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Figure 1. Map of the Kentucky Bluegrass Region.

2.2. USDA Crop Data Layer

The USDA Cropland Data Layer (CDL) is a high-resolution geo-referenced product that provides
multi-year land use and land cover maps at 30 m spatial resolution across the contiguous U.S., with
an emphasis on crop-specific distribution [20,34]. The CDL utilizes a number of satellite imageries,
including Advanced Wide Field Sensor (AWiFS), Landsat TM/ETM, the Indian Remote Sensing
RESOURCESAT-1 (IRS-P6), MODIS, etc. [35]. The CDL program integrates ground survey data with
satellite imagery and is more of an “Adjusted Census by Satellite” [36]. The earliest available CDL data
were for North Dakota in 1997, and nationwide data has been available since 2008. For Kentucky, the
yearly CDL maps are available for the period of 2008-2018, and the overall classification accuracy ranges
from 70.3% to 87.1% (https://www.nass.usda.gov/Research_and_Science/Cropland/metadata/meta.php).
The CDL data has been widely used to detect field-scale changes over time in land use and land cover
for environmental assessments and policy making [23,37—41]. The term “grasslands” describes an
ecological region that is highly diverse but difficult to define [42]. It spans a wide variety of grassland
types from native/natural grasslands to managed grasslands for forage production to feed livestock.
In our fragmentation analysis, we combined all the grass-dominated classes in the Kentucky CDL,
including grassland/pasture, other hay/non-alfalfa, sod/grass seed, and fallow/idle cropland, to create
a broadly defined grass-dominated class [43].

2.3. Grassland Fragmentation Analysis

To examine the spatial patterns in grassland shrinkage and its change over time, we applied a
fragmentation model [44,45] based on a moving window algorithm to quantify spatial patterns of
grassland fragmentation. This approach has been widely used to examine forest and other natural
vegetation and habitat fragmentation analyses using satellite images [46-49]. We firstly generated a
binary map of (grassland/no-grassland) and defined two indicators for calculating the fragmentation,
grassland area density (Pr) and overall grassland connectivity (Pfs). Py and Pys were calculated
based on a moving window of 5 X 5 pixels (approximately 2.25 ha) overlaid over the CDL images. P
represents the proportion of grassland pixels in the moving window and is calculated by dividing
grassland pixels by the total number of land pixels in the window. Py is overall grassland connectivity,
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calculated by dividing the number of adjacent pixel pairs where both pixels are grassland in cardinal
directions (A) by the number of adjacent pairs that either one or both pixels are grassland in cardinal
directions (B). For example, in Figure 2e, A and B are 8 and 1, respectively; therefore, P fr=0.125~0.13
(rounding to two decimal places). The calculated Py and Ps; were assigned to the central pixel of
the moving window. Then the grassland fragmentation for the central pixel was classified into six
categories depending on the number of grassland pixels and connectivity between grassland pixels:
(interior, Py>09; patch, Py <04; transitional, 0.4 < Py <0.6; edge, 0.9 > Py >0.6 and Pr—Psr<0;
perforated, 0.6 < P <09 and Py—Psr > 0; and exterior, all no-data pixels that are outside of the
landscape of interest). The calculations are illustrated in Figure 2.
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Figure 2. Illustration for the calculations of Py and Py for various fragmentation categories in a
moving window of 5 x 5 pixels. Grassland: grey pixels; no-grassland: white pixels; dashed line:
the classification bounds for the various categories of grasslands (adapted from Riitter et al., 2000 [45]
and Frate et al., 2015 [49]).

In addition to the moving window analysis, we also identified a set of landscape metrics that
capture the complexity of land fragmentation [Table 1]. These landscape metrics have been widely
applied to quantify land use/cover change and landscape fragmentation [16,21,48,50]. A total of six
landscape metrics were calculated to characterize the grassland fragmentation: (1) the number of
patches (PN), (2) patch density (PD), (3) percentage of landscape (PLAND), (4) edge density (ED),
(5) patch area mean (Area_MN), and (6) the effective mesh size (MESH). The number of patches (PN)
measures the degree of fragmentation of a vegetation type. The metrics of PD is a measure to show
the health of a vegetation habitat or an ecosystem. If the PN increases while the areas of the targeted
vegetation type decrease, it means fragmentation or dissection occurs [51]. The effective mesh size is
measured based on the probability that two pixels chosen randomly in a landscape will be connected,
i.e., in the same non-fragmented area of land. The more barriers in the landscape, the lower the
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probability that the two points could be connected, i.e., the lower the effective mesh size, the higher the
fragmentation level.

Table 1. Explanation of landscape metrics used in this study.

Landscape Index Abbreviation Definition Explanation

Ng : number of grassland patches; A : total

Patch density PD Ng/A landscape area (m?)

Edge density ED % Pi : total length (m) of edge in grassland

Percentage of Al Ai : area (m?) of grassland patch i ; At :
landscape PLAND 100=7 total landscape area (m?)
Number of patches NP n Number of grassland patches
n
Patch area mean AREA_MN AREApMN = Y, Aj/n Mean Grassland Patch Area
i=1
Effective mesh size EFMS EEMS = 27+<:“)2

The spatial pattern analysis software FRAGSTATS 4.2 [52] and a Python toolbox for zonal landscape
structure analysis [53] on the ArcGIS platform were used in this study to calculate the landscape
metrics and conduct fragmentation analysis. The extension of the patch analyst facilitates the spatial
analysis of landscape patches and the modeling of attributes associated with patches [21]. The Zonal
Metrics toolbox allows the calculation of landscape metrics for user-defined zones.

3. Results

3.1. Recent Changes in Grassland Across the Bluegrass Region

The current land use distribution in the Bluegrass Region is shown in Figure 3a. Grasslands are
concentrated in the Inner Bluegrass Region, the south and east of the Outer Bluegrass Region, with
some distributed in the west of the study area. Forests are mainly distributed in the north and west of
the study area, while the built-up areas are mainly concentrated in the center of the Inner Bluegrass
Region, the northernmost and the far west of the study area, the metro areas within Kentucky of
Lexington, Cincinnati, and Louisville. Our results suggest that grasslands significantly decreased
across the Kentucky Bluegrass Region (Figure 3b) from 2008-2018. In total, the grassland area has
decreased by 14.4% since 2008. Land conversions from grassland have been widespread, with major
shrinkage occurring in the west and northeast of the Outer Bluegrass Region and relatively minor
grassland conversion in the Inner Bluegrass Region (80% vs. 20%) (Figure 3b). Land conversions to
grassland were scattered in the southeast and northwest of the Outer Bluegrass Region and south of
the Inner Bluegrass Region. Further analysis shows that recent land use change across the Bluegrass
Region was characterized by grassland decline, cropland expansion, forest increases, and suburban
sprawl. Croplands, forests, urban, shrublands contributed to the net decrease in grasslands by 46%,
43.9%, 4.5%, and 4.3%, respectively (Figure 3c).

The land use transition matrix showed that, during the study period, approximately 86,210 ha,
79,510 ha, 9,890 ha, and 7,110 ha of grassland were converted into croplands, forests, developed areas,
and shrublands, respectively (Table 2). Only a small part of the decrease in grassland was offset
by land conversion from other land use types into grasslands. Croplands, forests, and developed
areas accounted for 58%, 30%, and 10% of the increase in grasslands, respectively, with others from
shrublands, water bodies, and barren land. It should be noted that lawns converted from developed
areas were identified as grassland in the CDL data; typically, this is managed grass space, and it makes
a small contribution to the mitigation of grassland fragmentation in the study area.
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Figure 3. Spatial patterns in land use (a) and grassland conversions (b) and contributions of different
land use types to the grassland shrinkage across the Bluegrass Region (c) (the CDL map was reclassified
into major land use types).

Table 2. Land conversion matrix for the Bluegrass Region from 2008 to 2018 (unit: 1000 ha).

2018
2008 Cropland Grassland Forests Developed Shrubland Wetland Water Barren
Cropland 41.82 20.1 1.52 0.48 0.05 0 0.05 0.08
Grassland 86.21 859.24 79.51 9.89 7.11 0.03 1.48 0.99
Forests 2.02 10.21 814.17 2.07 1.38 0.57 1.1 0.24
Developed 1.58 3.36 0.94 236.81 0.01 0.02 0.11 0.51
Shrubland 0.01 0.29 1.62 0 4.71 0 0.02 0
Wetland 0 0 0.31 0 0 0.18 0.02 0
Water 0.02 0.47 1.05 0.06 0.1 0.05 27.13 0.26
Barren 0.01 0.11 0.03 0.12 0 0 0.02 0.19

3.2. Analysis of Grassland Fragmentation

Our results suggest that the total grassland patch area increased slightly during the period of
2008-2018 and accounted for 7.6% when using a 5 X 5 window for fragmentation mapping (Figure 4).
The increase in the total patch area means that more grassland habitats were transformed into a
number of isolated patches. Areas for all other categories shrank during the study period. The interior
grassland category, which represents the most expansive ecosystem in the study area, saw a 5%
(approximately 0.5 M ha) decrease over the past 11 years. Perforated grassland decreased by 9%
(approximately 0.8 M ha) (Figure 4). This process is usually regarded as the first stage of vegetation
fragmentation and involves land conversion from grassland to other land use types. The increased
patch area and decreased interior and perforated grasslands show that the Bluegrass Region has seen a



