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Post-agricultural ecosystems are increasingly prevalent in contemporary landscapes. Understanding the
ecological impacts of agricultural legacies, which may last for decades to millennia following agricultural
abandonment, is critical for interpreting contemporary patterns of biodiversity and for informing strate-
gies for the restoration of post-agricultural ecosystems. However, the study of agricultural legacies is
complicated by non-random land-use decisions: areas selected for agriculture commonly differ from
non-agricultural areas in ways that may confound interpretation of agricultural legacies (e.g., agricultural
areas may have more productive soils). We evaluated legacies of tillage agriculture in longleaf pine (Pinus
palustris) woodlands of the Southeastern United States, using a paired-plot study design (n = 29 paired
remnant and post-agricultural woodlands) to minimize the confounding influence of non-random past
land-use decisions. Agricultural legacies were prevalent, but not due to differences in the types of sites
selected for agriculture. Nearly 60 years after agricultural abandonment and afforestation, numerous soil
attributes (i.e., N, P, organic matter, soil water holding capacity) remain altered in post-agricultural
woodlands, relative to adjacent remnants. Overstory tree abundance and understory plant species rich-
ness were similar in remnant and post-agricultural woodlands, but we found a pronounced agricultural
legacy on over- and understory plant community composition. Understory compositional differences
were striking, particularly given the proximity of post-agricultural woodlands to immediately adjacent
remnant source populations and the time (>50 years) for source populations to spread. This difference
in understory community composition could be caused by the persistent environmental differences we
observed or by dispersal limitation, as evidenced by greater species richness in post-agricultural sites
with greater historical landscape connectivity. We suggest that future experimental work will further
assist in a mechanistic understanding of how agricultural legacies impede understory plant recovery
and that this understanding will benefit the formulation of strategies for the restoration of post-agricul-
tural longleaf pine woodlands and other forested systems.

� 2013 Elsevier B.V. All rights reserved.
1. Introduction

Anthropogenic land-use change represents the world’s greatest
driver of environmental alteration and threat to biodiversity
(Vitousek et al., 1997; Wilcove et al., 1998; Foley et al., 2005). Agri-
cultural conversion is a primary agent of land-use change (Foley
et al., 2005); however, agricultural land abandonment is increas-
ingly widespread (Flinn and Vellend, 2005; Cramer et al., 2008).
Post-agricultural ecosystems represent opportunities to restore
biodiversity and ecosystem function, yet maximizing these oppor-
tunities requires knowledge about the nature of agricultural lega-
cies – how post-agricultural ecosystems differ from otherwise
comparable ecosystems lacking agricultural histories (Foster
et al., 2003; Flinn and Vellend, 2005; Hermy and Verheyen, 2007;
Cramer et al., 2008; Brudvig, 2011). Although agricultural legacies
may be extensive and pronounced in contemporary landscapes, the
precise signature of agricultural legacy remains poorly understood
for many ecosystems. This is due in part to lack of study in some
systems, but also because it is difficult to clearly isolate the ecolog-
ical effects of past land use since many other factors may differ be-
tween sites that were or were not used for agriculture.

Forested ecosystems have proven particularly illustrative of
how agricultural legacies can impact contemporary biodiversity
patterns (Flinn and Vellend, 2005; Hermy and Verheyen, 2007).
Legacies of tillage agriculture can persist for decades to millennia
through effects on forest vegetation and numerous aspects of the
forest environment (Foster et al., 2003; Flinn and Vellend, 2005;
McLauchlan, 2006; Hermy and Verheyen, 2007). For example,
relative to remnant (i.e., ‘ancient’) forests that lack known
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agricultural histories, post-agricultural forests can support altered
overstory structure (e.g., tree size or stand basal area; Foster et al.,
1998; Flinn and Marks, 2007), over- and understory plant commu-
nity composition (Glitzenstein et al., 1990; Hedman et al., 2000;
Bellemare et al., 2002; Dupouey et al., 2002; Flinn and Marks,
2007; Baeten et al., 2010a; Brudvig and Damschen, 2011), under-
story species diversity (Hedman et al., 2000; Dupouey et al.,
2002; Vellend, 2004; Dambrine et al., 2007; Brudvig and Dams-
chen, 2011), and soil attributes (Dupouey et al., 2002; Flinn and
Marks, 2007; McLauchlan, 2006; Grossmann and Mladenoff,
2008). In spite of these general patterns, numerous counterexam-
ples exist where understory species richness (Jacquemyn et al.,
2001; Bellemare et al., 2002), aspects of overstory structure (e.g.,
canopy closure, tree density; Flinn and Marks, 2007), or soil attri-
butes (Bellemare et al., 2002; Fraterrigo et al., 2005; Flinn and
Marks, 2007) are comparable between forests with and without
agricultural histories (though species composition consistently dif-
fers; Flinn and Vellend, 2005). Moreover, mechanisms by which
agricultural legacies modify plant communities remain unclear
for many ecosystems (Flinn and Vellend, 2005). In part, this stems
from a lack of understanding over how environmental factors,
including those altered or not altered by agricultural legacies,
structure plant communities in post-agricultural forests and how
these ‘species-environment’ relationships differ from those in rem-
nant forests (Vellend et al., 2007).

Understanding agricultural land-use legacies is complicated,
however, by the fact that agricultural land use is rarely random
across landscapes (Flinn and Vellend, 2005). For example, less
accessible forests and those on less productive soils and steeper
slopes may be less frequently converted to agriculture and, when
converted, more likely to be abandoned (Flinn et al., 2005). Thus,
differences between remnant and post-agricultural forests may
be a function of agricultural legacies, non-random land-use deci-
sions, or a combination of the two. Avoiding potentially confound-
ing non-random land-use decisions represents a major challenge to
the study of agricultural land-use legacies, requiring careful selec-
tion of study sites. The ideal study design would use ‘paired plots’,
where pairs of remnant and post-agricultural forests were immedi-
ately adjacent in space to minimize this confounding influence
(Flinn and Vellend, 2005). Such a design allows for the majority
of spatially-structured environmental variation to be accounted
for by statistical blocks (which contain remnant and post-agricul-
tural plots), as opposed to being attributed to individual sites
(which are either remnant or post-agricultural).

Here, we evaluate the nature of agricultural land-use legacies
for longleaf pine (Pinus palustris) ecosystems of the Southeastern
United States (variably referred to as forests, woodlands, or savan-
nas; hereafter ‘woodlands’) using a paired-plot study design to
minimize the potentially confounding effects of non-random
land-use history. Longleaf pine woodlands are notable conserva-
tion targets due to high levels of understory plant diversity (e.g.,
Walker and Peet, 1983) and contemporary rarity (<3% of original
ecosystem remains), resulting from widespread historic conversion
for human land uses, including tillage agriculture (Frost, 2006).
Past work has illustrated reduced understory diversity and altered
plant community composition in post-agricultural, relative to rem-
nant longleaf pine woodlands (Hedman et al., 2000; Kirkman et al.,
2004; Ostertag and Robertson, 2007; Brudvig and Damschen,
2011); however, no replicated, paired-plot studies exist and poten-
tial mechanisms for these effects (e.g., modified environmental
conditions) remain poorly explored. A better understanding of
agricultural legacies would help to guide the restoration and man-
agement of the substantial amount of post-agricultural longleaf
pine woodlands that exists in the Southeastern United States
(Frost, 2006). In sum, we evaluated 29 pairs of remnant and
post-agricultural longleaf pine woodlands (58 total woodlands)
to understand how agricultural legacies impact: (1) the woodland
environment (e.g., soils, stand characteristics), (2) understory plant
community diversity and composition, and (3) species-environ-
ment relationships – correlations between the plant community
and environmental attributes of longleaf woodlands. In doing so,
we provide evidence for numerous agricultural legacies persisting
>50 years following agricultural abandonment and illustrate sev-
eral potential mechanisms for disparity in understory plant com-
munity composition of post-agricultural and remnant woodlands.
2. Materials and methods

Fire-maintained longleaf pine woodlands of the southeastern
United States are characterized by a sparse longleaf pine overstory,
a species-rich herbaceous and shrubby understory, and frequent
understory fires (<6 years fire-return interval in our study region)
(Frost, 2006; Peet, 2006). Present-day landscapes support both
remnant and post-agricultural longleaf pine woodlands, including
plantations, which range from fire-maintained to highly fire sup-
pressed (Frost, 2006). Restoration of understory communities im-
pacted by agricultural legacies represents a significant challenge
to landscape-level conservation of the ecosystem (Walker and
Silletti, 2006). Understanding conditions in post-agricultural and
remnant longleaf pine woodlands is a critical starting point for
such restoration efforts.

This study was conducted at 29 upland sites, with each site con-
taining one pair of remnant and post-agricultural woodlands (58
total woodlands), at the Savannah River Site (SRS), an �80,000 ha
National Environmental Research Park located within the upper
Atlantic coastal plain, near Aiken, SC (Kilgo and Blake, 2005)
(Fig. 1). Post-agricultural woodlands were in tillage agriculture un-
til 1951, when SRS was acquired by the Federal government, and
were subsequently planted into pine plantations, which were ma-
ture (closed canopy) at the time of this study. At the time of this
study, �20% of post-agricultural woodlands contained no over-
story longleaf pine trees. Longleaf pine trees dominated approxi-
mately 60% of sampled post-agricultural woodlands (>50% of
overstory stems and basal area), with the remaining woodlands
dominated by native loblolly pine (Pinus taeda) or slash pine (Pinus
elliottii), which is native to the southeastern United States, but not
SRS. We determined historic agricultural status using 1951 aerial
photographs (Fig. 1). Post-agricultural woodlands supported no
shrubs or trees, homogenous color (with soil often visually evi-
dent), hard field edges and, in some cases, the presence of terraces
in 1951. Our determination of historic agricultural fields are
broadly confirmed by previously published maps of 1951 agricul-
tural fields for the Savannah River Site: >90% of our post-agricul-
tural plots were described as supporting all or part agricultural
field in 1951 by Kilgo and Blake (2005). Remnant woodlands sup-
ported mature woodland in 1951. Historic aerial photographs are
commonly employed to assess agricultural history in forests (Flinn
and Vellend, 2005) and, while the visual absence of agriculture in
historical aerial photographs does not rule out the presence of an
agricultural history at some prior point in time, we know that
post-agricultural woodlands have a history of agriculture and that
remnant woodlands have supported mature woodland substan-
tially longer than the post-agricultural woodlands in our study.
The study sites were underlain by well-drained sandy soils, with
four soil series accounting for 80% of the study area: Blanton sand
(thermic grossarenic paleudults; 41%), Fuquay sand (arenic plinthic
kandiudults; 24%), Lakeland sand (thermic coated typic quartzip-
samments; 8%), and Dothan sand (thermic plinthic kandiudults;
7%). There was no difference in the identity and area of soil series
underlying remnant and post-agricultural woodlands (F1,28 = 1.3,



Fig. 1. (A) Locations of the 29 paired post-agricultural and remnant woodlands (black circles) within the Savannah River Site (SC). (B) Historical (summer 1951) and (C)
contemporary (winter 2007) aerial photographs of one example research site, illustrating the conversion of agricultural fields to post-agricultural pine woodlands, as well as
the contemporary prominence of deciduous hardwood canopy trees within this remnant woodland (apparent due to leaf senesce in winter). Vegetation and environmental
survey transects (100 m; broken white lines), as well as the 100 � 100 m plot boundaries (solid white lines) used as points of origin for landscape analyses are shown in (C).
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p = 0.29; perMANOVA for test of soil series areas within each
100 � 100 m woodland plot; Fig. 1).

We refer to these study sites as longleaf pine woodlands be-
cause: (1) all sites supported fire-maintained upland longleaf pine
at the time of Euro-American settlement (Frost, 1997), (2) the ma-
jor underlying soil series are typical of longleaf pine ecosystems
(Soil Survey Staff, Natural Resources Conservation Service, United
States Department of Agriculture. Official Soil Series Descriptions.
Available online at http://soils.usda.gov/technical/classification/
osd/index.html. (accessed 11.12.12), and (3) common understory
plant species in remnants are characteristic of longleaf pine wood-
lands (Table 1; Kilgo and Blake, 2005). However, due to agricultural
legacies, fire suppression, and variation in pine species used during
post-agricultural afforestation (detailed above), contemporary
overstories contain variable degrees of longleaf dominance. Of par-
ticular note, remnants support 8.7 ± 6.2 (mean ± standard devia-
tion) m2/ha of pine basal area, 1.8 ± 1.4 overstory pine stems/
100m2, 11.0 ± 6.1 m2/ha of hardwood (e.g., oak, hickory species)
basal area and 5.8 ± 2.9 overstory hardwood stems/100m2. Post-
agricultural woodlands support 19.9 ± 8.2 m2/ha of pine basal area,
5.6 ± 5.1 overstory pine stems/100m2, 1.1 ± 1.4 m2/ha of hardwood
basal area, and 1.1 ± 1.2 overstory hardwood stems/100m2. Hard-
wood tree species can invade longleaf pine woodlands during peri-
ods of fire suppression (Veldman et al., 2013). However, differing
degrees of recent fire suppression do not explain these overstory
patterns: there is no difference in the number of fires since 1971
between remnants and post-agricultural woodlands (paired t-test,
p > 0.9). Thus, these overstory patterns likely result from a history
of fire suppression in remnants when the surrounding landscape
was used for agriculture, coupled with the destruction of hard-
wood root stocks during tillage and low levels of hardwood estab-
lishment in post-agricultural woodlands. To test whether canopy
composition could have driven differences in other measured vari-
ables (detailed below) between post-agricultural and remnant
woodlands, we classified post-agricultural woodlands as high pine
prevalence (pine basal area or stem density greater than remnant
woodland values, n = 12 and n = 12 woodlands, respectively) or
low pine prevalence, and remnant woodlands as high hardwood
prevalence (hardwood basal area or stem density greater than
post-agricultural woodlands, n = 24 and n = 22, respectively) or
low hardwood prevalence. We then tested for an interaction be-
tween agricultural history and the prevalence of canopy pines or
hardwood trees using two-factor ANOVAs with site as a random
factor, nested within canopy composition (prevalence of pines or
hardwoods) as a fixed factor. Further, while it is possible that plan-
tation management by fertilizer or herbicides might obscure inves-
tigation of agricultural legacies, we can discount recent (e.g.,
<20 years) management as confounding factors: no study sites re-
ceived fertilizer or herbicide applications during this timeframe
(Kilgo and Blake, 2005; Blake, personal communication).

During 2010 and 2011 we sampled vegetation and environmen-
tal factors along two 100 m long transects �100 m apart within
each post-agricultural and remnant woodland (four transects per
site; Fig. 1). Transects originated at and were perpendicular to
post-agricultural/remnant boundaries. We sampled vegetation
along each transect between August and October 2010, with taxon-
omy following Radford et al. (1968), except for the genera Dichan-
thelium and Pityopsis, which followed Weakley (2008). We
recorded presence of all plant species in each of ten 10 � 10 m
plots along each transect, including individuals overhanging, but
rooted outside of plots. We additionally recorded the identity
and percent cover for all species within a 1 � 1 m subplot within
each 10 � 10 m plot, following the same methods as in the
10 � 10 m plot. We determined overstory canopy cover as the
average of four concave spherical densiometer measurements ta-
ken every 10 m along each transect. We recorded species and
diameter at 1.4 m height for all woody stems >2.5 cm diameter
with at least half of their bases rooted inside each 10 � 10 m plot.
We measured the depth of litter and duff outside of each of the
four corners of the 1 � 1 m subplots within each 10 � 10 m plot
because the accumulation of forest floor (litter and duff) is a major
determinant of understory species diversity decline during fire
suppression in longleaf pine woodlands (Hiers et al., 2007). We
collected soil samples during March and April 2011 along each
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Table 1
Species identified as significant indicators of remnant or post-agricultural longleaf pine woodlands, based on Indicator Species Analysis.

Post-agricultural woodland Remnant woodland

Species Family Indicator value p-Value Species Family Indicator value p-Value

Tragia urens Euphorbiaceae 0.851 0.001 Vernonia angustifolia Asteraceae 0.893 0.001
Eupatorium compositifolium Asteraceae 0.821 0.001 Nyssa sylvatica Nyssaceae 0.884 0.001
Desmodium strictum Fabaceae 0.820 0.001 Euphorbia corollata Euphorbiaceae 0.870 0.001
Eupatorium cuneifolium Asteraceae 0.814 0.001 Dyschoriste oblongifolia Acanthaceae 0.794 0.001
Paspalum setaceum Poaceae 0.699 0.001 Aristolochia serpentaria Aristolochiaceae 0.782 0.001
Eragrostis spectabilis Poaceae 0.674 0.001 Gaylussacia dumosa Ericaceae 0.773 0.001
Aristida purpurascens Poaceae 0.674 0.001 Tephrosia virginiana Fabaceae 0.758 0.001
Chamaecrista nictitatans Fabaceae 0.669 0.001 Coreopsis major Asteraceae 0.754 0.001
Rhus copallina Anacardiaceae 0.657 0.001 Viola species (not pedata) Violaceae 0.719 0.001
Rubus cunefolius Rosaceae 0.649 0.001 Vaccinium arboreum Ericaceae 0.709 0.001
Gymnopogon ambiguus Poaceae 0.643 0.004 Quercus margaretta Fagaceae 0.687 0.001
Centrosema virginianum Fabaceae 0.643 0.002 Sorghastrum secundum Poaceae 0.673 0.001
Cyperus plukenettii Cyperaceae 0.629 0.001 Stipa avenacea Poaceae 0.666 0.001
Pityopsis graminifolia Asteraceae 0.620 0.008 Ilex opaca Aquifoliaceae 0.640 0.006
Desmodium marilandicum Fabaceae 0.612 0.001 Carya pallida Juglandaceae 0.580 0.034
Cyperus retrorsus Cyperaceae 0.609 0.001 Aster linariifolius Asteraceae 0.575 0.001
Rubus flagellaris Rosaceae 0.597 0.006 Carya alba Juglandaceae 0.568 0.041
Lespedeza stuevei Fabaceae 0.574 0.002 Smilax glauca Liliaceae 0.562 0.02
Lespedeza cuneata Fabaceae 0.572 0.001 Aster undulatus Asteraceae 0.560 0.001
Solidago nemoralis Asteraceae 0.563 0.004 Helianthus divaricatus Asteraceae 0.558 0.001
Rhus toxicodendron Anacardiaceae 0.562 0.019 Liatris graminifolia/secunda/spicata Asteraceae 0.554 0.008
Dichanthelium species Poaceae 0.551 0.033
Lespedeza hirta Fabaceae 0.545 0.015 Vitis rotundifolia Vitaceae 0.543 0.002
Diospyros virginiana Sapotaceae 0.544 0.048 Cornus florida Cornaceae 0.536 0.018
Physalis heterophylla Solanaceae 0.542 0.001 Quercus laevis Fagaceae 0.535 0.012
Hieracium gronovii Asteraceae 0.542 0.043 Vaccinium stamineum Ericaceae 0.530 0.043
Digitaria cognata Poaceae 0.540 0.001 Eupatorium album Asteraceae 0.530 0.001
Lechea villosa Cistaceae 0.535 0.001 Eriogonum tomentosum Polygonaceae 0.511 0.001
Andropogon species Poaceae 0.531 0.027 Sorghastrum nutans Poaceae 0.489 0.003
Rhynchosia reniformus Fabaceae 0.522 0.001 Solidago erecta Asteraceae 0.470 0.001
Helianthemum rosmarinifolium Cistaceae 0.518 0.001 Pteridium aquilinum Pteridaceae 0.464 0.02
Gnaphalium species Asteraceae 0.494 0.001 Euphorbia ipecacuanhae Euphorbiaceae 0.458 0.003
Polypremum procumbens Loganiaceae 0.494 0.002 Passiflora lutea Passifloraceae 0.423 0.001
Aristida tuberculosa Poaceae 0.484 0.002 Schrankia microphylla Fabaceae 0.405 0.011
Hypericum gentianoides Hypericaceae 0.484 0.001 Aristida lanosa Poaceae 0.397 0.044
Desmodium lineatum Fabaceae 0.472 0.001 Berchemia scandens Rhamnaceae 0.384 0.021
Desmodium paniculatum Fabaceae 0.469 0.035 Aristida condensata Poaceae 0.375 0.005
Commelina erecta Commelinaceae 0.426 0.045 Carphephorus bellidifolius Asteraceae 0.342 0.015
Bulbostylis ciliatifolia Cyperaceae 0.418 0.005 Silphium compositum Asteraceae 0.333 0.023
Erigeron canadensis Asteraceae 0.386 0.005 Sporobolus junceus Poaceae 0.329 0.005
Eragrostis capillaris Poaceae 0.382 0.001 Potentilla canadensis Rosaceae 0.314 0.016
Heterotheca gossypinus Asteraceae 0.368 0.01 Scutellaria elliptica Lamiaceae 0.310 0.003
Lechea tenuifolia Cistaceae 0.345 0.006 Salvia azurea Lamiaceae 0.301 0.005
Myrica cerifera Myricaceae 0.345 0.002 Baptisia alba Fabaceae 0.267 0.004
Stipulicida setacea Caryophyllaceae 0.318 0.039 Malus angustifolia Rosaceae 0.266 0.047
Diodia teres Rubiaceae 0.286 0.01
Ampelopsis arborea Vitaceae 0.249 0.037
Triplasis species Poaceae 0.241 0.015
Juncus dichotomus Juncaceae 0.239 0.03
Liatris elegans Asteraceae 0.224 0.024
Digitaria filiformis Poaceae 0.207 0.022
Passiflora incarnata Passifloraceae 0.207 0.024
Oxalis stricta Oxalidaceae 0.204 0.048
Campsis radicans Bignoniaceae 0.172 0.043
Erechtites hieracifolia Asteraceae 0.172 0.047
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transect. Soil samples were composites of eight soil cores (20 cm
depth � 1.6 cm diameter), evenly spaced around the perimeter of
the 1 � 1 m subplot within each 10 � 10 m plot. Soil samples were
air dried for 7–11 weeks prior to analysis. Part of each sample was
sent to Brookside Laboratories, Inc., (New Knoxville, OH) for anal-
yses of Mehlich III-extractable phosphorus (P; Mehlich, 1984),
inorganic nitrogen (N; sum of 1 N KCl cadmium reduction NO3

and NH4; Dahnke, 1990), soil organic matter (OM; Schulte and
Hopkins, 1996), and pH (McLean, 1982), and base cations (Ca, K,
Mg, Na). We used the remainder of each sample to evaluate soil
water holding capacity as the proportional difference between sat-
urated wet and oven-dry weight (full methods described in Brud-
vig and Damschen, 2011). We focused on these soil attributes
because each has been shown to be impacted by agricultural lega-
cies (N, OM, P, pH; Flinn and Vellend, 2005; McLauchlan, 2006;
Hermy and Verheyen, 2007), is a primary determinant of longleaf
pine understory diversity (soil water holding capacity; Kirkman
et al., 2001), or may be influenced by afforestation and overstory
tree species composition (base cations; Berthrong et al., 2009).

For each of the 58 woodlands, we characterized fire history and
historical landscape composition – two factors which can interact
with agricultural legacies to structure understory plant communi-
ties in longleaf pine woodlands (Brudvig and Damschen, 2011). We
compiled fire records maintained by the US Forest Service at SRS to
determine the number of burns each woodland experienced
between 1971 (the year record keeping initiated) and the time of
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vegetation sampling. The mean number of burns did not differ be-
tween remnant and post-agricultural plots (3.7 ± 2.2 [SD] for each;
p > 0.9), since pairs of plots virtually always burned together. The
vast majority of burns were prescribed, though some wildfires
did occur. To determine historical landscape composition, we used
geo-referenced 1951 aerial photographs to calculate the amount of
remnant forest area within a 300 m buffer around each woodland
(Brudvig and Damschen, 2011). This buffer distance was informed
by past work illustrating landscape connectivity effects on plant
community richness and composition over similar distances in this
ecosystem (150 m; Damschen et al., 2006, 2008; Brudvig and
Damschen, 2011), but was slightly enlarged to avoid a landscape
buffer dominated by the focal study patch. To further minimize
overlap with the focal patch (remnant or post-agricultural wood-
land), we initiated the buffer at a 100 � 100 m plot surrounding
each sampling transect (Fig. 1).

We used univariate and multivariate analyses to evaluate how
remnant and post-agricultural woodlands differed in environmen-
tal factors, species diversity, and species composition. We con-
ducted all analyses in R 2.15.0 (R Development Core Team,
2012). In all analyses, we used woodlands (29 remnant and 29
post-agricultural woodlands) as statistical replicates by averaging
values across plots and transects (environmental and diversity
data) or combining data across transects (compositional data), to
arrive at a single value per parameter for each woodland. A
strength of our study design is the close pairing of remnant and
post-agricultural woodlands; however, a consequence of this is
that some of our study plots were near to the boundary between
woodland types (Fig. 1). To determine whether values from near-
boundary plots might influence our results, we evaluated all
plot-level study variables (e.g., soil, overstory, litter/duff, and
understory diversity variables – see below) in three ways: using
all plots (mean of 10 plots/transect), excluding the one plot closest
to the boundary (mean of 9 plots/transect), and excluding the three
plots closest to the boundary (mean of 7 plots/transect). In every
case, the result was qualitatively very similar for means of 10, 9,
or 7 plots and statistical significance changed for only one variable
(Simpson’s diversity p < 0.05 for 10 or 9 plots vs. p < 0.1 for 7 plots).
All analyses and results below are based on means of 10 plots/
transect.

We tested for multivariate differences in environmental vari-
ables with perMANOVA (Anderson, 2001), including site (i.e., rem-
nant/post-agricultural woodland pair) as a fixed effect. Although
preferable to treat site as a random effect, this was not supported
for our dataset in the R Vegan package; however, we suspect that
this had little bearing on our conclusions, given the definitive nat-
ure of our perMANOVA results (see below). We compared remnant
and post-agricultural woodlands through separate perMANOVAs
for soils (soil water holding capacity, N, OM, P, pH) and overstory
abundance (canopy cover, basal area, stem density) using Euclid-
ean dissimilarities of values averaged across all plots and transects
within each site. We tested for an effect of agricultural history
against the 28 residual degrees of freedom. A significant perMANO-
VA can result from differences among groups in their mean (cen-
troid) values or the dispersion (i.e., spread) of values around the
centroid of each group (Anderson et al., 2006). Following each sig-
nificant perMANOVA, we evaluated between these two possibili-
ties through a permutational test for homogeneity of
multivariate dispersion, which evaluates the mean distance of each
site to the group centroid, where groups are the set of remnant or
post-agricultural woodlands (Anderson et al., 2006). Because there
is no option with this test to account for our paired plot sampling
design, we additionally compared dispersion through a paired
t-test (paired by site) of distances of each woodland to its respec-
tive group (remnant or post-agricultural woodland) centroid.
Results of both approaches were qualitatively identical and we
present only permutational results below. We used principal com-
ponents analysis (PCA) to visually depict sites, based on their mul-
tivariate soils and overstory conditions.

We tested for univariate differences in environmental variables
and species richness (1, 100, 1000 m2), 1 m2 Simpson’s diversity,
and 1 m2 species evenness (E1/D; Smith and Wilson, 1996) with
paired t-tests comparing remnant and post-agricultural wood-
lands, after square-root transforming litter and duff depth, tree ba-
sal area, and tree stem density; log transforming soil water holding
capacity, soil OM, soil P, and soil N (sum of NO3 and NH4); and arc-
sin transforming percent canopy cover to meet ANOVA assump-
tions. Values for N were generally low and, in many cases, below
the detectable level of 0.5 lg/g (864/1143 non-detectable values
for NO3, 489/1143 for NH4). There was little bias in detectability
between remnant (77% of NO3, 37% of NH4, 85% of plots with either
value below detection) and post-agricultural plots (74% of NO3,
49% of NH4, 83% of plots with either value below detection). To
determine whether missing data might influence our results, we
compared remnant and post-agricultural woodlands for N, NO3,
and NH4 using 0, 0.5 (the detectable level), and 0.25 (mid-point be-
tween zero and the detectable level) for the non-detectable values
of NO3 and NH4. The results were always the same and results be-
low are based on values of 0.25 for non-detectable values. Because
we saw no bias in missing data, we consider this a conservative
test; however, we suggest that these N results be interpreted
cautiously.

To evaluate differences in understory community composition,
we conducted perMANOVA with site as a fixed effect on Bray-Cur-
tis dissimilarities of the frequency of occurrence in 10 � 10 m plots
for each species observed along the two transects at each site. We
followed this with a test for homogeneity of multivariate disper-
sion, as described above for environmental variables. Also as above,
a paired t-test of distances to respective group centroids produced
a qualitatively identical result and we present only the permuta-
tional result below. We used nonmetric multidimensional scaling
(NMDS) to visually depict woodlands, based on their multivariate
community compositions. To identify species that typified rem-
nant and post-agricultural woodlands, we conducted Indicator
Species Analysis (ISA; Dufrene and Legendre, 1997) using species’
frequency of occurrence in 10 � 10 m plots along the two transects
at each woodland.

We evaluated species-environment relationships through anal-
yses of how environmental factors correlated with species richness
and composition in remnant and post-agricultural woodlands. We
used multiple linear regression to test how species richness at
three spatial scales (1, 100, and 1000 m2) correlated with 10 envi-
ronmental variables, with a separate model for each scale and
land-use history (six total models). We employed this ‘full model’
approach because our goal was to compare relationships between
a core set of potentially important factors (see above) and under-
story species richness in remnant and post-agricultural woodlands
(Whittingham et al., 2006). Although our goal was not to generate
a ‘best model’ or set of best models for predicting richness in each
woodland type, results of full models were qualitatively similar to
results based on ‘model averaging’ (based on all models within 4
AIC points). The environmental variables were litter depth, duff
depth, soil water holding capacity, pH, N, OM, and P, the area of
forest in the historical surrounding landscape, the number of burns
from 1971–2010, and the first axis of a PCA describing overstory
tree abundance, which was based on the inter-correlated
(r = 0.56–0.81) variables canopy cover, stem density, and basal area
(transformed as described above). The first axis of this PCA ac-
counted for 72% of the variance in these three variables and illus-
trates an overstory abundance gradient with similar
contributions across all three variables (r = -0.57 � �0.60). We
used the constrained ordination technique Canonical Analysis of
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Principal Coordinates (CAP), with Bray–Curtis similarity based on
species’ frequency of occurrence in 10 � 10 m plots along the
two transects at each woodland as the distance measure (Anderson
and Willis, 2003), to evaluate how composition was predicted by
the same 10 environmental variables as in the linear regression
models. There was no evidence for co-linearity between predictor
variables in remnant (maximum Variance Inflation Factor
(VIF) = 3.1; values >10 indicate co-linearity among variables
(Quinn and Keough, 2002)) or post-agricultural models (maximum
VIF = 3.8).
Fig. 2. PCA ordinations of remnant (filled circles) and post-agricultural (open
circles) longleaf pine woodland (a) soils (based on pH, P, water holding capacity,
organic matter, and inorganic N) and (b) tree abundance (based on tree stem
density, basal area, and canopy cover). Remnant and post-agricultural woodlands
differ in soils (PERMANOVA p = 0.001), but not overstory conditions (PERMANOVA
p = 0.5).
3. Results

Post-agricultural longleaf woodlands supported altered multi-
variate soil conditions, relative to remnant woodlands (perMANO-
VA; Effect of agricultural history: F1,28 = 23.6, p = 0.001; Effect of
block: F28,57 = 1.3, p = 0. 18; Fig. 2). While mean soil conditions
were clearly altered by the agricultural legacy (Fig. 2), this multi-
variate result was also due in part to a change in multivariate dis-
persion: post-agricultural woodlands were over twice as
heterogeneous in their multivariate soil composition, relative to
the set of remnants (distance to centroid = 9.0 vs. 3.4; F1,56 = 11.1,
p = 0.001). Among individual soil variables, post-agricultural
woodlands supported greater soil P and lower soil water holding
capacity, OM, and N, relative to remnants, whereas pH was not dif-
ferent between the two groups (Fig. 3). In general, levels of base
cations did not differ between remnant and post-agricultural
woodlands (Ca: t = 1.2, p = 0.22; Mg: t = 1.5, p = 0.14; Na: t = 1.0,
p = 0.34). The one exception was K, for which levels were greater
in remnant than post-agricultural woodlands (18.8 vs. 16.3 mg/
kg; t = 3.8, p < 0.001).

We found no evidence for multivariate differences in overstory
abundance between remnants and post-agricultural woodlands
(perMANOVA; Effect of agricultural history: F1,28 = 0.57, p = 0.52;
Effect of block: F28,57 = 0.9, p = 0.61; Fig. 2), in spite of lower canopy
cover, and a trend for lower tree density in post-agricultural wood-
lands (Fig. 3). The depths of litter and duff differed with agricul-
tural history, but in opposite directions: duff depth was lower
and litter depth greater in post-agricultural woodlands (Fig. 3).

Agricultural legacies resulted in reduced local-scale (1 m2)
Simpson’s diversity (Fig. 4) and notably altered understory species
composition (perMANOVA; Effect of agricultural history:
F1,28 = 23.3, p = 0.001; Effect of block: F28,57 = 2.8, p = 0. 001;
Fig. 5). This change in understory composition was driven by dif-
ferent mean multivariate composition between remnant and
post-agricultural woodlands, not the degree of multivariate disper-
sion (F1,56 = 2.4, p = 0.13) (Fig. 5). ISA reinforced this multivariate
result by illustrating a high number of significant indicator species
(Table 1): roughly one third of the �300 species identified across
all sites were significant indicators of either remnant (44 species)
or post-agricultural woodlands (55 species). We observed no dif-
ferences between remnant and post-agricultural woodlands in
understory species richness at any sampling scale (1 m2, 10 m2,
or 1000 m2) or 1 m2 species evenness (Fig. 4).

Since remnants supported greater broadleaf hardwood preva-
lence and post-agricultural woodlands were largely pine domi-
nated (see site description for details), we evaluated whether the
above results may have been influenced by differences in overstory
composition. We found no evidence for an interaction between
agricultural history and canopy composition for soil water holding
capacity, pH, OM, P, N, litter depth, 1 m2, 100 m2, and 1000 m2 spe-
cies richness, 1 m2 Simpson’s diversity, and 1 m2 evenness (all
p > 0.05), indicating that differences between post-agricultural
and remnant woodlands did not depend on overstory composition.
Canopy cover was lower in post-agricultural woodlands when pine
stem density (ANOVA Wald v2 = 15.0, p = 0.0001) or basal area
(v2 = 7.9, p = 0.005) were within the range observed in remnants.
Duff depth was greater in remnants with hardwood basal area
above the range observed in post-agricultural woodlands
(v2 = 4.9, p = 0.03). Total basal area was greater in post-agricultural
woodlands with high pine stem density (v2 = 22.5, p < 0.0001) and
high pine basal area (v2 = 30.9, p < 0.0001). Similarly, the total
number of canopy stems was greater in post-agricultural wood-
lands with high pine stem density (v2 = 55.5, p < 0.0001) and high
pine basal area (v2 = 15.5, p = 0.0001). In sum, these results indicate
that, with the exception of overstory abundance, most of the differ-
ences between remnant and post-agricultural woodlands were due
to legacies of tillage agriculture, not differences in overstory tree
composition that developed following agricultural abandonment.

We found some evidence for altered species-environment
relationships in post-agricultural, relative to remnant woodlands



Fig. 3. Comparisons of environmental factors between post-agricultural and remnant longleaf pine woodlands: (a) soil pH, (b) soil phosphorus, (c) percent soil water holding
capacity, (d) percent soil organic matter, (e) soil inorganic nitrogen, (f) tree stem density, (g) tree basal area, (h) percent canopy cover, (i) duff depth, and (j) leaf litter depth. p-
Values were obtained using paired t-tests where all d.f. = 28. All values are backtransformed means ± SE.
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(Table 2). Soil pH was positively correlated with understory species
richness across sampling scales and was an important predictor of
understory composition for both remnant and post-agricultural
woodlands. This effect may be indicative of among-site variation
in edaphic conditions, such as the availability of potentially limit-
ing soil micronutrients, such as base cations: across all plots, pH
was positively correlated with soil calcium (r = 0.44, p = 0.005),
magnesium (r = 0.63, p < 0.001), sodium (r = 0.35, p = 0.007), and
total exchange capacity (r = 0.28, p = 0.03). Forest floor accumula-
tion was consistently related to reductions in species richness at
smaller spatial scales (1, 100 m2), but these patterns were most
pronounced in post-agricultural woodlands. Post-agricultural
understory richness declined with litter depth (1 and 100 m2

scales) and overstory density (100 m2) and increased with fire fre-
quency (1 m2) – all factors related to the development of forest
floor (Hiers et al., 2007). In remnant woodlands, understory rich-
ness declined with duff depth, but only at the 100 m2 scale, and
was unrelated to fire or overstory conditions. At larger sampling
scales, remnant understory richness was positively correlated to
several soil attributes (water holding capacity, pH, and P), whereas
post-agricultural richness was related to historical connectivity in
addition to pH. Understory composition was related primarily to
soil attributes – pH and OM in both woodland types – with soil
water holding capacity and overstory conditions additionally
important in remnants.

4. Discussion

Understanding the nature of agricultural legacies is important
for interpreting contemporary biodiversity patterns and is a critical



Fig. 5. NMDS ordination illustrating different understory community composition
in remnant (filled circles) and post-agricultural (open circles) longleaf pine
woodlands (PERMANOVA p = 0.001).

Fig. 4. Comparisons of understory species diversity metrics between post-agricul-
tural and remnant longleaf pine woodlands: (a) 1 m2 species richness, (b) 100 m2

species richness, (c) 1000 m2 species richness, (d) 1 m2 species evenness, and (e)
1 m2 Simpson’s diversity. p-Values were obtained using paired t-tests where all
d.f. = 28. All values are backtransformed means ± SE.
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first step toward restoring diversity and function to post-agricul-
tural ecosystems (Foster et al., 2003; Cramer et al., 2008). Investi-
gation of land-use legacies is complicated, however, by potentially
confounding non-random land-use decisions (Flinn and Vellend,
2005). Using a paired plot study design to minimize these con-
founding influences, we illustrate comparable levels of key attri-
butes in post-agricultural longleaf pine woodlands (e.g., overstory
tree abundance, understory species richness), relative to spatially
paired remnants, suggesting some degree of ecosystem recovery.
However, our results also reveal marked legacies of former tillage
agriculture (e.g., soil attributes, understory composition and diver-
sity), which have persisted for over a half century following agri-
cultural abandonment.
Determining the type, magnitude, and duration of agricultural
legacies in forested ecosystems has generated keen interest during
the past quarter century (e.g., Foster et al., 2003; Flinn and Vellend,
2005; McLauchlan, 2006; Hermy and Verheyen, 2007). In our
study, post-agricultural and remnant woodlands differed in a num-
ber of environmental attributes, many of which were related to
soils (Figs. 2 and 3). Most of our soil results support past findings
from other systems, such as the elevation of soil phosphorus and
reductions of soil organic matter and nitrogen following tillage
(Flinn and Vellend, 2005; McLauchlan, 2006). How long these soil
legacies may persist following agricultural abandonment remains
an open question (McLauchlan, 2006). In some forested systems,
agricultural soil legacies have persisted for millennia, suggesting
that they may be practically ‘irreversible’ (Dupouey et al., 2002),
whereas other systems have illustrated recovery of soil attributes,
like nitrogen, over the course of decades (Flinn and Vellend, 2005;
McLauchlan, 2006). Work in temperate forest systems on sandy
soils, including longleaf pine, suggests either outcome may be pos-
sible, with evidence for recovery (e.g., Compton et al., 1998;
Maloney et al., 2008) or persistence of soil legacies over the course
of decades (e.g., Markewitz et al., 2002; Grossmann and Mladenoff,
2008). Further work will be necessary to resolve the time spans for
recovery of key soil attributes across forested ecosystems; how-
ever, we show clear persistence of agricultural soil legacies for over
a half century in longleaf pine woodlands.

Several of our results departed from predominant past findings
and we suggest two general reasons for this. First, while many past
studies have investigated agricultural legacies in temperate forests
(Flinn and Marks, 2007; Hermy and Verheyen, 2007), virtually all
of these have occurred in deciduous broadleaf systems. Thus, it is
possible that our results differ from those studies because we
investigated the evergreen, coniferous longleaf pine woodland
system (for additional examples from coniferous systems, see:
Compton et al., 1998; Hedman et al., 2000; Markewitz et al.,
2002; Grossmann and Mladenoff, 2008; Maloney et al., 2008). For
example, whereas some past studies have illustrated reduced for-
est floor accumulation in post-agricultural forests (e.g., Bossuyt
et al., 1999), we show comparable total forest floor depth (com-
bined litter and duff) in remnant and post-agricultural woodlands,
although the relative contribution of litter to total forest floor
depth was significantly greater in post-agricultural and duff was



Table 2
P (d.f. = 28), and partial r2 for variables used in multiple linear regression models to prediction understory species richness and CAP analyses to predict understory composition in
remnant and post-agricultural longleaf pine woodlands. Variables with p < 0.1 are bolded and underlined. The direction (positive or negative) of significant richness relationships
is indicated with +/�.

Richness: 1 m2 Richness: 100 m2 Richness: 1000 m2 Composition: 1000 m2

Remnant
woodland

Post-agricultural
woodland

Remnant
woodland

Post-agricultural
woodland

Remnant
woodland

Post-agricultural
woodland

Remnant
woodland

Post-agricultural
woodland

Duff depth (cm) p = 0.70 p = 0.25 p = 0.09 p = 0.67 p = 0.18 p = 0.37 p = 0.25 p = 0.29

r2 = 0.009 r2 = 0.07 r2 = 0.15 (�) r2 = 0.01 r2 = 0.10 r2 = 0.05 r2 = 0.06 r2 = 0.06

Litter depth (cm) p = 0.46 p = 0.02 p = 0.49 p = 0.06 p = 0.19 p = 0.14 p = 0.33 p = 0.28

r2 = 0.03 r2 = 0.25 (�) r2 = 0.03 r2 = 0.19 (�) r2 = 0.09 r2 = 0.12 r2 = 0.06 r2 = 0.06

Overstory PCA axis 1 p = 0.27 p = 0.32 p = 0.25 p = 0.08 p = 0.39 p = 0.11 p = 0.08 p = 0.27

r2 = 0.07 r2 = 0.06 r2 = 0.07 r2 = 0.16 (�) r2 = 0.04 r2 = 0.14 r2 = 0.09 r2 = 0.06

Soil water holding capacity (%) p = 0.29 p = 0.31 p = 0.22 p = 0.16 p = 0.03 p = 0.36 p = 0.09 p = 0.65

r2 = 0.06 r2 = 0.06 r2 = 0.08 r2 = 0.11 r2 = 0.24 (+) r2 = 0.05 r2 = 0.09 r2 = 0.05

Soil pH p = 0.001 p = 0.02 p = 0.01 p = 0.002 p = 0.01 p = 0.008 p = 0.005 p = 0.01
r2 = 0.46 (+) r2 = 0.28 (+) r2 = 0.31 (+) r2 = 0.42 (+) r2 = 0.31 (+) r2 = 0.33 (+) r2 = 0.14 r2 = 0.10

Soil organic matter (%) p = 0.33 p = 0.17 p = 0.15 p = 0.83 p = 0.25 p = 0.94 p = 0.02 p = 0.04
r2 = 0.05 r2 = 0.10 r2 = 0.11 r2 = 0.003 r2 = 0.07 r2 = 0.0004 r2 = 0.10 r2 = 0.08

Soil Mehlich P (l/g) p = 0.19 p = 0.87 p = 0.56 p = 0.88 p = 0.08 p = 0.31 p = 0.21 p = 0.91

r2 = 0.09 r2 = 0.002 r2 = 0.02 r2 = 0.001 r2 = 0.16 (+) r2 = 0.06 r2 = 0.07 r2 = 0.03

Soil inorganic N (l/g) p = 0.35 p = 0.30 p = 0.90 p = 0.46 p = 0.67 p = 0.88 p = 0.68 p = 0.82
r2 = 0.05 r2 = 0.06 r2 = 0.001 r2 = 0.03 r2 = 0.01 r2 = 0.001 r2 = 0.04 r2 = 0.04

Historical connectivitya p = 0.37 p = 0.95 p = 0.31 p = 0.36 p = 0.21 p = 0.04 p = 0.66 p = 0.61

r2 = 0.04 r2 = 0.0003 r2 = 0.06 r2 = 0.05 r2 = 0.08 r2 = 0.21 (+) r2 = 0.05 r2 = 0.05

# Burns 1971–2010 p = 0.31 p = 0.07 p = 0.48 p = 0.32 p = 0.23 p = 0.12 p = 0.88 p = 0.65

r2 = 0.06 r2 = 0.18 (+) r2 = 0.03 r2 = 0.06 r2 = 0.08 r2 = 0.13 r2 = 0.04 r2 = 0.04

a Area of upland forest in 1951 within 300 m of study plot.
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significantly greater in remnants. Longleaf pine woodlands can
rapidly accumulate litter and duff, particularly in the absence of
frequent fire (Hiers et al., 2007) and it is possible that differences
in fire ecology, litter quality, or climate underlie differences be-
tween our findings and past work in more northern, broadleaf for-
ests (Coûteaux et al., 1995). Second, some of our results suggest
interaction between land-use history and contemporary processes.
For example, numerous past studies have shown elevated soil pH
in post-agricultural forests (Flinn and Vellend, 2005), yet we found
no agricultural legacy on soil pH. This may be a result of post-agri-
cultural afforestation at our sites and across our region with pine
trees that produce low-pH litter (Frost, 2006), which may have re-
duced formerly high pH post-agricultural soils during the last half
century. This post-agricultural afforestation process resulted in dif-
ferent overstory composition in remnant and post-agricultural
woodlands, yet we found little evidence that this impacted other
measured aspects of the system, including soils and understory
plant species richness, diversity, and composition. Moreover, over-
story abundance (tree density and basal area) was similar in rem-
nant and post-agricultural woodlands, a finding that to our
knowledge has not been widely reported (though see Flinn and
Marks, 2007 and Foster et al., 1998 for examples of recovery and
lack of recovery, respectively). Understanding how systems are
influenced by interacting legacy and contemporary processes, such
as ecosystem management, may help to explain some of the regio-
nal variation in environmental legacies reported in the literature
(Flinn and Vellend, 2005) and we suggest more work is needed
to broadly investigate this possibility. In post-agricultural forests
that are actively managed as plantations, like in our study, such
contemporary management may include factors such as site-prep-
aration techniques, choice of plantation tree species, or use of her-
bicides and fertilizer. To our knowledge, the unique and potentially
interactive influences of agricultural legacy per se and subsequent
plantation management are not well understood.
We found comparable levels of understory species richness in
remnant and post-agricultural woodlands (Fig. 4), but consistent
differences in understory species composition (Fig. 5). These pat-
terns broadly support past work investigating agricultural legacies
in forests (Flinn and Vellend, 2005; Hermy and Verheyen, 2007),
but break in part from past findings from our study system, where
differences in both richness and composition were previously
shown in post-agricultural longleaf pine woodlands (Hedman
et al., 2000; Kirkman et al., 2004; Ostertag and Robertson, 2007;
Brudvig and Damschen, 2011); this may to some extent reflect
our ability to minimize impacts of non-random land-use history
through a paired-plot design. From the standpoint of post-agricul-
tural forest recovery, our understory richness and composition re-
sults are mixed. On the one hand, the post-agricultural longleaf
pine woodlands in this study have been repopulated with a diverse
set of understory species (Table 1, and Fig. 4), which are largely na-
tive and perennial (Radford et al., 1968) with some characteristic
longleaf pine upland community members from our region (Kilgo
and Blake, 2005; Ostertag and Robertson, 2007; Glitzenstein
et al., 2012). These results suggest that major abiotic thresholds
for these species have not been crossed through agricultural
land-use legacies (Cramer et al., 2008). Rather, it is likely that only
a subset of understory species from remnants have recolonized the
post-agricultural woodlands in this study. On the other hand, par-
ticularly given our paired-plot design, this compositional result is
striking: even >50 years following afforestation, post-agricultural
woodlands fail to resemble immediately adjacent remnant source
communities.

Why have remnant and post-agricultural woodlands remained
compositionally distinct for over a half century? Many environ-
mental factors were markedly different between remnant and
post-agricultural woodlands (Figs. 2 and 3) and it is possible that
these altered abiotic conditions limit establishment of some rem-
nant populations in post-agricultural woodlands. Past work has
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pointed to factors ranging from altered soil chemistry to lack of
available establishment microsites as limiting post-agricultural
community establishment (Dupouey et al., 2002; Flinn, 2007). In
our study, soil water holding capacity (a key determinant of long-
leaf pine woodland understory diversity; Kirkman et al., 2001) was
lower in post-agricultural woodlands and this may preclude estab-
lishment of some remnant understory species. Conversely, because
supplemental water in post-agricultural woodlands can decrease
establishment for some exotic Lespedeza species (Mattingly and
Orrock, 2013), low water availability might suppress native under-
story plants both directly, by limiting their establishment, and
indirectly, by permitting establishment of competitors. Further,
high levels of residual soil phosphorus following tillage agriculture,
as we found in our study, can differently benefit forest understory
herbs (Baeten et al., 2010b), suggesting a potential community-le-
vel filter; however, we do note that we found relatively little evi-
dence for correlations between levels soil P and understory
richness or composition at our sites (Table 2).

Our models of how environmental factors structured species
richness and composition provided additional insight into this
compositional disparity and, more generally, illustrated common-
alities and differences in the factors structuring understory com-
munities in remnant and post-agricultural woodlands.
Substantial variation in richness and composition of both remnant
and post-agricultural woodlands was explained by site-to-site dif-
ferences in edaphic conditions related to pH (Table 2), illustrating
that at least some major factors structuring landscape-scale pat-
terns of plant communities remain intact, in spite of past agricul-
tural disturbances. However, we also found stronger negative
influences of fire suppression, forest floor development, and over-
story abundance in post-agricultural woodlands, relative to rem-
nants (Table 2). Thus, our work extends past findings in remnant
longleaf pine (e.g., Hiers et al., 2007; Veldman et al., 2013) to show
how these important controls over longleaf pine understory diver-
sity may interact with agricultural legacies to differentially struc-
ture remnant and post-agricultural woodland plant communities.
We also found a positive influence of historical connectivity in pro-
moting understory richness at larger sampling scales, but only for
post-agricultural woodlands (Table 2). This result suggests that
dispersal limitation constrained remnant understory species from
establishing in post-agricultural woodlands during the process of
afforestation and that this effect is most pronounced when sites
are more isolated from remnant propagule sources (Brudvig and
Damschen, 2011). This represents a legacy of landscape-scale hab-
itat loss, which may persist for decades after forests have regrown
on formerly agricultural landscapes (Vellend, 2003).

Together, these results suggest that colonization of understory
populations from remnants into post-agricultural woodlands may
be co-limited to some degree by altered environmental factors
and dispersal limitation. Understanding the relative contributions
of these two groups of factors for post-agricultural plant communi-
ties remains an area of active inquiry (Flinn and Vellend, 2005). In
our case and perhaps others, we argue that a simple dichotomiza-
tion of dispersal or establishment as governing understory recov-
ery is unlikely to be productive and further work is needed to
understand the degrees to which post-agricultural understory
recovery is limited by dispersal and establishment. Carefully de-
signed experiments, such as seed additions (Clark et al., 2007) or
controlled manipulations of how environmental factors related to
legacies impact plant populations and communities (e.g., Baeten
et al., 2010b) represent promising avenues for disentangling the
mechanistic constraints to post-agricultural understory recovery
in longleaf pine ecosystems and other forest understory communi-
ties. For example, Myers and Harms (2009) showed seed limitation
in a diverse remnant longleaf pine understory community and this
effect was influenced by the abundance of shrub, but not bunch
grass competitors – two groups that were prominent in post-agri-
cultural woodlands in our study (Table 1). Additionally, Mattingly
and Orrock (2013) illustrated greater rates of establishment for
two exotic Lespedeza species in remnant, relative to post-agricul-
tural longleaf pine woodlands and showed how establishment of
two exotic Lespedeza species in post-agricultural, but not remnant
sites, was reduced by experimental addition of water and N – two
soil resources that differed between remnant and post-agricultural
woodlands in our study (Fig. 3).

Our results suggest several strategies for restoration of longleaf
pine woodlands. First, both remnant and post-agricultural wood-
lands contained a diverse suite of largely native understory plants
(Table 1). As such, we recommend a focus on promoting and aug-
menting existing plant species in both woodland types and we do
not suggest understory removal (e.g., through broad spectrum her-
bicides) during restoration of either woodland type. Frequent use
of prescribed fire will be key to this restoration process and rem-
nant woodlands in particular contained numerous species indica-
tive of fire suppression, such as Cornus florida, Ilex opaca, Vitis
rotundifolia, Vaccinium arboreum, and other woody species (Glit-
zenstein et al., 2012). Moreover, because flowering of longleaf pine
understory species can be enhanced by prescribed fire (Platt et al.,
1988), we hypothesize that reduced fire suppression would result
in increased seed dispersal from remnants into post-agricultural
woodlands in our study. As such, we recommend an increase in fire
frequency at these sites.

Second, we recommend reestablishment of native longleaf pine
understory populations into post-agricultural sites, to reduce the
disparity in understory community composition relative to remnant
woodlands. Although we found support for both dispersal and estab-
lishment as potential limitations to post-agricultural understory
communities, we suggest an initial focus on dispersal. Whereas dis-
persal limitation may be easily overcome through propagule addi-
tions during restoration (e.g., seeding; Brudvig et al., 2011),
systems supporting agricultural legacies that fundamentally modify
the way that plant communities map onto underlying environmen-
tal conditions may be substantially more difficult to restore.
Through an initial focus on dispersal, either by simple seed sowing
or transplanting of seedlings, we might rule out the need to pursue
more dramatic environmental manipulations during restoration.
Many understory species can be successfully established into post-
agricultural longleaf woodlands through transplanting (Aschenbach
et al., 2009) and an important applied question is the degree to
which these efforts are beneficial, relative to less intensive seed sow-
ing approaches (Walker and Silletti, 2006).

Alternative, passive approaches to understory community res-
toration, such as the use of remnant patches as source communi-
ties during landscape restoration, remain less well investigated.
Although historical connectivity increased post-agricultural spe-
cies richness, our present study also illustrates a critical pattern:
in spite of their direct adjacency, many understory species have
not spread from remnants into post-agricultural longleaf pine
woodlands (Fig. 5, and Table 1). Interestingly, we note much over-
lap, but also some discrepancies, between those species we identi-
fied as remnant vs. post-agricultural indicators and those identified
by Ostertag and Robertson (2007). For example, we identified Pity-
opsis graminfolia as a post-agricultural indicator, whereas Ostertag
and Robertson found it to be an indicator of remnant longleaf pine
woodlands. Which factors might ultimately underlie the spatial
spread of remnant communities, and whether knowledge of these
factors can translate into restoration strategies are, in our opinion,
critical questions for the landscape-scale recovery of this
ecosystem.

We suggest that two general groups of factors may slow recov-
ery of post-agricultural longleaf pine woodland understory com-
munities: those limiting seed arrival into post-agricultural
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woodlands (e.g., production of seeds in remnants or barriers to dis-
persal across land-use boundaries) and those limiting establish-
ment of seeds that have dispersed to post-agricultural woodlands
(e.g., altered environmental conditions or competition with pre-
existing post-agricultural vegetation). To date, work from various
ecosystems has produced mixed results, with evidence for dis-
persal, establishment, or neither limiting colonization of post-agri-
cultural areas from adjacent remnants (e.g., Standish et al., 2007;
Öster et al., 2009). More work in our system is needed to experi-
mentally elucidate such mechanisms; however, our present study
points to dispersal and several establishment limitations (litter
accumulation, pre-existing understory vegetation; Fig. 3, and Ta-
ble 1) as potentially limiting the utility of passive approaches to
landscape restoration. Understanding the constraints to native
community reestablishment remains a critical research need in
longleaf pine woodlands, as well as other post-agricultural ecosys-
tems worldwide (Cramer et al., 2008).
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