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Abstract 

This work addresses the application of a method to examine the spatial extent of ecological 

resources and green space on small Department of Energy (DOE) sites and comparison to 

ecological resources and green space in the surrounding region. Increasingly, governmental 

regulators, resource trustees, and the public are concerned that federal facilities are 

protecting human health and the environment, including ecological resources on their sites. 

This paper uses the National Land Cover/Land Use Database to examine and compare land 

use/land cover on four small DOE sites in which environmental remediation is on-going. The 

http://creativecommons.org/licenses/by/4.0/
mailto:burger@biology.rutgers.edu
mailto:kelng@dls.rutgers.edu
https://orcid.org/0000-0002-8877-2966
mailto:mg930@eohsi.rutgers.edu
mailto:kevin.g.brown@vanderbilt.edu
mailto:david.kosson@vanderbilt.edu
mailto:burger@biology.rutgers.edu
https://orcid.org/0000-0002-8877-2966
https://orcid.org/0000-0002-8877-2966
https://www.lidsen.com/journals/rpse/rpse-special-issues/ai-digital-energy-environment-manage


Recent Prog Sci Eng 2026; 2(1), doi:10.21926/rpse.2601004 
 

Page 2/28 

main objectives were to: (1) examine the amount and type of ecological land use/land cover 

present on each site, (2) compare on-site land use/land cover with the surrounding region, 

and (3) compare land use/land cover among the four DOE sites that are undergoing 

remediation. The four sites selected are Knolls Atomic Laboratory (New York), Lawrence 

Livermore National Laboratory (California), Paducah Gaseous Diffusion Plant (Kentucky), and 

Portsmouth Diffusion Plant (Ohio). This paper provides a method that is useful for land 

managers and the public to evaluate land use/land cover on small energy sites or other energy 

facilities, as well as other contaminated industrial sites. All four DOE sites had a higher 

percentage of land that was developed (built or paved) than the surrounding 10-km and 30-

km buffers, and the smaller sites had a higher percentage of developed land than the larger 

sites. On all sites the industrial developed land was consolidated, and wild land surrounded 

this developed land. Lawrence Livermore Laboratory had the lowest percentage (only 10%) of 

any wild ecological land other than developed and agriculture. Both Paducah and Portsmouth 

had nearly 60% of the sites designated as developed or agriculture. Although Paducah and 

Portsmouth had about the same percentage of forest (the climax community), Paducah had a 

significantly higher percentage of forest than the surrounding, largely urban, regions. This 

paper provides a method of examining wild lands on sites (and off-site) allowing decision 

makers, regulators, and the public to make more informed decisions about remediation, 

restoration, and land management. The method reduces overall time and personnel needed 

to do an initial evaluation of land use/land cover and potential ecological resources of interest. 
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Ecological resources; land use/land cover; bioindicators; national land cover database; 

department of energy sites 

 

1. Introduction 

Developed nations, as well as other countries, have legacy wastes remaining from municipal, 

industrial, and nuclear facilities that have resulted in contaminated land requiring restriction or 

remediation. U.S. Federal and Tribal governments, as well as non-governmental groups and the 

public, are interested in converting contaminated land to productive uses [1, 2]. Recently, 

considerable attention has focused on legacy wastes from World War II, the Cold War and 

subsequent industrial development. The U.S. Government obtained land for the Manhattan Project 

to invent and build bombs [3], and additional sites were obtained to accommodate the nuclear arms 

race of the Cold War. National emphasis on secrecy resulted in large, undeveloped but protected 

buffer areas, and speedy production often resulted in poor waste management, resulting in 

extensive radiologic and chemical contamination of land and water—the “legacy waste”. The past 

practices spawned a need for massive “cleanup”. 

Increasingly government agencies, resource trustees, and the public are interested in enhancing 

and protecting both ecological resources and green spaces on these lands, within and near 

communities [4]. Research by social and health scientists shows that “green spaces” near and within 

communities provide health benefits in addition to recreation and aesthetics [5, 6], including direct 
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benefits to mental health and cardiovascular health that lead to lower mortality [7-9]. Thus, 

maintaining and enhancing human health is an added benefit of preserving and enhancing 

ecological health of “green space” and natural ecosystems. Management goals include eliminating 

contaminated buildings and other facilities, removing or remediating contaminated soil, and 

cleaning groundwater to provide clean water and air. However, an important societal goal is to 

protect existing wild lands and ecosystems, and make formerly contaminated lands available for 

other uses [10-13]. 

Protecting ecological resources is especially important, particularly on the large U.S. Department 

of Energy sites (DOE) that have a high percentage of their land in natural, undisturbed lands that 

are largely uncontaminated [14, 15]. The large DOE sites, such as the Hanford Site, Los Alamos 

National Laboratory, Idaho National Laboratory, and Savannah River Site, as well as many other sites, 

have significant and rare ecological resources [16-19]. However, it also may be important to protect 

ecological resources and enhance green spaces in the smaller DOE sites or other energy facilities 

that are near or within suburban and urban communities. Such local regions may have fewer 

opportunities to reclaim green spaces. Having methods to evaluate both the presence of green 

spaces and the value of ecological resources is important not only for DOE, but for resource trustees 

and the public in surrounding communities [20-23]. 

This paper examines the presence and amount (percentages) of ecological lands and green 

spaces on four of the smaller DOE sites. Our objectives were to (1) assess the land use/land cover 

types on each site, (2) compare land use/land cover on sites with the surrounding 10- and 30-km 

bands, (3) compare land use/land cover among the sites, and (4) discuss the applicability of the 

method for other industrialized sites. The four sites examined are: Knolls Atomic Laboratory (New 

York), Lawrence Livermore National Laboratory (California), Paducah Gaseous Diffusion Plant 

(Kentucky), and Portsmouth Diffusion Plant (Ohio) [24, 25]. 

We used the National Land Cover Database [26, 27] because it maps land use/land cover for all 

of the continental U.S. The NLCD is conducted every few years and is freely available on line to 

anyone. The latter is important because it allows landowners (in this case DOE), regulators, natural 

resource trustees, public, and others to pose their own questions, using whatever scale is 

appropriate. It also provides examples of a methodology to examine land use on a site, including 

the presence of green space (wild or natural areas) compared to development on a site suitable for 

non-governmental industrial sites near or within larger cities. The method has proven useful in 

comparing ecological resources on the larger DOE sites [28-30]. The method, however, can also be 

used by other small nuclear or other energy facilities, as well as any small sites that are being 

considered for restoration, remediation, recreation, or development. 

Ecological evaluations and assessments usually involve conducting detailed literature searches 

and field studies of the status and trends of specific species of interest, as well as examining rare 

and unique species assemblages and rare and unique ecosystems [31-33]. In many cases, such 

evaluations do not have the funds, personnel, or time for a full-scale ecological evaluation, 

especially for smaller sites, the ecologic values of which may be overlooked. The method presented 

in this paper allows for a relatively rapid comparison of habitats within a site, of habitats on and off-

site, and for comparisons among sites. It provides a method that can be applied by a range of people 

in different disciplines and with different questions to address site-specific questions dealing with 

land use/land cover and the protection of wild spaces on industrial sites. It can be an important tool 

to communicate information to governmental and non-governmental agencies and the public about 
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ecological protection and green spaces provided on partially contaminated nuclear and industrial 

facilities and allow these same groups transparency of an evaluation tool. It also provides citizens 

or citizen groups with a tool to ask questions of interest about the land use/land cover and wild 

natural areas in their communities. 

2. Background on the U.S. Department of Energy 

Many of the larger DOE sites were built in remote areas close to rivers that provided cooling for 

nuclear reactors. Small portions (about 10%) of the large sites were industrialized for production of 

nuclear weapons and research, and the rest largely remained undeveloped but was patrolled for 

security purposes. These “buffer areas” were protected from intruders [34-36]. At the same time, 

smaller parcels of land were acquired for research and radionuclide production, often near towns 

or cities that also had a source of water [36]. 

From the mid-1940s to the late 1980s, producing warheads was the primary purpose of the DOE 

complex across the country, and environmental protection was not of primary importance [25]. 

About 1989, at the end of the Cold War, the U.S. DOE formed the Environmental Management 

Program (DOE-EM) to manage the DOE’s cleanup of the toxic and radiologic wastes [25, 36]. At that 

time, DOE-EM made Tri-Party agreements with EPA and state representatives that established 

cleanup milestones at many of the larger sites before site contamination was characterized. In the 

early period after the Cold War (ca 1989), governmental agencies and contractors were unaware of 

the enormous cleanup task. Since then, the DOE has cleaned up 91 sites at a cost of about $170 

billion (Government Accounting Office 2019) and continues to do so although there remain 

remediation tasks at 16 sites. Some of the larger sites may require 50 years or more to complete at 

a projected cost of over $377 billion [23, 33, 37, 38]. 

Soon after its post-Cold War formation, DOE’s Environmental Management Division produced a 

report called “Charting the Course: The Future Use Report”. Its purpose was to develop stakeholder 

future use recommendations to serve in future decision making concerning environmental 

management [24]. The report states that future land use plays a role in clean up decisions and aids 

communities to reuse federal lands and emphasizes the importance of future land use to the 

Department’s commitment as a “steward of natural resources” ([24], p. 1). One important mission 

of the DOE is to protect human health and the environment [37]. The goal of protecting human 

health and the environment thus includes removal of contamination, protection of existing 

resources and reclamation (remediation, restoration) of existing contaminated lands [39-41]. In 

some cases, degraded land can be reclaimed by allowing the damaged land to undergo natural 

succession to the natural climax community and monitored natural attenuation of contamination 

[42]. The climax community refers to the natural vegetation that will exist at a place given the local 

geological and climatological conditions, such as deciduous or coniferous forest, shrub-steppe, 

grassland, or desert [43]. 

The method described in this paper was initially developed to evaluate ecological resources on 

the U.S. DOE’s Oak Ridge Reservation [28, 29]. 
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3. Study Sites, Materials and Methods 

3.1 Study Sites 

The four DOE sites described are small in comparison to INL, Hanford, and Savannah River 

(measured in hundreds of square miles), but represent a size range from about 50 to almost 4000 

hectares. These sites are located in different parts of the U.S. (Figure 1) and would have had 

different vegetation in when DOE took possession. The former two had a nuclear weapons mission 

but were also engaged in research and development, while that latter two had an important 

uranium enrichment mission. While cleanup is continuing at all four sites, the former two have a 

key future federal mission of research and development, while the latter two are being cleaned up 

and developed for multiple purposes, including commercial uranium enrichment at Paducah, as well 

as having a potential interim storage mission [24, 25]. 

 

Figure 1 U.S. map showing the location of the four Department of Energy (DOE) sites 

discussed in this paper. 

3.1.1 Knolls Atomic Laboratory 

Located in Niskayuna, New York State, about 3.2-km from the city of Schenectady, the Knolls 

Laboratory occupies 53 ha on the banks of Mohawk River that flows along the site, about 30-km 

above its confluence with the Hudson River. The area immediately surrounding the site is a mixture 

of light industry, farms, parks, and suburban residential. The laboratory began operations in 1946 

and now houses chemistry, physics, and metallurgical laboratories in addition to administrative 

offices, machine shops, cooling towers, and waste storage [44]. The main function is research and 

development and operation of naval nuclear propulsion engines [44]. There is no drinking water 

wells on site; potable water comes from municipal water systems. Water for cooling of the Knolls 
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Laboratory comes from the Mohawk River [37]. Current cleanup work includes facility deactivation 

and decommissioning [37, 45-47]. Knolls are expected to remain a federal research facility. 

3.1.2 Lawrence Livermore National Laboratory (LANL) 

Lawrence Livermore National Laboratory (329 ha) was established in 1952 as a multidisciplinary 

research center that focused on weapons development, security, and stewardship [47-49]. LANL has 

an ongoing mission as part of the National Nuclear Security Administration (NNSA) [48]. LANL is 

located within an urban and wine production region in California. It is within an area of steep hills 

and ridges separated by ravines and is home to several state endangered species [48]. Congress has 

mandated the demolition of several excess buildings, and remaining remediation also includes 

contaminated soil areas [50]. Current cleanup work involves soil and groundwater remediation [47]. 

3.1.3 Paducah Gaseous Diffusion Plant 

Paducah Gaseous Diffusion Site (1387 ha) is located in rural McCracken County, Kentucky, just 

south of the Ohio River. Constructed in 1950 on a former munitions site, Paducah enriched uranium 

from 1952 to 2013 [51]. Paducah has completed building removals on site [50]. Current cleanup 

work involves special nuclear materials and spent nuclear fuel, and facility deactivation and 

decommissioning [37]. The site is in the process of conducting a joint study with the Paducah Area 

Chamber of Commerce, leading to its first land transfer for reindustrialization [52]. Conservation, 

recreation, and industrial use were the preferred future land uses in their land use/land cover plan 

[53]. Paducah is expected to conduct uranium enrichment for commercial users. 

3.1.4 Portsmouth Gaseous Diffusion Plant 

Portsmouth site (3762 ha) is in the Ohio Valley along the Sciota River, and was the third gaseous 

diffusion plant in the U.S. It began enriching uranium in 1956, producing highly enriched weapons-

grade uranium. In the 1960s it produced fuel for commercial nuclear power plants [54]. Much of the 

land is scheduled for economic diversification, asset transition and business and other industrial 

development [54]. Current cleanup work involves special nuclear materials and spent nuclear fuel, 

and facility deactivation and decommissioning [37]. The future vision is for multiple industrial uses. 

Portsmouth has conducted extensive habitat mapping of its land [55]. Land transfers have also 

occurred at Portsmouth. 

3.2 Protocol 

3.2.1 Overall Protocol 

A method that allows a relatively rapid evaluation of overall ecological resources on a site was 

required that could be used at sites across the country with different habitats. The method selected 

was to use the National Land Use/Land Cover Database [26, 27]. This has the advantage of defining 

different land use/land cover categories, including ecological vegetation types equivalent to 

local/regional climax vegetation [11]. After selecting study sites partly based on sites still requiring 

remediation, we (1) examine land use/land cover from the NLCD database on each study site, (2) 

examine the percentage of each land use/land cover categories within each site, (3) compare the 
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percentage of each land use/land cover categories on-site and off-site (regionally), and (4) compare 

land use/land cover among the four sites. 

In previous work the method has been applied to large DOE sites in which only approximately 

10% of the land was industrialized for nuclear weapons production and research [28, 30]. The four 

sites described in this paper were selected because remediation is ongoing, there is a range of areas 

(in ha), they have different climax vegetations, they have a range of missions, and they are in 

suburban and urban location that increase the relevance to other former industrial sites across the 

U.S. and elsewhere. 

3.2.2 Selection of Land Use/Land Cover Indicators and Bands of Analysis 

The land use/land cover categories in the National Land Use/Land Cover Database [26, 27] differ 

across the country, and the database provides different layers of consideration [11]. For example, 

the eastern U.S. sites have forest as the primary ecological land cover (climax vegetation), while 

mid-western interior sites may have grassland, and western sites may have desert or shrub-steppe 

[56]. The key feature of the methodology and present analysis is that the climax vegetation can be 

examined on-site and off-site, and among sites, even though it differs. An assumption is that the 

prevailing climax in the region ideally should exist both on-site and off-site. 

In this analysis, a 10-km band and a 30-km band were drawn around each site, and the land 

use/land cover in each band was used for comparison with on-site land use/land cover. The 10-km 

band was selected because it includes neighborhoods, towns, or cities that are adjacent to the site 

and might suffer harm or benefit from contamination or activities on the site. The 30-km band was 

chosen to capture more of the regional ecology, especially in more rural areas where agriculture or 

protected lands might be included. These buffer distances are arbitrary, but they allowed 

comparison of land use/land cover types on different sized DOE sites. Other buffer band area sizes 

can be selected by managers or others for different locations and questions [28, 57]. The U.S. 

Geological Survey has distributed the multi-resolution NCLD at about every 5-year intervals since 

1992 (www.mrlc.gov/data/ncld-land-cover-conus-all-years). 

3.2.3 Analysis of the NLCD (2019) 

The NCLD has several levels of analysis of land use/land cover. The levels are at different 

gradients of land use/land cover. In other words, the GIS maps have a number of different finer 

divisions (called levels) of the land use/land cover types. For example, at the largest scale the land 

cover might be defined as forest, and at a finer scale it is segmented into coniferous forest and 

deciduous forest. At a still finer scale it is segmented even further to denote small patches in the 

forest of different habitats (e.g., grassland). Different maps show the land use/land cover 

designated at a finer scale. Depending upon the question being asked, a level is determined. 

For the DOE sites examined in this paper, there are different types of ecological lands and 

different levels of development (low to very dense; [26, 27]). For the four sites examined, there 

were usually about 15 land cover types identified (Level 1, NLCD 2019). For some analyses we used 

all land cover types listed and for others selected types were combined for specific questions. For 

example, initially, we examined forest (all types); development (all types); and other habitats and 

then examined forest and development types separately. The dataset distinguishes three types of 

forest: deciduous (at least 75% deciduous); coniferous (at least 75% coniferous); and mixed (not 

http://www.mrlc.gov/data/ncld-land-cover-conus-all-years
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having 75% of any forest type), as well as four types of development: (1) open space = parking lots, 

parks, ballfields, tennis courts, and other open areas; (2) low intensity = a mixture of constructed 

materials and vegetation, with 20-49% impervious surfaces and single family houses; (3) medium 

intensity = constructed materials and vegetation, with 50-79% impervious surfaces; and (4) high 

intensity = highly developed areas, mostly structures and with impervious surfaces of over 80% of 

the land (from [27]). 

To determine differences among the three areas (site, 10-km band area, 30-km band area), we 

used Analysis of Variance (ANOVA). To perform the ANOVA, each area (Site, 10-km area, and 30-km 

area) was divided into equal area polygons, each of which was assigned a cover type (Table 1). Each 

polygon was assigned a land use/land cover type (e.g., type of forest), and each polygon contributed 

equally to the overall analysis. At the edges, if a polygon was not complete, it contributed a 

percentage to the overall total. To ground-truth the maps and analyses, we used Google Earth 

satellite data to examine areas that seemed to be unusual when compared with the surrounding 

habitat (i.e., a small block of open area surrounded by forest with no roads or obvious human 

connections). 

Table 1 Sizes of the DOE sites examined and the polygon number for each area. Polygon 

sizes were determined by the patchiness of land use categories and were used for 

determination of relative land use/land cover. Some sites have small-sized land use 

patches, requiring the use of more polygons than sites with more homogeneous land 

use/land cover types. Knolls Atomic Laboratory had very small land use patches, 

requiring smaller polygons to describe the land use/land cover types, whereas 

Portsmouth had large land use/land cover patch types, requiring fewer polygons. For 

this study the comparisons were between the site, 10-km band and 30-km band, not 

among the four sites. 

DOE Site Area (ha) 
Polygons on 

site 

Polygons on 

10-km band 

Polygons on 

30-km bands 

Knolls Atomic Power 53 64 1,1530 108,024 

Lawrence Livermore Laboratory 329 122 9,623 72,395 

Paducah Gaseous Diffusion Plant 1,387 614 14,602 80,418 

Portsmouth Gaseous Diffusion Plant 3,762 295 9,397 57,869 

To check which groups differed significantly, a post-hoc Tukey’s test was used to test the 

difference between each site and the 10-km buffer, and between the site and the 30-km buffer. The 

data were analyzed using Python (version Python 3.8 and Spyder Anaconda). We also used the 

Wilcoxon Two-Sample Test for differences among land use types [58]. Non-parametric tests were 

used to compare cover types on- and off-site because these are best suited for samples with non-

normal distributions [58, 59]. We considered p < 0.05 as significant in terms of not meeting the 

hypothesis that the means could not be determined to be significantly different. 

4. Results 

The data are considered at two scales: the sites themselves and the surrounding regions. The 

surrounding regions examined were the 10-km and 30-km bands around each site. The other 
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distinction is that Knolls and Livermore are DOE National Laboratories with on-going research and 

development and nuclear missions, while the two smaller sites are likely to have commercial 

facilities and diverse energy portfolios. 

4.1 Knolls Atomic Laboratory 

Land Use on Knolls Laboratory is illustrated on Figure 2. The map of the site (top figure) shows 

that the industrial area is compact, with the agricultural fields to the southeast. The percentages of 

developed, agricultural, and wild lands are shown in Table 2. The site itself is adjacent to the 

Mohawk River, providing water for industrial operations. Most of the undeveloped on-site land is 

forest and agriculture, but the agriculture is mainly abandoned fields and overgrown fields with 

some small shrubs. 

 

Figure 2 Land cover/land use types at Knolls Atomic Laboratory near Schenectady (New 

York), including a site map, 10-km buffer map, and 30-km band map. The Knolls 

Laboratory is in the town of Niskayuna. The Mohawk River winds from the north down 

adjacent to the Knolls Laboratory, down to where it joins the Hudson River on the south-

eastern side of the map. 
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Table 2 Major land use/land cover types on four DOE sites and their 10-km and 30-km buffers. The X2 comparing types on site with each 

buffer is shown in the buffer column. These are percentages of the total area (total = 100%). 

Land cover/land cover type Percentage DOE site 10-km buffer band 30-km buffer band 

Knolls Atomic Laboratory    

Developed 68% 51% 25% 

Agriculture 20 7 19 

Forest 7 24 40 

Shrub/scrub grassland <1 <1 2 

Wetlands 3 14 11 

Other 2 4 (mainly open water) 3 

X2 (p)  21 (0.02) 21 (0.02) 

Lawrence Livermore Laboratory    

Developed 90 19 17 

Agriculture 0 2 14 

Forest 0 4 16 

Shrub/scrub/grassland 10 73 50 

Wetlands 0 <1 <1 

Other 0 2 3 

X2 (p)  22 (0.02) 21 (0.02) 

Paducah Gaseous Diffusion Plant    

Developed 34 12 8 

Agriculture 25 56 51 

Forest 34 17 24 

Shrub/scrub/grassland <1 <1 <1 

Wetland 5 8 11 

Other 2 7 (mainly open water) 6 (mainly open water) 

X2 (p)  24 (0.04) 21 (0.02) 
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Portsmouth Gaseous Diffusion Plant    

Developed 50 8 7 

Agriculture 8 29 22 

Forest 33 58 66 

Shrub/scrub/grassland 5 3 3 

Wetland <1 <1 <1 

Other 4 2 2 

X2 (p)  23 (0.0305) 21 (0.0172) 

Note. Although wetlands account for less than 1% at some sites, it is important at Knolls and Paducah, so is included. 
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The middle map illustrates the relatively small size of the Knolls Laboratory in relations to the 

buffers; the 10 km band (the small dot in the center is the Knolls Laboratory) shows the urban areas 

Schenectady, Albany and Trop that surround the site, and the great amount of water (the Mohawk 

and Hudson Rivers with backwaters and wetlands) (Figure 2). Although the Knolls Laboratory is 

located in an urban and suburban area, the 30-km band indicates substantial agricultural and 

forested land (Figure 2). 

While the map provides a visualization of the habitats and is useful in providing an overall picture 

of the placement and amounts of different habitats, it does not provide quantitative information 

useful for planning. Figure 3 shows the percentages of each land use/land cover type for the Knolls 

Laboratory, and for a 10-km band and a 30-km band around the site. The quantitative data are given 

in Table 2. The table also provides the major land use/land cover types of the other three sites to 

allow a quick comparison. The land use/land cover on Knolls is significantly different from the 

surrounding 10-km and 30-km buffer. The Knolls Laboratory has more developed land and has 

significantly less forest and wetlands than both buffer bands. Although 20% of the site is listed as 

agriculture, it is mainly abandoned fields or fields that are overgrown with small shrubs that provide 

more green space and ecological value than the numbers suggest (JB pers. observation). 

 

Figure 3 Land use/land cover for the Knolls (KAP) and Lawrence Livermore National 

Laboratories (LANL). Both sites are more highly developed than the buffers. The Knolls 

has some agricultural land that is abandoned fields, while the 10-km band has less. 
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4.2 Lawrence Livermore National Laboratory 

Lawrence Livermore National Laboratory has the highest percentage (90%) of developed 

industrial land of the four sites examined in this paper. Further, the site is relatively square (Figure 

4). The remaining area on site is shrub/grassland in a narrow strip on the north and western edge. 

The Laboratory is bordered by some urban areas but is surrounded by shrubland and forest (10-km 

and 30-km bands around the site, Table 2 and Figure 3). Thus, unlike the Knolls Atomic Laboratory, 

there is virtually no wild habitat on site. Much of the habitat in the surrounding region is shrub/scrub 

and grassland in the 10-km (74%) and 30-km (51%) buffers (Table 2). There is no forest on the 

Lawrence Livermore National Laboratory, but 4% on the 10-km buffer and 16% on the 30-km buffer. 

 

Figure 4 The industrial area of the Lawrence Livermore National Laboratory (top) takes 

up 90% of the land area. The laboratory is part of the larger Livermore area in California. 
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4.3 Paducah Gaseous Diffusion Plant 

The industrial area of the Paducah Gaseous Diffusion Plant is one block, surrounded by mainly 

agriculture land and little remaining forest (top panel of Figure 5). Both the 10-km band and the 30-

km band are largely agriculture and forest with relatively few towns (Figure 5, Table 2). Paducah 

does have a higher percentage of forest on its site (35%) than the two buffer bands around the site 

(less than 22% each, Table 1, Figure 6). Forest would be the natural climax vegetation. The two 

buffer areas have less development (industrial and residential); they have only 12 and 8% developed 

(Figure 5). Agriculture makes up 56% of the 10-km buffer, and 52% of the 30-km buffer (Table 2). Of 

the agriculture, most is cultivated crops (44% in 10-km and 38% in 30-km). 

 

Figure 5 The industrial area of Paducah Gaseous is central on the site and is surrounded 

by agriculture and forest habitat. The Diffusion Plant is about 10-km from the center of 

the city of Paducah, Kentucky. It is only a few kilometers from the Ohio River. 
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Figure 6 Comparison of land use/land cover on Paducah (PAD) and Portsmouth (PORT). 

Both sites have more development on their sites than the surrounding regions. Paducah 

had a higher percentage of its site in forest (and Portsmouth has less) than the 

surrounding regions. 

4.4 Portsmouth Gaseous Diffusion Plant 

The industrialized section of Portsmouth (50%) is in one block and is bordered on three sides 

with native vegetation including deciduous forest (33%) with small amounts of mixed forest, shrubs, 

and grassland (Figure 7, Table 2). There is also about 9% in pasture or hay fields, which may also be 

abandoned fields. In contrast to the Portsmouth Site, 58% of the 10-km buffer, and 66% of the 30-

km buffer is deciduous forest (Table 2). Most of the rest is agriculture (29% in the 10-km and 22% in 

the 30-km buffers). Of the agriculture, 36% is cultivated crops in both buffer areas, and the rest is 

pasture or hay farms. 
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Figure 7 The industrial area of the Portsmouth Gaseous Diffusion Plant is also in a solid 

block, with forest surrounding most of the site. The Scioto River flows by the plant. The 

yellow fingers on the 10-km and 30-km bands are along the small rivers; agriculture 

primarily follows these rivers and streams and is often surrounded by forests. 

4.5 Comparison of Land Uses Among Sites 

The percentages of land devoted to different land uses and land cover are shown in Table 3. The 

two smaller sites (Knolls and LANL) have a higher percentage of developed land than the two larger 

sites. Paducah and Portsmouth both have over 30% of the sites in forest, but Paducah has about 24% 

in agriculture. Only Knolls and Paducah have much agricultural land, although the lands around 
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Knolls are largely abandoned fields. Further, none of the sites have a very high percentage of 

wetlands. 

Table 3 Comparison of Department of Energy (DOE) sites examined, along with the 

percentage of different land cover types. The smaller-sized sites have higher 

percentages of development and lower percentages of wild areas and climax vegetation 

(forest). None of the sites have extensive wetlands. All numbers are areas in hectares 

(100 ha = 1 sq.km). 

DOE Site 
Total Area 

(Ha) 
Developed Agriculture Forest 

Shrub/scrub 

Grassland 
Wetlands Other 

Knolls Atomic Power 53 68 19 7 1 3 2 

Lawrence Livermore 

National Laboratory 
329 89 0 0 11 0 0 

Paducah Gaseous 

Diffusion 
1,387 34 25 34 <1 5 2 

Portsmouth Gaseous 

Diffusion 
3,762 50 9 33 5 <1 3 

5. Discussion 

This paper examined land use/land cover at four DOE nuclear and research sites as case studies 

to demonstrate a method of overall land use/land cover analysis that may be useful for other 

industrialized sites. The sites varied in size, location, and past activities, as well as future missions. 

The data and analysis provide proof of concept for decision makers, land managers, and the public 

to improve overall decisions about remediation, restoration, and future use of the sites. 

We make one important distinction that relates to overlap in land use/land cover categories. 

Land use refers to how people are using the land (e.g., development, agriculture), land cover refers 

to natural vegetation (e.g., forest, desert). However, some land cover types can be used for other 

purposes while still retaining the main land cover type. For example, one of the main land cover 

types on many DOE sites is forest, but people could also “use” part of this land for recreation without 

destroying it or changing it. Similarly, at another DOE site, Idaho National Laboratory, one of the 

major land cover habitats is shrub/scrub, but more than half of it is used for grazing cattle [24, 45]. 

The cattle may serve to replace the large numbers of large grazing animals that once roamed the 

west. 

5.1 Individual Sites and Comparisons Among Sites 

Future land options and cleanup levels are inter-related. There may be risk to people and biota 

from remaining contamination [24]. While this is not a focus for this paper, we note in passing that 

human health assessments have been completed for these sites [60, 61] as well as for biota [62, 63]. 

These data provide a clear indication of current land use/land cover and vegetative cover. There are 

clearly differences based on location and mission, as well as available space. The two smallest sites 

(Lawrence Livermore and Knolls Atomic Laboratory) have the highest percentage of developed, 
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industrialized land. They also have mainly abandoned fields, grassland and shrubs, rather than the 

climax vegetation of forest. Both have future research and development missions. Remediation on 

these sites is largely removal of old contaminated buildings and facilities. Lawrence Livermore and 

Knolls Atomic Laboratory have little opportunity for protection of ecological resources, different 

future land uses, or critical ecological resources or species. However, the Knolls facility must protect 

the Mohawk River because it is located on its banks. 

In contrast, the two gaseous diffusion sites (Paducah and Portsmouth) have a lower percentage 

of developed land. The habitats on these two latter sites include agricultural land and forests, typical 

of the region generally. Because there is native habitat on these two sites, there is the potential for 

conservation and preservation of habitat. These habitats could also be used for recreational uses, 

as well as for land transfers to businesses and other industrialization. 

5.2 Land Use/Land Cover Past and Present at the Four Sites 

While the method is obviously not useful for a site or property that is entirely industrialized (e.g., 

all paved or impervious surfaces), it is applicable to smaller sites that have some green spaces that 

might be of interest to workers on the site, site neighbors, and other community members, as well 

as for a potential ecological value to surrounding ecosystems and community members. Like many 

industrial sites across the U.S and elsewhere in the world, these facilities are decades old and were 

developed when populations were sparser and green spaces were viewed for development 

potential. In the 1990s the DOE Future Land Use Report [24] laid out how sites thought the land 

should be used in the future well before the sites were characterized, and without the benefit of 

knowing how surrounding land would be developed or used in the future. Particularly problematic 

was the lack of information on contaminant sources and pathways of exposure. Even so, it is useful 

to compare the uses considered in the 1990s with present plans (Table 4). Each site described in 

that report had a map of the suggested future land uses. The initial report provided simplified maps 

showing the location of industrialized areas and open space areas, while the current NLCD maps 

provide detailed maps of land use, including levels of development and types of “open spaces” in 

terms of the dominant vegetation. The intent of this table is to show that even in the 1990s DOE 

and stakeholders envisioned a range of land uses. 

Table 4 Future land use/land cover as described in the 1996 Future Use Report (DOE 

1996). 

Site Land use/land cover as Describe in Future Use Report (DOE 1996) 

Knolls Atomic Laboratory Not included 

Lawrence Livermore 

National Laboratory 

One large NE block of industrial/commercial, with other areas of 

open space, ecology, open space buffer zones 

Paducah Gaseous 

Diffusion Plant 

Central industrial/commercial with surrounding recreational,  

storage/disposal, and open space 

Portsmouth Gaseous 

Diffusion Plant 

Large central section of industrial/commercial with surrounding 

areas of open space. 

Over time, with increased agency and stakeholder discussions, the actual land use/land cover 

and expected future use has been refined, and in many cases, they have recent land use plans. In 
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some cases, land use preferences have shifted. For example, the Knolls industrial facilities have 

remained the same as the surrounding area was already developed and residential. However, 

Lawrence Livermore has increased in size as there is no longer a border around the industrial site 

that has open space and ecological resources. 

Paducah and Portsmouth had similar missions and future land use plans. While Paducah has 

maintained open space, Portsmouth has not maintained an industrial central area, although it has 

open space on some sides. Both have maintained the same percentage of forest. Portsmouth, 

although, has a lower percentage of other wild habitats, has the same percentage of forest as 

Paducah, and forests occur in large patches. Large patches of forest are usually of high quality 

because there are many species that require forest, particularly neotropical migrants [64-66]. 

Fragmented forest often leads to an increase in invasive species [67]. These two sites illustrate the 

importance of not only looking at the percentage occurrence of a particular climax vegetation (e.g., 

forest) but also examining patch size and connectivity among patch sizes. 

5.3 Comparison of Land Use/Land Cover with Surrounding Regions 

A second objective was to compare current land use/land cover on the four sites with the current 

use in the surrounding regions (10-km and 30-km buffer bands). For all sites examined, there were 

significant differences between the use of land and land cover of the site compared to the two 

buffer areas (10-km and 30-km). In all cases, a higher percentage of the land was developed; all sites 

(except Lawrence Livermore) had agriculture on site, but in the case of Knolls Laboratory, the 

agricultural fields were mainly abandoned. The smaller sites (Knolls Laboratory, Lawrence Livermore) 

had a higher percentage of developed land than the larger sites (Paducah and Portsmouth). 

One key observation in comparing the three sites with forest is that only Paducah has a higher 

percentage of forest on its site than the surrounding buffers (both 10-km and 30-km). Some of the 

forests were in large patches, with obvious advantages for some species that require interior forest. 

This suggests that DOE and community agencies, as well as the public, should consider whether 

these should be further protected. 

5.4 Management: Ecological and Social 

It is sometimes customary to examine the ecological, social, and economic advantages to 

developing a useful metric (or bioindicator). Economics is not the focus of this paper; however, we 

suggest that the method developed in this paper is a rapid assessment that could indicate whether 

a full-scale ecological evaluation would be necessary. This first step could well save money in terms 

of future decision making. Agency personnel, regulators, and the public can have a clear, common 

concept of how much land on the site is ecological, and whether it includes climax vegetation. 

Further, understanding of the both land cover and land use on the site will aid in making science-

based decisions about management, remediation, restoration, and preservation/recreation. 

Inclusion of ecological data early in the decision-making process could save costly restoration costs 

later. 
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5.4.1 Ecological 

Having a quick method to determine the amounts and percentages of major wild or green spaces 

on an energy facility or industrial site is a first step in any evaluation of the risk or potential harm to 

ecological resources. Using the NLCD provides an overview of the percentage of different types of 

land use/land cover. Land cover is very useful because it distinguishes diverse types of wild areas, 

such as grassland, shrub-scrub, and forest, among others. Knowing the percentage of each 

ecological ecotype (e.g., forest, grassland) will allow ecologists to quickly determine whether the 

habitat contains the local climax vegetation. For example, the climax vegetation for the Knolls 

Laboratory is eastern deciduous forest; only 7% of the site is forest. Then the forest can be examined 

to see whether any forest patches are large enough to be significant, whether these patches connect 

to other preserved similar habitats offsite, and whether there are corridors to offsite ecological 

resources. 

Because the climax vegetation of a region usually protects the main threatened and endangered 

species, species assemblages (e.g., breeding frogs, neotropical migrants), and unique habitats (e.g., 

vernal ponds, Carolina bays), it is a good indicator of ecological health. Further, the intermix of 

habitats is often a key indicator for many species, and the intermix can be determined from the 

NLCD maps. Perhaps more importantly, the NLCD maps (and associated data) can be used to 

compare on-site with off-site resources, thereby, indicating whether the percentage of resources 

on site are regionally important. Even though a small site may have a small percentage of a given 

habitat or vegetation type, it can be significant regionally, and thus worthy for protection by the Site 

(in this case, DOE sites), aiding managers in making site decisions about future location of buildings 

or storage facilities. A visual inspection of maps can reveal whether the habitat is fragmented into 

small pieces. 

In the above sections we have discussed the importance of maintaining ecological lands [14, 16-

18]. This is often balanced against mission-related activities [45]. At some sites, wastes must be 

stabilized or stored on site [25, 37, 45]. Since one of the stated goals of DOE is to protect human 

health and the environment [37], DOE has an obligation to determine the best place to put waste 

disposal sites or engage in other remediation activities on site while still protecting valuable natural 

resources. We suggest an initial NLCD screening step is to determine whether the proposed site is 

on valuable ecological climax vegetation lands. By using the type of data presented in this paper 

DOE can determine whether the land cover of the proposed site is rare on-site. In other words, 

would destruction of the land cover (e.g., forest, grasslands) significantly decrease the amount of 

that habitat in the region? In general, the climax vegetation (the indicator examined in this paper) 

contains the valuable threatened and endangered species, and species of concern. This analysis can 

be completed with on-site data on land use/land cover. 

A second level analysis is to determine how valuable the cover type on a proposed deposition 

site for hazardous materials might be to the local region. For example, at Paducah 34% is forest, 

while in the surrounding 10-km and 30-km bands it is only 17% and 24% respectively (refer to Table 

2). One could argue that the forest on site is valuable, especially if the lands outside the site are 

vulnerable to further development (and therefore loss of climax forest). The maps generated by 

using the NLCD [26, 27] also provide visual information on connectivity of unique or important 

climax vegetation with the surrounding environment. For example, at Paducah the little remaining 

forest on-site is adjacent to off-site forest, increasing the ecological value of both (refer back to 
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Figure 5). The method we propose does not provide a solution, it provides the data for DOE, 

regulators and the public to decide how valuable a particular land cover type is. It can provide data 

to improve decision making. 

Finally, land use/land cover data can be used to examine land use changes over time in DOE sites 

and surrounding communities, both with respect to ecological resources (e.g., climax vegetation), 

but also for development. Changes in percentage of development not only relate to loss of habitat 

for ecological receptors but can lead to changes in contaminants in surface and groundwater that 

will affect both ecological and human health [68-70]. At some DOE sites, for example, forests in 

large watershed can be assessed using the NLCD not only for the amount of forest, but for possible 

contamination routes with respect to facilities. 

5.4.2 Societal 

The NLCD method used in this paper provides stakeholders with an easy, transparent, and 

accessible method of examining current land use/land cover. The database is available to everyone 

and can thus serve as a basis for discussions about future use of land. Further, it is updated every 4-

5 years, making it possible for agencies and the public to track changes over time. It is also 

quantitative and allows comparison with the surrounding region to determine if specific wild lands 

or green spaces on a site are important or critical for ecological reasons, and whether they are 

important for human health and well-being. 

Considerations of any exposure from nuclear or chemical contaminants from any of these four 

sites must include terrestrial and aquatic biota, on- and off-site employees in the area, residents, 

and users of any adjacent rivers or streams [11]. For example, the Knolls Laboratory intersects with 

more than 100 m of Mohawk riverbank, allowing direct runoff from the site. In contrast, Paducah 

lies between several tributaries that flow into the Ohio River, again illustrating potential exposure 

pathways into large river systems [71, 72]. There is a possibility of seepage between groundwater, 

contaminated aquifers, and tributaries of major rivers [71]. The NLCD can aid agencies, 

organizations and the public with a tool to determine the percentage area coverage of waterways 

and wetlands. Additional maps identify nearby rivers that the tributaries from a site feed. 

Direct exposure pathways of contaminants to humans or the environment are not the only 

societal effect of a site, whether contaminated or not. Disruptions or disturbances to intact 

ecosystems result in loss of biodiversity, and perhaps loss of goods and services such as walking, 

hiking, photography, collecting herbs or mushrooms, hunting, and fishing, among others [40]. 

Paducah has leased part of their wild, green spaces to the West Kentucky Wildlife Management 

Area on the edge of the Site, partly for conservation, ecological uses, wetlands, and watersheds [53]. 

Fishing and other recreational activities occur on this management area. 

There are other, less tangible advantages to the presence of green space, however small. That is, 

specific open, green, or wild spaces on a site may not have an overarching ecological importance, 

but they may serve a human health need for open space that has been shown to lower the rates of 

several diseases [5, 6], including direct benefits to mental health and cardiovascular health, and 

lower mortality [7, 8]. Even the land use/land cover change itself can increase the risk from heart 

disease [73]. 

Being able to relatively quickly and accurately compare the land use/land cover types on-site and 

off-site, or among different sites, allows managers and communities to value the different uses on 
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site relative to the region and to enhance wild green spaces and ecological resources if it becomes 

clear they may be important regionally. Information on land use (development, agriculture) and 

land cover (forest, grasslands, desert) is particularly useful for DOE managers, community leaders, 

and the public for making future decisions about how to use the land based on the current presence 

of development and more undeveloped, wild lands. Managers and others concerned with 

remediation and reducing risks to workers and the public, as well as ecological systems, can form a 

clear, spatial picture of the resources on site. For example, are there forests or grasslands on site 

that deserve protection because they are large and continuous, in a healthy condition, and/or 

adjacent to other lands in the community? Collaboration with stakeholders is critical [74]. The 

information provided by the method allows for future land use planning considering current 

conditions and can be melded with information about the sources and possible transport of 

contaminants. 

6. Conclusions 

The process of determining whether there are valuable ecological resources on site is often costly 

and time-consuming, yet this information is essential to on-going management decisions. Often 

such facilities, such as DOE or other federal facilities, are obligated by law or regulation to protect 

human health and the environment. Usually, ecological evaluations are time-consuming, expensive 

and require trained personnel because they involve assessment of species, populations, and 

ecosystem health, as well as rare and unique species or habitats. The method described in this paper 

provides a reliable, relatively quick method of determining the percentage of different land use and 

land cover types on energy facilities (or other industrialized sites) using data from the U.S. National 

Land Cover Database. This database is available for the entire U.S., is available to everyone, and is 

updated every 3-5 years.  

In the present study, land use/land cover of two sets of different-sized DOE sites were compared, 

indicating that the percent of development was higher for the smaller sites and illustrated the 

percentage of agriculture and wild areas on each site. Data and maps of each indicated differences 

in the placement of industrialized facilities on each site, and the location and connectedness of 

habitat patches. The land use/land cover types were also examined on a 10-km and 30-km buffer 

around each site. In all cases the data demonstrated significant differences between land use and 

land cover on the DOE sites with the surrounding 10-km and 30-km buffers. The presentation of 

both percentages and visual maps of the percentages of development, agriculture, and wild lands 

provides an information and communication tool that can be used by managers, regulators, and the 

public. 
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