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Summary

1. Abandoned agricultural lands often have distinct plant communities from areas with no
history of agriculture because plant species fail to recolonize. This may be due to dispersal
limitation from a lack of seeds, or establishment limitation because of unsuitable environmen-
tal conditions. However, few experiments have directly tested how restoration activities may
overcome these limitations.

2. We studied longleaf pine savannas in South Carolina abandoned from agriculture > 60 years
ago that were immediately adjacent to remnant habitats (areas with no history of agriculture).
Using 27 sites, we conducted a factorial experiment that sowed seeds of 12 species indicative of
remnant communities and conducted restoration thinning of overstorey trees in half of 126, 1-ha
patches to mimic canopy density of natural savannas. We also established vegetation transects to
examine if restoration promotes spread of remnant species into post-agricultural areas.

3. We found strong evidence for dispersal limitation in post-agricultural areas as over 99%
of the occurrences of our focal species were in seed addition plots. Seed additions increased
total species richness by 27%.

4. Restoration thinning increased establishment in seed addition plots (measured as richness
of sown species) by 126% and increased total richness by 88%. Restoration thinning also
increased seed production in remnant habitats by an average of 6506% across our focal
species. However, after 4 years, restoration thinning did not facilitate the natural spread of
remnant species into adjacent post-agricultural sites.

5. Synthesis and applications. We show that both dispersal and establishment limitation are key
factors causing some plant species to be absent from post-agricultural sites. Dense canopy condi-
tions limit seed production in remnant habitats and reduce establishment in post agricultural
areas. Restoration thinning helps overcome these limitations and should facilitate the natural
spread of species from remnant habitats but natural recovery may still be slow. Our results suggest
that accelerating the recovery of post-agricultural habitats will require active restoration that
reduces dispersal limitation (seed additions) and reinstates appropriate ecological conditions.

Key-words: biodiversity conservation, community assembly, community ecology, dispersal,
establishment, land-use legacies, longleaf pine savanna, post-agriculture, restoration ecology,
seed addition

et al. 2003; Flinn & Vellend 2005; Cramer, Hobbs &
Standish 2008). Intensive land-use activities, such as til-
Legacies of human land use on natural systems are wide- lage agriculture and grazing, cover over 30% of Earth’s
spread, long-lasting, but still poorly understood (Foster land area, and have well-recognized dramatic impacts on

species diversity and composition, as well as aspects of

ecosystem functioning (Vitousek 1997; Foley et al. 2005;
*Correspondence author. E-mail: nashuagoats@ gmail.com Newbold ez al. 2015). A more recent realization is that
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these habitat modifications have lasting impacts on recov-
ering ecosystems, even long after intensive land use ceases
(Foster et al. 2003; Flinn & Vellend 2005; Hermy & Ver-
heyen 2007; Perring et al. 2016). For example, many plant
species fail to recolonize abandoned agricultural lands,
even hundreds or thousands of years following agricul-
tural abandonment (Dupouey et al. 2002; Vellend et al.
2006; Brudvig & Damschen 2011; Brudvig et al. 2013;
Freschet et al. 2014). In spite of the ubiquity of this pat-
tern, the factors preventing post-agricultural recovery
remain poorly understood due to a lack of experiments
testing putative mechanisms. Understanding the con-
straints to post-agricultural recovery will, in turn, be criti-
cal for guiding restoration to promote native biodiversity
in post-agricultural landscapes (Cramer, Hobbs & Stan-
dish 2008; Suding 2011).

Limited post-agricultural plant community recovery
may be due to two mechanisms: dispersal limitation and
establishment limitation (Table 1) (Flinn & Vellend 2005;
Hermy & Verheyen 2007; Standish et al. 2007; Oster et al.
2009). Dispersal limitation — lack of seed arrival to a loca-
tion — may result from the inability of a species to dis-
perse into a post-agricultural area or a lack of seed
sources (reproductive individuals) in the surrounding area.
Establishment limitation results when individuals arrive,
but fail to survive or reproduce due to inadequate envi-
ronmental conditions (Crawley 2000; Orrock et al. 2006).
Seed addition experiments can test the relative importance
of both mechanisms. Comparing between seed addition
plots and non-seed addition plots informs aspects of seed
limitation while comparing among seed addition plots in
different habitats informs how those environmental condi-
tions influence establishment (Table 1). These approaches
have been widely employed in ecological research (Turn-
bull, Crawley & Rees 2000; Clark et al. 2007), yet land-
use legacy studies have often attempted to infer dispersal
and establishment limitation observationally (Hermy &
Verheyen 2007; De Frenne et al. 2010; Brunet et al.
2012). When conducted, seed addition and transplant
experiments demonstrate that both dispersal and estab-
lishment limitation are important in preventing commu-
nity recovery in post-agricultural landscapes (Graae,
Hansen & Sunde 2004; Standish er al. 2007; Cousins &
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Lindborg 2008; Baeten et al. 2009; Oster et al. 2009; Jack-
son, Pearson & Turner 2013; Hahn & Orrock 2016). But
the mechanisms causing this limitation and the interactive
effects of dispersal and establishment limitation remain
poorly resolved.

Understanding the roles of dispersal and establishment
limitation will help to guide restoration of post-agricul-
tural ecosystems and, in turn, habitat restoration may
help to mitigate land-use legacies by either directly or
indirectly overcoming establishment and/or dispersal limi-
tation. The persistence of land-use legacies suggests that
in many cases, passively allowing post-agricultural ecosys-
tems to recover will not be effective (Foster et al. 2003;
Flinn & Vellend 2005; Hermy & Verheyen 2007; Cramer,
Hobbs & Standish 2008; Brudvig er al. 2014). Active
restoration approaches may take many forms, however,
and little is known about how different approaches serve
to encourage the dispersal and establishment of sensitive
species into post-agricultural, or otherwise degraded, habi-
tats (Fig. 1). Adding species, for example, through seed
additions, may directly reduce dispersal limitation, but
inappropriate environmental conditions may prevent re-
establishment into post-agricultural areas, rendering seed-
ing alone ineffective. As such, restoring appropriate habi-
tat conditions in post-agricultural areas may be critical
for alleviating establishment limitation (Fig. 1c). More-
over, seed additions represent an intensive and expensive
restoration activity. Relict populations persisting in rem-
nant habitats (areas with no history of agriculture) may
serve as natural seed sources and restoration of remnant
areas may alleviate dispersal limitation by increasing seed
export to post-agricultural areas (Fig. 1b). In some cases
it may be necessary to restore both the remnant and post-
agricultural areas to reduce both dispersal and establish-
ment limitations (Fig. 1d). Identifying the combination of
techniques that best addresses both dispersal and estab-
lishment limitations will be necessary to restore biodiver-
sity to post-agricultural landscapes.

Here, we experimentally evaluate the relative roles of
dispersal limitation and establishment limitation for main-
taining post-agricultural land-use legacies and the pro-
spects for restoration activities to alleviate these legacies,
within longleaf pine savannas. Longleaf pine savannas are

Table 1. Hypotheses for why species fail to spread from remnant habitats to nearby post agricultural areas

Hypotheses

Experiment to test hypothesis

Expected outcome if hypothesis is supported

Dispersal limitation
Lack of seed production in remnant habitats

Seeds not arriving in post-ag. habitats
Establishment limitation

Unrestored habitat conditions
prevent establishment

Restoration thinning in remnant habitats

Seed additions in post-ag. habitats

Couple habitat restoration
with seed additions in post-ag. habitats

Plants in restored remnant habitats will have
increased seed production compared
to unrestored

Seed addition plots will have more recruits
than control plots

More sown recruits will establish in restored
post-ag. habitats compared to
unrestored post-ag. habitats
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Fig. 1. A conceptual model of how restoration is expected to
facilitate the recovery of post-agricultural habitats by promoting
the spread of species indicative of nearby remnant habitats. The
expected amount of recolonization by remnant species is depicted
by the size of arrows and is limited by either the ability of species
to get to an area (dispersal limitation, represented by the size of
flowering plants remnant habitats) or the ability to survive in that
habitat (establishment limitation, represented by the size of seed-
lings in post-agricultural habitats) both of which may be pro-
nounced without restoration (a). If remnant habitats are
degraded in some way, then restoration in those habitats could
increase seed production and help decrease dispersal limitation
(b). Active restoration in post-agricultural areas should make
those habitats more hospitable to target species thus decreasing
establishment limitation (c). The most recolonization of remnant
species is expected when both habitats are restored because this
would decrease both dispersal and establishment limitation (d).
[Colour figure can be viewed at wileyonlinelibrary.com]

a component of the Southeastern United States global
biodiversity hotspot (Noss et al. 2014) which are seriously
threatened by past and current land-use activities. Less
than 3% of the historical ecosystem range remains intact
due to conversion to agriculture and other human land
uses, as well as alterations to the fire regime. Understorey
fire as frequent as every 1-3 years is necessary to maintain
diversity and open-canopy structure (Jose, Jokela &
Miller 2006). Although few areas have escaped some form
of intensive land use, much of the area formerly under
agricultural cultivation has been abandoned or converted
to native pine plantations, presenting opportunities for
habitat restoration (Brudvig & Damschen 2011). Previous
work in this system shows the importance of fire, soils,

tree canopy cover and landscape structure, among other
factors, in shaping plant communities and plant establish-
ment in both remnant and post-agricultural habitats
(Kirkman et al. 2001, 2004; Mattingly & Orrock 2013;
Brudvig ef al. 2014; Veldman er al. 2014). However,
despite this progress, little is known about how multiple
restoration techniques (e.g. seed additions paired with
habitat modifications) influence establishment and disper-
sal limitation and how to best facilitate the spread of
plant species from remaining remnant habitats into post-
agricultural areas.

To address these gaps we worked in post-agricultural
longleaf pine savannas adjacent to remnant sites with no
history of agriculture and conducted large-scale habitat
restorations (tree removal which we call ‘restoration thin-
ning’), seed additions, and vegetation surveys. Previous
work in this system found that post-agricultural and rem-
nant habitats had distinct understorey plant community
compositions and that restoration thinning increased
diversity but did not make these communities more simi-
lar (Turley & Brudvig 2016). In this study, we build upon
those results by focusing on a subset of plant species that
are responsible for this trend, specifically, species that
tend to be restricted to remnant habitats, that is, remnant
indicator species (Brudvig et al. 2013). We asked four
questions: (i) Is there evidence for dispersal limitation in
post-agricultural sites? We tested this using seed addition
experiments in post-agricultural patches. (ii) Does restora-
tion thinning increase reproductive output? We tested this
by evaluating the effects of tree removal on floral produc-
tion of understorey plants, which we use as a proxy for
reproductive output. (iii) Does restoration thinning
decrease establishment limitation? We tested this by com-
paring outcomes of seed additions in both restored and
unrestored post-agricultural areas. And finally, (iv) Does
restoration thinning, either in remnant or post-agricultural
patches, promote spatial spread into post-agricultural
areas? We tested this by surveying plant communities in
adjacent remnant and post-agricultural patches, which
were either restored or unrestored.

Materials and methods

STUDY SYSTEM

We conducted our research in longleaf pine savannas at the
Savannah River Site (SRS), a National Environmental Research
Park in South Carolina (33-20°N, 81-:40°W). Our 27 sites were
distributed across 802 km* and each had a patch of remnant
longleaf pine savanna adjacent to post-agricultural pine planta-
tion. The post-agricultural areas were historically in tillage agri-
culture, which was abandoned at all sites when SRS was created
in 1951. Abandoned agricultural fields were subsequently man-
aged as longleaf and loblolly pine plantations. Remnant sites
were forested in 1951, based on aerial photography, have no
known history of agriculture, and do not differ from post-agri-
cultural sites in their soil types (Brudvig et al. 2013). Prior to
this study, all sites showed evidence of fire suppression,
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including canopy closure and leaf litter build up. At each site, we
established a total of 4-10 (depending on the size of the remnant
and post-agricultural areas) 1-ha (100 m X 100 m) research
patches, with patches paired on either side of the land-use bound-
ary (Fig. 2). This resulted in a total of 126 patches. For further
details about establishment criteria see Brudvig ez al. (2013). Our
previous research in these patches showed strong effects of land-
use history on plant communities and environmental conditions.
We found distinct changes in plant communities only 10 m away
from the land-use boundary (Grman et al. 2015), and of the over
300 plant species found in our surveys over 50 were found predomi-
nantly in remnant sites and over 40 were found predominantly in
post-agricultural sites (Brudvig et al. 2013). We also found that
remnant sites had higher canopy cover, duff depth, soil water hold-
ing capacity, and soil organic matter, while post-agricultural sites
had higher soil phosphorous and leaf litter depth (Brudvig et al.
2013) suggesting there are lasting abiotic differences between these
habitats that could shape understorey plant establishment and per-
formance.

RESTORATION THINNING

To test how restoration practices influence recolonization of post-
agricultural sites, we conducted restoration thinning to reinstate
open-canopy conditions indicative of longleaf pine savannas in our
region (Jose, Jokela & Miller 2006). Thinning occurred within half
the experimental patches in 2011 and was implemented in a ran-
domized 2 X 2 split-plot design, resulting in each site supporting
four treatment combinations of overstory tree thinning and agricul-
tural history (Fig. 2). To test the effects of restoring adjacent habi-
tats on recolonization we varied the spatial arrangement of
thinning treatments across sites. Thinned and unthinned post-agri-
cultural patches were either adjacent to thinned or unthinned rem-
nant patches, as in Fig. 1. The overstory was mechanically thinned

Remnant

B Vegetation transect
% Seed addition plots
Y Control plots

Fig. 2. Diagram of our study location and an example of one of
our research sites. All of our study sites are at the Savannah
River Site in South Carolina, USA, depicted on the left. Each
dot represents 1 of our 27 research sites, which each have a rem-
nant area, which has never been in agriculture, and an adjacent
post-agricultural area, which were all abandoned in the 1950s. At
each site we established 1-ha (100 X 100 m) patches that have a
transect of 10 successive 10 X 10 m vegetation plots. We also
established seed-addition and paired control plots, in each
post-agricultural plot at 10, 25, 50 and 75 m from the land-use
boundary. [Colour figure can be viewed at wileyonlinelibrary.c
om]
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to 10 longleaf pine trees per hectare, with cut trees removed from
each site. Prior to thinning, tree stem densities averaged ~650 per
ha and tree basal areas averaged ~20 m? ha~', with neither mea-
sure differing between remnant habitats and post-agricultural plots
(Brudvig et al. 2013).

REPRODUCTIVE OUTPUT OF FOCAL SPECIES

We conducted field surveys to understand how restoration thin-
ning influenced reproductive output of understorey plant species.
We chose 11 focal species that, in 2010, were found primarily in
remnant habitats (Brudvig er al. 2013). These included four
grasses in the Poaceae (Anthaenantia villosa, Sorghastrum nutans,
Sorghastrum secundum, and Sporobolus junceus), six forbs in the
Asteraceae (Carphephorus bellidifolius, Coreopsis major, Eupato-
rium album, Silphium compositum, Solidago erecta and Vernonia
angustifolia) and one forb in the Polygonaceae (Eriogonum tomen-
tosum). We focused primarily on Poaceae and Asteraceae because
these are the two most species rich and among the most domi-
nant families in this study system (Blake & Kilgo 2005). All focal
species are perennial and are primarily passively dispersed, by
wind and/or gravity. In fall 2013, we established 20 m X 60 m
transects, parallel to our vegetation transects within thinned and
unthinned remnant patches at 14 of 27 sites. Sites were selected
based on the presence and abundance of these focal species. To
quantify reproductive output, we counted the number of repro-
ductive structures (flowers or inflorescences) within the transects
for each species. In 10% of cases where individual species were
very abundant we surveyed a smaller transect (10 m X 60 m or
10 m X 20 m); all measures were converted to number of flower-
ing structures per 100 m>. To test whether the number of floral
structures is a good proxy for seeds produced across unthinned
and thinned patches, we also counted the number of seeds within
each floral structure (three per plant) from a subset of plants
(three per transect) from four of our focal species. We multiplied
the number of floral structures in each patch by the average num-
ber of seeds per structure in that patch to get an estimate of total
number of seeds per 100 m?> within each patch.

SEED ADDITIONS

We collected seeds in fall 2011 from the 11 focal species men-
tioned above from at least three natural populations per species
at SRS. We also obtained seeds of an addition species, Aristida
beyrichiana, which were mechanically collected from a single site
in fall of 2012. This site was originally planted and subsequently
maintained by the U.S. Forest Service as a seed source for this
species. For each species, we combined and mixed seeds from all
populations. Seeds were subsequently agitated against wire mesh
to remove them from glumes, floral structures, and chaff where
necessary. We then created one weighed seed packet for each spe-
cies, to correspond with each seed addition plot in the field. We
used this approach to standardize the number of seeds that were
sown into a plot for each species, maximizing our ability to com-
pare the effect of restoration thinning and seed addition treat-
ments within a species, consistent with the primary goals of our
study (Table 1). Based on seed counts from a subset of 10 of
these packets, the average number of seeds per packet for each
species was 300 (range = 106-716, SD = 173).

To experimentally assess the roles of dispersal limitation and
establishment limitation for generating the pattern of constrained
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spread of remnant populations into post-agricultural areas, we
added seeds of remnant species to plots within all 1-ha post-agri-
cultural patches in February 2013. Using data from a nearby
National Climate Data Center station we found that monthly
precipitation in 2013 was on average 2-5 cm higher than the
1981-2010 average but this trend varied widely from month to
month (SD = 8-4); total precipitation was 27% higher. We estab-
lished 1 X 1 m seed addition and adjacent control plots 10, 25,
50 and 75 m from the land-use boundary (Fig. 2) for a total of
252 seed addition plots. Seeds of all 12 species were sprinkled
onto the ground from prepared packets, resulting in approxi-
mately 3600 seeds added per 1 m? in each seed addition plot. In
2015, we surveyed the presence of all vascular plant species with
tissue rooted in or overhanging less than 1-3 m in height in
0-5 m? (0-71 x 0-71 m) subplots centred within the seed addition
and control plots. We also counted the number of individuals of
each of our focal species rooted inside the 0-5 m? subplots.

VEGETATION SURVEYS

To understand if remnant species are spreading into the post-
agricultural sites, we established 100-m-long vegetation sampling
transects perpendicular to land-use boundaries (Fig. 2). Each
transect contained ten contiguous 10 X 10 m subplots. In 2010,
we recorded the presence of all ground-layer vascular plant spe-
cies rooted within or overhanging each 10 X 10 m subplot. These
2010 data served as a baseline and the same transects were resur-
veyed in 2015 to explore how plant communities changed in
response to the restoration thinning manipulation explained
above.

DATA ANALYSES

To evaluate patterns of spatial spread we focus on species that
had a significant association with remnant patches. We deter-
mined which species are indicators of remnant patches using the
baseline 2010 vegetation data and a point-biserial correlation
coefficient indicator analyses using the ‘strassoc’ function with an
alpha value of 0-05 (de Cdceres & Legendre 2009), which resulted
in 60 remnant indicator species (Appendix S1, Table S1, Support-
ing Information). We tested whether the richness of these species
in 2015 in our 1000-m? vegetation transects was affected by land-
use history, restoration thinning, whether the adjacent remnant
patch was restored and distance from land-use boundary.

To test how our treatments influenced richness of remnant
indicator species we fit a nested ANOVA using the ‘Ime’ function
using the model formula syntax: remnant indicator richness ~
(land use + restoration + adjacent restoration + distance)”3, ran-
dom = ~1|site/land use/restoration/distance. This model tests the
main effects and all three-way interactions for the fixed effects,
and has nesting in the random effects (‘distance’ within ‘restora-
tion” within ‘land use’ within ‘site’) to account for pseudoreplica-
tion inherent in split-plot experimental designs. In this model,
‘restoration’, ‘adjacent restoration’ and ‘land use’ are two-level
categorical predictors, distance is a continuous variable, and ‘site’
is a 27-level categorical predictor with one level for each of our
independent replicates. We simplified the model first by removing
all three-way interactions that were not significant (P > 0-05) fol-
lowed by removing all non-significant two-way interactions. To
get a measure of variance explained for each interaction factor
we used the ‘r.squaredGLMM” function (Nakagawa & Schielzeth

2012) and used the difference in model marginal R> between the
full model and the models with each factor removed; for main
effects we used the difference in model R* between the model
with all fixed effects and models with each main effect removed.

To test the roles of seed additions and restoration thinning for
the richness of our focal species and total species richness in
post-agricultural patches, we fit models with the following syntax:
richness ~ seed addition x restoration, random = ~I|site/restora-
tion/seed addition). In these models ‘seed addition’ is a two-level
categorical factor and the other factors are the same as in the
model described above. For these models we report results for
interaction terms from full models and results for the main effects
from models with non-significant (P > 0-05) interaction terms
removed. For all models we tested significance of each factor
using the ‘anova.lme’ function with marginal (type III) sums of
squares. All models fit assumptions, as residuals were normally
distributed and there was limited heteroscedasticity in the rela-
tionship between fitted values and residuals.

For each focal species we tested how restoration thinning
affected reproductive output by calculating the per cent effect of
the restoration treatment on number of floral structures or seed
number at each site as: (mean value in restored—mean value in
unrestored)/mean for that species across all unrestored tran-
sects X 100. We then calculated an average effect size and 95%
confidence interval (standard error x 1-96) using the effect size
from each site as replicates. All analyses were done using R ver-
sion 3.2.2. All the original data used for analyses are available
online (Turley et al. 2017).

Results

IS THERE EVIDENCE FOR DISPERSAL LIMITATION IN
POST-AGRICULTURAL SITES?

We found strong evidence for dispersal limitation as seed
addition plots had higher sown, and total, richness than
control plots. Over 99% of the occurrences of our focal
species (1193 out of 1197) were in seed addition plots
rather than control plots (Fig. 3a). Adding seeds to unre-
stored plots of 12 species resulted in an average of 1-1
focal species per plot (F; s, = 20-7, P < 0-001) and, across
plot types, seed additions increased total species richness
by 27% (Fy 53 = 29-6, P < 0-001; Fig. 3b).

DOES RESTORATION THINNING INCREASE
REPRODUCTIVE OUTPUT?

Restoration thinning greatly increased the number of floral
structures in longleaf pine savanna understorey plants.
Across 11 species the number of floral structures per
100 m? increased by an average of 6506% in restored
patches compared to unrestored patches and this was a sig-
nificant increase in nine of the species (i.e. 95% confidence
interval did not overlap with zero; Fig. 4). For the subset of
species where we estimated the total number of seeds per
100 m? we found that thinning increased average seed pro-
duction by 2881% (C. bellidifolius = 778 + 451, S.
erecta = 3812 £ 3458, S. secundum = 676 £ 554, S.

Junceus = 6256 £+ 6459; mean + 95% CI).
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a) Restoration: P < 0-001 (b)
Seed addition: P = 0-91
3 | Restoration x seed addition: P < 0-001

Fig. 3. Interactive effect of seed additions
and restoration thinning on species rich-
ness of sown species (a) and total species
richness (b) in 0-5 m? plots. (a) Sown spe-
cies were almost entirely absent in control
plots and thinning increased richness of
species in seed addition plots by 126%. (b)
Total species richness was 27% higher in
sown plots and 88% higher in thinned
plots. Both figures show the results of
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nested ANOVAs testing effects of thin-
ning, seed addition and their interaction
on richness. [Colour figure can be viewed
at wileyonlinelibrary.com]

DOES RESTORATION THINNING DECREASE
ESTABLISHMENT LIMITATION?

We found that restoration thinning increased establish-
ment of our focal species when seeds were added and
increased overall richness. Seed addition plots in restored
patches had an average 2-4 focal species which is 126%
larger than in seed additions plots in unrestored patches;
however, restoration thinning did not increase focal rich-
ness in our control plots (restoration x seed addition,
Fi s, =153, P<0-001, Fig. 3a). Restoration thinning
also increased total species richness by 88% (F) ¢ = 74-5,
P < 0-001; Fig. 3b).

DOES RESTORATION THINNING PROMOTE SPATIAL
SPREAD INTO POST-AGRICULTURAL AREAS?

We found no evidence that restoration thinning promotes
spread of remnant indicator species into adjacent post-
agricultural habitats. In unrestored patches we found a
pronounced spatial signature in plant species’ occurrences
when crossing the land-use boundary between remnant
sites and post-agricultural sites. Remnant indicator spe-
cies, as determined from 2010 data, were not spreading
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Fig. 4. Restoration thinning increased the = ..9 10 000 {
number of floral structures of 11 under- % %
storey plant species by an average of 8 S 5000
6506%. The effect of thinning on floral 5+ ]
production was determined by counting = g
floral structures in a standardized area in -0 ko) 0-
both thinned and control plots. X-axis °

Control  Seed
addition

Unrestored

Control Seed
addition

Restored

Control  Seed
addition
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from remnant patches into adjacent post-agricultural
patches by 2015. Remnant indicator richness in post-agri-
cultural plots 10 m away from remnant habitats decreased
by 62% compared to average in remnant plots (Fig. 5).
These patterns were supported by a significant dis-
tance x land use interaction model, which
explained 2% of the variation in remnant indicator rich-
ness (Table 2). We found that restoring the adjacent rem-
nant patch had no effect on richness of remnant
indicators in post-agricultural patches (Table 2) and we
saw no difference in the richness of remnant indicator
species in restored and unrestored post-agricultural
patches (Table 2, see dashed red line in Fig. 5). Our final
model did include several significant interaction terms
(Table 2) containing the restoration thinning factor but
these were the result of small differences in means among
treatments (<1 species) and they all explained little varia-
tion (<0-5%).

in our

Discussion

Human activities have long-lasting impacts on biodiver-
sity, especially intensive habitat modification like agricul-
ture (Foster et al. 2003; Hermy & Verheyen 2007;

THTThH

show species codes (first three letters of
genus and species) see methods section for
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Fig. 5. Spatial patterns in the richness of 60 remnant indicator
species (species indicative of remnant sites in 2010) in 10 X 10 m
plots. Remnant indicator richness increased in post-agricultural
habitats closer to the land-use boundary, but still remained much
lower than in remnant habitats even right at the land-use bound-
ary. Restoration thinning of canopy trees had no impact on rich-
ness of remnant indicator species in either habitat. Shaded areas
are 95% confidence intervals [Colour figure can be viewed at wile
yonlinelibrary.com]

Brudvig et al. 2014). In our system, agricultural land-use
legacies shape plant communities, but we found that
active restoration techniques can help overcome these
effects. The highest number of remnant indicator species
established in post-agricultural areas when experimental
seed additions were combined with restoration thinning,
but establishment of sown species was still low suggesting
that various factors are still limiting recruitment. We also
explored how the immediate proximity of post-agricul-
tural areas to remnant areas might facilitate community
recovery and whether active restoration can expedite that
process. We found that restoration thinning in both rem-
nant and post-agricultural habitats increased reproductive
output and establishment when seeds were added; how-
ever, after 4 years, we have yet to see impacts of restora-
tion thinning on spatial spread of remnant species, likely
because not enough time has passed for natural recruit-
ment to occur in post-agricultural areas.

DISPERSAL AND ESTABLISHMENT LIMITATION IN
POST-AGRICULTURAL HABITATS

Two lines of evidence suggest that dispersal limitation is
preventing the spread of remnant species into post-agri-
cultural areas in this system. First, we found strong seed
limitation of remnant indicator species in post-agricultural
plots, even when only 10 m from the land-use boundary
(Fig. 3). This mirrors results seen in similar studies in lon-
gleaf pine savannas, grasslands and deciduous forests
(Ehrlén & Eriksson 2000; Graae, Hansen & Sunde 2004;
Kirkman ez al. 2004; Verheyen & Hermy 2004; Standish

Table 2. Results of a nested ANOVA testing how richness of
remnant indicator species in 10 X 10 m plots is affected by ‘Land
use’ (remnant and post-agricultural habitats) and ‘Restoration’
(patches with and without tree thinning). The model also
included ‘Distance’ (distance of a plot from the land-use bound-
ary) and ‘Adj. restoration’ (whether the adjacent patch on the
other side of the land-use boundary was a restored or unrestored
patch). Land use had by far the largest impact on remnant indi-
cator richness. The Distance x Land use interaction explained
the second-largest amount of variation (see Fig. 5)

nd.f. dd.f. f P R

Restoration 1 52 0-64 0427 <0-001
Land use 1 26 52-10  <0-001  0-513
Distance 1 970 61-09 <0-001 <0-001
Adj. restoration 1 136 0-11  0-746 <0-001
Land use x Adj. 1 136 7-59  0-007 <0-001
restoration

Land use x Distance 1 970  114-39 <0-001 0-020
Restoration x Land use 1 52 1197 0-001 <0-001
Restoration x 2 136 1548 <0-001 0-004
Land use x

Adj. restoration

et al. 2007; Kardol et al. 2008; Oster et al. 2009; Hahn &
Orrock 2016). Second, we found low seed production in
closed-canopy remnant patches compared to restored
open-canopy patches (Fig. 4), which could be a cause of
seed limitation in post-agricultural patches. Intact longleaf
pine savannas typically have sparse tree cover but fire
suppression leads to encroachment of hardwood trees and
closed canopy conditions (Jose, Jokela & Miller 2006).
Given that these remnant habitats have a long history of
fire suppression and closed-canopy conditions, long before
the abandonment of agriculture, there has likely been low
seed production and thus limited opportunities for seeds
to disperse to adjacent post-agricultural areas (Kirkman
et al. 2004). This could explain why many species had
failed to spread even a few meters into post-agricultural
sites after over 60 years (Fig. 5). Other observational
studies in a variety of systems have found similar spatial
patterns (Hermy & Verheyen 2007; Cousins & Lindborg
2008; Oster et al. 2009; De Frenne ef al. 2010; Brunet
et al. 2012).

In addition to seed limitation, we found that remnant
species may have failed to spread because closed-canopy
post-agricultural habitats were unsuitable for establish-
ment following seed Restoration thinning
increased the richness of sown species in seed addition
plots by 88% (Fig. 3) and increased the total number of
individuals of those species in our plots from 321 to 876.

arrival.

Previous work in this system also found increased estab-
lishment and growth following seed additions and trans-
plants in restored patches, although these effects were
stronger in remnant habitats than in post-agricultural
areas (Hahn & Orrock 2016). Together these results sug-
gest that above- and below-ground competition by trees
limit establishment in post-agricultural habitats; but other
factors such as competition from other species in the
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understorey (Endels ez al. 2004), natural enemies (Orrock,
Witter & Reichman 2009; Hahn & Orrock 2016),
increased soil phosphorous levels (Dupouey et al. 2002;
Brudvig et al. 2013) and altered soil microbial communi-
ties (Jangid et al. 2011) could also be important. Tempo-
ral variation in environmental conditions may also be
important in contributing to the patterns of establishment
we observed (Fukami 2015). For example, in the year that
we performed our seed addition experiment there was
high levels of precipitation. Further work is needed to dis-
entangle the relative importance of factors affecting estab-
lishment in post-agricultural habitats and over what time
frames they are important. Moreover, given that our focal
species are long-lived perennials, the effects of some of
these other factors on continued recruitment and spread
following establishment may only become apparent over a
time period longer than the three growing seasons we
studied them (Baeten, Hermy & Verheyen 2009).

RESTORATION EFFECTS ON NATURAL
RECOLONIZATION OF POST-AGRICULTURAL AREAS

The restoration of biodiversity on post-agricultural areas
can be facilitated by nearby remnant habitats, or other-
wise less degraded, habitats because they can serve as
source populations (Kirkman et al. 2004; Cousins & Lind-
borg 2008; De Frenne et al. 2010). But when species from
remnant habitats fail to naturally colonize post-agricul-
tural areas, active restoration can help recover biodiver-
sity in post-agricultural habitats by helping to overcome
both dispersal and establishment limitation (Fig. 1) (Ver-
heyen & Hermy 2004). In our system, we predicted that
restoration thinning would increase seed production of
remnant species and increase establishment when seeds
were added to post-agricultural areas, and that these, sep-
arately or together, would increase the spread of remnant
species into post-agricultural areas (Fig. 1b—d).

We found support for some of these predictions but
not others. While restoration thinning did create condi-
tions that should facilitate spread (increased seed produc-
tion and increased establishment success when seeds were
added) we did not see any effect of restoration thinning,
whether in the post-agricultural patch or adjacent rem-
nant patch, on the natural spread of remnant indicator
species into post-agricultural areas. This could be because
recruitment in this system is rare (Mulligan, Kirkman &
Mitchell 2002). In our seed addition plots, for example,
restoration thinning did increase establishment but we still
only saw an average of 2-4 out of 12 species in each plot.
Therefore, 4 years post-restoration may not be enough
time to observe any effects of restoration thinning on
spread. This may be especially true for species with low
recruitment (Baeten ez al. 2009) and limited dispersal
capacity which may take several generations to move just
a few meters (Kirkman ez al. 2004; Baeten et al. 2015).
There could also be other limiting factors, for example,
the spread of tropical forest trees into pastures is shaped
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primarily by dispersal, but also competition, light levels,
nutrients and herbivory (Holl 1999; Holl ez al. 2000). In
longleaf pine savannas, fire is critical for maintaining
diversity and promoting many endemic species (Jose,
Jokela & Miller 2006; Glitzenstein et al. 2012) but it is
not known if fire will increase the rate of spread into
post-agricultural areas. In this and other systems, experi-
ments that manipulate a range of environmental condi-
tions or restoration practices to see how they influence
spatial spread out of remnant habitats, and over what
timeframe, would be helpful in understanding how to best
restore biodiversity in post-agricultural habitats.

IMPLICATIONS FOR MANAGEMENT

Our research reinforces the idea that active restoration
is often necessary to recover plant biodiversity in post-
agricultural landscapes (Flinn & Vellend 2005; Hermy &
Verheyen 2007). Evidence from many systems suggests
that passive restoration approaches are often not effec-
tive because many native species fail to recolonize post-
agricultural areas after decades or even centuries
(Dupouey et al. 2002; Flinn & Vellend 2005; Hermy &
Verheyen 2007; Cousins & Lindborg 2008). This pattern
was evident in our system despite post-agricultural areas
being immediately adjacent to remnant habitats which
could serve as seed sources for those species (Brudvig
et al. 2013; Grman et al. 2015). Our research suggests
that seed additions or transplants (Aschenbach, Foster
& Imm 2010) may be necessary to establish sensitive
and long-lived longleaf pine understorey species outside
of remnant habitats. These efforts will be facilitated by
tree thinning, which reinstates the open-canopy condi-
tions indicative of healthy longleaf pine savannas (Jose,
Jokela & Miller 2006), and continued management with
fire to prevent trees from returning (Glitzenstein er al.
2012). In the long term, we predict that thinning will
help promote natural recolonization of post-agricultural
habitats because it greatly increases seed production,
promotes establishment and increases overall diversity
(Brudvig & Damschen 2011; Veldman ez al. 2014; Turley
& Brudvig 2016), even though these factors are not pro-
moting spread in the short term (Turley & Brudvig
2016). In other post-agricultural systems, combinations
of seed additions and habitat restoration are expected to
accelerate recovery as well (Verheyen & Hermy 2001;
Flinn & Vellend 2005). By understanding the factors
contributing to dispersal and establishment limitation,
specific restoration techniques may be tailored to a vari-
ety of post-agricultural ecosystems (Holl er al. 2000;
Oster et al. 2009).

Authors’ contributions

J.L.O. and L.A.B. conceived the study; J.A.L., J.L.O. and L.A.B. designed
the experiments; J.A.L. collected the data; N.E.T. analysed the data and
wrote the first draft of the paper. All authors revised the paper and gave
final approval for publication.

© 2017 The Authors. Journal of Applied Ecology © 2017 British Ecological Society, Journal of Applied Ecology, 54, 1100-1109



1108 N. E. Turley et al.

Acknowledgements

We thank Chelsea Blake, John Blake, Katie Biggert, Joey Bukowski, Chris
Habeck, Emily Heald, Bridget Johnson, Skylar Johnson, Clay Lovelace,
Ed Olson, Emily Reed, Chris Shaw, Zachary Smith, Jeannie Williams and
Kim Wright, for assistance with creating and maintaining this experiment
and collecting data. We appreciate helpful comments from Phil Hahn, Jer-
emy James and two anonymous reviewers that improved the paper. This
work was supported by funds provided to the Department of Agriculture,
Forest Service, Savannah River, under Interagency Agreement DEAI09-
00SR22188 with the Department of Energy, Aiken, SC; J.L.O. was sup-
ported by a UW Vilas Associates Fellowship during a portion of this
work.

Data accessibility

Data available from the Dryad Digital Repository https://doi.org/10.5061/
dryad.9¢785 (Turley et al. 2017).

References

Aschenbach, T.A., Foster, B.L. & Imm, D.W. (2010) The initial phase of
a longleaf pine-wiregrass savanna restoration: species establishment and
community responses. Restoration Ecology, 18, 762-771.

Baeten, L., Hermy, M. & Verheyen, K. (2009) Environmental limitation
contributes to the differential colonization capacity of two forest herbs.
Journal of Vegetation Science, 20, 209-223.

Baeten, L., Jacquemyn, H., van Calster, H., van Beek, E., Devlaeminck,
R., Verheyen, K. & Hermy, M. (2009) Low recruitment across life
stages partly accounts for the slow colonization of forest herbs. Journal
of Ecology, 97, 109-117.

Baeten, L., Davies, T.J., Verheyen, K., van Calster, H. & Vellend, M.
(2015) Disentangling dispersal from phylogeny in the colonization
capacity of forest understorey plants. Journal of Ecology, 103, 175-183.

Blake, J.I. & Kilgo, J.C. (2005) Ecology and Management of a Forested
Landscape: Fifty Years on the Savannah River Site. Island Press,
Washington, DC, USA.

Brudvig, L.A. & Damschen, E.I. (2011) Land-use history, historical connec-
tivity, and land management interact to determine longleaf pine woodland
understory richness and composition. Ecography, 34, 257-266.

Brudvig, L.A., Grman, E., Habeck, C.W., Orrock, J.L. & Ledvina, J.A.
(2013) Strong legacy of agricultural land use on soils and understory
plant communities in longleaf pine woodlands. Forest Ecology and Man-
agement, 310, 944-955.

Brudvig, L.A., Orrock, J.L., Damschen, E.I., Collins, C.D., Hahn, P.G.,
Mattingly, W.B., Veldman, J.W. & Walker, J.L. (2014) Land-use history
and contemporary management inform an ecological reference model
for longleaf pine woodland understory plant communities. PLoS ONE,
9, e86604.

Brunet, J., de Frenne, P., Holmstrom, E. & Mayr, M.L. (2012) Life-his-
tory traits explain rapid colonization of young post-agricultural forests
by understory herbs. Forest Ecology and Management, 278, 55-62.

de Cdceres, M. & Legendre, P. (2009) Associations between species and
groups of sites: indices and statistical inference. Ecology, 90, 3566-3574.

Clark, C.J., Poulsen, J.R., Levey, D.J. & Osenberg, C.W. (2007) Are plant
populations seed limited? A critique and meta-analysis of seed addition
experiments. The American Naturalist, 170, 128-142.

Cousins, S.A.O. & Lindborg, R. (2008) Remnant grassland habitats as
source communities for plant diversification in agricultural landscapes.
Biological Conservation, 141, 233-240.

Cramer, V.A., Hobbs, R.J. & Standish, R.J. (2008) What’s new about old
fields? Land abandonment and ecosystem assembly. Trends in Ecology
& Evolution, 23, 104-112.

Crawley, M.J. (2000) Seed predators and plant population dynamics.
Seeds: The Ecology of Regeneration in Plant Population Dynamics (ed
M. Fenner), pp. 167-182. CABI Publishing, Oxon, UK.

De Frenne, P., Baeten, L., Graae, B.J. er al. (2010) Interregional variation
in the floristic recovery of post-agricultural forests. Journal of Ecology,
99, 600-609.

Dupouey, J.L., Dambrine, E., Laffite, J.-D. & Moares, C. (2002) Irre-
versible impact of past land use on forest soils and biodiversity. Ecol-
ogy, 83, 2978-2984.

Ehrlén, J. & Eriksson, O. (2000) Dispersal limitation and patch occupancy
in forest herbs. Ecology, 81, 1667-1674.

Endels, P., Adriaens, D., Verheyen, K. & Hermy, M. (2004) Population
structure and adult plant performance of forest herbs in three contrast-
ing habitats. Ecography, 27, 225-241.

Flinn, K.M. & Vellend, M. (2005) Recovery of forest plant communities
in post-agricultural landscapes. Frontiers in Ecology and the Environ-
ment, 3, 243-250.

Foley, J.A., Defries, R., Asner, G.P. et al. (2005) Global consequences of
land use. Science, 309, 570-574.

Foster, D., Swanson, F., Aber, J., Burke, 1., Brokaw, N., Tilman, D. &
Knapp, A. (2003) The importance of land-use legacies to ecology and
conservation. BioScience, 53, 77-88.

Freschet, G.T., Ostlund, L., Kichenin, E. & Wardle, D.A. (2014) Above-
ground and belowground legacies of native Sami land use on boreal for-
est in northern Sweden 100 years after abandonment. Ecology, 95,
963-977.

Fukami, T. (2015) Historical contingency in community assembly: inte-
grating niches, species pools, and priority effects. Annual Review of
Ecology, Evolution, and Systematics, 46, 1-23.

Glitzenstein, J.S., Streng, D.R., Masters, R.E., Robertson, K.M. & Her-
mann, S.M. (2012) Fire-frequency effects on vegetation in north Florida
pinelands: another look at the long-term Stoddard Fire Research plots
at Tall Timbers Research Station. Forest Ecology and Management, 264,
197-209.

Graae, B.J., Hansen, T. & Sunde, P.B. (2004) The importance of recruit-
ment limitation in forest plant species colonization: a seed sowing exper-
iment. Flora, 199, 263-270.

Grman, E., Orrock, J.L., Habeck, C.W. & Ledvina, J.A. (2015) Altered
beta diversity in post-agricultural woodlands: two hypotheses and the
role of scale. Ecography, 38, 614-621.

Hahn, P.G. & Orrock, J.L. (2016) Ontogenetic responses of four plant spe-
cies to additive and interactive effects of land-use history, canopy struc-
ture and herbivory. Journal of Ecology, 104, 1518-1526.

Hermy, M. & Verheyen, K. (2007) Legacies of the past in the present-day
forest biodiversity: a review of past land-use effects on forest plant
species composition and diversity. Ecological Research, 22, 361-371.

Holl, K.D. (1999) Factors limiting tropical rain forest regeneration in
abandoned pasture: seed rain, seed germination, microclimate, and soil.
Biotropica, 31, 229-242.

Holl, K.D., Loik, M.E., Lin, EH.V. & Samuels, I.A. (2000) Tropical
montane forest restoration in Costa Rica: overcoming barriers to disper-
sal and establishment. Restoration Ecology, 8, 339-349.

Jackson, M.M., Pearson, S.M. & Turner, M.G. (2013) Performance and
population dynamics of a native understory herb differ between young
and old forest stands in the Southern Appalachians. Forest Ecology and
Management, 304, 444-454.

Jangid, K., Williams, M.A., Franzluebbers, A.J., Schmidt, T.M., Coleman,
D.C. & Whitman, W.B. (2011) Land-use history has a stronger impact
on soil microbial community composition than aboveground vegetation
and soil properties. Soil Biology and Biochemistry, 43, 2184-2193.

Jose, S., Jokela, E.J. & Miller, D.L. (2006) The Longleaf Pine Ecosystem.
Springer, New York, NY, USA.

Kardol, P., van der Wal, A., Bezemer, T.M., de Boer, W., Duytsa, H.,
Holtkampe, R. & van der Puttena, W.H. (2008) Restoration of species-
rich grasslands on ex-arable land: seed addition outweighs soil fertility
reduction. Biological Conservation, 141, 2208-2217.

Kirkman, L.K., Mitchell, R.J., Helton, R.C. & Drew, M.B. (2001) Produc-
tivity and species richness across an environmental gradient in a fire-
dependent ecosystem. American Journal of Botany, 88, 2119-2128.

Kirkman, L.K., Coffey, K.L., Mitchell, R.J. & Moser, E.B. (2004) Ground
cover recovery patterns and life-history traits: implications for restora-
tion obstacles and opportunities in a species-rich savanna. Journal of
Ecology, 99, 409-421.

Mattingly, W.B. & Orrock, J.L. (2013) Historic land use influences con-
temporary establishment of invasive plant species. Oecologia, 172, 1147—
1157.

Mulligan, M.K., Kirkman, L.K. & Mitchell, R.J. (2002) Aristida beyrichi-
ana (wiregrass) establishment and recruitment: implications for restora-
tion. Restoration Ecology, 10, 68-76.

Nakagawa, S. & Schielzeth, H. (2012) A general and simple method for
obtaining R2 from generalized linear mixed-effects models (ed RB
O’Hara). Methods in Ecology and Evolution, 4, 133-142.

Newbold, T., Hudson, L.N., Hill, S.L.L. er al. (2015) Global effects of
land use on local terrestrial biodiversity. Nature, 520, 45-50.

© 2017 The Authors. Journal of Applied Ecology © 2017 British Ecological Society, Journal of Applied Ecology, 54, 1100-1109


https://doi.org/10.5061/dryad.9g785
https://doi.org/10.5061/dryad.9g785

Noss, R.F., Platt, W.J., Sorrie, B.A., Weakley, A.S., Means, D.B., Costan-
za, J. & Peet, RK. (2014) How global biodiversity hotspots may go
unrecognized: lessons from the North American Coastal Plain. Diversity
and Distributions, 21, 236-244.

Orrock, J.L., Witter, M.S. & Reichman, O.J. (2009) Native consumers and
seed limitation constrain the restoration of a native perennial grass in
exotic habitats. Restoration Ecology, 17, 148-157.

Orrock, J.L., Levey, D.J., Danielson, B.J. & Damschen, E.I. (2006) Seed
predation, not seed dispersal, explains the landscape-level abundance of
an early-successional plant. Journal of Ecology, 94, 838-845.

Oster, M., Ask, K., Cousins, S.A.O. & Eriksson, O. (2009) Dispersal and
establishment limitation reduces the potential for successful restoration
of semi-natural grassland communities on former arable fields. Journal
of Applied Ecology, 46, 1266-1274.

Perring, M.P., de Frenne, P., Baeten, L., Maes, S.L., Depauw, L., Blon-
deel, H., Carén, M.M. & Verheyen, K. (2016) Global environmental
change effects on ecosystems: the importance of land-use legacies.
Global Change Biology, 22, 1361-1371.

Standish, R.J., Cramer, V.A., Wild, S.L. & Hobbs, R.J. (2007) Seed dis-
persal and recruitment limitation are barriers to native recolonization of
old-fields in western Australia. Journal of Applied Ecology, 44, 435-445.

Suding, K.N. (2011) Toward an era of restoration in ecology: successes,
failures, and opportunities ahead. Annual Review of Ecology, Evolution,
and Systematics, 42, 465-487.

Turley, N.E. & Brudvig, L.A. (2016) Agricultural land-use history causes
persistent loss of plant phylogenetic diversity. Ecology, 97, 2240-2247.
Turley, N.E., Orrock, J.L., Ledvina, J.A. & Brudvig, L.A. (2017) Data
from: Dispersal and establishment limitation slows plant community
recovery in post-agricultural longleaf pine savannas. Dryad Digital

Repository, https://doi.org/10.5061/dryad.9g785.

Turnbull, L.A., Crawley, M.J. & Rees, M. (2000) Are plant populations

seed-limited? A review of seed sowing experiments. Oikos, 88, 225-238.

Constraints to post-agricultural plant recovery 1109

Veldman, J.W., Brudvig, L.A., Damschen, E.I., Orrock, J.L., Mattingly,
W.B. & Walker, J.L. (2014) Fire frequency, agricultural history and the
multivariate control of pine savanna understorey plant diversity. Journal
of Vegetation Science, 25, 1438-1449.

Vellend, M., Verheyen, K., Jacquemyn, H., Kolb, A., van Calster, H.,
Peterken, G. & Hermy, M. (2006) Extinction debt of forest plants per-
sists for more than a century following habitat fragmentation. Ecology,
87, 542-548.

Verheyen, K. & Hermy, M. (2001) The relative importance of dispersal
limitation of vascular plants in secondary forest succession in Muizen
Forest, Belgium. Journal of Ecology, 89, 829-840.

Verheyen, K. & Hermy, M. (2004) Recruitment and growth of herb-layer
species with different colonizing capacities in ancient and recent forests.
Journal of Vegetation Science, 15, 125-134.

Vitousek, P.M. (1997) Human domination of earth’s ecosystems. Science,
277, 494-499.

Received 23 August 2016; accepted 10 March 2017
Handling Editor: Jeremy James

Supporting Information

Details of electronic Supporting Information are provided below.
Appendix S1. Explanation of columns in Table S1.

Table S1. List of plant remnant and post agricultural indicator
values and frequencies.

© 2017 The Authors. Journal of Applied Ecology © 2017 British Ecological Society, Journal of Applied Ecology, 54, 1100-1109


https://doi.org/10.5061/dryad.9g785

