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Abstract: Processes of land degradation and regeneration display fine scale heterogeneity often
intimately linked with land use. Yet, examinations of the relationships between land use and land
degradation often lack the resolution necessary to understand how local institutions differentially
modulate feedback between individual farmers and the spatially heterogeneous effects of land use
on soils. In this paper, we examine an historical example of a transition from agriculture to forest
dominated land use (c. 1933-1941) in a highly degraded landscape on the Piedmont of South Carolina.
Our landscape-scale approach examines land use and tenure at the level that individuals enact
management decisions. We used logistic regression techniques to examine associations between
land use, land tenure, topography, and market cost-distance. Our findings suggest that farmer
responses to changing market and policy conditions were influenced by topographic characteristics
associated with productivity and long-term viability of agricultural land use. Further, although
local environmental feedbacks help to explain spatial patterning of land use, property regime and
land tenure arrangements also significantly constrained the ability of farmers to adapt to changing
socioeconomic and environmental conditions.

Keywords: historical ecology; land use change; land degradation; landscape; logistic regression;
land tenure; spatial analysis; reforestation; socioecological dynamics

1. Introduction

The relationship between agricultural land use and land degradation is a long-standing concern,
but one with increasing global salience in recognition of the scale and intensity of human landscape
modification [1-6]. Here we define land degradation as the human-induced reduction in the rate
and quality of land-based ecosystem services. Land use transitions often lead to the degradation
or, in some cases, regeneration of ecosystem services depending on the direction and degree of
land use change. The degradation of soils and related hydrological services are key components in
the justification of land use policy initiatives that seek to reverse degradation, often by promoting
reforestation [7-12]. Studies that aim to explain socioecological factors and constraints of land use
transitions involving forests have predominantly focused on surficial observations of forested area at
national to regional-levels [7,13]. At this scale of inquiry, observations yield generalizations about the
behavior of abstract “agents” or “communities,” often through an analysis of change in forest cover as
a proxy for both land use transition and changes in the quantity and quality of ecosystem services.

However, legacy effects of land use induced degradation are spatially heterogeneous, varying
by land cover type [14-16] and topography [17]. Given the spatiotemporal complexity of land
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degradation, there is a need for improved analytical resolution in analyses of land use change [18].
Efforts to understand the land use behaviors responsible for degradation may have to account
for fine-scale heterogeneity through analyses at the level of individual land use strategies and
practices, e.g., household and parcel-level, respectively [19-21]. Land degradation and regeneration are
fundamentally emergent properties of local interactions between individuals engaged (or disengaged)
in land use activities and the biophysical components of the landscape. At this level, local institutions,
such as land tenure and property regimes, structure the behavioral responses of individuals to both
external and internal factors [22]. For example, fluctuations in market prices for crops may promote
land use change, but knowing that market price influences land use decisions does not indicate which
fields an individual farmer will continue to use, nor how or why farmers will differ in the amount
of land they use. Consequently, there is a need to increase understanding of how local institutions
and geographically determined market-costs modulate the feedback between spatially heterogeneous
effects of soil degradation and erosion and individual farmers by controlling resource availability and
net costs of production.

Land tenure and property institutions consist of a bundle of rights related to the ability to use,
control, and transfer land and natural resources [23]. These institutions may draw on socioeconomic
traditions with regional to national applicability, but in practice their manifestation at the local level
is spatially and historically contingent on local land use behaviors. In this respect, land tenure is an
endogenous institution that influences variation in land use and degradation by structuring land use
constraints and opportunities of individual farmers. For example, land degradation is frequently
associated with “insecure” types of land tenure, such as annually renewed sharecropping contracts
that constrain land use choices and alter risk preference of land users [24,25]. Users with insecure
tenure may be more likely to pursue short-term gains that degrade land rather than invest in land
with long-term gains, due to the risk of losing access to land [24,26]. In Bolivia, for example, insecure
title is associated with higher conversion rates of closed-canopy forest, foregoing long-term benefits
for short-term gains [22]. On the other hand, investments in permanent crop cultivation and pasture
improvements are associated with “secure” land tenure, such as legal land ownership [27]. If the
goal is to craft policies that can simultaneously improve human wellbeing and conserve or regenerate
ecosystems services, there is a need for comparative, place-based studies to understand how local
institutions mediate factors influencing land use change [18,28].

In this paper, we investigate landscape-level relationships between land use change, local
socioeconomic conditions that structure use of land (land tenure type, market cost distance),
and topographic attributes of the land. To empirically analyze these relationships, we examined
a highly degraded landscape (Figure 1) in the South Carolina Piedmont during 1933-1941, a period
characterized by land use transitions from intensive plantation agriculture to a forest-dominated
private-public patchwork mosaic. The objectives of our research were to (1) quantify the relationships
between topography, market distance, and land use change at the parcel-level (e.g., individual
land management units); and (2) quantitatively assess the effects of land tenure arrangements and
property regime-circumscription of natural resources on household-level land use strategies. We use
multinomial logistic and binomial logistic regression modeling approaches to establish relationships
between presence and absence of particular land uses in relation to independent landscape conditions.
We hypothesize that (H1) farmers’ spatial allocation of land use reflect efforts to optimize production
given constraints imposed by topography (a proxy for degradation potential) and topographically
weighted distance between fields and markets (a proxy for market-oriented production costs) and (H2)
farmers differentially respond to these constraints through placement and abandonment of agricultural
fields according to their individual property and land tenure arrangements.
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Figure 1. Landscape degradation near Calhoun CZO, c. 1955. US Forest Service Photo Archives.
Nelson, D.R. (2016) [29].

2. Study Area and Background

This investigation was conducted as part of the Calhoun Critical Zone Observatory (CCZO)
project, a US NSF Division of Earth Sciences initiative to bring together a wide range of sciences on
particular landscapes. The CCZO is an interdisciplinary research field site located on the Calhoun
Experimental Forest, itself part of the Sumter National Forest, located in Union County, South Carolina
(a 1336 km? administrative unit). Our study area (roughly, 34°36'40” N, 81°42/50” W) encompasses
the Calhoun Experimental Forest’s 2057 ha and adds an adjacent 14,143 ha of the surrounding Sumter
National Forest for a total surface area of 16,200 ha (Figure 2). The study area is located in the
Piedmont plateau physiographic region, bounded by the Appalachian Mountains to the west and
the Atlantic Coastal Plain to the east. Topographically the study area is characterized by broad
uplands at about 205 m above mean sea level (amsl) that drop steeply down slope into bottomland
flood plains at about 95 m a.m.s.l. Current land cover is dominated by forests composed mainly of
mixed pine-hardwoods and pine stands both planted and naturally regenerated. The area receives
about 1180 mm of precipitation per year and temperatures typically range between —2.4 °C, (average
minimum temperature for the coldest month) and 33.1 °C (average maximum temperature for the
warmest month).
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Figure 2. (a) Study Area location; (b) study extent (showing pre-1962 boundary of the Calhoun
Experimental Forest) and (c) climate conditions.

Historical Context

Piedmont farmers began to orient their productive strategies toward the growing cotton market
as early as the 1790s [30]. Although household-level subsistence farming continued in some areas of
Union County, by 1820 much of the study area was consolidated into large slave-holding plantations
dominated by cotton production. Following the emancipation of the slaves at the end of the US
Civil War (ca. 1865), plantations were radically reorganized [31]. Labor relations transitioned
to annually renewable share- and fixed-rent tenancy agreements and settlement transitioned to a
dispersed, household-centered pattern. Throughout this period, erosional processes triggered by
upland, market-oriented cultivation are thought to have led to some of the most extreme degradation
in the country, although the exact timing and pace of degradation continue to be investigated.

Cotton, followed by corn, was Union County’s primary agricultural export between 1849 and
1949. Cotton covered approximately half of Union County’s fields and corn occupied a quarter, leaving
one quarter of the county’s fields for other crops. By 1920, the effects of agricultural improvements
and material inputs in the form of fertilizers became evident as cotton yields increased by 27% over its
1889 value while area under cotton cultivation declined by about 30% over the same period (Figure 3).
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Nonetheless, as is clear from the drastic drop in area planted beginning in 1929, fewer people were
choosing to plant cotton. Undoubtedly, unstable cotton markets, increasing costs of production, and
pests such as the boll weevil were eroding the socioeconomic foundation of the agricultural system.
While limited farming continued after 1949, 18% of Union County is now in forest cover under the
stewardship of the federal government, 85% of which is included in the present study.

The intensive land-use practices of cotton-dominated agriculture drastically altered soils and
the geomorphology of landscapes in the Piedmont of the southeastern US [32-34]. One historian of
soil conservation in South Carolina’s Piedmont suggested that, “from the standpoint of conservation
the separate elements of the farm-management system were poorly integrated,” due to a legacy of
“pioneer era” farming techniques [35] (p. 14). Another explanation for the degradation of the Piedmont
hypothesized that areas with more non-owner farm laborers (slaves and, later, tenants) saw the worst
erosion due to laborer negligence: “An owner might not see portions of his holdings for months on
end, while the workers were engaged in poor cultivation practices,” [30] (p. 411). Environmental
geographer Stanley Trimble [32] dismissed this argument suggesting instead that, in addition to
frequent heavy rains and rugged topography, Southern land owners lacked a “land ethic”. Others have
suggested that the effects of cotton on the soil, inefficient planting and tilling practices, and improper
placement of fields, proved a lethal combination for the land [9,36,37]. Whatever the proximal causes
of soil degradation, authors appear to agree that Piedmont agricultural strategies were ultimately
following a self-reinforcing pathway to socioecological collapse that only state-initiated intervention
might begin to solve.
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Figure 3. Cotton area planted (ha) and yield (kg per ha), Union County Agricultural Statistics,
1879-1949. Note: 1879-1889 were proportionally adjusted due to a change in county boundaries.

The New Deal solution for the Piedmont, as with many other impoverished areas of the United
States during the Great Depression, was a state-sponsored and administrated conservation initiative.
It is during the New Deal land purchase era (1933-41) that the US Forest Service began to purchase
the area of the Sumter National Forest that would become the Calhoun Experimental Forest, and later
the Calhoun CZO (hereafter, “Purchase Era”). In the South Carolina Piedmont, these conservation
efforts established the Sumter National Forests and provided federally funded Civilian Conservation
Corps (CCC) to construct terraces, fences, conduct fire suppression, plant trees, and fill gullies [38].
On the surface, the conservation initiatives begun during the New Deal era appear to have placed
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the land on a trajectory of regeneration. Yet, below the surface, the legacies of degradation remain,
their trajectories subject to scientific scrutiny [12]. Importantly, however, this narrative ignores the
local processes that may already have been leading to ecological regeneration at the time of purchase
through processes of agricultural abandonment and natural reforestation. Indeed, it is likely that the
reason the National Forest establishment program had such significant buy-in is a function of a locally
sourced process that merged with national level policies.

3. Materials and Methods

To understand the transition from plantation agriculture to a forest-dominated landscape,
we analyze land use and tenure at the time the US government acquired the majority of what became
Sumter National Forest, 1933-1941. Our investigation focused on two spatially and conceptually
different units of analysis: property ownership or “tract” level and the land management level or
“land use unit” (Figure 4). Land use units comprise a contiguous and bounded area of homogenous
land use, for example an agricultural field or a woodlot [39]. Tracts are comprised of multiple land use
units and constitute contiguous, legally bounded units of land ownership. Tracts are here assumed to
be operationally equivalent to individual farms or plantations where landowners singly determine the
number, nature, duration, and diversity of land tenure agreements. Land tenure agreements, in turn,
define the possibilities and constraints within which individual farmers made their land use decisions.

Land Use Class {Tiaet Biouda;
- Agricultural Field |:| Young Pine - Pasture with Unique Identifier
I Avandoned Field || Mature Pine Il Hardwood e

Figure 4. Example of tract and land use units of analysis (1933-1941). Tract boundaries represented by
solid black line while land use units are classified by land use.

We conducted two separate statistical analyses to capture the role of biophysical and social factors
in determining land use practices in specific locations under specific management arrangements
(see supplementary material Table S1 for data, Table S2 for data codes, and Table S3 for analysis
instructions). The first analysis is a multinomial logistic regression which assesses associations between
land use classes and explanatory variables including physical and material assets, topographic indices,
and transportation networks. The second analysis, a binomial logistic regression, captures the influence
of social relationships, represented by land tenure arrangements, on land use decisions.
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3.1. Tract Condition and Land Tenure

Our data derive from US Forest Service archives that contain legal descriptions, maps, economic
assessments, deed abstracts, and other records pertaining to the acquisition of land by the US
government during the Purchase Era (1933-1941). Boundaries for 86 tracts were digitized from
legal descriptions and maps produced by professional surveyors. Tracts varied widely in ownership,
valuation, and ranged in size from 9.2 to 2341.4 hectares (ha) (Appendix A). At the time of purchase,
55 tracts had land use units identified as active agricultural fields. Agricultural fields averaged about
3.7 ha, but ranged from 0.06 to about 45 ha and covered a total of 1120.6 ha, just under 10% of the
study area. Overall, tracts purchased by the US Forest Service were either entirely abandoned or had
relatively high quality active agricultural land. The highest quality agricultural lands were terraced
to conserve soils and even some of this land was already abandoned by 1933 (Figure 5). Only one
of the 55 actively farmed tracts is noted as having un-terraced agricultural land. 94% of the severely
degraded land was obtained in 1934, the first year of US Forest Service purchase.

/ Bench Terrace Bench Terrace
Active Agricultural Field Abandonded Agricultural Field

Figure 5. 1933 Aerial Photo of a portion of the study area (Rose Hill Plantation) showing bench terraces
on active and abandoned agricultural fields. Aerial Photo: Brecheisen, Z.; Cook, W.C. Calhoun CZO
1933 aerial imagery composite [40].

We used Forest Service purchase documentation to characterize the general type of land tenure for
tracts in our study area. Thirty-one tracts were entirely abandoned by the time of purchase (classified
as “abandoned”). Land tenure on the 55 actively farmed tracts fell into three general categories (Table 1,
Figure A1): owner-operated, fixed-rent tenants, and sharecropper tenants. The owner-operated tenure
type indicates that the tract owner was actively engaged in farming the tract. Fixed-rent tenants paid a
fixed price rent to farm a tract, supplied all of their own equipment and material inputs, but were able
to keep any profits they obtained through sale of their agricultural produce [31]. Sharecropper tenants
paid a share of their crop, 50% in our study area, to the land owner or a middleman “merchant”.
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Table 1. Land tenure by household and tract in the Calhoun (1933-1941).

Land Tenure Type Number of Households Number of Tracts
Owner operated 8 9
Fixed-rent tenants 46 36
Sharecropper tenants 19 10
Abandoned 0 31
Total 78 86

3.2. Land Use Units

Land use units were digitized from tract-level land use maps created as part of the US Forest
Service tract appraisal process. Unit boundaries were cross-validated with a 1933 aerial photo mosaic
and, where coverage permitted, a 2014 LiDAR generated digital elevation model (DEM). We used
5 land use classes for this analysis: active agricultural land (land use 1), abandoned agricultural
land (land use 2), young pine forest (land use 3), mature pine forest (land use 4), and hardwood
forest (land use 5) (Table A3). Active agricultural land (land use 1, 354 observations) includes only
plowed crop fields and excludes pastures. Although pastures were classified in the original Forest
Service land use assessments, they are not numerous in the study area and represent less than 2.6%
of the classified surface area. Additionally, pasture lands present an anomalous and topographically
ambiguous land use class as they occurred in both bottomlands and more rugged upland terrain.
Abandoned agricultural land (land use 2, 176 observations) includes recently abandoned or fallow
fields not yet colonized by pine reproduction. Young pine forest (land use 3, 333 observations) is
derived from the original classification as non-appraisable young stands of Loblolly and Shortleaf
pine forest. These classifications were based on timber cruise appraisals of both planted and naturally
regenerated pine forest with trees less than 10 inches in diameter at breast height with anticipated
maturity (70-90 feet in height) within 50 years. This land use class most likely represents abandoned
agricultural land with pines greater than three years in age. Based on previous studies of ecological
succession in abandoned agricultural fields in the Piedmont, the young pine category represents 3 to
30 years of stand establishment [41-43]. Mature pine forest (land use 4, 201 observations) is derived
from the original classification as merchantable saw timber. Merchantable pine saw timber had greater
than 10 inch diameter at breast height and a top diameter of at least eight inches. However, average per
tract height and diameter reported for mature trees ranged between 80-90 feet tall, and 18-24 inches
in diameter, depending on the location. Based on these estimations, our classification of mature pine
most likely represents an age range between 30 and 75 years, placing stand establishment in the mid-
to late-19th century [41]. Finally, the hardwood forest classification (land use 5, 211 observations) was
derived by combining all categories of hardwood forest. We employ hardwood forests as a statistical
baseline category in the formal analysis in part due to their ability to persist across a broad sweep
of ecological conditions. However, hardwood forests are more accurately described as “woodlands”
in that they were managed for multiple uses, supplying firewood, timber, and other forest products.
In addition, many hardwood stands were used as woodland pastures for cattle, sheep, goats, and pigs.
The 1925 and 1930 agricultural census for active farms in Union County shows woodland pasture as
12.2% (3397 ha) and 15.6% (3164 ha) of total farm woodlands respectively. The hardwood forests land
use class within our study area represents 15.6% of the total area of forested land use classes.

3.3. Topographic Indicies

Gully and sheet erosion were among the most serious aspects of land degradation across the
Piedmont [33,37]. Although land use change can trigger erosion, surface topography is a significant
contributing factor. Indeed, slope and soil moisture in particular are known to predispose a landscape
to gully erosion [44]. We used a 10 m x 10 m USGS seamless Digital Elevation Map (DEM) to extract
slope and to construct a Topographic Wetness Index (TWI) and a Relative Topographic Position
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index (RTP). The Topographic Wetness Index provides an estimate of soil moisture whereas the
Relative Topographic Position Index provides a way to classify topography in relation to its position in
the landscape (e.g., bottomland, side slope, and uplands). TWI was calculated by dividing the
natural log of the contributing area by the slope of an individual raster cell [45]. The Relative
Topographic Position Index classifies each pixel in a raster with reference to its neighborhood [46].
RTP was calculated with minimum, maximum, and smoothed elevations in 10 x 10 cell neighborhood
(e.g., 100 m x 100 m) following the formula (smoothed DEM — minDEM)/(maxDEM — minDEM).
The resulting continuous raster was then classified using Jenk’s natural breaks into 3 categories
representing: (1) wider bottomlands; (2) narrow ridges, ravines, and side slopes; (3) broad interfluvial
uplands. We extracted the mean and standard deviation of slope for each land use unit-level in order
to calculate the coefficient of variation (standard deviation/mean) for slope. The slope coefficient of
variation (Slope CV) provides a land use unit-scaled measure of its topographic variability where high
values signify more rugged terrain and low values signify less rugged terrain.

As a proxy for the effects of differential access to markets (central-place market forces) [7,20,47],
we constructed a nearest market Cost-Distance Index (CDI). This index represents the geographically
weighted cost of transporting farm products and materials to and from market. To construct the
Cost-Distance Index we digitized the Purchase Era road network by adapting the existing road
network to the 1933 aerial photo mosaic. We calculated cost-distance as the slope-weighted distance
from a 10 m x 10 m node or “pickup” point on the road network to one of the nearest of four market
towns surrounding the study area (Clinton, Whitmire, Union, and Carlisle) by following the least-cost
road route from the pickup point to the market town. To account for differences in road quality,
the roads were additionally weighted in two grades, primary = 1, secondary = 2. Primary roads
were publicly-maintained highways that directly connected the market towns with each other and
secondary roads linked farms to highways. We combined the road network-based cost-distance with
a field-specific cost-distance analysis. The field-specific component calculated the slope weighted
distance from a 10 m x 10 m area to its nearest pickup point along the road network. We combined
both layers into an aggregated cost-distance index by adding the field-based cost-distance to the road
network cost-distance for its assigned (nearest) pickup point (Figure 6). We then calculated the average
cost-distance values for each land management unit to serve as covariates in the formal analyses.

Clinton Whitmire
7km g L md

Cost Distance Index
:l Purchase tracts Cost/10m* 0 .
—— Road Network - High : 22746
——— Rivers Low : 134

Figure 6. Nearest market cost-distance index (surface) showing study tracts, 1930s road network,
and approximate distance to nearest market town.
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3.4. Statistical Analyses

3.4.1. Multinomial Logistic Regression of Land Use Class

In order to infer the relationship between Purchase Era land use and the landscape we
characterized the distribution of our land use classification across the five topographic parameters
described above. We selected a multinomial logistic regression (M-logit) [48] to predict the probability
of a field belonging to a particular land use class, given topographic characteristics. M-logit is suited
to analyses where the dependent variable Y has k possible values. Each possible Yk, in our case a land
use class such as an agricultural field, is compared to a “baseline” class (Y1). The M-logit model for the
log odds is written

In (P(YK)/P(Y1)) = o« + B1x1 + B2x2 +- - -+ Byxy,

where i refers to the effect of xi (a particular topographic feature such as slope) on the log odds that
dependent variable is Yk (land use class) relative to Y1. The equation is repeated for each condition of
Y [49,50]. We used hardwood forest as our baseline land use class (Y1). Our independent variables (xi)
were at land use unit-level and consisted of mean slope, mean topographic wetness, mean cost-distance,
and the coefficient of variation for slope. All independent variables were normalized based on the
overall mean and standard deviation and checked for collinearity. Interrelationships between all
independent variables yielded a Pearson’s correlation coefficient R value of less than 0.5.

We used Stata (release 11.2) to conduct the M-logit and report the relative risk ratio (rr ratio)
as a measure of the effect of the independent covariates on the dependent variable (land use class).
In contrast to an odds ratio, which is the ratio of two odds, the rr ratio is a ratio of two probabilities.
It denotes the ratio of the likelihood of a land use class being Yk (e.g., agricultural field) to the
likelihood that it is the baseline class Y1 (hardwood forest), for each one unit increase in covariate.
An rr ratio > 1 indicates a greater likelihood for Yk whereas rr ratio < 1 indicates greater likelihood
for Y1. An rr ratio = 1 would indicate that the independent variable had no effect on the dependent.
Therefore, the closer the rr ratio is to 1, the weaker the effect. We additionally report a McFadden
pseudo R2 as a goodness of fit measure and used a 5% significance level for both the model fit
(Probability > Chi-squared) and for the individual correlation coefficients (p-value). McFadden pseudo
R2 typically yields lower values than an OLS R2 and results between 0.2 and 0.4 are considered
indicative of excellent model fit [51].

3.4.2. Binomial Logistic Regression of Agricultural Land by Land Tenure

We used a standard binomial logistic regression model (logit) to test for differences in agricultural
land use at the tract level. Differences in land tenure arrangements constrain and incentivize farmers’
decisions concerning the location and class of land use. Our logit model included a binary response
variable indicating presence versus absence of active agricultural use where active agricultural fields
were assigned a value of “1” whereas all other land use classes were assigned a “0”. Independent
covariates were the same standardized variables from the M-logit analysis. To test for differences
in land use strategies between tracts, we used the “by” function to obtain unique coefficients and
p-values for each land tenure type. One possible drawback of this method is that it assumes a priori
independence between each resulting subset of the dependent variable.

As in the M-Logit analysis, we used a 5% significance level to evaluate the model. For the logit
results, we report the odds ratio which indicates (holding all other things constant) the direction and
amount of change in the dependent variable given a one unit increase in the independent variable.

4. Results

4.1. Land Use Unit-Level Statistical Analysis: M-Logit

The Pseudo R2 for the M-Logit was 0.20 which indicates an acceptable fit for this type of model [51].
The relative risk ratios varied across the land use classes for each of the five independent variables.
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Analysis using the Relative Topographic Position indicator provided insight on the most probable
location (uplands; ravines and side slopes; or bottom lands) of different land uses. The relative risk
ratios for relative topographic position were significant and the strength of its effect varied across
land use along a gradient consistent with studies of ecological succession in the Piedmont (Figure 7).
The strongest, positive association is between agricultural fields and uplands. The gradient then
follows to abandoned fields, young pine forest, and mature pine forests, each with a decrease in the
strength of the relationship in comparison to baseline hardwood forests.

Active Agricultural Field Negative Effect | Positive Effect

Abandoned Field y =

RTP

Young Pine Forest
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Figure 7. Results of the M-logit, showing relative risk ratios (rr) for land use classes by covariate.
Asterisk (*) indicates non-statistically significant results. Positive effects (rr of > 1) indicate that
increases in the indicated independent covariate predict positively for presence of the indicated land
use class. Negative effects (rr of < 1) indicate that increases in the independent covariate predict
positively for presence of hardwood forest over the indicated land use class. For either positive or
negative effects, the greater the distance from 1, the stronger the effect.

The cost-distance covariate assesses the strength of association between a land use class
and the cost-weighted distance from markets. It was only statistically significant for active and
abandoned agricultural fields. Active agricultural fields were negatively associated with increases
in cost-distance from the nearest market while abandoned fields were positively associated with
increasing cost-distance. Thus, higher cost-distances likely influence decisions to abandon one field
over another.

Results for Land use unit-level mean slope were consistently significant across land use classes
with an incremental increase in slope predicting for hardwood forest over all land uses (Figure 7).
In aggregate, there is an inverse relationship between slope and the presence of agricultural land,
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active or abandoned: the higher the slope, the less likelihood the land was in agricultural production.
Land use followed a gradient of sensitivity to slope that starts with agricultural fields with the highest
sensitivity to abandoned fields to young pine and to mature pine with the lowest sensitivity. Given the
temporal dimension to these land use categories hypothesized by studies of ecological succession, our
results suggest that steeper agricultural fields were the first to be abandoned and allowed to reforest.

The mean topographic wetness covariate had mixed significance (Figure 7). The relative risk
ratio for topographic wetness indicates that incremental increases in wetness favored hardwood forest
over the other land use classes. However, this effect was weakest for abandoned fields, meaning that
abandoned fields were more likely to be in potentially wet soils than active agriculture or pine forests.
This result may reflect relatively recent abandonment of wetter bottomlands following erosion-induced
sediment inundation of topsoils. It also shows that both young and mature pine forests were situated
in potentially drier soils than those of active and abandoned agricultural fields.

At a 100 m 2 resolution, hardwood forests had the highest topographic variability of all land use
classes. Placement of agricultural fields (active and abandoned) was considerably more sensitive to
incremental increases topographic variability than young and mature pine. The relative risk ratio for
active and abandoned agricultural fields were similarly associated with less rugged terrain, while both
young and mature pine forests shared a similar association with more rugged terrain. Thus, if rugged
areas were used for agriculture, they were long abandoned by the Purchase Era.

4.2. Placement of Agricultural Land by Land Tenure: Logit

Pseudo R2 results for each land tenure were all relatively high (>0.24). Land use unit-level mean
slope was the only factor significant across all land tenure types. Results followed a gradient of
increasing negative effects on the presence of active agricultural fields: sharecrop < fixed-rent tenant <
abandoned < owner operated (Table 2). Cost-distance, although not significant for owner-operated
tracts, showed strong positive effects on the presence of (recently abandoned) agricultural fields in
abandoned tracts and mostly similar, smaller, and negative effects on the active agricultural fields
in other land tenure types. Thus, agricultural fields on abandoned tracts were less steep and less
topographically variable but had the highest cost-distance. Sharecroppers were farming the most
marginal areas (steep and narrow ridges) while owner-operated tracts had agricultural fields located
in the broadest and most level areas.

Table 2. Odds ratios for the binomial logistic regression. * Significant at the p < 0.05 level.

Tenure Type RTP CDI Slope TWI Slope CV  Pseudo R?
Abandoned 1.56 2.36* —0.15* —0.96 —0.38* 0.28
Sharecropper 1.43*% —0.55 * -0.11* 0.30* -0.72 0.25
Fixed Renter 1.65* —0.58 * —0.15* —0.57 —045* 0.24
Owner 2.87*% —0.99 —0.21* 1.33 —0.50 0.25

5. Discussion

If piedmont farmers were “inefficient” in their planting practices or if they had improper
placement of fields we would expect to see mismatches between land use and topographic factors.
Instead, our results confirm our hypothesis (H1) that farmers allocated land use across the landscape
in ways that optimized productive potential given topographic and distance constraints. This suggests
that piedmont farmers of the 1933-1941 Purchase Era understood their social and ecological
environment and were not ignorant “soil miners”. US Forest Service property valuation documents
demonstrate that by the Purchase Era, the majority of the study area’s farmers were terracing and
ditching to cope with soil degradation and accelerated erosion. Further, according to the US Forest
Service valuations, fields remaining under cultivation were well cared for, regardless of land tenure
arrangements. Indeed, the valuations indicated that the most severely degraded agricultural lands
were found on abandoned tracts. In support of these conclusions, the M-logit results suggest that
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fields more topographically susceptible to degradation (steep, dry, and topographic rough slopes)
underwent reforestation well before the Purchase Era.

Our results also support our hypothesis (H2) that farmers differentially responded to the cascading
effects of land degradation and market forces according to the constraints imposed by farm attributes
and land tenure arrangements. Land tenure arrangements constrained farmers’ ability to respond
to both changes in external socioeconomic conditions as well as the more local feedback of land
degradation. For example, sharecroppers were more likely to farm steeper slopes on narrower
ridgetops than either fixed-rent tenants or owner operators. Sharecropper tracts had the lowest
sensitivity to market cost-distance for active agricultural fields, but also the largest percentage of
abandoned agricultural fields. This suggests that sharecroppers may have been more sensitive to
changes in market price, since they experienced higher costs of transporting fertilizers from and
produce to markets. However, lacking security in land tenure they were also more mobile than other
farmers and could more readily abandon fields. As a consequence, sharecropped farms economically
more costly to operate were likely to be the first abandoned. Tract abandonment occurred where the
entire tract was costly in comparison to its neighbors. Conversely, farmers with the highest land tenure
security (e.g., owner-operated farms) were tied to their properties and continued to farm fields in spite
of their higher economic costs. We elaborate on these insights and their implications for understanding
landscape transition at the Calhoun CZO in the following discussion.

5.1. Effects of Topography and Market Cost-Distance on Landscape Transition

Hardwood and mature pine stands were predominant in areas with the steepest and most variable
slopes, areas highly susceptible to agriculturally induced land degradation. If these areas were cleared
for farming, they were abandoned by the Purchase Era, some as early as the 1860s and 1870s during
the post-Civil War Reconstruction era. This analysis is also consistent with the 1933 aerial photo
interpretation by Brecheisen et al. [17] that agricultural land appears predominantly on broad, gentle
sloped ridgetops. Some areas, specifically the upland hardwood forests may have been reserved
from agricultural uses due to increasing scarcity-driven hardwood timber values from the mid-1800s
forward [30]. Given that steep and topographically rugged areas were also the most difficult to
clear and farm, it seems likely that these stands were rarely if ever cultivated. Thus, in terms of
settlement-abandonment dynamics, the last places to be farmed would have been the first places to
be abandoned.

Socioeconomic effects are evidenced in both analyses through the cost-distance results. In the
M-logit, cost-distance is only positively associated with abandoned agricultural fields. In the logistic
regression, “abandoned” tracts showed a positive relationship between cost-distance and agricultural
fields, indicating that abandoned tracts tended to have high market cost-distance in comparison to
actively farmed tracts. Yet topographic constraints on abandoned tracts were similar to tenant-operated
tracts. In other words, farmers in recent years were likely disadvantaged more by cost-distance than
degradation and responded by abandoning fields and entire farms. Perhaps counter intuitively, young
pine does not show a positive association with cost-distance. However, young pine is associated with
steeper, dryer slopes and more rugged terrain than either active or abandoned agricultural fields.
Likely, there may be a threshold effect where topographic constraints become more important than
market cost-distance and vice versa. Alternatively, since the young pine category represents an earlier
phase of agricultural abandonment, topographic constraints may have been more important than
cost-distance at that time. Changes in transportation technology or the road network could account for
such a shift.

Our results make clear that farmer decisions were influenced by topographic and spatial
constraints specific to each farm. For areas with more recent land abandonment (less than 3 years)
evidenced by the “abandoned field” land use class, the analysis shows that these areas too were
topographically more susceptible to degradation than fields that were retained in active agricultural
use. This result raises the possibility that at least some farmers were responding to the Agricultural
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Adjustment Act of 1933, which paid farmers to reduce cotton production. Although cotton acreage
was reduced, yields increased, ostensibly due to the concentration of fertilizers and labor on remaining
higher quality acreage [52]. Indeed, by the time of the US Forest Service land purchase, farmers in our
study had abandoned more marginal fields and either migrated elsewhere or, where it was available,
focused on the terraced, “above average” farmland that remained.

With the more highly-degraded lands now out of production and the remaining fields improved
with terraces and ditches, land owners and tenant farmers might have chosen to continue cotton
farming. However, in 1934, the government passed an additional law, the “Bankhead Cotton Act”
which imposed a prohibitive tax of 50% of the price on cotton in excess of the “assigned quotas” [53].
The Bankhead Act and the opportunity to sell more marginal lands to the US Forest Service likely
influenced the decisions to opt out. Only farms with the choicest fields remained in production.

5.2. Land Tenure and Responses to Land Degradation

Investments in agricultural inputs and improvements such as the application of commercial
fertilizers, [ditching, and terracing, in response to agriculturally induced erosion in the Piedmont
began as early as the mid-1800s [37,54]. The wide bench terraces evident in a 1933 aerial photo of the
Calhoun CZO (e.g., Figure 5) and noted in the US Forest Service economic valuation reports probably
date from the 1890s onward [54]. These solutions were widely viewed as successful in the fight against
erosion and, at least in our study area, there were few cultivated areas without such terraces by the
Purchase Era.

However, terracing and ditching may also have exacerbated gullying in the areas immediately
downslope as water was channeled off the bench terraces onto steep hillslope soils and gullies [37].
Indeed, infrastructural investment in terraces and drainage ditches appears to have been made at the
field, rather than plantation or landscape level. Despite being forested, uncultivated steep hillslopes
eroded severely. In addition, ditch and terrace systems required maintenance and, if not maintained,
exacerbated erosion [48,55]. Thus, it remains difficult to determine the extent to which degradation
caused abandonment or vice versa.

Efforts to conserve and improve soils and to maintain such investments most likely varied
between property and land tenure types. Farmers with less secure land tenure may have been less
willing to implement long term solutions since their future access to the land remained uncertain.
Since sharecroppers were farming areas more susceptible to erosion than their neighbors, but also
had the least incentive to invest in their land, this situation may have inevitably led to degradation.
As noted above, insecurity in land tenure brought a higher degree of mobility. Thus, as fields were
exhausted and eroded, sharecroppers probably moved to other fields and plantations or gave up
farming altogether in order to pursue wage work in towns and cities. Uncertain land tenure in the
most marginal lands likely proved a lethal combination for soils as socioeconomic incentives focused
improvements on fields rather than farms and encouraged abandonment rather than the maintenance
of improvements.

Owner-operator farmers faced different constraints. Their agricultural fields were located on the
most level and widest interfluves. We also observed in the process of digitizing the land use data
that most of the few bottomlands being actively farmed during the 1930s were on owner-operated
tracts. These bottomland fields were narrow, located in lower order stream bottoms, away from the
highest order, wide river bottoms. Historically, bottomland terraces of the Enoree and Tyger Rivers
and their tributaries were known for their fertile soils [35]. However erosional deposition caused by
degradation of upland soils, heavy rains, and flooding deposited a meter or more of sediment on
higher order bottomlands, rendering them largely unfarmable [56]. The bottomlands of lower order
streams within owner-operated farms may have escaped some of the worst sedimentation due to
better land stewardship and smaller catchments. In maintaining fields in these bottomlands, owners
may have increased their resilience to market forces. The continued, but limited use of bottomlands
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may also explain why results obtained in the logistic regression for the cost-distance and topographic
wetness covariates were not significant for owner-operated farms.

6. Conclusions

The degradation of ecosystem services is a key challenge of our time [53,57]. The dynamic
human-environment relationships that drive land use-caused degradation are reciprocally interactive
at the individual and landscape scale. Our ability to successfully address change requires detailed
understanding of land use transitions at multiple scales, including managed transitions as well as
emergent transition processes [58]. Our study focuses on the ways in which individuals make land
use decisions within local physical and social contexts. In the 1930s, degradation of the Piedmont was
severe and intervention by the US Forest Service may have been a necessary step toward regeneration
of vital ecosystems services. However, prior to this intervention, farmers were already responding
to degradation through changes in land use. Notably, by the 1930s, farming had retreated from the
areas most susceptible to degradation. Indeed, we argue that many of the factors and processes that
facilitated the state-led forest transition in the 1930’s and 40’s were already emerging prior to state
intervention. We demonstrate that farmer’s options and abilities to respond were a function of the
physical characteristics of individual landholdings and social circumstance. In other words, farmers
make decisions, not based on a regional landscape, but rather, situated in the particular characteristics
of their own landholdings and socioeconomic circumstances. They assess these characteristics, based
on an understanding of their own socially constrained possibilities. These insights are crucial for
understanding spatial heterogeneity in the legacies of land degradation, obscured in broad-scale
analyses of land use transitions.

Consistent with other studies of land use transition, our place-based, historical analysis
demonstrates that biophysical factors, such as topography and market cost-distance, influence land use
practices and timing of land abandonment [10,11,59-62]. But, critically, this relationship is not identical
among all farmers. Rather, the characteristics of feedbacks between soil degradation and erosion on
farming decisions are fundamentally a function of socially determined land tenure systems, though
not always in an intuitive fashion. Our findings demonstrate, for example, that the mobility associated
with insecure land access provides a different set of response options than that for land-owners,
who are fixed in place and make land management decisions within the non-negotiable constraints
of property boundaries. As a consequence, we suggest that land use policy aimed at improving
environmental conservation and human wellbeing must explicitly consider the local constraints and
dynamics introduced by land tenure, property regime, and cost-distance to markets.

Supplementary Materials: The following are available online at www.mdpi.com/6/2/32/s1, Table S1: Logistic
Regression Data, Table S2: Code Sheet, Table S3: Analysis Instructions.
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Appendix A

A.1. Land Tenure Typology

At the tract level, land tenure types were not mutually exclusive as any given tract might
have a combination of different land tenure arrangements. For example, two owner-operated
tracts also had sharecropper tenants and two tracts had both fixed-rent and sharecropper tenants.
For statistical analysis at the tract level, we required a mutually exclusive land tenure categorization
(Figure Al). Consequently, we simplified land tenure by reasoning that importance of land tenure
to land degradation would follow the relative degree of socioeconomic investment such that: owner
operated > fixed-rent tenant > sharecropper > field renter. So if an owner-operated tract also had a
sharecropper, the tract was nevertheless classified as “owner-operated”. Field renters (5 households
on 6 tracts) rented one or more fields on a tract and either owned or rented a “home” farm on another
tract. As a consequence, tracts with field renters were classified according to the predominant tenure
for home farms on the tract (see below).
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Figure A1. Tracts in study area classified by land tenure type (1933-1941).

A.2. Tract Ownership and Valuation

We located US Forest Service land valuation reports for 81 of the 86 purchase tracts. Only 18 of
the 55 actively farmed tracts included areas identified as “Below Average” or “Impaired” (Table A1).

Tract ownership (Table A2) shows that private individuals or families held the vast majority of
land at the time of US Forest Service purchase, though many of these were delinquent on taxes or
undergoing bankruptcy procedures. However, less than 5% of the purchased land area was situated
on owner-operated tracts, and these were the smallest and least variable in area (average 85.9 ha with
standard deviation of 76.3 ha). Sharecropped tracts were largest on average (236.2 ha), but covered
only 26% of the study area. Fixed-rent tenancy occupied 48% of the surface area with medium sized
tracts (151.8 ha). Lastly, approximately 20% of the land was occupied abandoned tracts averaging 130.1
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ha, but these tracts had the lowest percentage (71%) of agricultural lands in the “above average” class.
In contrast, owner-operated and sharecropper tracts each had 77% of agricultural land classified as
above average. Sharecropper tracts showed the highest percentage of recently abandoned land at 43%
while owner-operated and fixed-rent tenant tracts showed the least amount of abandonment at 20%
each. Very small percentages of severely impaired land were apparent on abandoned tracts (2.4%) and
fixed-rent tenant tracts (0.7%). Tracts were also quite variable with respect to per ha value: mean per
ha value = US$17 and standard deviation of per ha value = US$15 (Purchase Era currency valuation).
Abandoned tracts had the lowest per ha value (US$12), followed by Owner-Operated tracts (US$13),
and Sharecropped and Fix Rent Tenant tracts with the same per ha value (US$16).

Table A1. US Forest Service valuation of agricultural land.

Active Agricultural Land Condition

Above Average Below Average Impaired, Not Severe Impaired, Severe
Acquisition Year # of Tracts Total Ha # of Tracts Total Ha # of Tracts Total Ha # of Tracts Total Ha
1934 23 353.1 12 85 3 40.1 2 17
1935 21 371.9 1 9.3 0 0 0 0
1936 5 79.3 1 4 0 0 0 0
1938 4 107.2 1 21.4 0 0 0 0
1939 1 9.7 1 2 0 0 0 0
1941 0 0 2 12.9 1 7.7 0 0
Total 54 921.2 18 134.6 4 47.8 2 17
% Total 82.2% 12.02% 0.04% 0.02%

Table A2. 1933-1941 Land ownership (ha) by land tenure agreement.

Ownership Type Abandoned Sharecropper  Fixed-Rent Tenant Owner Operated

Private Individual 51,089.82 65,748.65 110,638.70 12,746.54
Bank 3073.85 10,099.03 19,966.84 0
Charity 5105.28 0 0 0
Land Corporation 758.75 0 9195.95 0
Timber Company 0 0 784.62 0

A.3. Land Use Classification

The US Forest Service land use classification provided 9 categories. In addition, the classification
differentiated between merchantable and non-merchantable timber stands based on timber height and
diameter making 21 potential land use categories. For this analysis, we simplified the classification
into 5 classes: active agricultural land (land use 1), abandoned agricultural land (land use 2), young
pine forest (land use 3), mature pine forest (land use 4), and hardwood forest (land use 5) (Table A3).

Table A3. 1933-1941 US Forest Service land use classification.

Original Description Map Code Quality An:;lz;isClCa(;ge 0 05?;23:1‘;;(3
Potmbnd fladvendand s Medunablel g tgsod SN
Upland Hardwood UH Nhgﬁﬁti?}:ziltzge (5) Hardwood
Hardwood H N%Ei;gi:}::ﬁltzﬁe (5) Hardwood
Pine/Hardwood PH Merchantable & (5) Hardwood

Nonmerchantable
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Table A3. Cont.

Analysis Code () Proportion

Original Description Map Code Quality and Class of Landscape

Shortleaf Pine SL Merchantable (4) Mature Pine

Loblolly Pine LB Merchantable (4) Mature Pine 15 1222 g’o/ha

Mixed Pine (Shortleaf dominant) SL-LB Merchantable (4) Mature Pine

Mixed Pine (Loblolly dominant) LB-SL Merchantable (4) Mature Pine

Shortleaf Pine SL Non-merchantable (3) Young Pine

6941.8 ha

Loblolly Pine LB Non-merchantable (3) Young Pine 57 30,

Mixed Pine (Shortleaf dominant) SL-LB Non-merchantable (3) Young Pine

Mixed Pine (Loblolly dominant) LB-SL Non-merchantable (3) Young Pine

(2) Abandoned 422 ha

Abandoned Field FA, FR NA Agricultural Field 3.5%

(1) Agricultural 1318 ha

Cultivated Field FC NA Field 10.9%

314.5 ha

Pasture/Meadow (grass field) FG NA Excluded 2 6%

Structure Symbol NA Excluded 14 ha

Cemetery Symbol NA Excluded 0.1%
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