoside in wild American 

ginseng is the primary reason why it is in high demand in China.  

Ginseng has been being exported from the United States since the year 1860, when 

Wisconsin exported 120 tons of wild American ginseng root to China. It is still in high demand, to 

the extent that wild American ginseng is nowadays priced around $400-$800 per pound. Ginseng 

is sold in more than 35 countries. Solely four countries including China (44,749 tons), South Korea 

(27,480 tons), Canada (6,486 tons), and the United States (1,054 tons) produced 99% of the world’s 

80,000 tons of ginseng in the early 21st century (Baeg, et al., 2013).  Almost 95 percent of the wild 

American ginseng harvested in the United States is shipped for the Asian market.5 China is the 

largest consumer of this plant in the world. Several US states export their harvested wild American 

ginseng to the existing Chinese market. North Carolina is one of the exporters of wild American 

ginseng to China. Annually, over three million dollars in revenue is brought to the state of North 

 
1. Panax is one of 60 plant species distributed across east Asia and east North America. 
2. Ginsenoside is the major ingredients of ginseng. Compounds in this family are found in ginseng (the plant genus 

Panax.)  
3. The main component of gintonin is a complex of lysophosphatidic acids (LPA) and ginseng proteins such as ginseng 

major latex-like protein 151 (GLP151) and ginseng ribonuclease-like storage protein.  
4. A deciduous forest is a biome dominated by deciduous trees which lose their leaves seasonally and are known as 

dry forests and broad-leaf forests because of the wide, flat leaves on the trees. 
5. The demand for wild ginseng root continues to increase because Asian consumers have a considerable growing 

demand for it mainly because of the high quality of these roots. 
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Carolina by trading this plant. Due to such high prices, excessive harvests of American ginseng 

from the wild for export to Asian medicinal-herb markets has raised concerns over the survival of 

American ginseng in the wild. This is primary due to the fact that harvesting the root of the plant 

is deadly to the individual plant, and it subsequently impacts this species’ population size, 

structure, as well as its genetic diversity (Vander Voort et al. 2003; Cruse-Sanders et al. 2005). 

Wild American ginseng grows mostly in the deciduous forests of the eastern United States, 

such as the Appalachian and Ozark regions, mainly because of suitable shade and soil moisture 

(Compton, 2006). Figure 1 shows ginseng-growing areas in the US. 

 

 

Figure 1.  Areas in the United States where ginseng root grows. 

Source: Watson (2017) 

 

 

Wild American ginseng (Panax quinquefolius) is native to the state of North Carolina. In 

particular, wild American ginseng in the state of North Carolina is mostly found in Great Smoky 

Mountains National Park (National Parks Conservation Association, 2011), in the Appalachian 

Mountains, and in the upper Piedmont (National Park Service, 2015). Economically and socio-

 Ginseng growing areas 
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economically in North Carolina, ginseng was the second largest source of income for settlers 

coming from Europe (Manget, 2012). North Carolina is well-known for its high-quality wild 

American ginseng harvested, which is mostly exported to Asia. In North Carolina, wild American 

ginseng is a legally protected plant and is ranked as a plant species of special concern, and in the 

danger of extinction and is subject to certain regulations.6 During 2001-2002, the North Carolina 

Department of Agriculture and Consumer Services started issuing permits for buying wild 

American ginseng grown or collected in North Carolina. According to Creager (2016), it is 

estimated that around 2,000-4,000 people each year make requests to get ginseng permits in North 

Carolina. It seems that the growing number of people harvesting ginseng is motivated by its 

growing price.  

Wild American ginseng is typically found on the north slopes of heavily shaded coves, and 

has distinctive whorls of five leaves, bright red berries, and yellow leaves in the fall, which make 

it easily distinguishable from other plants.  

 

Figure 2. Mature wild American ginseng plant with berries 

Source: U.S. Forest Service 

 
6. Researchers from the Great Smoky Mountains National Park as well as North Carolina US Forest Service are 

currently working to monitor wild population of American ginseng throughout North Carolina. N.C. Department of 

Agriculture and Consumer Services (NCDACS) and Plant Conservation Program has a special program for ginseng 

determining in what areas harvesting wild American ginseng is not allowed. 
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Eight inches long is the mature root of wild American ginseng which looks like a human body. It 

is also known as man-root. The man root includes a thick body with leg-like roots. Figure 3 shows 

the typical shape of the man root.  

 
Figure 3. Ginseng "man roots" has a thick "body" with leg-like roots extending from it.  

Source: Pixabay (2020) available at https://pixabay.com/photos/ginseng-sansam-641890  
 

Wild American ginseng takes four to eight years to completely mature. Figure 4 illustrates the life 

cycle of this species. Ginseng seeds usually begin to sprout between April and June. The ginseng 

plant looks like a wild strawberry plant in its first growth season and develops a small skinny root 

over the summer season under the ground, which survives the winter, and freezes as the ground 

freezes. During the fall, the leaves turn a yellow-orange color. In the second year, the plant 

becomes at least 5 inches, and eventually, the ginseng plant will grow to over 2 feet tall. In early 

summer, a cluster of green blossoms will grow on plants that are at least 3 years old which 

eventually turn into green berries. Each ripe berry contains about 1-3 seeds, which usually 

germinate and sprout after 18-20 months from the time they fall from the plant. During the growing 

seasons, the ginseng root continues to develop and may double or triple their size during the first 

few growing seasons, but when the plant starts to fruit heavily, its growth rate slows down 

gradually.  
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Figure 4. Life cycle of wild American ginseng  

Source: Created by Author adopted from American Ginseng GREEN GOLD courtesy of W. Scott Persons (2013) 

According to Anderson et al. (1993) “Ginseng favors a habitat ranging from 30 to 50 degrees north 

latitude and minimum cold cycles of 45 days with temperatures below 2 degrees Celsius.” They 

also mentioned other specific criteria including adequate shade (locations with full shade in 

deciduous hardwood forests), 25 inches of annual precipitation, loamy, well-drained soil, and 

slightly acidic. Cooler and moisture conditions within coves are typically regions where wild 

American ginseng tends to grow.  

Wild American ginseng is one of the most popular herbal medical products. Research 

studies have suggested that ginsenosides, which are active ingredients in ginseng, can increase 

immunity, diminish cancer risk, and in diabetic conditions, it can reduce blood-sugar levels (Park., 

et al., 2014). It is believed that ginseng may reduce inflammation (Park. et, al., 2013), and increase 

brain function (Wang et al. 2010; Wang, et al .2013). It may also boost the immune system (Kim., 

et al. 1998), may have some potential benefits to decrease the risk of cancer (Wang et al., 2016), 

may increase energy levels (Wang et al., 2014; Bao et al., 2016;), and could lower blood sugar 
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(Luo et al, 2009; Andrade et al., 2007), but some contemporary medical research studies have 

shown inconclusive results on the efficiency of ginseng plant.   

Despite the inconclusiveness of the results on the effectiveness of wild American ginseng, 

there has always been significant amount of demand for wild American ginseng, which have 

mainly been driven by Asian traditional medical markets. The demand has resulted in an increased 

harvest pressure on this species (Robbins 2000), which in turn has increased its prices in the 

market. Figure 5 shows the recent time trend of the price of ginseng in the US.  

 

 
Figure 5. The price of a pound of ginseng  

Ranges reported and 2015 estimates made by TNA wild Ginseng Co., a large online buyer  

Data source: Rainey (2015) - Author’s drawing 

 

Dried 

Wisconsin 

field-grown 

ginseng goes 

for about $70-

$80. 
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These high prices have provided strong incentives for illegal harvest of wild American ginseng.7 

Ashley et al. (2003) state that “Harvest can have unintended and often undesirable consequences 

for wild harvested species, and been linked to local extinction, reduction in genetic diversity and 

altered population structure in exploited species.” In the United States, and especially in national 

parks, all native plant species which are considered at risk of illegal harvesting are protected by 

law. However, wild American ginseng is a special plant that has received more attention in recent 

years. As a result of high demand for wild American ginseng as a medicinal herb with less 

conservation in harvesting, the federal government has identified wild American ginseng as one 

of the plants that may be at high risk of extinction. Due to the popularity of wild American ginseng 

which used to be widespread in the Eastern Coast of the US, it was over-harvested especially in 

the 1970s. In the United States, thirty-one states have prohibited the harvesting of wild American 

ginseng, labeled it as a plant that is in the danger of extinction (USFWS, 2015). 

Despite the inconclusiveness of modern clinical research on the medical effectiveness of 

wild American ginseng (National Center for Complementary and Integrative Health, 2017), there 

has always been a growing demand for wild American ginseng which is mainly driven by the 

popularity of this species in Asian traditional medical markets. In turn, this has led to the formation 

of very high prices of this plant in the market, which have provided strong incentives for illegal 

harvest of wild American ginseng, resulting in high harvest pressure on this species (Robbins 

2000). As ginseng is the root of the plant Panax, harvesting ginseng is fatal to the whole plant, 

which consequently impacts the population size of this specie negatively (Vander Voort et al. 

 
7. Since wild growth of American ginseng is decreasing in North America, attempts at cultivating this plant is 

increasing. North Carolina mountains remain a major source of wild American ginseng for both local and foreign 

markets. Currently, the Plant Industry Division of the North Carolina Department of Agriculture and Consumer 

Services, working with the U.S. Fish and Wildlife Service, operates the Plant Conservation Program to control 

ginseng’s trade within and export from the state. 
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2003; Cruse-Sanders et al. 2005),8 and places the species in the danger of extinction. This decrease 

in the population size of wild American ginseng has decreased the supply side of ginseng market, 

which in turn has increased the price. In short, “the growing popularity of ginseng in Asian 

markets” (which has increased the market demand for ginseng) as well as the scarcity of this plant 

due to “growing illegal harvest and its extinction” (which has decreased the market supply of 

ginseng) are the two major driving forces that have been pushing up the price of wild American 

ginseng in the market, which unfortunately again increases incentives even further for illegal 

harvest of this soon-to-be-extinct species in a vicious-circular fashion. Figure 6 depicts a supply-

demand model which illustrates the process through which the price of wild American ginseng is 

increasing in the market.  

 
Figure 6. A supply-demand model illustrating the process of price increase of wild American ginseng 

Source: Author’s drawing 

 
8. It becomes even more important to help this species survive when one takes into account the many challenges of 

growing ginseng. For instance, a ginseng plant takes almost 10 years to be large enough to attain its marketable size 

and quality and many difficulties may arise during such a long period of time.  



9 

To prevent this extinction from occurring, there needs to be research studies conducted on the 

geography of wild American ginseng to identify the spatial distribution of the suitable habitat of 

the plant in North Carolina, helping us develop a more comprehensive understanding of where the 

plant naturally grows and how to better plan for law enforcement activities to better protect this 

plant from illegal harvest. Additionally, such research can provide advice on what conditions are 

required and what regions are suitable for cultivating it in farms, which can be introduced as an 

alternative to the wild American ginseng. Having this substitute to the wild American ginseng can 

ultimately decrease the harvesting pressure on its wild counterpart, breaking the vicious circle 

outlined above.9  

Accordingly, the objective of the present study is to analyze different habitat variables to 

develop a predictive model that captures geographical areas possessing the most suitable habitat 

for wild American ginseng growth in the state of North Carolina. This study develops models by 

employing three advanced geospatial methods, including Binary Screening method, Ordinal 

Ranking method, and Weighted Linear Combination method, to carry out a capability/suitability 

analysis and mapping for wild American ginseng in North Carolina. After building such a model, 

the model can be validated by using the data of known locations of wild American ginseng plant 

in North Carolina. Developing such a model would help us gain a more comprehensive 

understanding of where the plant naturally grows and would shed light on how governments can 

more effectively plan for law enforcement activities to better protect this plant from illegal harvest.  

 
9. In short, at least for four reasons, it is very important to study the geography and terroir of wild American ginseng. 

First, it has long been used over centuries and still is being used in traditional medicine, implying that this plant has 

some beneficial medical effects. Secondly, there is a huge demand for this species in such a way that it is sold for 400 

to 800 dollars per pound. As a result of such a huge demand, it is extinct in China and Korea and nowadays is in the 

danger of extinction in the US. Thirdly, finding natural environment of ginseng would help preserve this natural 

treasure in the US. Fourthly, identifying the natural environment of this species would also provide useful insight on 

where it should be grown and cultivated, so that its grown counterpart would help the wild American ginseng survive 

and also reduce the demand pressure on the wild American ginseng by introducing growing conditions and regions 

for its cultivated counterpart.  
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 The remainder of this dissertation will proceed as follows. Section two is devoted to 

reviewing the literature on various aspects of wild American ginseng, and suitability-analysis 

methodologies in different areas. Section three introduces the variables of the study, describes the 

data used in the analysis, and elaborates on the geospatial methodology proposed and used in this 

dissertation. In section four, the results of the study are reported and discussed extensively. In 

addition, a model validation will be carried out to compare the predictions of our models with the 

observations made in the real world. Next, a Sensitivity Analysis will be conducted to find out 

what factors play more important roles in predicting suitable areas for wild American ginseng to 

grow in nature in the context of North Carolina. In section five, a conclusion will be drawn, and 

plans for future research will be discussed. Lastly, the dissertation will end with appendices to 

explain the various aspects of procedures and methods in greater details. 
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CHAPTER II: LITERATURE REVIEW 

In the past few decades, there has been a sizeable body of empirical literature devoted to 

capability/suitability mapping and analysis, to determine the land units that are capable or most 

suitable of supporting an activity. One aspect that has received considerable attention has been 

what areas have suitable conditions for different crops to be planted in the farm and different plants 

to grow in the wild. In this section, several studies related to the subject matter of this study or 

those related to the methodology of the present study are reviewed with an emphasis on ginsen. 

The information and knowledge gained from this part will be used to first identify the existing 

gaps in the respective literature that the present study is to fill in, also to learn the methods other 

scholars have applied in the literature, in order for us to find the methods that can more effectively 

help us address the research questions of the present study. This eventually enables us to build up 

a methodological framework to pursue the main objective of this study.  

Kang et al. (2016) explored an accurate site identification technique using a GIS and geo-

temperature (gT) to locate suitable sites for growing cultivated mountain ginseng in Jinangun in 

South Korea. The identification of suitable sites was undertaken using two methods in their studies, 

including a conventional method as well as a new method (in which the gT was added as one of 

the most important factors for crop cultivation). They conclude that the accuracy of GIS-based 

identification of suitable cultivation sites improve when temperature factor (i.e., the gT) is applied 

in addition to the conventionally used factors. 

Webinger (2015) designed and analyzed a habitat model of American ginseng in the 

Southern United States so as to aid in locating potential ginseng growth sites. He has created a 

habitat model which consists of different habitat variables that are most favorable for ginseng 
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growth. He also analyzed his model using point data of known ginseng locations by statistical 

analysis to examine the effectiveness and usefulness of the model created. 

Snow and Snow (2009) investigated the optimal growing conditions of ginseng and 

provided a model for a viable economic alternative to clear cutting deciduous forests. They used 

remote sensing, ground truthing, and an analysis of local climate data in order to determine if their 

study areas meet the requirements for growing ginseng.  

Van Manen et al. (2005) created habitat models for several at-risk natural resources 

including American ginseng to determine the distribution of favorable habitats of American 

ginseng and demonstrate the use of that information to support plant protection activities with GIS. 

They maped potential habitat quality for ginseng by calculating a multivariate statistic called 

Mahalanobis distance based on GIS layers that characterized the topography, land cover, and 

geology of the plant locations. They also tested model performance with an independent dataset 

of plant locations and generated null models by examining the distribution of the Mahalanobis 

distance values. Their results showed that the habitat models performed markedly better than their 

respective null models, and that the odds of finding new plant locations based on the habitat models 

were 12.3 times greater than purely random searches for American ginseng.  

Kim et al. (2015) studied the soil properties of cultivation sites for mountain-cultivated 

ginseng in Hamyang-gun in Korea. They concluded that mountain-cultivated ginseng in Korea is 

able to grow in very acidic, nutrient-depleted forest soils. Cruse-Sanders and Hamrick (2004) 

studied the spatial structure of American ginseng and concluded that the spatial structure of 

ginseng seems to result from the establishment of plants in favorable microhabitats along with 

limited seed dispersal around maternal individuals. They also reported that there are no differences 
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in the patterns of fine-scale genetic structure between protected and unprotected populations of 

American ginseng. 

Nowlin and Bunch (2016) presented a model for selecting viticultural sites in the Piedmont 

Triad Region of North Carolina in order to facilitate guide site selection for V. vinifera vineyards 

in Rockingham County, North Carolina. They applied a site suitability model which represented 

the suitability of land use/land cover, soil, topography, and climate.  

To better understand the most environmental similarities to the earth and Mars, Vaza and 

Penfoundb (2020) developed a GIS framework by using spatial environmental and climate data. 

They used digital elevation models, remotely sensed climate data, and vegetation occurrence data. 

They also applied Ordinal Combination method to create a rating system for each dataset in the 

study area. 

Abdel Rahman et. al. (2016) provided an assessment of land suitability by integrating 

remote sensing and GIS for agriculture in Karnataka, India. The goal of their study was to develop 

a GIS-based approach for land use suitability assessment. They used georeferenced soil survey 

data and field work observations, and evaluated different land quality parameters, soil texture, 

depth, erosion, slope, flooding, and coarse fragments under various land units for different crops, 

developed suitability maps for each land use and displayed the spatial representation of soils 

suitable for agriculture. They concluded that more suitable land use options can be executed in 

different lands since conventional land evaluation methods have been limited in their spatial 

analysis of the suitability of many crops. 

 Worqlul et. al. (2017) assessed the potential land suitability for surface irrigation using 

groundwater in Ethiopia. They evaluated the suitability of lands for irrigation using groundwater 

by GIS-based Multi-Criteria Evaluation (MCE) techniques. They considered the weights of several 
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key factors (such as physical land features, climate, and market access) using a pair-wise 

comparison matrix to estimate the groundwater potential, as an indicator of the corresponding 

irrigation potential for major crops. They concluded that only 8% of the suitable land can be 

irrigated with the available shallow groundwater in Ethiopia, as they have access to shallow 

groundwater making it easier to be extracted.  

 Mighty (2015) investigated the site suitability of the Jamaican coffee industry using GIS 

analysis and analytic hierarchy process to help improve the competitive advantage of this industry. 

He provided a site suitability model that integrates the perspectives of local coffee stakeholders 

using the analytic hierarchy process to determine the weights for the biophysical and infrastructure 

criteria used in the suitability analysis. The findings show that the most suitable locations for 

growing coffee in the island are in the mountainous core of central and eastern Jamaica. He states 

that his model has applications in policy making decisions and scenario planning in relation to the 

possible impacts of climate change on coffee growing regions across the island.   

GIS is considered by many to be best suited for managing a wide variety of criteria at multi-

spatial, multi-scale and multi-temporal from various sources. Consequently, integrating GIS 

capability with Multi-Criteria Decision Making (MCDM) processes is growing in popularity 

among decision makers. MCDM has become one of the most effective methods for land-use 

planning, environmental planning, and agricultural management (Sicat et al., 2005; Chen et al., 

2009). Accordingly, the use of GIS tools and models supporting decisions is increasing among 

scholars (Reshmidevi et al., 2009). There are many such examples which use land suitability 

approaches to obtain the most suitable land uses and land fill site selection (Moeinaddini et al., 

2010; Gbanie et al., 2013).  
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Qui et al (2014) indicated that GIS application is an important and common tool to support 

particular land uses in order to make a model of land suitability, in which case Binary Screening, 

Graduated Screening and Weighted Linear Combination are more often applied for such purposes. 

Gurkan et. al. (2016) aimed to determine sustainable land use planning in Samandag coastal 

zone by applying MCDA. They used ecological and social economic criteria. Their objectives 

were to make ecological maps (slope, soil structure, elevation, aspect, etcetera) to create 

sustainable and potential land use maps. Their land suitability analysis and maps provided results 

and tools to help decision makers develop new land-use plans for their purposes in the future. 

 GIS is a great tool to provide an integrated land-use assessment for planning and managing 

urban and regional development. Yaakup et al. (2004) state that urban planning GIS systems have 

two types of analysis for land-use assessment, which include land resource assessment and land 

capacity assessment. Site suitability analysis has also been used for planning urban growth to 

identify the best locations using various criteria and weights (e.g., Javadian et. al., 2011; Alexander 

et. al., 2012). Land suitability assessment includes the selection of suitable locations for 

development (Joerin et. al., 2001). GIS systems are also used as main tools to control and manage 

changes in urban development and monitoring their impacts on ecosystems (Rosli et. al., 2014). 

Land suitability analysis based on GIS environments aims to detect the best locations of 

development by considering environmental sustainability (Park et al., 2011). 

 Multi-Criteria Decision Analysis (MCDA) is an umbrella term that refers to a variety of 

models used in a wide range of natural resource management studies and land use planning. The 

Weighted Linear Combination (WLC) method is a methodology that selects suitable sites using a 

GIS-based, multi-criteria analysis for land-use suitability evaluation in decision making analyses 

(Zhou et al. 2005). The Weighted Linear Combination method can be used when a study involves 
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multiple factors each of which has a different relative importance. The WLC is an effective 

solution for the decision-making process which integrates GIS spatial analysis to perform 

suitability analysis in order to find the most suitable lands for a specific purpose.  

 Dai and Zhang (2001) employed GIS-based MCDA methods to evaluate geo-environment 

for land suitability by considering topographical and geological hazard factors. In this regard, the 

computed weights of factors were applied in WLC method to make a suitability map. They argued 

that integrating GIS methodology with the WLC method provides an opportunity for evaluating 

best possible sites for development using land suitability to protect and preserve natural 

environments.  

 Ayalew et al. (2004) showed land vulnerability by applying a GIS integrated with the WLC 

method. They considered various factors including slope, elevation, lithology, aspect, and then 

assigned weights to each factor. Then, they incorporated these weighted factors into GIS by using 

WLC method to create a land vulnerability map.  

 Gul et al. (2006) proposed the MCDA method to evaluate suitable sites for urban forests. 

They also believed that MCDA is a common and valuable method employed in land suitability for 

urban area development. Drobne and Lisec (2009) reviewed the role of Multicriteria Decision 

Making analysis in GIS and discussed the use of geographical information systems in the MCMA 

for the analysis of land use suitability using the WLC method. They concluded that WLC is an 

effective method employed within the GIS environment for urban planning. 

One remarkable observation that can be noticed in this literature review section is that wild 

American ginseng has not received adequate attention despite the danger of extinction that threats 

the existence of this invaluable species in the wild. Instead, much of the attention has been paid to 

other plants and activities (e.g coffee) thus far, and wild American ginseng has not received much 
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attention yet, despite the biological and economic attractiveness of this, as discussed earlier. 

Further, much of the attention to wild American ginseng has been given to areas other than the US 

(e.g. South Korea), and very few studies have discussed wild American ginseng, while this plant 

is of great value and importance. More specifically, even the very few studies conducted on wild 

American ginseng have studied some US states other than North Carolina (e.g. Southern United 

States), and wild American ginseng in the state of North Carolina has not received sufficient 

attention, while North Carolina is one of the major states in which wild American ginseng grows. 

As such, this is the identified gap in the existing literature that the present paper is to fill in. 

Additionally, although different researchers in the past have used different methods to investigate 

the geography of different plants, to the best of the author’s knowledge, no one has taken the 

comprehensive approach that present study takes, employing three different methods including the 

Binary Screening method, Ordinal Ranking method, and Weighted Linear Combination technique 

to undertake a capability/suitability analysis for wild American ginseng in the state of North 

Carolina.  
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CHAPTER III: DATA AND METHODOLOGY 

The variables to be used in this research are those that provide growing capability conditions for 

wild American ginseng. These include adequate shade, elevation, annual precipitation, loaminess, 

soil moisture, temperature, and slightly acidic soil.10 This study uses data from many sources such 

as USDA/NRCS Soil Series database as well as the Soil Survey Geographic Database (SSURGO) 

database, which provide soil characteristics that are locally described and documented at the 

county scale. To carry out our suitability analysis, the following datasets were gathered from 

authoritative data sources. The datasets were reprojected to Albers Equal Area Conic projection 

which preserves the area so that the values (areal calculations) will be more accurate. The 

following table provides a comprehensive list of sources from which data have been collected. 

 

Table 1. Data sources 

# 
Variable/ 

Dataset 
Data Source Year Link 

 

 

 

1 

 

 

 

Latitude 

(L) 

 

 

 

Esri 

  

Accessed through Living Atlas 

 

https://services.arcgis.com/P3ePLMYs2RVChkJx/arcgis/re

st/services/World_Latitude_and_Longitude_Grids/Feature

Server 

 

 

 

 

2 

 

 

 

Elevation 

(E) 

 

USDA Natural 

Resources 

Conservation 

Services, 

National 

Cartography & 

Geospatial 

Center 

  
https://gdg.sc.egov.usda.gov/GDGHome_DirectDownLoad.

aspx 

 

The 30m elevation data for the conterminous United States 

is the primary initial source data. 

 

3 
 

Slope (S) 

   

 Using Slope Tool 

 

4 

 

Aspect (A) 

   

 Using Aspect Tool 

 
10. Appendix 1 depicts a chart of soil texture types and highlights which soil types are suitable for wild American 

ginseng.   

https://services.arcgis.com/P3ePLMYs2RVChkJx/arcgis/rest/services/World_Latitude_and_Longitude_Grids/Featu
https://services.arcgis.com/P3ePLMYs2RVChkJx/arcgis/rest/services/World_Latitude_and_Longitude_Grids/Featu
https://gdg.sc.egov.usda.gov/GDGHome_Dir-ectDow%20nLoad.aspx
https://gdg.sc.egov.usda.gov/GDGHome_Dir-ectDow%20nLoad.aspx
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5 

 

 

Shade 

Percentage 

(Sh) 

USFS 

Geospatial 

Technology 

and 

Applications 

Center 

(GTAC) 

 

 

 

2016 

 

https://www.mrlc.gov/data/nlcd-2016-land-cover-conus 

 

 

6 

 

Annual 

Average 

Temperature 

(T) 

 

USDA Natural 

Resources 

Conservation 

Service, 

National 

Geospatial 

Management 

Center 

 

 

1981- 

2010 

 
https://gdg.sc.egov.usda.gov/GDGHome_DirectDownLoad.

aspx 

 

 

7 

 

No. of Cold 

Days 

(NOCD) 

 

USDA Natural 

Resources 

Conservation 

Service 

  

https://gdg.sc.egov.usda.gov/GDGOrder.aspx?order=Quick

State 

 

 

8 

 

 

Precipitation 

(P) 

 

USDA Natural 

Resources 

Conservation 

Service, 

National 

Geospatial 

Management 

Center 

 

1981- 

2010 

 

https://gdg.sc.egov.usda.gov/GDGHome_DirectDownLoad.

aspx 

 

9 
 

Soil pH 

(pH) 

 

USDA Natural 

Resources 

Conservation 

Service 

  
https://gdg.sc.egov.usda.gov/GDGOrder.aspx?order=Quick

State 

 

Soil Survey Geographic Database (SSURGO) dataset 

 

 

 

 

10 

 

Soil Type 

(ST) 

 

USDA Natural 

Resources 

Conservation 

Service 

 

 

2020 

 
https://gdg.sc.egov.usda.gov/GDGOrder.aspx?order=Quick

State 

 

The Soil Survey Geographic Database (SSURGO) dataset 

 

11 

 

County 

Boundary 

 

Esri 

 

2018 

 

Accessed through ArcGIS Living Atlas 

 

https://services.arcgis.com/P3ePLMYs2RVChkJx/arcgis/re

st/services/USA_Boundaries_2018/FeatureServer 

12 
State 

Boundary 
Esri 2018 

 Derived from County boundary layer using the Dissolve  

 Tool 

  Note: Appendix 2 provides the map of each of the layers mentioned above in NC.  

http://www.mrlc.gov/dat
https://gdg.sc.egov.usda.gov/GDGHome_Direct
https://gdg.sc.egov.usda.gov/GDGOrder.aspx?order=QuickState
https://gdg.sc.egov.usda.gov/GDGOrder.aspx?order=QuickState
https://gdg.sc.egov.usda.gov/GDGOrder.aspx?order=QuickState
https://gdg.sc.egov.usda.gov/GDGOrder.aspx?order=QuickState
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In terms of methodology, this study employs three capability mapping methods to carry out a 

capability analysis for wild American ginseng in North Carolina. In general, capability analysis 

and mapping are used to determine the land units that are capable of or most suitable for supporting 

an activity, and in some cases, may involve determining the degree of capability or suitability. 

This process can be used to devise a fundamental model for natural resource management, and 

usually includes three steps: (1) Determining the factors that are important for evaluating places, 

(2) Collecting accurate, relevant data that represent the factors, and (3) Selecting appropriate 

capability technique and implementation.    

The word capability refers to the physical potential of a land unit to support an activity (in 

our case, growing conditions for wild American ginseng). In the terminology of capability 

analysis, the word factor refers to the category of information that will be used to define limiting 

criteria (e.g., in our case, shade, annual precipitation, and soil moisture). In some cases, a factor 

may have a constraint, which refers to a threshold value that must be met for acceptability of a 

land unit. The word rating refers to the value depicting the relative suitability of a parcel with that 

characteristic for a factor. And finally, the term “rating schedule” refers to a table of ratings for the 

different characteristics of a factor. The following table exhibits an example of a rating schedule 

for slope.  

Table 2. An example table schedule for slope 

Slope (S) 

Range (%) FR 

S < 10% 2 

10% =< S =< 40% 10 

40% < S =< 60% 6 

S > 60° 0 

 

In capability analysis, constraint value for factor i is denoted by FCi and rating for factor j is 

denoted by FRj. Score is defined as a numerical suitability/capability value that represents the 
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consideration of all factors. A higher score value represents a higher level of suitability. Finally, 

ranking indicates a relationship among a set of items based on one criterion or more criteria.  

 In terms of methods, this study employs three methods, including the Binary Screening 

method (henceforth, BS) which also known as Pass/Fail Screening method, Ordinal Ranking 

method (henceforth, OR), and Weighted Linear Combination method (henceforth, WLC) to carry 

out a sutability/capability analysis and mapping for wild American ginseng in North Carolina. 

In this research study, the first approach is Binary Screening method. BS is a simple and 

easy-to-understand method, in which environmental factors are treated as absolute limiting criteria. 

The BS method is based on constraints which establishes the acceptability of the land unit for any 

given factors. The following table provides two examples of constraints for a hypothetical plant to 

grow.  

Table 3. Examples of constraints for a hypothetical plant to grow 
# Variable  FC 

1 Annual Average Temperature (T) 40° =< T =< 60° 

2 No. of Cold Days (NOCD) NOCD >= 45 days per year 

3 Precipitation (P) P >= 25 inches 

 

where FC takes on the numerical value of 1 if the constraint is met and 0 if not. Accordingly, the 

score equation would take the following form:  

𝑺𝒄𝒐𝒓𝒆 = 𝑭𝑪𝟏 × 𝑭𝑪𝟐 × … × 𝑭𝑪𝒏                                             (1) 

A land unit that fails to meet the criteria for any factor is considered to be unsuitable. The main 

advantage of this method is that it is simple and easy to understand and is mandatory to use for 

many planning applications. It is also a very appropriate model for the situation in which the 

simultaneous presence of all factors is absolutely vital and necessary for the land unit to be capable 

of supporting the activity. Fundamentally, Binary Screening method only works well for those 
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non-continuous phenomena which are easy to be categorized into discrete classifications 

(Openshaw and Openshaw 1997). The disadvantage of this method is that it does not allow for the 

ranking of land units, nor does it take into account the relative importance of each factor. BS 

method does not allow to rank the study area in terms of suitability. The results are binary, either 

“suitable or unsuitable”. This method does not allow to make a comparison of two land units to 

find out if one unit is more suitable or most suitable. 

 The second method that the present study employs is referred to as the Ordinal Ranking 

method or Ordinal Combination method, which is used as one of the multiple criteria decision-

making approach analysis models. The Ordinal Ranking method is sometimes referred to also as 

the McHarg method (McHarg 1969). It makes a suitability map for each land use by applying each 

factor. It is a useful method because it allows the suitability criteria to be ranked. This method can 

be implemented in two different ways: Graduated Screening (GS) and Addition of Factors (AF). 

In order to better understand how each of these two ways work, Table 4 presents two examples of 

rating schedule for two factors.  

Table 4. Examples of rating schedule for different factors 

Shade Percentage 

(SH) 

Value Rating (%) Rating (FR) 

Sh < 60% 0 

60% =< Sh < 70% 5 

70% =< Sh =< 80% 10 

80% < Sh =< 90% 8 

Sh > 90% 0 

Annual Average 

Temperature (T) 

Value Rating (%) Rating (FR) 

T < 40 0 

40 =< T < 45 5 

45 =< T =< 55 10 

55 < T =< 60 5 

T > 60 0 
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The GS method is a widely used and applicable method especially in agriculture land evaluation 

(FAO 1976, 1982; Hall et al. 1992). This method converts the values involved in value ratings for 

a factor into a numerical rating that covers a predefined range which represents relative suitability 

rankings. In fact, the GS method aims to avoid the two-value problem by introducing multi-valued 

suitability ratings (which is called Factor Rating or FR in this study). The GS approach identifies 

which land units are more/less suitable by ranking alternative land units according to their final 

scores. In the GS technique, the final score is defined as the lowest rating the land unit receives in 

reviewing all factors, as shown by the following mathematical equation.   

𝑺𝒄𝒐𝒓𝒆 = 𝐦𝐢𝐧(𝑭𝑹𝟏 , 𝑭𝑹𝟐 , … , 𝑭𝑹𝒏)                                            (2) 

In the AF technique, the final score is computed as the sum of all ratings for each factor, as shown 

by the following mathematical equation.   

𝑺𝒄𝒐𝒓𝒆 = ∑ 𝑭𝑹𝒋
# 𝒐𝒇 𝒇𝒂𝒄𝒕𝒐𝒓𝒔
𝒋=𝟏                                                   (3) 

The advantage of the AF method is that it is simple to understand, and more importantly, allows 

for the ranking of land units.   

The WLC method is an analytical method that can be used when the study involves 

multiple factors each of which has different relative importance. In this method, each factor is 

assigned a weight based on its relative importance. The results are multi-factor spatial features 

with final scores. The higher the score, the more suitable the area. The final score is equal to the 

weighted average of the considered factors, as shown by the following mathematical equation.     

𝑺𝒄𝒐𝒓𝒆 = ∑ 𝒘𝒋 × 𝑭𝑹𝒋
# 𝒐𝒇 𝒇𝒂𝒄𝒕𝒐𝒓𝒔
𝒋=𝟏                                             (4) 
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where 𝑤𝑗 denotes the weight (relative importance) of Factor j.  

The advantage of this method is that it is relatively easy to understand, it allows for the 

ranking of land units, and more importantly, it takes into account the relative importance of each 

factor. Allowing factors to be considered differentially in importance is one of the most important 

advantages for the Weighted Linear Combination method. However, the disadvantage of this 

method is that assigning a relevant weight to each factor adds to the complexity of the method.  

The following table summarizes the advantages and disadvantages of the three above-

described methods in an organized way.  

Table 5. Advantages and disadvantages of different capability analysis methods 

Method Easy to 

Understand? 

Ranking 

of 

Parcels? 

Unequal 

Factors? 

Trade-

Offs?11 

Non-Linear 

Relationships? 

Possibility 

of 

Sensitivity 

Analysis? 

Binary Screening 

 

Y N N N N N 

Ordinal Combination 

• Graduated Screening 

• Addition of Factors 

 

 

Y 

Y 

 

Y 

Y 

 

N 

N 

 

N 

Y 

 

N 

N 

 

N 

N 

Weighted Linear 

Combination 

 

Y Y Y Y N Y 

 

Figure 7 depicts the workflow of our suitability analysis in a summarized visual form. Appendix 

3 provides a more detailed and more comprehensive version of our workflow.   

 
11. The term trade-off here refers to the fact that a low rating on one factor may be compensated by a high rating on 

another factor.  
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Figure 7. General workflow for the Suitability Analysis of this study 

2
5
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CHAPTER IV: RESULTS AND DISCUSSION 

In this section, results are reported and discussed. In order to create suitability maps using the BS 

method, the information in Table A.4 is used, which is included in Appendix 4. That table presents 

the factor constraints that represent growing conditions for wild American ginseng in nature. After 

providing the conventional maps of the BS method, a map that is created using a modified version 

of the BS method is presented to overcome of the shortcomings of the BS method, which has to 

do with the fact that the BS method does not allow for the rating of land units, and simply reports 

land units as unsuitable or suitable, while it is not shown how suitable a land unit is.  More detail 

on this modified method will be discussed in what follows. 

 To create suitability maps using the other methods applied in this dissertation, the factor 

ratings introduced in Tables A.5.1 - A.5.10 and A.6 which are included in Appendix 5 and 

Appendix 6 have been used. These other methods help us create suitability maps in which each 

land unit is given a suitability rating. Accordingly, each land unit is given a suitability score at the 

end that represents how suitable the land unit is for wild American ginseng to grow in NC.  

 In what follows, the BS results are provided first, and then, the paper proceeds to present 

the GS, AF, WLC results, respectively. Figures 8-12 show our suitability maps for wild American 

ginseng using the different methods that are applied and introduced in the preceding sections.  
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Figure 8. Suitability Map of Binary Screening 

2
7
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Figure 9. Suitability Map of Binary Screening (Adjusted for the frequency of suitable areas within each county)  

2
8
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Figure 10. Suitability Map of Graduated Screening 

2
9
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Figure 11. Suitability Map of Addition of Factors 

3
0
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Figure 12. Suitability Map of Weighted Linear Combination 

3
1
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Figure 8 depicts the suitable natural habitat for wild American ginseng in North Carolina as predicted by 

the conventional BS method. As shown in this map, all the counties that are identified as suitable habitat 

for wild American ginseng to grow are located in the western part of North Carolina. These 25 counties 

include Alleghany, Buncombe, Burke, Caldwell, Cherokee, Clay, Graham, Haywood, Henderson, Jackson, 

Macon, Madison, McDowell, Mitchell, Polk, Rutherford, Swain, Transylvania, Wilkes, Yancey, Surry, 

Ashe, Avery, Watauga, and Stokes. According to the results of the conventional BS method, these NC 

counties are marked as suitable and all the remaining 75 NC counties are marked as unsuitable for wild 

American ginseng to grow in nature. The representation of the results of the BS method in terms of county 

units brings about two major problems. The first problem of these results is that each cell is identified as 

either suitable (those with the suitability score of 1) or unsuitable (those with the suitability score of 0), but 

this method, by construction, cannot report how suitable each suitable cell is.12 The second problem with 

these results is that this method/model does not reflect how many suitable cells exist in each county for 

wild American ginseng. That is, no matter whether a county has had only one cell identified as suitable or 

all the cells in the county are identified as suitable, regardless the whole county is identified as suitable. In 

other words, this method represented in terms of counties as land units does not show the density of suitable 

areas within in each county. Although there is not much that can be done to solve the former problem with 

the conventional BS method (as its problem has its root in the construction of this method), a modification 

can still be made to our conventional BS method so as to prevent the latter problem from occurring.  

 To address this second problem, a modified BS method is created by introducing an area-based 

suitability score for each county which follows the formula below:  

 
12. In this dissertation, counties are used as our land units when reporting our results, although the land unit in our 

investigations has originally been cells (30m*30m). There are two reasons why this decision is made. First of all, in 

most cases, the number of cells identified as suitable habitat are so few in most counties that it makes it impossible to 

observe the suitable areas on the map as they are invisible in the printing scale of the maps. Secondly, our plan is to 

validate our suitability maps/models. The data that is available from North Carolina Department of Agriculture and 

Consumer Services (NCDACS) on the harvest of wild American ginseng in NC are reported in terms of counties. 

Therefore, our suitability maps must be reported in terms of counties in order for us to be able to do a model 

validation/evaluation using the available data from NCDACS. After all, some of the maps with the exact suitable areas 

in terms of counts/cells are included in Appendix 7 for the audience’s reference.  
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𝑆𝑐𝑜𝑟𝑒 =
𝑇ℎ𝑒 𝑠𝑢𝑚 𝑜𝑓 𝑡ℎ𝑒 𝑎𝑟𝑒𝑎𝑠 𝑜𝑓 𝑡ℎ𝑒 𝑐𝑜𝑢𝑛𝑡𝑦 𝑡𝑎𝑘𝑖𝑛𝑔 𝑜𝑛 𝑡ℎ𝑒 𝑣𝑎𝑙𝑢𝑒 1 𝑓𝑜𝑟 𝑡ℎ𝑒 𝐵𝑆 𝑎𝑛𝑎𝑙𝑦𝑠𝑖𝑠

𝑇ℎ𝑒 𝑡𝑜𝑡𝑎𝑙 𝑎𝑟𝑒𝑎 𝑜𝑓 𝑡ℎ𝑒 𝑐𝑜𝑢𝑛𝑡𝑦
 

                                            (5) 

This score for each NC county is computed first. Next, an index of this score is created which is 

normalized/scaled to be a real number between 0 and 1, with 1 attributed to the NC county having 

the highest number of cells and 0 attributed to counties with absolutely no suitable land units 

identified in it for wild American ginseng to grow, and all the counties having a score in between 

will take on a proportionate index value. This index between 0 and 1 seems to be more appropriate 

for the case of comparison with the results of the conventional BS method. One can alternatively 

scale up this index to be in the range of 0 and 10 or even 100, so the resulting indices can be used 

for the sake of comparison with the results of the GS, AF, and WLC methods. 

  The results of our adjusted/modified BS model which are presented in Figure 9 indicate 

that the counties with the most suitable areas in relation to the county area are Ashe and Alleghany, 

which are classified as highly suitable counties in NC. The counties with the second most suitable 

areas in relation to their areas in our classification include Henderson and Transylvania, which are 

classified as medium-high suitable counties in NC. The counties with the third most suitable areas 

in relation to their areas in our classification include Jackson, Yancey, Mitchell, and Watauga, 

which are classified as medium suitable counties in NC. The other 17 western NC counties that 

were identified by our conventional BS method as suitable counties are in fact classified by our 

adjusted BS method as counties with low suitability for wild American ginseng to grow in their 

nature. By doing so, more useful information is added to the suitability map that has been created 

through the conventional BS method, since in the new map, for each NC county, it is shown to 

what extend they are suitable for wild American ginseng.  
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    Figure 10 demonstrates the suitability map that has been made using the GS method. As 

per our results in this map, there are seven NC counties whose natural environments provide a 

medium level of suitability for wild American ginseng to grow. These include Ashe, Watauga, 

Haywood, Mitchell, Yancey, Madison, and Buncombe counties. These results are consistent with 

our results from the BS methods. The rest of NC counties are classified as being unsuitable areas 

for wild American ginseng. There are in fact too many counties identified as unsuitable by this 

method while it is known from the real-world observations that wild American ginseng has been 

reported to have been found in many of these other NC counties, too. Our explanation for this 

inconsistency between the model predictions and real-world observations is that, in each of these 

counties, there is at least one FR whose value is rated as unsuitable, and the GS method, by 

construction, attributes that unsuitability to the whole land unit, because it is by nature a minimum 

function that always attributes the minimum value among all the FRs to the land unit under 

investigation. 

 Figure 11 presents the suitability map that has been created using the AF method. 

According to our results in this map, there are four NC counties whose natural environments 

provide medium-high suitability for wild American ginseng to grow. These include Ashe, 

Alleghany, Jackson, and Henderson counties, which are consistent with our results from both of 

the conventional and modified BS methods. The rest of NC counties are classified as having a 

medium suitability level. This is not realistic as it is known from the real-world observations that 

wild American ginseng has never been reported to have been found in many of these other NC 

counties. The main problem underlying these unrealistic results has mainly to do with the fact that 

the method of AF sums up all the FRs, ending up always with a considerably large suitability score 

for each county. Under such circumstances, even when a vitally important natural factor does not 
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exist in a county (whose FR will be equal to zero), this method still sums up the other nine FRs, 

ending up with a considerably large suitability score for wild American ginseng in that county, 

while the lack of that single vital factor is enough for wild American ginseng to not be able to grow 

in nature. While the AF method could produce reasonable, useful results for other types of studies 

(such as citizens’ preferences for urban planning such as transportation), it does not produce 

realistic results for wild plants such as wild American ginseng, whose growth in nature requires 

the presence of “all” the growing factors of the plant in its natural habitat. 

 Figure 12 presents the suitability map that is generated using the WLC method. The 

weights given to each factor in this method were determined by looking at the mainstream of the 

prior literature on the growing conditions of wild American ginseng. Table A.6 in Appendix A.6 

reports the factors and their corresponding weights used in our WLC method. As per our results 

from the WLC method, almost all of the western NC counties whose natural environments had 

been identified as suitable by the BS, AF, and GS methods have been identified by the WLC 

method as having either a medium-high or a medium level of suitability for wild American ginseng 

to grow. However, there are many other counties that are identified as having either a medium-

high or medium level of suitability, while most of results from the previous methods, and more 

importantly the real-world observations are inconsistent with this result about the other counties. 

This inconsistency is caused mainly by a similar problem that arises in the AF method. The 

problem has primarily to do with the fact that the method of WLC sums up all the products of 

weights by FRs, ending up always with a considerably large suitability score for each county. In 

such a situation, even when a vitally important natural factor is absent in a county (and as a result 

whose FR has to be equal to zero), the WLC method still sums up the other nine weighted FRs, 

ending up with a considerably large suitability score for wild American ginseng in that county, 
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while the lack of that single vital factor is enough for wild American ginseng to not be able to 

survive in that area. Just as with the AF method, while the WLC method could produce reasonable, 

useful results for other types of research studies (such as those gauging humans’ tastes and 

preferences), it does not produce realistic results for wild plants such as wild American ginseng, 

whose growth in nature requires the existence of “all” the growing conditions of the plant in its 

natural habit. In what follows, a complementary sensitivity analysis will be conducted in Section 

6 in order to be able to see what is going on underlying this method with regards to the choice of 

weights and what growing factors play more important roles in predicting suitable natural habitat 

for wild American ginseng to grow in nature.  

 It is very important to note that scholars in the field may choose to change the 

ranges/categorization of suitability levels according to the researcher’s subjective judgment. By 

doing so, the scholars are in fact somehow manufacturing and somewhat manipulating the results. 

Although doing so may be justifiable under some circumstances, the ranges/categorization of 

suitability in the methods used in this study are not changed. Instead, they are scaled up (for the 

case of the modified BS method) or down (for the case of the AF method) to make all the suitability 

ranges equal/identical so that the discrepancies in results that are produced due to the choice of the 

suitability method used can be seen.13 This homogeneity in the suitability ranges/classification 

helps us see the causal effect of the suitability method choice on the produced results, which 

enables us to compare and contrast the produced results in a meaningful, reasonable manner. If the 

suitability ranges in each method had been changed or manipulated, it would have been impossible 

 
13. Below you can see the suitability ranges that have been used in this study: 

     0.00-2.00 No Suitability 

     2.01-4.00 Low Suitability 

     4.01-6.00 Medium Suitability 

     6.01-8.00 Medium-High Suitability 

     8.01-10.00 High Suitability 
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to capture in a causal manner the discrepancies in results that the methods generate due to their 

inherent constructions. 

 Given the mathematical construction of the BS method (which is a multiplicative 

functional form) and the GS method (which is a minimum function), these two methods seem to 

perform best in the contexts where the influential factors of an activity are complementary to one 

another. In other words, these two methods are likely to be most suitable when the influential 

factors complement each other, meaning that all the factors (in our case, all the growing conditions) 

must exist simultaneously in a land unit in order for that land unit to be identified as a suitable land 

unit for the activity of interest. That is, when a land unit does not meet even one single growing 

condition of wild American ginseng, then regardless of whether or not or no matter to what extent 

the other conditions are met, that land unit will be identified as unsuitable. In short, the BS and GS 

models predict suitability well when the influential factors are complementary to one another.  

 In contrast, the mathematical construction of the AF method (which is an additive 

functional form) and the WLC method (which is a weighted average function) seem to perform 

best in the contexts where the influential factors are substitutes to each other. That is to say, these 

two methods are likely to be most suitable to use when the influential factors are substitute to each 

other, meaning that even if one or some of the factors (in our case, some of the growing conditions) 

do not exist in a land unit, their absences can be compensated by having more or a higher level of 

other influential factors in order for that land unit to still be identified as a suitable land unit for 

the activity of interest. Put differently, in the AF and WLC methods, it is implicitly assumed that 

when a land unit does not meet some of the conditions needed for an activity, the lack of those 

conditions can be counterbalanced/offset by the existence of more of some of the other factors. 

This implicit tradeoff seems to not make sense in the context of growing conditions for wild plants 
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(including the context of our study), because it is not reasonable to say, for instance, that if the 

amount of precipitation in an area is not enough, it can be compensated by having a higher 

elevation or temperature. Although such tradeoffs may seem reasonable when trying to study 

social preferences, for example, for transportation modes in a community or so forth, they are not 

acceptable in the context of growing conditions of wild plants (such as wild American ginseng), 

where each and every vital factor must be present at the same time in a land unit in order for the 

wild plant to be able to grow and survive in that land unit. In short, the AF and WLC models cannot 

perform well in predicting suitability when the influential factors are complementary to one 

another. 

 As for the differences between the AF and WLC methods, the AF method does a better job 

of predicting suitable areas when the influential factors are substitutes and the factors are all 

equally important (equally weighted). In contrast, the WLC method is more appropriate when the 

influential factors are substitutes, but the factors have different relative importance (unequally 

weighted) to the activity of interest. An added advantage of the WLC method lies in the fact that 

it gives the researcher the opportunity to do a Sensitivity Analysis over the weights and factors in 

order to investigate different scenarios of relative importance for each influential factor in the 

activity under study. When compared with the observations made in the real world, the results of 

such a Sensitivity Analysis can shed light on how important each factor or a set of factors are in 

predicting where a wild plant (e.g., wild American ginseng) can grow in nature. An additional 

advantage of conducting a Sensitivity Analysis is to give insight on how a modeler can calibrate 

the model by changing the weights of parameters to better match the real-world observations that 

have been made (if such observations are available at all and constitute a fair representative sample 

of the whole population).  
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 All in all, looking at the general pattern of our results and logic behind the mathematical 

construction of the four models explained above, it seems that the BS method should provide the 

best predictive power to a suitability model for the case of a wild plant. The other methods should 

also shed some light on where wild American ginseng may grow. As such, they can be used as 

complementary methods in a suitability analysis of this kind, but their results must be taken with 

a grain of salt and the researcher should always have in mind the construction and nature of their 

mathematical function machines. Relying on the results of these other methods without knowing 

their constructions may lead to unrealistic conclusions and false inferences.  

 In what follows, a model validation/evaluation will be done, so that the model(s) that best 

predicts the areas where wild American ginseng can grow in nature can be found. Next, the model 

that has the best predictive power will be used as the comparison basis for our Sensitivity Analysis 

so as to develop a better understanding of the relative importance of different factors in predicting 

suitable areas for wild American ginseng to grow in nature.   
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CHAPTER V: MODEL VALIDATION/EVALUATION 

The purpose of this section is to evaluate the performance of the suitability model proposed in this 

study in order to find out how close the predictions of the model are to the observations made in 

the real world. Our model-evaluation efforts are concentrated here on the results of the BS model. 

This is because that the BS model shows that it produces the most reasonable predictions given its 

mathematical construction and the nature of wild American ginseng, as discussed in the previous 

section. However, the same procedure can be pursued to evaluate the results of the other methods 

as well. In order to be able to validate our BS suitability model or evaluate the predictive power of 

our BS suitability model, there has to exist some accessible real-world observations which report 

the areas where wild American ginseng has been actually harvested or observed in North Carolina, 

so that they can be used as a basis for the performance of our suitability model. According to the 

author’s investigations, the only government agency that provides such data in NC is the North 

Carolina Department of Agriculture and Consumer Services (henceforth, NCDACS). Table A.1 in 

Appendix A.8 provides the data obtained from NCDACS on the harvest of wild American ginseng 

in the state of North Carolina. NCDACS makes available data on the harvest of wild American 

ginseng in terms of NC counties. As our suitability maps are depicted in terms of counties, a model 

validation/evaluation can be carried out using the available data from NCDACS. The following 

figure demonstrates the results of our model evaluation.  
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Figure 13. Counties with suitable habitat for wild American ginseng identified by the BS Suitability map vs. 

counties with reported wild American ginseng harvest 

(Note: The red dots indicate the many counties that our BS model has identified as suitable for wild American 

ginseng, and at the same time, the harvest of wild American ginseng has been reported in those counties. The yellow 

dots indicate the few counties in which the harvest of wild American ginseng has been reported, but our BS model 

has not identified them as suitable for wild American ginseng.) 

In this figure, the counties in green are the NC counties that are identified as suitable natural habitat 

for wild American ginseng to grow in nature. The red dots indicate the many counties that our BS 

model has identified as suitable for wild American ginseng, and at the same time, the harvest of 

wild American ginseng has been reported in those counties by NCDACS. The yellow dots indicate 

the few counties in which the harvest of wild American ginseng has been reported by NCDACS, 

but our BS model has not identified them as suitable for wild American ginseng to grow.  

 The result of our model validation and the comparison of our BS model’s predictions with 

the observations made of wild American ginseng in nature show that the BS method’s predictions 
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match with almost 96% of the observations made and reported in nature. In fact, 25 NC counties 

were identified as suitable by our BS model. The data from NCDACS reports that wild American 

ginseng has been harvested in 28 countries in NC, of which 24 counties are exactly the same 

counties that our BS model has predicted. The ratio of the number of counties predicted by the 

model divided by the number of counties reported to have had wild American ginseng in the real 

world can be used as a proxy or index for the predictive power of our suitability model. This ratio 

is equal to 96% for our BS model (i.e., 24/25 = 96%), meaning that, in 96% of the counties that 

our Binary model predicts as suitable natural habitat for wild American ginseng to grow, NCDACS 

has reported that wild American ginseng has been actually harvested.14 This suggests 96% 

accuracy in the predictions of our BS suitability model.15 The other four counties in which wild 

American ginseng harvest has been reported but they are not predicted by our BS model are mostly 

very close to the general area identified as suitable area for wild American ginseng by our BS 

model, and in most cases, they are attached to the areas identified in our model (i.e., Cleveland, 

Yadkin, and Alexander). The other county is Franklin County, which is located almost in central 

NC. There is one county called Stokes County that our model has predicted as suitable, but 

NCDACS has not reported any harvest in it.  

 Trying to understand more about the four counties with wild American ginseng harvest 

reported by NCDACS but not identified as suitable by our BS model, the amounts of harvest in 

these four counties were investigated. To that end, all the 28 NC counties in which wild American 

ginseng has been harvested were ranked in terms of the amount of wild American ginseng 

 
14. This high predictive power of the BS model suggests that the influential natural factors necessary for wild American 

ginseng are more of complementary factors to each other than being substitutes, meaning that they all must exist in 

the environment for it to grow, and it could not be that the lack of one natural factor can be compensated by the 

abundance of another natural factor.  
15. There are some caveats that must be taken into consideration in making this statement. These caveats are 

explained in what follows.  
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harvested. Very interestingly, it was realized that these four counties are in fact amongst the five 

counties with the least amounts of harvested wild American ginseng reported, and in all of them 

the amounts reported are very trivial. This implies that the reason why our BS model has not 

identified them as suitable is simply due to the fact that the level of suitability in these areas and 

the availability of the plant in nature in these counties is very trivial. Table 6 and Figure 14 report 

the name of counties, amounts of harvest, and ranking of each county.  
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Table 6. Wild American ginseng harvest data in NC counties in 2018  

(Reported by NCDACS and ranked by the author) 

County Name Year Type 

Total Calculated Dry 

LBS Rank 

Jackson 2018 Wild 1035.82 1 

Buncombe 2018 Wild 964.42 2 

Haywood 2018 Wild 730.73 3 

Madison 2018 Wild 494.83 4 

Macon 2018 Wild 408.07 5 

Yancey 2018 Wild 352.28 6 

Swain 2018 Wild 344.09 7 

Graham 2018 Wild 263.15 8 

Mitchell 2018 Wild 252.46 9 

McDowell 2018 Wild 225.92 10 

Clay 2018 Wild 223.84 11 

Avery 2018 Wild 169.11 12 

Cherokee 2018 Wild 129.88 13 

Watauga 2018 Wild 106.57 14 

Ashe 2018 Wild 105.82 15 

Transylvania 2018 Wild 97.93 16 

Henderson 2018 Wild 93.80 17 

Caldwell 2018 Wild 25.56 18 

Burke 2018 Wild 20.60 19 

Polk 2018 Wild 19.00 20 

Rutherford 2018 Wild 18.26 21 

Wilkes 2018 Wild 16.48 22 

Alleghany 2018 Wild 7.06 23 

Yadkin 2018 Wild 4.29 24 

Surry 2018 Wild 1.25 25 

Cleveland 2018 Wild 1.07 26 

Alexander 2018 Wild 0.30 27 

Franklin 2018 Wild 0.21 28 
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Figure 14. Wild American ginseng harvest data in NC counties in 2018  

(Reported by NCDACS and ranked and drawn by the author) 

As shown above in Table 6 and Figure 14, the amounts of harvested wild American ginseng in 

these counties have been very negligible. Assuming that the same investigatory efforts to find wild 

American ginseng in nature have been made in these counties as made in the other counties, this 

suggests that the level of suitability in these counties is negligible. These very little amounts of 

harvest lessen the importance of why our model has not captured these areas as suitable areas for 

wild American ginseng.  

 An alternative way to validate or evaluate the predictive power of our BS model, is to look 

at the real-world observations reported by naturalists and ordinary citizens. iNaturalist.com is a 

website that provides such a platform. It consists of a social network of naturalists, citizen 
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scientists, and biologists that post their findings of living creatures on this website. It is built upon 

the notion of mapping and sharing real-world observations of biodiversity in nature all around the 

globe. According to the iNaturalist.com website, as of February 2021, “iNaturalist users had 

contributed approximately 66 million observations of plants, animals, fungi, and other organisms 

worldwide” (iNaturalist.com, 2021). According to Bowser et al. (2014), “Although it [iNaturalist] 

is not a science project itself, iNaturalist is a platform for science and conservation efforts, 

providing valuable open data to research projects, land managers, other organizations, and the 

public.” As there was a need for some real-world observations that report the areas where wild 

American ginseng has been observed, iNaturalist.com was used for this purpose. Figures 15 and 

16 depict the observations of wild American ginseng in NC made and documented by naturalists 

and ordinary citizens in nature.   

 
Figure 15. Areas where wild American ginseng has been reported on iNaturalist.com to have been observed by 

citizen scientists and naturalists. 
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Figure 16. Areas where wild American ginseng has been reported on iNaturalist.com to have been observed by 

citizen scientists and naturalists (Zoomed in on the western part of NC). 

 

The first figure shows the distribution of observations of wild American ginseng made in NC. The 

second figure focuses more on the western part of NC where most observations in NC are located, 

and the observations are more concentrated there. As it can easily be seen in these figures, the 

predictions of our BS model are consistent with the most observations reported on iNaturalist.com, 

especially those located on the western part of NC. This can serve as an additional, supplementary 

validation check for our BS model.  

 Looking at the general pattern of our results and the model evaluations conducted above, 

it seems that the BS method provides the most predictive power and most reliable predictions given 

the nature of a wild plant. The other methods also shed some light on where wild American ginseng 

may grow, and as such, they can be used as complementary methods in a suitability analysis of 

this kind, but their results must be taken with a grind of salt, and one should always relate them to 

the construction and nature of their respective mathematical function machine. Relying on the 
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results of these other methods without knowing the construction of these methods may lead to 

unrealistic conclusions and false inferences. 

 As for our model evaluations undertaken in this section, there is one caveat that should be 

taken into consideration here. It is important to note that inherent in our interpretation and 

reasoning in this section is that a larger amount of harvest in an area can imply the abundance of 

wild American ginseng in that area, which in turn can imply a higher level of suitability for that 

area. However, there might exist some other possible interpretations for a large amount of harvest 

in an area. That is, there may be other factors that play a role in increasing the amount of harvest 

in an area. For example, alternative interpretations for the abundance of harvest in an area could 

be due to its ease of access, more visibility to the public, being well-known to many for that 

activity, etc. While the observations made in the real world report the areas in which wild American 

ginseng has been “found more”, our suitability model predicts the areas that have “more 

suitability” for wild American ginseng to grow regardless of whether or not they have already been 

found there. After all, the almost one-to-one mapping of our model’s predictions and real-world 

observations considerably confirms and proves the explanatory power of our model and validates 

its predictions to a great extent. 

 In the next section, a Sensitivity Analysis over the weights used in the WLC method will 

be undertaken. In our Sensitivity Analysis, the BS model will be used as the basis of comparison 

to be made with the models that have different weighting in order to be able to better understand 

how far from reality each weighting will take our results, and what factors play more important 

roles in predicting suitable natural habit for wild American ginseng to grow in nature. 
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CHAPTER VI: SENSITIVITY ANALYSIS 

This section provides a Sensitivity Analysis over the weights of the factors representing the relative 

importance of growing conditions for wild American ginseng. Undertaking such an analysis will 

help us understand (1) how sensitive the suitability scores of the WLC model are with respect to a 

change in the assumed importance of the factors, and accordingly, what factors are more crucial 

in determining how suitable an area could be for wild American ginseng to grow in, and also (2) 

how far from real-world observations each set of weights will take away our model predictions.  

 The WLC method is based on a composite suitability score, which in turn depends on both 

the “factor rating” of each factor as well as the respective “weights” that the researcher attributes 

to each factor. Although the task of setting factor ratings and parameters is rather straightforward 

(they are usually determined biologically, experimentally, or observationally), the task of 

allocating relative importance to each factor (i.e., assigning weights to factors) could be 

complicated at times. In general, the latter could be objective, or subjective, or subject to the status 

of other factors, or subject to many other criteria. To take one step further forward toward better 

understanding the interdependencies of the suitability scores and weights within the construction 

of the WLC method, one can investigate and show the sensitivity of suitability levels with respect 

to the choice of the weights. Although there is statistically a large number of possibilities to set up 

different scenarios for weights in our WLC model, here five scenarios are investigated, as 

described below. More details on the breakdown of weights under each scenario are provided in 

Figures A.9.1 – A.9.5 in Appendix 9.   

• Equally weighted factors  

• Spatial factors weighted more heavily (latitude and elevation) 

• Shade-related factors weighted more heavily (slope, aspect, and shade percentage) 
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• Meteorological/Climate-related factors weighted more heavily (annual average 

temperature, precipitation, and number of cold days) 

• Soil-related factors weighted more heavily (soil type, soil pH) 

 

The next five figures demonstrate the resulting suitability maps produced by the WLC method 

under the weighting scenarios described above.  
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Figure 17. Weighted Linear Combination method (Equally weighted factors)  
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Figure 18. Weighted Linear Combination method (Spatial-related factors more heavily weighted)  
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Figure 19. Weighted Linear Combination method (Shade-related factors more heavily weighted)  
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Figure 20. Weighted Linear Combination method (Meteorological\Climatic factors more heavily weighted)  
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Figure 21. Weighted Linear Combination method (Soil-related factors more heavily weighted) 
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Looking at each map separately on a different page prevents us from developing a comprehensive 

understanding of the pattern of our results at once. Below all these maps are placed in one single 

view so the pattern of changes in the predicted suitable areas can be seen as the weights are 

changing. These suitability maps are organized and placed in the order of the similarity of their 

results to our basis of comparison (i.e., the BS model and real-world observation).    
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Figure 22. All Sensitivity Analysis maps vs. Binary Screening map in one view 
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The upper middle map presents our BS model together with the real-world observations of wild 

American ginseng, which is used as the basis for our comparisons throughout the sensitivity 

analysis of this study. As shown above, our results suggest that the most important factors in 

determining suitable areas for wild American ginseng to grow in nature are spatial factors (i.e., 

latitude and elevation). In fact, when these factors are weighted more heavily, the results of the 

WLC method resembles greatly those of our BS method and real-world observations, in a way that 

most of the counties identified by either method will be the same. Additionally, our results imply 

that the next most important set of factors in predicting suitable natural habitat for wild American 

ginseng are shade-related factors, in a way that when these factors are weighted more heavily, the 

WLC suitability map resembles almost fully our BS suitability map, but at a lower level of 

suitability, holding the set of suitability score ranges constant for both methods.  

 The next scenario considered was equally-weighted-factors situation, where all factors are 

given exactly the same weight. As shown in the figures above, when the factors are all weighted 

equally, some of the counties that are identified as suitable by the BS model are still identified as 

medium-high suitable by the WLC model. However, all of the other NC counties are reported as 

having a medium level of suitability in this model, which is not consistent with the predictions of 

our BS model, nor with the real-world observations. Next, the suitability of NC counties was 

examined for wild American ginseng by giving heavier weights to soil-related factors. As it can 

be seen in the figures above, the results of this scenario are somewhat inaccurate and to some 

extent even contradictory with their corresponding real-world observations.  

 Finally, when greater weights were considered for meteorological and climate-related 

factors, almost all of the results became contradictory to the real-world observations and to those 

of our BS model, in the sense that the counties that are identified as medium-high suitable by the 
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WLC model are those that are identified as unsuitable by the BS model (with no real-world 

observations made of wild American ginseng in those areas), and the counties that are identified 

as medium suitable by the WLC model are those that are identified as suitable by the BS model 

(with real-world observations of wild American ginseng actually made in those areas).  

 These findings show that the results of such a Sensitivity Analysis can even be used to 

determine the weights in a WLC method in an objective way, since it can be used to calibrate the 

weights of a WLC suitability map in such a way that the selected set of weights makes it match 

best with the real-world observations.  

 The general theme of the results of our Sensitivity Analysis implies that the BS method 

provides the best predictions for suitable natural habitat for wild American ginseng, since it 

requires and ensures that all the factors exist in the area of interest, and accordingly, produces 

results that are closest to real-world observations. However, if one tends to choose the WLC 

method to do a suitability analysis, the order of importance of factor sets for wild American 

ginseng should be as follows to ensure that the resulting WLC model produces predictions close 

to reality: 

• Spatial factors (latitude and elevation) 

• Shade-related factors (slope, aspect, and shade percentage) 

• Soil-related factors (soil type and soil pH) 

• Meteorological/Climate factors (annual average temperature, precipitation, and number 

of cold days) 

As discussed above, the results of our sensitivity analysis in this section imply that the spatial 

factors and shade-related factors play very important roles in predicting suitable areas for wild 

American ginseng to grow in nature, meaning that the more weight is given to these factors, the 



60 

higher the predictability power of the model (i.e., the higher the consistency level of the model’s 

predictions with the observations made in the real world). 
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CHAPTER VII: CONCLUSION AND SUMMARY 

Wild American ginseng is an invaluable herbaceous plant which is in high demand in the Asian 

market. It is mainly used in traditional medicine, especially in traditional Chinese Medicine. It 

grows mainly in the understory of the eastern deciduous forests in North America and has a highly 

growing demand in the Asian market, which, in turn, has led to the formation of very high prices 

for wild American ginseng in the market. These high prices have provided strong incentives for 

illegal harvest of wild American ginseng, resulting in a high harvest pressure on this species in the 

wild. As ginseng is the root of the plant, harvesting ginseng is fatal to the whole plant, which 

consequently impacts the population size of this species negatively. This increased demand and 

decreased supply and increased prices have placed the species in the danger of extinction.  

 To prevent this extinction, the geography of wild American ginseng must be studied and 

the spatial distribution of the suitable habitat of the plant in North Carolina must be identified, 

which in turn would shed light on how the government can more effectively and more efficiently 

plan for law enforcement activities to better protect and preserve this species from illegal harvest. 

The result of such investigations can also provide advice on what natural conditions are needed 

and what areas are more suitable for simulating it in wooden areas or cultivating it in farms, which 

introduces alternatives to the wild American ginseng, which in turn decreases the harvesting 

tension on its wild counterpart. 

 Accordingly, the objective of the present study is to explore different natural habitat 

variables to construct a predictive model that portrays geographical areas that have the most 

suitable natural habitats for wild American ginseng to grow in the wild. To achieve this goal, GIS-

based suitability models were made through three advanced geospatial methods, including Binary 

Screening method, Ordinal Ranking, and Weighted Linear Combination method, to undertake a 
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capability analysis and suitability mapping for wild American ginseng in North Carolina. After 

building such models, the models were evaluated by using the data of the known locations of wild 

American ginseng plant in North Carolina and finally conducted a sensitivity analysis.  

 The overall pattern of our results indicates that western NC counties such as Jackson, 

Haywood, Transylvania, Henderson, Cherokee, and Ashe are some of the most suitable 

geographical regions for wild American ginseng to grow in nature. Our model validation and 

comparing our models’ predictions with the observations of wild American ginseng in nature show 

that the Binary Screening method produced the best predictive power, to the extent that its 

predictions match with almost 96% of the observations made in nature. This high rate of predictive 

power implies that the dominant natural factors necessary for wild American ginseng are more of 

complementary factors to one another than being substitutes to each other. This means that these 

growing conditions must all be present in the environment simultaneously in order for it to grow. 

Besides, the results of our Sensitivity Analysis suggest that the shade-related factors and spatial 

factors play very significant roles in predicting suitable environments for wild American ginseng 

to grow in nature. 

 The results of our BS model indicate that all the counties that are identified as suitable 

habitat for wild American ginseng to grow are in the western part of North Carolina, but it did not 

show how many suitable cells exist in each county. To solve this problem with the BS model, a 

modified BS method was made by introducing an area-based suitability score for each county. 

This modified BS model indicates that the counties with the most suitable areas in relation to the 

county area are Ashe, Alleghany, Henderson, Transylvania, Jackson, Yancey, Mitchell, and 

Watauga counties.  
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 Our other results showed that the AF method and WLC method do not provide predictions 

consistent with the real-world observations, mainly because they are on the basis of additive 

functional forms and always sum up all the FRs or weighted FRs, ending up always with a 

considerably large suitability score for each county. Moreover, our GS method reports too few 

counties as suitable natural environments for wild American ginseng to grow. This inconsistency 

between the model predictions and real-world observations stems from the fact that, in each of the 

few counties mentioned, there is at least one FR whose value is rated as unsuitable, and the GS 

method, by construction, attributes that unsuitability to the whole land unit, because it is by nature 

a minimum function. 

 Given the mathematical natures of the BS method (which is a multiplicative function) and 

the GS method (which is a minimum function), these two methods perform best in the context of 

activities where they determining factors are complementary to each other. In contrast, the 

mathematical construction of the AF method (which is an additive function) and the WLC method 

(which is a weighted-average function) perform best in the context where the determining factors 

are substitutes to each other. This substitutability seems to not make sense in the context of 

growing conditions for wild plants (including wild American ginseng) 

 The performance of our suitability models was also evaluated in this study to find out how 

close the predictions of the model are to the observations made in the real world. The result of our 

model validation shows that the BS method’s predictions match with almost 96% of the 

observations made and reported in nature. This suggests 96% accuracy in the predictions of our 

BS suitability model. The other counties in which wild American ginseng harvest has been 

reported by NCDACS but not predicted by our BS model are very close to the general area 

identified as suitable area by our BS model and all these counties are indeed amongst the counties 
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with the least amounts of harvested wild American ginseng reported by NCDACS. As an 

alternative way to validate our model, the reported spots by scientist citizens and naturalists 

uploaded on iNaturalist.com were looked at, seeing that our models’ predictions are generally 

consistent with the most observations reported on iNaturalist.com, especially those located in the 

western part of NC.  

 An advantage of the WLC method is that it helps the researcher conduct a Sensitivity 

Analysis over the weights of factors to investigate different scenarios of relative importance for 

each determining factor in the activity under investigation. An advantage of conducting a 

Sensitivity Analysis is to give insight on how a modeler can calibrate the model by changing the 

weights of parameters to better match the real-world observations that have been made. Our 

Suitability Analysis shows that the BS method presents the most accurate predictions for suitable 

natural habitat for wild American ginseng. This accuracy can be attributed primarily to the fact 

that this method ensures that all the determining factors exist in the area of interest. However, if 

one still tends to choose the WLC method to do a suitability analysis, they must conduct a model 

validation together with a sensitivity analysis to identify vital factors in the activity of interest and 

accordingly attribute proportionally significant weights to those determining factors. As for the 

case of wild American ginseng, the order of importance of factor sets should be spatial factors, 

shade-related factors, soil-related factors, and meteorological/climate factors to ensure that the 

resulting WLC model produces predictions close to reality.  

 This dissertation contributes methodologically to the literature by discovering that Binary 

Screening model and Graduated Screening model predict suitability well when the influential 

factors of an activity are complementary to one another. In contrast, the method of Addition of 

Factors and the method of Weighted Linear Combination are best when the determining factors 
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are substitutes of each other. Comparing the Addition of Factors model with Weighted Linear 

Combination model, it was shown that, the Addition of Factors model performs better when the 

influential factors are all equally important (equally weighted) and the factors are substitutes, while 

Weighted Linear Combination model is more appropriate when the influential factors have 

different relative importance to the activity of interest. Additionally, a modified, area-based Binary 

Screening method was introduced, which accounted for the density of suitable cells existing in 

each county, in order to resolve one of the shortcomings of the conventional Binary Screening 

method when applied to a county level. Furthermore, a type of Sensitivity Analysis was introduced 

which can give insight on how a modeler can calibrate their suitability model by changing the 

weights of parameters to better match the real-world observations that are made when the 

observations constitute a fair, representative sample of the whole population. All the suitability 

methods were compared and contrasted mathematically (constructionally), empirically, and 

experimentally, and provided a rather comprehensive comparison table for this purpose.  

 For future research, it is suggested that a geo-statistical method should be formalized that 

considers a large number of possible combinations for weights in the WLC method and 

automatically compares the suitability results of each weight set to the observations made in the 

real world and utilizes optimization methods to calibrate the WLC method’s weights objectively 

in such a way that it makes its results the closest possible to the real-world observations. As another 

attempt in future research, a novel method should be devised to accommodate both substitutability 

and complementarity situations under which the determining factors are both substitutes and 

complements to some degree to each other (i.e., relatively substitutes). Such a method seems to 

need to have a multiplicative functional form with the weights of the factors appearing in the 

exponents of the factor ratings. Further details and investigations on this matter are left for future 
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research. As other attempts in future research, the author plans to use our suitability model for 

identifying wild American ginseng in other geographical areas and other states and other countries. 

The author would also like to use the general theme of our suitability models to study the 

geography of other important plants in the wild.  
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APPENDIX 1: SOIL-TEXTURE CHART DEPICTING SOIL TYPES IN TERMS OF CLAY, 

SILT, AND SAND COMPOSITION AND DEMONSTRATING THE SOIL TYPES 

SUITABLE FOR WILD AMERICAN GINSENG 

 

 

Figure A.1. Soil-texture chart depicting soil types in terms of clay, silt, and sand composition  

(Source: USDA) 
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APPENDIX 2: MAPS OF INDIVIDUAL LAYERS OF DIFFERENT FACTORS 
 

 
Figure A.2.1. North Carolina counties’ map, USA  
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Figure A.2.2. Elevation map of North Carolina, USA 
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Figure A.2.3.  Aspect map of North Carolina, USA 
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Figure A.2.4.  Slope map of North Carolina, USA 
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Figure A.2.5.  Temperature map of North Carolina, USA 
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Figure A.2.6.  Map showing areas having suitable precipitation to grow wild American ginseng in North Carolina, USA  
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Figure A.2.7.  Map of number of cold days in North Carolina, USA 
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Figure A.2.8.  Map of NC areas covered by continental landmasses, USA  
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Figure A.2.9.  Tree-cover-hardwood map of North Carolina, USA 
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Figure A.2.10.  Map of North Carolina waterbodies, USA 
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Figure A.2.11.  Canopy map of North Carolina, USA 
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Figure A.2.12. Canopy-hardwood map of North Carolina, USA
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APPENDIX 3: THE FLOWCHART OF WORKFLOW CONSTRUCTED BY MODELBUILDER TOOL IN ARCGIS PRO 

 

Figure A.3.1. The Workflow of Suitability Analysis in this study (The big picture) 

(Please see readable panels of this workflow in the following pages)  
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Figure A.3.2. The Workflow of Suitability Analysis in this study (The big picture in four panels) 

(Please see readable panels of this workflow in the following pages) 
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    Figure A.3.3. The Workflow of Suitability Analysis in this study (The blue panel)  
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Figure A.3.4. The Workflow of Suitability Analysis in this study (The red panel)  
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Figure A.3.5. The Workflow of Suitability Analysis in this study (The orange panel)  
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Figure A.3.6. The Workflow of Suitability Analysis in this study (The purple panel) 
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APPENDIX 4: TABLE SCHEDULES OF FACTOR CONSTRAINTS (BINARY ANALYSIS) 

Table A.4. Table schedules of factor constraints (Binary Screening)    

# Variable  FC 

1 Latitude (L) 30° =< L =< 50° 

2 Elevation (E)  2000ft =< E =< 4000ft 

3 Slope (S) 10% =< S =< 40% 

4 Aspect (A)  22.5° =< A =< 67.5° 

5 Shade Percentage (Sh)  Sh >= 75% & in deciduous hardwood forests 

6 Annual Average Temperature (T) 40° =< T =< 60° 

7 No. of Cold Days (NOCD) NOCD >= 45 days per year 

8 Precipitation (P) P >= 25 inches 

9 Soil pH (pH) 5 =< pH =< 7 

10 Soil Type (ST)  Sandy Loam (SaLo) and Loam (Lo) 
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APPENDIX 5: TABLE SCHEDULES OF FACTOR RATINGS 

 

Table A.5.1. Rating schedule for latitude 

Latitude (L) 

Range (°) FR 

L < 20° 0 

20° =< L < 30° 8 

30° =< L =< 50° 10 

50° < L =< 60° 8 

L > 60° 0 

 

 

 

Table A.5.2. Rating schedule for elevation 

Elevation (E) 

Range (ft) FR 

E < 2000ft 0 

2000ft =< E =< 4000ft 10 

4000ft < E =< 5000ft 8 

E > 5000ft 0 
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Table A.5.3. Rating schedule for slope 

Slope (S) 

Range (%) FR 

S < 10% 2 

10% =< S =< 40% 10 

40% < S =< 60% 6 

S > 60° 0 

 

 

 

Table A.5.4. Rating schedule for aspect 

Aspect (A) 

Range (°) FR 

A < 22.5° 5 

22.5° =< A =< 67.5° 10 

67.5° < A =< 112.5° 5 

112.5° < A < 360° 2 
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Table A.5.5. Rating schedule for shade percentage 

Shade Percentage (SH) 

Range (%) FR 

Sh < 60% 0 

60% =< Sh < 70% 5 

70% =< Sh =< 80% 10 

80% < Sh =< 90% 8 

Sh > 90% 0 

 

 

 

 

Table A.5.6. Rating schedule for annual average temperature 

Annual Average 

Temperature (T) 

Range (°F) FR 

T < 40 0 

40 =< T < 45 5 

45 =< T =< 55 10 

55 < T =< 60 5 

T > 60 0 
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Table A.5.7. Rating schedule for the number of cold days 

No. of Cold Days 

(NOCD) 

Range (Day) FR 

NOCD < 35 0 

35 =< NOCD < 45 5 

NOCD >= 45 days per year 10 

 

 

 

Table A.5.8. Rating schedule for annual average precipitation 

Annual Average 

Precipitation  

(P) 

Range (in) FR 

P < 10 0 

10 =< P < 25 5 

25 =< P =< 30 10 

30 < P =< 40 8 

P > 40 0 
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Table A.5.9. Rating schedule for soil pH 

Soil pH (pH) 

Range (pH) FR 

pH > 7 0 

5 =< pH =< 7 10 

4 =< pH < 5 5 

pH < 4 0 

 

 

 

Table A.5.10. Rating schedule for soil type 

Soil Type (ST)  

Range (Soil Name) FR 

ST = ClLo  5 

ST = SiLo 5 

ST = SaLo  10 

ST = Lo  10 

ST = SaClLo 5 

ST = LoSa 5 

ST = Otherwise 0 
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APPENDIX 6: TABLE SCHEDULES OF FACTOR RATINGS FOR THE WLC METHOD 

 

Table A.6. Schedules of factor ratings (WLC method) 

# Variable Weight 

1 Latitude (L) 10% 

2 Elevation (E) 10% 

3 Slope (S) 5% 

4 Aspect (A) 5% 

5 Shade Percentage (Sh) 10% 

6 Annual Average Temperature (T) 15% 

7 No. of Cold Days (NOCD) 10% 

8 Precipitation (P) 5% 

9 Soil pH (pH) 15% 

10 Soil Type (ST) 15% 



98 

APPENDIX 7: MAPS OF BINARY SCREENING METHOD IN TERMS OF CELLS 

 
Figure A.7.1.  Map of Binary Screening method in terms of cells (NC, USA)  
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Figure A.7.2.  Map of Binary Screening method in terms of cells (NC, USA)  

9
9
 



100 

 
Figure A.7.3.  Map of Binary Screening method in terms of cells (NC, USA) 
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APPENDIX 8: MORE DETAILS ON THE MODEL VALIDATION 

Table A.8. Wild American ginseng harvest in 2018 by county as reported by NCDACS 

County Name Year Type Total Calculated Dry LBS 

Alexander 2018 Wild 0.30 

Alleghany 2018 Wild 7.06 

Ashe 2018 Wild 105.82 

Avery 2018 Wild 169.11 

Buncombe 2018 Wild 964.42 

Burke 2018 Wild 20.60 

Caldwell 2018 Wild 25.56 

Cherokee 2018 Wild 129.88 

Clay 2018 Wild 223.84 

Cleveland 2018 Wild 1.07 

Franklin 2018 Wild 0.21 

Graham 2018 Wild 263.15 

Haywood 2018 Wild 730.73 

Henderson 2018 Wild 93.80 

Jackson 2018 Wild 1035.82 

Macon 2018 Wild 408.07 

Madison 2018 Wild 494.83 

McDowell 2018 Wild 225.92 

Mitchell 2018 Wild 252.46 

Polk 2018 Wild 19.00 

Rutherford 2018 Wild 18.26 

Surry 2018 Wild 1.25 

Swain 2018 Wild 344.09 

Transylvania 2018 Wild 97.93 

Watauga 2018 Wild 106.57 

Wilkes 2018 Wild 16.48 

Yadkin 2018 Wild 4.29 

Yancey 2018 Wild 352.28 

Total     6112.76 
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APPENDIX 9: DETAILED INFORMATION ON SENSITIVITY ANALYSES 

 

Figure A.9.1.  Sensitivity Analysis. All equally weighted factors  
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Figure A.9.2.  Sensitivity Analysis. Spatial factors more heavily weighted  

25%

25%

7%

7%

6%

6%

6%

6%

6%

6%

Sensitivity Analysis 2: Spatial Factors More Heavily Weighted

Latitude (L)

Elevation (E)

Slope (S)

Aspect (A)

Shade Percentage (Sh)

Annual Average Temperature (T)

No. of Cold Days  (NOCD)

Precipitation (P)

Soil Ph (Ph)

Soil Type (ST)

1
0

3
 



104 

 

Figure A.9.3.  Sensitivity Analysis. Shade-related factors more heavily weighted  
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Figure A.9.4.  Sensitivity Analysis. Meteorological/Climate factors more heavily weighted 
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Figure A.9.5.  Sensitivity Analysis. Soil-related factors more heavily weighted 
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