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ABSTRACT
Urban expansion and development continue to increase globally, threa-
tening rural multifunctional landscapes that provide a diversity of direct 
and indirect ecological benefits. However, not all landscapes are equally 
impacted, thus making conservation planning more difficult. We used 8  
years of land use and land cover to understand this change in Greenville 
Co. SC, a region experiencing rapid expansion of development into rural 
landscapes. Regression models helped explain the relationships between 
development predictor variables and rural response variables. To explore 
where these changes were occurring, we determined which size cate-
gories of land parcels were the most developed and how this is changing 
over time. Developed open space was revealed to significantly impact 
rural character, pasture, and evergreen forest most frequently. It was also 
found to be most prevalent in the smallest parcels. Determining relation-
ships between development, rural character, and multifunctionality will 
aid in potential solutions for the conservation of multifunctional 
landscapes.
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Introduction

Land use and land cover change driven by increasing population density and land use intensity 
continues regionally and globally (Ellis et al., 2021). As a consequence, environmental amenities are 
being lost in many rural, multifunctional landscapes. For example, an increase in impervious surfaces 
creates non-point source pollution and more aggressive surface runoff in the absence of vegetation 
cover to control surficial processes (Tang et al., 2005). Similarly, the homogenization of landscapes 
results in loss of habitat for beneficial plants (Burton & Samuelson, 2008), wildlife (Hansen et al., 2005; 
Quinn et al., 2012), and functional taxonomic groups, such as pollinators (Vanbergen & the Insect 
Pollinators Initiative, 2013). Perhaps most pressing, it also leads to a loss of rural, working lands 
essential for the production of food, fiber, and fuel near population centers (van Vliet et al., 2017). 
The loss of these amenities to land use and specifically urban development (Brown & Quinn, 2018) 
parallels the conversations regarding loss of multifunctional landscapes and associated benefits.
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Multifunctional landscapes encompass complex and diverse systems that reflect human and 
natural drivers (Hölting et al., 2019; Quinn & Wood, 2017). Land uses include recreation, rural spaces, 
energy development, and production of food, fiber, and fuel. They provide a diverse range of 
benefits to communities within and beyond their boundaries, including the conservation of biodi-
versity and the supply of multiple ecosystem services (Hölting et al., 2019). Forestry, ranching, 
agriculture, and urban centers have all demonstrated similar capabilities to supply provisioning 
services and to protect biodiversity (Fuhlendorf et al., 2006; Löf et al., 2016; Quinn et al., 2014; Ziter  
2016). However, less is understood about the multifunctionality of populated and residential wood-
lands that are common at regional and global extents (Ellis et al., 2021). These landscapes have less of 
an emphasis on large-scale commodity production inherent to timber or corn production but can 
provide a range of values beyond housing if land is used and managed in a sustainable way.

Multifunctional landscapes and other heterogeneous spaces are threatened globally. In some 
cases, these landscapes are being simplified, which has occurred across the Midwestern United 
States through an increase in agricultural intensity (Quinn et al., 2017). In other cases, heterogeneity 
is lost when one land use is converted to another. For instance, this has transpired through the loss of 
forest land to farmland in multiple nations (Turubanova et al., 2018). A third example, and the focus 
of increasing concern, is the loss of multifunctional cultured landscapes to more homogeneous 
urban and suburban development (Brown & Quinn, 2018; Gibson & Quinn, 2017). Our work here 
explores this trend by determining which types of urban development most significantly impact 
different categories of multifunctional rural lands. Thus, this work addresses a significant gap in the 
literature where developmentin particular, urban development, is presented as a singular concept 
and threat to ecosystem sustainability in regional modeling efforts (e.g., Blaszczak et al., 2019; Brown 
& Quinn, 2018; Foley et al., 2005; Ureta et al., 2020)

Beyond measures of change, it is valuable to understand what policy mechanisms may or may not 
have an impact on ecosystem services (e.g., Conway & Lathrop, 2005). These mechanisms include 
zoning, urban growth boundaries, and minimum lot sizes. Past work has demonstrated that zoning 
in the region has had little effect on the flow of ecosystem services (Brown & Quinn, 2018). In 
contrast, urban growth boundaries have been successful in specific cases (e.g., Robertson, 2014). 
Minimum lot sizes have been studied for economic benefits (e.g., Zabel & Dalton, 2011), but little or 
no research has been done on environmental parameters.

The objectives of our analysis were to determine (1) which aspects of rural, multifunctional lands 
were most vulnerable to land use development, (2) which development types are associated with 
the greatest decline in these multifunctional land use types, and (3) if land-use policy had the 
capability to be utilized as a potential solution to this trend.

Methods

Study site

We studied changing land use and land cover (LULC) in Greenville county in northern South Carolina, USA 
(Figure 1). The size of this county is 2035.5 square kilometers (US Census Bureau, 2021), and it is located 
primarily in the Piedmont ecoregion, with a small portion of the northernmost parts in the Blue Ridge 
ecoregion. The county is a heterogeneous mix of forests, farmland, and urban development that has seen 
a rapid increase in development in the last decade (Brown & Quinn, 2018). The areas of development are 
primarily located in the middle of the county along the I-85 corridor, but are spreading north and south 
from the corridor. The city of Greenville is the largest settlement within the county, and it is centered 
within the majority of Greenville county’s urban development. The human population in the county grew 
from 451,225 in 2010 to 525,534 in 2020, constituting a 16.5% increase, with many projections suggesting 
that this rate will continue or even increase until 2060. Furthermore, the city of Greenville’s population 
grew by a greater rate of 21%, from 58,409 in 2010 to 70,720 in 2020 (US Census Bureau, 2021).
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Data collection

We obtained LULC raster layers from CropScape (USDA National Agricultural Statistics Service 
Cropland Data Layer, 2020), which is a geospatial data service provided by the USDA that provides 
crop-specific LULC data from satellite imagery for the continental United States. We used the data 
given for Greenville County, South Carolina, for the years 2008 to 2018. For our analysis, we chose to 
focus on the following attributes: developed high intensity, developed medium intensity, developed 
low intensity, developed open space, evergreen forest, cultivated cropland, and grass pasture/hay. 
These development types are defined by the Multi-Resolution Land Characteristics (MRLC) 
Consortium in the USGS National Land Cover Database (Wickham et al., 2014) as areas with 
increasing amounts of constructed infrastructure and impervious surfaces, where developed open 

Figure 1. Study area of Greenville County, SC, 2018. Land use and land cover data from CropScape, which is provided by the 
USDA National Agricultural Statistics Service.
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space is mostly lawn grasses with some constructed materials, developed low and medium intensity 
are the intermediary categories, and developed high intensity is almost entirely impervious surfaces. 
Since South Carolina does not contain much land specifically dedicated to cropland, we reclassified 
all cropland types into one category that was labeled cultivated cropland. Evergreen forest was 
distinguished from other forest types because it is considered an agricultural commodity in South 
Carolina. We also calculated a unique constructed indicator of total rural character defined as all 
variables that constitute the rural aesthetic of the county: here a combination of the evergreen 
forest, cultivated cropland, grass pasture/hay, and fallow idle cropland.

We also obtained vector layers for Hydrologic Unit Code 12 (HUC12) watersheds (USGS Water 
Resources of the United States, 2020), zoning (Greenville County Geographic Information Systems,  
2020a), and tax parcel boundaries (Greenville County Geographic Information Systems, 2020b). As 
our unit of analysis, we quantified the proportion of each LULC for individual watersheds and what 
proportion of each watershed was zoned. To elucidate the impact of any political zoning on LULC 
changes, we did not distinguish between the different zoning types and instead only identified the 
proportion of watersheds that were zoned versus unzoned. We summarized the proportion of the 
LULCs in each tax parcel within Greenville County for the years 2010, 2013, 2016, and 2018 to better 
understand if there were patterns of development associated with lot or parcel size. Parcel sizes were 
discretized into four categories: zero to two acre parcels, two to five acre parcels, five to ten acre 
parcels, and ten or more acre parcels.

As evidence of the change in benefits from natural and managed ecosystems in the county, we 
calculated the change in four ecosystem services. Building on our past work (Brown & Quinn, 2018) 
we derived nutrient movement (nitrogen and phosphorus), sediment export, and carbon storage 
with InVEST (Integrated Valuation of Ecosystem Services and Tradeoffs) software, version 3.9.0. The 
description, inputs, and outputs of each InVEST model used can be found in Table 1 of Brown and 
Quinn (2018) and the included appendix 1. We compared carbon storage and exports of nitrogen, 

Table 1. Results from beta mixed-effect regression models.

Model Results

Predictor Estimates Std.Error z.value p.value
Total Rural Character
(Intercept) −0.670 0.35 −1.94 0.053
Developed High Intensity −9.225 8.06 −1.14 0.252
Developed Medium Intensity −6.121 2.94 −2.08 0.037*
Developed Low Intensity −6.946 1.84 −3.78 <0.001 ***
Developed Open Space −5.491 0.49 −11.18 <0.001 ***
Zoned 1.869 0.57 3.30 <0.001 ***
Grass Pasture/Hay
(Intercept) −1.324 0.38 −3.51 <0.001
Developed High Intensity −8.465 11.48 −0.74 0.461
Developed Medium Intensity −7.061 4.25 −1.66 0.097
Developed Low Intensity −4.762 2.60 −1.83 0.067
Developed Open Space −5.180 0.71 −7.35 <0.001 ***
Zoned 1.849 0.63 2.92 0.004 **
Evergreen Forest
(Intercept) −2.426 0.17 −14.50 <0.001
Developed High Intensity 4.759 10.11 0.42 0.638
Developed Medium Intensity −7.027 3.90 −1.80 0.072
Developed Low Intensity −1.079 1.97 −0.55 0.583
Developed Open Space −1.447 0.68 −2.13 0.033*
Zoned 0.067 0.30 0.22 0.825
Cultivated Cropland
(Intercept) −6.063 0.24 −25.16 <0.001
Developed High Intensity 0.350 24.16 0.01 0.9884
Developed Medium Intensity −3.241 12.07 −0.27 0.7883
Developed Low Intensity −5.775 4.44 −1.30 0.1933
Developed Open Space 4.233 2.35 1.81 0.0711
Zoned 0.003 0.47 0.01 0.995
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phosphorus, and sediment in 2011 and 2016 in Greenville County. This was done for HUC12 water-
sheds, including watersheds that extend beyond the county boundary, but was not done for 
Greenville’s tax parcels as we were less interested in the scale of change in ecosystem services 
spatially, but rather the relative rate of change overtime.

Data analysis

To analyze rates and drivers of land use change, we utilized beta mixed-effect regression models 
with a random intercept for HUC12 watershed. We selected this model for two reasons. First, the 
response variable of our analyses are rates between 0 and 1. Second, repeated measurements over 
time were made for each watershed. We tested if and how well the proportion per watershed of 
developed open space, developed low intensity, developed medium intensity, developed high 
intensity, and zoning predicted our selected response variables, which were evergreen forest, 
cultivated cropland, grass pasture/hay, and total rural character. These models were run using the 
glmmTMB (Brooks et al., 2017) package in R (R Core Team, 2021). We also fit a linear model to these 
data to discern whether parcel size or year were causing significant changes in the proportion of 
developed open space per parcel. For this model, we utilized the linear model function in R with 
parcel size and year as our predictor variables and developed open space as our response. We 
defined significance in all models by a p-value of less than 5% significance level.

Results

In 2010, there were 270,330 acres of rural land (inclusive of evergreen forest, cultivated cropland, 
grass pasture/hay, and fallow idle cropland) in Greenville Co, SC. This included 4,878 acres of 
cropland and 66,506 acres of timber. By 2018, the total acreage decreased by 25% to only 203,758 
acres of rural land, with 3,637 acres of cropland and 55,760 acres of timber. Conversely, there was 
a 41% increase in developed open space during this time, from 74,882 acres in 2010 to 105,812 in 
2018, and a 32% increase across development categories, from 141,064 acres in 2010 to 186,041 in 
2018.

From our beta regression models, developed open space had a significant negative impact on the 
extent of grass pasture/hay (Estimate ¼ � 5:180, p< 0:05, Table 1), evergreen forest (Estimate 
¼ � 1:447, p< 0:05, Table 1), and total rural character (Estimate ¼ � 5:491, p< 0:05, Table 1). 
Developed medium intensity (Estimate ¼ � 6:121, p< 0:05, Table 1) and developed low intensity 
(Estimate ¼ � 6:946, p< 0:05, Table 1) had an even larger and significant negative effect on the 
extent of the total rural area. However, these development categories did not show an effect on 
individual land use types. Cultivated cropland was not significantly impacted by any of the five 
predictor variables in our model. Cropland was positively associated with developed open space, 
though uncertainty persists (Estimate ¼ 4:233, p< 0:10, Table 1). However, it should be noted that 
cropland only comprised 1.317% of all rural land in both 2008 and 2019. Zoning practices could have 
moderated the negative impacts of rural change. Zoned watersheds showed a positive association 
with pasture (Estimate ¼ 1:849, p< 0:05, Table 1) and total rural character (Estimate ¼ 1:869, 
p< 0:05, Table 1). From our linear regression model, size was important in explaining the expansion 
of developed open space with parcel sizes of 0.0–2.0, 2.0–5.0, and 5.0–10.0 acres (p< 0:05, Table 2, 
Figure 2) as evidenced by the total sum of all open space development being highest within the 0.0– 
2.0 acre category and increased from 2010 to 2018. However, year was also significant (p< 0:05, 
Table 2, Figure 2), as the amount of developed open space substantially increased from 2010 to 2018.

Parallel to the land use change, there was a clear loss of multiple ecosystem services. In the 
county, phosphorus exports increased from 2011 to 2016 in most watersheds, sediment exports 
decreased in most watersheds, and nitrogen exports were unaffected by landscape changes 
(Figure 3). Watersheds that had high carbon storage in 2011 had lower carbon storage in 2016, 
and watersheds with moderate carbon storage in 2011 saw a slight increase for 2016.
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Discussion

With this project, we present an innovative approach to analyze drivers of the change in a rural 
landscape. We show that over the past decade, the loss of rural character, pasture, and evergreen 
forests was primarily associated with development. Specifically, the loss of these multifunctional 
landscapes was associated most consistently with open space development, which is classified as 
turf grasses with some built infrastructure like buildings or pavement (Dewitz & U.S. Geological 
Survey, 2021). Low and medium intensity development were only associated with the loss of 
total rural character, suggesting that open space development is the most impactful develop-
ment type within this county. High-intensity development was not significantly associated with 
any of the response variables. This implies that rural land is not directly being converted into 

Table 2. Results from multiple linear regression model.

Characteristic Beta 95% CI p-value

Size
>10.0
0.0–2.0 0.26 0.26, 0.27 <0.001
2.0–5.0 0.10 0.10, 0.11 <0.001
5.0–10.0 0.05 0.04, 0.05 <0.001
Year
2010
2013 0.04 0.04, 0.04 <0.001
2016 0.08 0.07, 0.08 <0.001
2018 0.08 0.07, 0.08 <0.001

Figure 2. Distribution of developed open space by parcel size across Greenville Co. SC.
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highly developed areas with dense apartment complexes or other spaces where people reside or 
work in large capacities. Cultivated cropland, what is commonly thought of when farmland is 
studied, was not significantly impacted by development, likely because it is such a small portion 
of the county’s rural landscape. More broadly, these data clearly suggest that oversimplification 
of development as a singular driver of change as used in past research (e.g., Blaszczak et al.,  
2019; Brown & Quinn, 2018; Ureta et al., 2020) may misrepresent drivers of the loss of multi-
functional landscapes.

While there are few cases of formal evaluations in the literature of the policy decisions on land use 
change and ecosystem services (as compared to other social or economic factors, e.g., Zabel & 
Dalton, 2011), there is an emerging literature suggesting the policy impacts on both land use and 
ecosystem services are evident but heterogeneous and perhaps location specific (Debbage & 
Shepherd, 2018; Hamel et al., 2021). The results here from our beta regression models show that 
zoning did have a positive association with grassland cover and total rural character, suggesting that 
it could potentially moderate the loss of these lands. But this was not the case with other specific 
land use types. This is an interesting contrast to past work where we saw zoning did not moderate 
any ecosystem services (Brown & Quinn, 2018). Future work could build on this analysis by determin-
ing the relationship between types of zoning and LULC changes in the county. These results would 

Figure 3. Shifts in mean ecosystem service delivery from 2011 to 2016 by watershed. Mean values for (a) nitrogen export, (b) 
phosphorus export, (c) sediment export, and (d) carbon storage for each watershed in Greenville County graphed for 2011 and 
2016 in comparison to a y = x linear relationship. This line represents no change between 2011 and 2016 values, while watersheds 
depicted above or below the line have seen an increase or decrease, respectively, in the ecosystem service over the five years.
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be useful in decision-making for future zoning policies aimed towards the conservation of multi-
functional land.

There was not a clear minimum lot size that could be established based on our analysis of 
developed open space within Greenville’s tax parcels. As seen in Figure 3, there were clear 
differences in the amount of open space development between the different size categories of 
the parcels, where the 0 to 2 acre parcels contained the most and the 5 to 10 acre parcels 
contained the least. However, the parcels that were 10 acres or greater contained the second 
greatest amount of open space development. Time was also a significant driver in the change of 
open space development. This is true for both the total amount of open space development 
(Figure 2), as well as the proportion of open space development per parcel (Table 2). It is of note, 
though, that the total area substantially increased from 2010 to 2016 but increased at a much 
slower rate from 2016 to 2018, and it even decreased from 2016 to 2018 in the parcels that were 
10 acres or greater.

The InVEST models provide further evidence that aligns with past work (Brown & Quinn, 2018; 
Gibson & Quinn, 2017; Ureta et al., 2020) that the replacement of rural character with developed 
open space decreases ecosystem services in the landscape. The loss of these land uses results in 
a loss of multiple ecological benefits. For example, pasture reduces runoff, sequesters carbon, and 
provides wildlife habitat. These manicured lands of open space development require large inputs of 
synthetic fertilizers, increasing phosphorus exports into local waterways. In contrast, timberland and 
other forests provide diverse value to the local economy. Indeed, the direct economic impact of 
forestry in South Carolina is estimated at $21 billion annually as of 2018 (Adams et al., 2019). 
Additionally, the tourism industry is in part driven by views of forests from our public lands and 
quiet spaces on private lands. At the same time, timberland provides a diversity of indirect values 
including stormwater retention, habitat for wildlife and pollinators, carbon storage, and erosion 
prevention.

It would be valuable for future work to look more specifically at the interactions between land use 
types and ecosystem services. In the export models, we did see increased phosphorus export. But is 
this driven by urbanization and not other land use types? It is clear that land use change affects and is 
affected by ecosystem processes beyond political boundaries (Bolund & Hunhammar, 1999; Jiang 
et al., 2008; McDonald et al., 2016).

There are a few limitations that should be considered for this study. Our beta regression models 
revealed significant relationships between our predictor and response variables over time, which 
provided insight to positive and negative associations between variables. However, we did not track 
the change of LULC in each ownership parcel of land over time to determine exactly how these land 
cover types are changing.

We also did not consider factors other than the four development types for changes in our 
agricultural variables. As we only considered the watersheds within the boundary of Greenville 
county, it would also be beneficial to continue this work in other areas with similar rapid develop-
ment and to develop models that could make predictions for future changes.

Conclusion

This study examined the relationship between development and multifunctional landscapes. We 
analyzed LULC changes in Greenville County, South Carolina from 2010 to 2018 to determine which 
aspects of multifunctional landscapes were vulnerable to development and which urban and 
suburban development types were driving this change. Open space development, which has little 
ecological function, was found to be most strongly associated with the loss of each multifunctional 
landscape, and we determined that cultivated cropland did not appear to be at risk of development 
in this county. We found that zoning could potentially be used to mitigate some of this land 
conversion, which is contrary to previous findings for Greenville County. Further analysis is needed 
to determine which types of zoning would be most effective here. Lastly, a minimum lot size could 
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not be established based on our analysis of open space development within the tax parcels of 
Greenville County. Application of the estimates presented here to regional planning efforts could 
improve how future development should be moderated to allow for growth with the least amount of 
impact on the landscape.
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Appendix 1. Data sources for modeling ecosystem services

Nutrient Delivery Ratio model
1. Digital elevation model

Source: https://gdg.sc.egov.usda.gov/GDGHome.aspx
Resolution: 30 m
Notes:
Data from USGS via SCDNR database
Projection changed toNAD 1983 UTM 17N
Filled
Clipped to watersheds that are at least partially in Greenville and Spartanburg counties

2. Nutrient runoff proxy – using annual precipitation
Source: https://gdg.sc.egov.usda.gov/GDGHome.aspx
Notes:
Projection is NAD 1983 UTM 17N
Units were originally inches, changed to mm
Clipped to watersheds that are at least partially in Greenville and Spartanburg
Average annual precipitation 1981–2010

3. Watersheds
Source:  https://gdg.sc.egov.usda.gov/GDGHome.aspx              
Notes:
Twelve digit watersheds
Added ws_id field
Projection is NAD 1983 UTM 17N
Selected watersheds at least partially Greenville and Spartanburg counties to create new shapefile of water-
sheds contributing to those counties. Used this shapefile to clip other layers.

Sediment Delivery Model
1. DEM

Source: https://gdg.sc.egov.usda.gov/GDGHome.aspx
Resolution: 30 m
Notes:
Data from USGS via SCDNR database
Projection changed to NAD 1983 UTM 17N
Filled
Clippedto watersheds that are at least partially in Greenville and Spartanburgcounties

2. Rainfall erosivity index (R)
Source: Digitized from USDA map
Notes:
Projection is NAD 1983 UTM 17 M
Digitized from USGS map
Clipped to watersheds at least partially in Greenville and Spartanburg Counties
Multiplied by 17.02 to get correct units.

3. Soil erodibility (K)
Source: https://gdg.sc.egov.usda.gov/GDGHome.aspx
Notes:
Changed to UTM17N
Clipped to watersheds
Integer raster to float
Divided values by 100 to reverse changes made by ESRI
Multiplied by 0.127 to get to correct units.

4. Watersheds
Source: https://gdg.sc.egov.usda.gov/GDGOrder.aspx
Notes:
Twelve digit watersheds
Added ws_id field
Projection is NAD 1983 UTM 17N
Selected watersheds at least partially Greenville and Spartanburg counties to create new shapefile of watersheds 
contributing to those counties. Used this shapefile to clip other layers.

5. Biophysical Table
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Carbon Model
1. Carbon pools

Source:
Andersen, C.B., Donovan, R.K., Quinn, J.E. 2015. Human Appropriation of Net Primary Production (HANPP) in an 
agriculturally-dominated watershed, southeastern U.S.A.. Land. 4(2), 513–540; doi:10.3390/land4020513
Gibson, D.M., Quinn, J.E. 2017 Application of anthromes to frame scenario planning for landscape-scale conservation 
decision making. Land. 6(2): 33

LULC_desc lucode load_n eff_n load_p eff_p crit_len_p crit_len_n usle_c usle_p

Open Water 11 0 0 0 0 150 150 0 1
Developed Open 21 6.5 0.2 1 0.4 150 150 0.04 0.001

Developed Low Intensity 22 7.5 0.2 1.2 0.3 150 150 0.03 0.001
Developed Medium Intensity 23 9 0.2 1.5 0.2 150 150 0.02 0.001

Developed High Intesnity 24 13 0.1 3 0 150 150 0 0.001
Barren 31 3.4 0.1 0.1 0.6 150 150 1 1
Deciduous Froest 41 2 0.6 0.025 0.6 150 150 0.009 1

Evergreen Forest 42 1.75 0.7 0.75 0.6 150 150 0.004 1
Mixed Forest 43 1.54 0.8 0.275 0.6 150 150 0.007 1

Shrub 52 1.5 0.8 0.5 0.5 150 150 0.004 1
Grassland 71 3.1 0.9 0.4 0.5 150 150 0.004 1

Pasture 81 3.1 0.8 0.1 0.5 150 150 0.05 1
Cultivated Crops 82 10 0.3 0.99 0.4 150 150 0.24 0.5
Woody Wetlands 90 9.73 0.8 0.14 0.8 150 150 0.003 1

Herbaceous Wetlands 95 9.73 0.8 0.14 0.8 150 150 0.004 1

Notes: Only used LU codes present in Upstate.
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