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Abstract.   Habitat fragmentation can create significant impediments to dispersal. A 
technique to increase dispersal between otherwise isolated fragments is the use of corridors. 
Although previous studies have compared dispersal between connected fragments to dis-
persal between unconnected fragments, it remains unknown how dispersal between fragments 
connected by a corridor compares to dispersal in unfragmented landscapes. To assess the 
extent to which corridors can restore dispersal in fragmented landscapes to levels observed 
in unfragmented landscapes, we employed a stable- isotope marking technique to track 
seeds within four unfragmented landscapes and eight experimental landscapes with frag-
ments connected by corridors. We studied two wind-  and two bird- dispersed plant species, 
because previous community- based research showed that dispersal mode explains how 
connectivity effects vary among species. We constructed dispersal kernels for these species 
in unfragmented landscapes and connected fragments by marking seeds in the center of 
each landscape with 15N and then recovering marked seeds in seed traps at distances up 
to 200 m. For the two wind- dispersed plants, seed dispersal kernels were similar in 
 unfragmented landscapes and connected fragments. In contrast, dispersal kernels of bird- 
dispersed seeds were both affected by fragmentation and differed in the direction of the 
impact: Morella cerifera experienced more and Rhus copallina experienced less long- distance 
dispersal in unfragmented than in connected landscapes. These results show that corridors 
can facilitate dispersal probabilities comparable to those observed in unfragmented land-
scapes. Although dispersal mode may provide useful broad predictions, we acknowledge 
that similar species may respond uniquely due to factors such as seasonality and disperser 
behavior. Our results further indicate that prior work has likely underestimated dispersal 
distances of wind- dispersed plants and that factors altering long- distance dispersal may 
have a greater impact on the spread of species than previously thought.
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inTroDuCTion

Dispersal, especially over long distances, is a key process 
influencing ecological and evolutionary dynamics (Clobert 
et al. 2001), the size and persistence of populations 
(Pulliam 1988), species interactions (Herrmann et al. 
2012), and the capacity for adaptive evolution (Lenormand 
et al. 2009). Rates of dispersal in contemporary landscapes 
are altered by habitat loss and fragmentation, which can 

pose a threat to populations by disrupting movement 
pathways (Collinge 2009, Ibáñez et al. 2014).

Assuring connectivity through maintenance or con-
struction of landscape corridors is the most frequently 
used management technique to counter negative impacts 
of habitat fragmentation (Hilty et al. 2006). Studies 
spanning arthropods, small mammals, birds, and a variety 
of plants have shown that landscape corridors can increase 
movement of organisms between connected fragments, 
relative to unconnected fragments (Gilbert- Norton et al. 
2010, Damschen et al. 2014, Haddad et al. 2015). For other 
species, such as wind- dispersed plants, mechanistic dis-
persal models predict increased dispersal in connected 
fragments through increased airflow and updrafts 
(Damschen et al. 2014). However, because previous 
studies have not compared dispersal between connected 
and unfragmented landscapes (Beier and Gregory 2012), 
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it has not been possible to evaluate the extent to which 
corridors can restore landscape- level connectivity.

In habitat fragments, varying connectivity can cause 
changes in communities through altered immigration pro-
cesses (Damschen and Brudvig 2012), and there is a growing 
need for frameworks that allow corridor effectiveness to be 
predicted across species (Haddad et al. 2003, Hudgens and 
Haddad 2003). Life- history theory may present such a 
framework by providing insight into tradeoffs that constrain 
movement abilities (Stearns 1976). For plants, it is known 
that dispersal ability is related to traits such as seed mass 
and shape, terminal velocity, seed release height, and mode 
of dispersal (Tamme et al. 2014). Whereas dispersal mode 
has been shown to provide an important way to generalize 
connectivity effects (Damschen et al. 2008, Montoya et al. 
2008), it is unknown if this trait can be used to predict the 
degree to which corridors restore connectivity across species.

Previous studies in large- scale experimental landscapes 
have shown how landscape corridors can increase rates of 
dispersal for two bird- dispersed species, Morella cerifera 
and Rhus copallina (Tewksbury et al. 2002, Haddad et al. 
2003). Here, we use a newly developed stable isotope tech-
nique (Carlo et al. 2009, Forster and Herrmann 2014) to 
mark seeds of the same bird- dispersed plant species within 
the same large- scale experimental landscapes to determine 
if corridors restore connectivity to levels observed in 
unfragmented landscapes. We further marked two previ-
ously untested wind- dispersed plant species to explore 
whether the degree to which corridors restore connectivity 
varies by dispersal mode. The efficiency of corridors was 
evaluated by comparing seed dispersal kernels in land-
scapes where fragments are connected by corridors to 
kernels in unfragmented landscapes.

meThoDs

Site description

The study took place within 12 landscapes at the 
Savannah River Site (Fig. 1A), an 800 km2 National 

Environmental Research Park in South Carolina, USA 
(33.20° N, 81.40° W). Six experimental landscapes were 
established in 1999–2000 and two in 2007 to investigate 
the effectiveness of corridors in promoting dispersal in 
fragmented landscapes (Tewksbury et al. 2002, Fig. 2B). 
These landscapes were created by clearing mature plan-
tation pine forest and followed by a low intensity, pre-
scribed fire. The resulting clearings are undergoing 
restoration to longleaf pine savannas through continued 
implementation of prescribed fires on a 2–3 yr rotation, 
planting of low densities of longleaf pine (Pinus palustris), 
and removal of deciduous trees. Within each experi-
mental landscape, we worked in two 100 × 100 m frag-
ments connected by a 150 m long × 25 m wide habitat 
corridor. Four unfragmented landscapes (26–50 ha) were 
created between 2005 and 2010 by clearing mature pine 
forests, burning the clearings, and planting either longleaf 
or longleaf and loblolly (Pinus taeda) seedlings (Fig. 2A). 
Although generally younger than our connected land-
scapes, these unfragmented landscapes contain many of 
the same plant species and are structurally similar to the 
connected landscapes. All landscapes were separated by 
at least 1.5 km to minimize the chance of seeds dispersing 
between them (Fig. 1A).

Species

We investigated seed dispersal in connected and 
unfragmented landscapes for two wind-  and two bird- 
dispersed plant species that are native and common in 
our study sites (Radford et al. 1968, Kilgo and Blake 
2005). The wind- dispersed species, Eupatorium com-
positifolium and Eupatorium glaucescens (formerly 
Eupatorium cuneifolium; Asteraceae), are herbaceous 
perennials that grow to approximately 1 m in height 
(Radford et al. 1968, nomenclature follows Weakly 
2012). Seeds mature and are dispersed from September 
to November for E. compositifolium, and from July to 
October for E. glaucescens (Radford et al. 1968). The 
bird- dispersed species, Morella cerifera (formerly Myrica 

Fig. 1. (A) Unfragmented (circles) and connected landscapes (squares) at the Savannah River Site (SRS), South Carolina, USA. 
(B) Seed traps at different distances along the corridor and in the connected fragment. Photo credit: N. Haddad.
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cerifera; Myricaceae) and Rhus copallina (Anacardiaceae), 
ripen fruits from August to October and from August to 
September, respectively (Radford et al. 1968). The fruits 
provide food mainly for wintering birds in the region, 
and are primarily dispersed by Eastern Bluebirds 
(Sialia sialis) and Eastern Phoebes (Sayornis phoebe) 
(McCarty et al. 2002, Levey et al. 2005). Morella cerifera 
is an evergreen shrub that typically grows to approxi-
mately 3 m tall at the study site. Rhus copallina is a 
deciduous shrub that rarely exceeds 2 m.

Seed marking

We marked seeds of all species by spraying above- 
ground inflorescences of reproductive individuals with a 
solution of distilled water and 15N ammonium nitrate 

(99.9 atom %; Icon Isotopes, Summit, New Jersey, USA). 
Bird- dispersed plants were sprayed with a solution of 
0.125 g/L (Carlo et al. 2009); wind- dispersed plants were 
sprayed with a solution of 0.25 g/L. To lower surface 
tension and improve contact to plant tissue, one drop of 
Tween20 (Sigma- Aldrich, St. Louis, Missouri, USA) was 
added to each liter of solution. Plants were sprayed using 
a handheld pump sprayer equipped with a fine mist 
nozzle. Each plant was sprayed until all flower petals were 
moist. Flowers were sprayed in the mornings between 
6:30 h and 10:00 h to minimize evaporation of the solution 
and ensure absorption before afternoon rains.

In connected landscapes, we sprayed all individuals in 
the center 80 m × 80 m of one of the two fragments 
(Fig. 2B). Near the center of unfragmented landscapes 
(Fig. 2B), we sprayed all individuals within a circle of 

Fig. 2. (A) Unfragmented and (B) connected landscape with sampling distances (5 m, 10 m, 50 m, 100 m, 200 m) shown as 
differently colored lines. See Appendix S1:Table S1 for the number of seed traps at each distance. Fitted probability curves for 
unfragmented (C, E, G, I) and connected (D, F, H, J) landscapes of four different plant species, including box- plots of probability 
densities calculated for each sampling distance. C–F depict probability curves of two wind- dispersed species, and G–J depict 
probability curves of two bird- dispersed species.
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equal area to the sprayed area in the connected fragments 
(45.14 m radius). E. compositifolium was sprayed eight 
times (September – November 2012), E. glaucescens was 
sprayed 14 times (August – September 2012), M. cerifera 
was sprayed six times (March – June 2012), and 
R. copallina was sprayed six times (September – October 
2012). Species were sprayed different numbers of times 
because individuals varied in flowering phenology within 
populations of single species. Our goal was to ensure that 
all flowers on all individuals were sprayed at least three 
times.

Additional M. cerifera and R. copallina individuals 
were sprayed at remote locations (>1.8 km from the 
closest experimental landscape) to supplement naturally 
occurring populations in both types of landscapes. 
Branches of remote M. cerifera plants that bore isotope- 
marked fruits were cut in December 2012 and attached 
to PVC poles in the center of the sprayed areas. Each of 
the 12 landscapes was supplemented with ~36 000 
M.  cerifera fruits. Approximately 6,000 fruits were har-
vested from supplemental R. copallina plants in December 
2012 and equally divided among one unfragmented land-
scape and three connected landscapes that had low 
numbers of naturally occurring R. copallina plants. At 
each of these four landscapes, the supplemental fruits 
were placed in feeders and attached to the same PVC 
poles as the branches with M. cerifera fruits.

Seed sampling

Dispersed seeds of all species were sampled with 1,788 
seed traps, 125 in each connected landscape and 197 in 
each unfragmented landscape (Fig. 1B). Each seed trap 
consisted of two semi- circle fabric funnels with a total 
sampling area of 1 m2. The top opening was attached to 
a wire ring to keep the funnels open. Two plastic baffles 
were constructed in an “X” pattern across the opening 
and attached to the wire ring. The purpose of the baffles 
was to redirect wind into the funnel and to serve as 
perches for seed- dispersing birds. Each seed trap was 
mounted on top of a 3 m tall PVC pole, with the base of 
both funnels anchored to the pole to prevent wind from 
turning the funnels inside out.

In both landscape types, the PVC poles with seed traps 
were mounted on rebar at distances of 5 m, 10 m, 50 m, 
100 m, and 200 m from the outside perimeter of the 
sprayed area (Fig. 2A,B). In connected landscapes, 
the seed traps at 5 m and 10 m distances were located in 
the sprayed fragments, and those at distances of 50 m 
and 100 m were located in the corridor. The farthest sam-
pling distances in connected landscapes were represented 
by seed traps established along five parallel transects 
equally distributed at 160 m, 180 m, 200 m, 220 m, and 
240 m in the connected fragments. We pooled samples 
from these five distances into a single distance category, 
200 m, in our analyses, because the transect length 
available for traps at these distances was limited to 100 m 
(the width of a fragment) and the sampling effort within 

a single 100 m transect proved to be insufficient for the 
low seed arrival probability at these distances. Seed traps 
were equidistant from each other within a distance cat-
egory and deployment ended at forest edges. We increased 
the number of seed traps with increasing distance to 
maintain similar sampling effort at each distance (Nathan 
et al. 2003, Carlo et al. 2013; Appendix S1:Table S1). 
Seed traps were deployed from August 2012 until 
September 2012 and left in the field until March 2013. 
To minimize damage to seeds and accumulation of plant 
litter in traps, seed traps were emptied twice, in November 
2012 and March 2013. A few (<1%) bird- dispersed seeds 
in traps showed minor signs of fungal infestation, but 
this did not influence our ability to identify them to 
species. Further, it cannot be ruled out that some wind- 
dispersed seeds lost their pappus in the traps and that 
those seeds and others may have been discarded with 
accumulated plant litter in the traps. This, however, 
should have equally affected both species of wind- 
dispersed seeds in our study. We found no evidence of 
granivorous animals such as birds and ants removing 
seeds from the traps.

Seed preparation and mass spectrometry analyses

Seeds collected from traps were sorted and identified 
to species. For each landscape, seeds of each species were 
combined by distance category. Only fully mature seeds 
were used in analyses.

Because it was impractical to test for presence of 15N 
in thousands of individual seeds, we analyzed seeds in 
batches of up to 100 seeds of a single species collected 
from the same distance within a given landscape (Carlo 
et al. 2013). Seeds within a batch were thoroughly homog-
enized using a Wig- L- Bug grinder (Dentsply, Elgin, 
Illinois, USA) for wind- dispersed species and a Mixer Mill 
MM200 (Retsch, Haan, Germany) for bird- dispersed 
species. After grinding a batch, all equipment in contact 
with seed material was washed twice with distilled water 
and soap, rinsed a third time with distilled water, wiped, 
given a final rinse with acetone, and allowed to air dry.

We then weighed samples of each batch and wrapped 
them in tin cups (5 × 9 mm, CE Elantech, Lakewood, 
New Jersey, USA) for mass spectrometry. Whenever pos-
sible, sample masses of approximately 9 mg were used for 
each batch (Carlo et al. 2013). If the ground seed material 
was less than 9 mg, the maximum possible weight was 
used (0.4–9.0 mg). All samples were analyzed for 15N atom 
% using an elemental analyzer (Costech ECS 4010 
CHNSO Analyzer; Costech Analytical Technologies, 
Valencia, California, USA) connected to a Thermo 
Scientific ConFlo IV Universal interface (Thermo Fisher 
Scientific, Waltham, Massachusetts, USA), which served 
as an inlet to the continuous flow isotope ratio mass spec-
trometer (Thermo Delta V Advantage; Thermo Fisher). 
Analyses were performed at the Laboratory for Isotopes 
and Metals in the Environment at Pennsylvania State 
University (State College, Pennsylvania, USA).
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Statistical analyses

Estimating number of 15N- marked seeds in traps.—We esti-
mated the number of marked seeds in a given batch using 
a two- source mixing model (Carlo et al. 2013), because 
the percentage of 15N atoms (15N atom %) in a batch of 
marked and unmarked seeds depends on both the pro-
portion of marked seeds in the batch and the 15N atom 
% of each seed. Thus the distribution of 15N values of a 
batch of nm (marked) and nu (unmarked) seeds is the con-
volution of a total of nm + nu distributions, with the dis-
tribution of marked values represented nm times and that 
of unmarked values represented nu times. To establish 15N 
atom % distributions for marked and unmarked seeds for 
each species, we analyzed seeds collected directly from 
marked plants in the sprayed areas of each landscape, 
and seeds collected from control plants in unsprayed 
areas of the experimental landscapes. For each species, 
we tried to fit a single Gaussian distribution to the 15N 
atom % data of marked and unmarked control seeds. In 
all instances, however, a simple distribution was not ap-
propriate for the data and hence, a combination of two 
Gaussian distributions was fitted to the data. Depending 
on availability, 20–44 unmarked and 20–37 marked seeds 
were used to fit the distributions. To be conservative, we 
left- truncated the fitted distributions for marked seeds to 
a 15N atom % value 0.01 larger than the highest 15N atom 
% value of the corresponding unmarked seeds to avoid 
any overlap. For example, the range of 15N atom % found 
in unmarked seeds of M. cerifera varied from 0.357 to 
0.371, so we truncated the distributions of marked seeds 
to have values larger than 0.372.

The model searched for the combination of marked 
and unmarked seeds that maximized the likelihood of 
observing a 15N atom % value similar to the one observed 
in the batch. The distribution of 15N atom % from a par-
ticular batch of marked and unmarked seeds was esti-
mated by first simulating 106 seed mixtures by sampling 
from the combinations of distributions fitted to the 
marked and unmarked control seeds. An empirical 
cumulative distribution function was then computed 
from these simulated values, using the function ecdf in 
R 3.0.3 (R Development Core Team 2014). From this 
empirical cumulative distribution we computed the like-
lihood of the observed 15N atom %. The estimated 
number of marked seeds in a batch corresponds to the 
number of marked seeds that maximize the likelihood.

Fitting dispersal kernels.—For comparability of sam-
pled marked seeds within and among sites, we standard-
ized the estimated number of marked seeds for sampling 
days (number of traps × days from deployment to seed 
collection) and for total area of the distance band (length 
of circumference × diameter of seed trap [~1 m]) at each 
distance per site. To do so, we first divided the estimat-
ed number of marked seeds sampled at a distance by the 
number of sampling days at the distance, resulting in the 
number of marked seeds caught per m2 (i.e., per trap) per 
day, which represents the daily seed trap capture rate. We 

multiplied this rate by the total area of the distance band, 
which accounts for the decreasing probability for seeds 
to land in a seed trap with increasing distance, creating a 
daily seed rain rate for each distance band. For example, 
in an unfragmented landscape, the daily seed trap capture 
rate of marked seeds from M. cerifera in the first ring of 
traps 5 m from the source plants was 0.02 seeds per day, 
and one seed trap sampled 0.32% of the total area with-
in this 4.5–5.5 m band (see Appendix S1: Table S1). By 
multiplying the daily seed trap capture rate by the total 
area of the corresponding distance band, we determined 
the daily seed deposition rate to the distance band, which 
corresponds to seven seeds in the example above. This cal-
culation provides the seed number for 100% of the area at 
each distance band and allows standardized comparison 
of dispersed marked seeds between distance bands.

Based on the standardized numbers of marked seeds at 
each distance, survival analyses were used to construct 
dispersal kernels (Jansen et al. 2012). Every marked seed 
was treated as an event and observed dispersal distances 
were treated as failure times. Kaplan–Meier survival 
analyses were used to calculate the survivorship function 
for each species and landscape (cf. Jansen et al. 2008, 2012, 
Hirsch et al. 2012) using the function survfit (Therneau 
2014) in R 3.0.3 (R Development Core Team 2014). 
Dispersal data were pooled across landscapes of the same 
type because of low numbers of marked seeds in seed traps, 
especially at long distances. For each species, we tested if 
there was a difference between survival curves in the two 
landscapes with the function survdiff (Therneau 2014), 
which uses the G- rho family of tests (Harrington and 
Fleming 1982). We then fitted five commonly- used dis-
persal distance kernels in their one- dimensional form (i.e., 
probability density functions of the distribution of dis-
persal distances; Nathan et al. 2012) to the Kaplan–Meier 
survivorship functions: (1) exponential, (2) gamma, 
(3) Gompertz, (4) lognormal, and (5) Weibull. We used 
the function flexsurvreg (Jackson 2014) to search for 
parameter values in each of the five probability density 
functions that maximized the likelihood of the distance- 
to- observation data. We used relative likelihood, and the 
delta, and weights of Akaike information criteria (AIC; 
Akaike 1973) to determine which function best fit the 
observed data (Appendix S1: Table S2).

Long- distance dispersal definition.—Two general 
 approaches are typically used to define LDD (Nathan 
2005): (1) The proportional definition, in which LDD 
events include a small proportion (e.g., 1%) of all dis-
persed seeds that traveled the farthest, or (2) the abso-
lute definition, in which dispersal events are considered 
LDD if they exceed a specified distance. In our study, we 
used the absolute definition because we were interested 
in movement between fragments that were specific dis-
tances apart. We defined LDD events as seeds sampled 
at 200 m distance from the source because it represents 
the distance that seeds must travel, to move between con-
nected fragments.
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resulTs

We analyzed a total of 6,016 seeds, of which 4,197 
came from Eupatorium compositifolium, 491 from 
Eupatorium glaucescens, 412 from Morella cerifera, and 
916 from Rhus copallina. Based on the 15N percentage of 
the analyzed seed batches, the two- source mixing model 
inferred the presence of 27 marked seeds for E. compositi-
folium, 37 marked seeds for E. glaucescens, 195 marked 
seeds for M. cerifera, and 85 marked seeds for R. copallina.

For the two wind- dispersed species, we found no evi-
dence for differences in Kaplan- Meier estimates (i.e., 
fraction of seeds dispersing to each distance) between 
connected and unfragmented landscapes. Of the five dis-
persal kernel functions, the lognormal distribution fit all 
wind- dispersed Kaplan–Meier estimates best (Appendix 
S1:Table S3). The median dispersal distance for E. com-
positifolium was 10 m in connected landscapes and 30 m 
in unfragmented landscapes (Fig. 2C,D; G- rho P = 0.09, 
df = 1). For E. glaucescens, the median dispersal distance 
was 10 m for both connected and unfragmented land-
scapes (Fig. 2E,F; G- rho P = 0.54, df = 1).

Conversely, dispersal kernels differed significantly 
between connected and unfragmented landscapes for 
both of the bird- dispersed species. M. cerifera seeds dis-
persed further in unfragmented than connected land-
scapes (median dispersal of 10 m and 100 m, respectively; 
Fig 2G,H, G- rho P < 0.01). Accordingly, the best fits 
were the lognormal distribution for connected and the 
gamma distribution for the unfragmented landscapes 
(Appendix S1:Table S3).

For the second bird- dispersed species, R. copallina, 
seeds dispersed further in connected than unfragmented 
landscapes (median dispersal of 200 m and 50 m, respec-
tively; Fig. 2I,J, G- rho P < 0.01). The best fits for the 
Kaplan- Meier estimates were the Gompertz distribution 
for connected and the lognormal distribution for the 
unfragmented landscapes (Appendix S1:Table S3).

DisCussion

Through a stable isotope seed- tracking technique, we 
constructed seed- dispersal kernels for four plant species 
in unfragmentend and connected landscapes. Our results 
show that dispersal probabilities can be similar in con-
nected and unfragmented landscapes, up to distances of 
200 m. The consistency and magnitude of this effect 
varied among species, however, in a way associated with 
seed dispersal mode.

Despite the striking difference in landscape configu-
ration, we found no difference in dispersal kernels for 
wind- dispersed plants between unfragmented and con-
nected landscapes (Fig. 2C–F). For E. compositifolium, 
the median dispersal distance varied from 10 m in con-
nected landscapes to 30 m in unfragmented landscapes, 
while the median dispersal distance was 10 m for 
E. glaucescens in both landscapes. The similarity of dis-
persal distances between the two types of landscapes is 

surprising, as the forest matrix surrounding connected 
fragments is known to increase resistance to dispersal by 
wind (Greene and Johnson 1996, Ozinga et al. 2004, 
Schurr et al. 2008). Yet, it is also known that structurally 
complex landscapes can alter wind speeds and directions 
(Bohrer et al. 2008), which can result in positive effects 
of corridors on dispersal of wind- dispersed seeds 
(Damschen et al. 2014). By modeling airflow, Damschen 
et al. (2014) found that wind patterns within open, con-
nected fragments increase the uplift probabilities of 
wind- dispersed seeds, and redirect and accelerate wind 
through corridors, promoting long- distance dispersal. 
Our results support this hypothesis and demonstrate that 
dispersal of wind- dispersed seeds in connected fragments 
is comparable to dispersal in unfragmented landscapes.

In contrast to wind- dispersed plants, dispersal differed 
significantly between unfragmented and connected land-
scapes for bird- dispersed plants. Even more strikingly, the 
impacts of corridors were reversed for the two species 
(Fig. 2G–J). For M. cerifera, the median dispersal distance 
in connected landscapes was reduced ten- fold when com-
pared to the median dispersal distance measured in unfrag-
mented landscapes. Conversely, for R. copallina, corridors 
increased the distance that seeds dispersed relative to 
unfragmented landscapes; median dispersal distance was 
four- times greater in connected than unfragmented land-
scapes. Hence, seed deposition in connected landscapes 
was either primarily limited to the sprayed fragment (84% 
of M. cerifera seeds) or to the connected fragment (70% 
of R. copallina seeds), ~200 m away (Fig. 2B). Our results, 
which indicate dispersal over primarily short or long dis-
tances, may be explained by bimodal dispersal patterns 
observed in fragmented woodland habitats, where birds 
either move short distances between the neighboring trees 
within a fragment or long distances between fragments 
(Gómez 2003, Lenz et al. 2011). Even though the two frag-
ments in our experimental landscapes were connected, few 
marked seeds were dispersed into the corridor, supporting 
observations that at least some species of seed- dispersing 
birds in these landscapes travel mainly through the 
woodland matrix, alongside the corridor edges (Levey 
et al. 2005). Biotic factors, such as predators and compet-
itors, and/or abiotic factors, such as climatic conditions, 
within the corridors may have limited its use for seed dis-
persers (Vasudev et al. 2015). In addition, intrinsic char-
acteristics of dispersers, such as different bird species 
(Cramer et al. 2007), or seasonal effects (Evans et al. 2013) 
may have caused the divergent patterns observed for the 
two bird- dispersed plants.

Habitat isolation has been shown to alter plant dispersal 
in fragmented landscapes (Ibáñez et al. 2014) and cor-
ridors are the most frequently used management technique 
to counter isolation effects (Hilty et al. 2006). Previous 
studies in our experimental landscapes and elsewhere have 
shown how corridors can increase rates of dispersal rel-
ative to dispersal between unconnected fragments, 
including for our two bird- dispersed species M. cerifera 
and R. copallina (Tewksbury et al. 2002, Haddad et al. 
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2003, Gilbert- Norton et al. 2010); however, the question 
remained whether these increased rates of dispersal are 
sufficient to restore landscape connectivity to levels found 
in unfragmented landscapes. Our findings illustrate for the 
first time that corridors cannot only increase dispersal 
compared to fragmented landscapes, but in some cases can 
even raise long distance dispersal probabilities above levels 
measured in unfragmented landscapes (R. copallina).

Documenting long- distance dispersal poses a method-
ological challenge: recovering a fixed set of marked seeds 
within an increasing pool of individuals and a diminishing 
pool of dispersal events in an exponentially increasing area 
(Nathan and Muller- Landau 2000, Nathan 2006). A liter-
ature review of maximum dispersal distances for herba-
ceous, wind- dispersed plants revealed that documenting 
dispersal events greater than 100 m have only been 
achieved by following individual seeds across the land-
scape (Morse and Schmitt 1985). Using our isotope 
marking technique, we were able to simultaneously track 
large numbers of wind-  and bird- dispersed seeds to dis-
tances up to 200 m from the parent plant (Fig. 2C–J). Such 
measures of dispersal are essential as we aim to predict the 
outcomes of ecological processes at a range of spatial 
scales (Bullock and Clarke 2000, Gilman et al. 2010). 
In conservation, our method can aid in predicting how 
organisms will respond to synergistic changes in habitat 
and climate (Coreau et al. 2009, Ibáñez et al. 2009). 
Further, it allows researchers to simultaneously mark mul-
tiple species – even entire communities.

Dispersal over long distances is rare (Cain et al. 2000, 
Nathan and Muller- Landau 2000), but perhaps not as 
rare as generally assumed (Horn et al. 2001, Levey et al. 
2008, Carlo et al. 2013). On average, 15.1% of the wind- 
dispersed seeds we recaptured had dispersed ~200 m in 
unfragmented and connected landscapes. This is sur-
prising because predictive models estimate a maximum 
dispersal distance of only 27.4 m for plants with growth 
forms and terminal velocities similar to our wind- 
dispersed species (Tamme et al. 2014). In other mecha-
nistic models, only 1.4% of seeds from plants with 
terminal velocities similar to our wind- dispersed plants 
dispersed ≥200 m (Heydel et al. 2014). For bird- dispersed 
species, the proportion of seeds dispersing ~200 m was 
even higher; on average 27.7% of recaptured seeds were 
found at this distance. Although similar or greater dis-
tances have previously been reported for bird- dispersed 
plants (Lenz et al. 2011, Carlo et al. 2013), our results 
indicate that previous work has likely underestimated 
dispersal distances of wind- dispersed plants, likely due 
to limitations imposed by previous tracking methods.

A systematic underestimation of long distance dis-
persal would have far- reaching consequences. Whereas 
short- distance dispersal influences processes such as 
resource use and recruitment patterns, long- distance dis-
persal has impacts at larger scales, affecting processes 
such as spatial spread and colonization of new habitats 
(Nathan et al. 2003). Theoretical studies that incorporate 
realistic dispersal kernels show that model outcomes are 

extremely sensitive to changes in the tail of the dispersal 
distribution (Kot et al. 1996, Chave et al. 2002), and our 
results suggest that factors that reduce (e.g., fragmen-
tation, disperser loss) or increase (e.g., corridors) rates 
of long- distance dispersal (Tewksbury et al. 2002, 
Şekercioğlu et al. 2004) may have a greater impact on 
the spread and distribution of species than previously 
thought. The discrepancy between maximum dispersal 
distance and dispersal distances restricted by, for 
example, fragmentation takes on even more importance 
in light of climate change, during which populations may 
need to shift their ranges rapidly to keep up with changing 
climatic conditions (Corlett and Westcott 2013).

Nonetheless, long- distance dispersal is not universally 
beneficial to plants. Negative effects can arise for rare 
species that are restricted to a particular type of habitat that 
is very sparsely distributed. In the context of our study, all 
species were common and regularly occur in a variety of 
open habitats. Therefore, long- distance dispersal is con-
sidered beneficial for the persistence of these species.

Our findings also highlight new research directions. 
First, a broader sampling of species will allow for stronger 
testing of how seed dispersal mode and other traits 
related to dispersal, such as plant height (Thomson et al. 
2011), predict how corridors affect dispersal. These 
efforts will help assess the generality of our finding that 
dispersal of wind- dispersed plants was similar between 
connected and unfragmented landscapes. Compared to 
plant species dispersed by animals (McEuen and Curran 
2004), wind- dispersed plant species are rarely considered 
in reserve design planning, in spite of also being 
threatened by habitat fragmentation (Ouborg 1993). 
A broader consideration of how wind- dispersed species 
may integrate with reserve design is warranted.

Second, three- way comparisons among fragmented, 
connected, and unfragmented landscapes would provide 
further resolution of the extent to which corridors can 
restore dispersal. Again, this would be particularly 
important for wind- dispersed plants, given our more 
limited understanding of their responses to fragmen-
tation and connectivity, relative to animal- dispersed 
species. For bird- dispersed plant species, factors other 
than physical connectivity, such as the availability of 
frugivores and the spatial distribution of fruit resources, 
strongly shape kernels (Morales and Carlo 2006) and thus 
could interact with corridor effects. Fruit resource avail-
ability and distribution could be expected to reduce the 
effects of corridors when fruits are found across the dif-
ferent components of the matrix (e.g., patches, edges, and 
the matrix) and create a type of connectivity that is non- 
structural (Carlo et al. 2013).

In summary, we have shown that seed dispersal 
between fragments connected by corridors can be similar 
or even enhanced relative to dispersal in unfragmented 
landscapes. Variation in dispersal kernels between species 
with different modes of dispersal as well as between bird- 
dispersed species was large, however. Restoration that 
takes into account different species is challenging, and 
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this study highlights that there is no one- size- fits- all 
solution. We also conclude that long- distance dispersal 
of seeds is more common than generally appreciated, 
perhaps because previous methods have poorly detected 
rare dispersal events. Resolving the intertwined impacts 
of habitat fragmentation and dispersal ability on popu-
lation persistence remains a fundamental challenge of 
landscape ecology.

aCknowleDgmenTs

We thank the USDA Forest Service–Savannah River for cre-
ating and maintaining our experimental landscapes. We are 
particularly indebted to Chris Hobson, Paul Varnedoe, and the 
prescribed fire staff for assistance during this study, and to John 
Blake, Ed Olson, and Kim Wright for support with site creation, 
daily logistics, and project management. This project would not 
have been possible without the invaluable dedication of many 
technicians, especially Jennifer Chandler, Mike Epperly, and 
Matthew McGee. We further thank the editor and two anon-
ymous reviewers to help improving the quality of the manu-
script. This research was supported by the National Science 
Foundation (DEB- 1050361, DEB- 1050392, DEB- 1050481, 
DEB- 1050591, DEB- 1050929, and DEB- 1050942) and by funds 
provided to the Department of Agriculture, Forest Service, 
Savannah River (a National Environmental Research Park), 
under Interagency Agreement DE- AI09- 00SR22188 with the 
Department of Energy, Aiken, South Carolina.

liTeraTure CiTeD

Akaike, H. 1973. Information theory and an extension of the 
maximum likelihood principle. Pages 267–281 in B. N. Petrov, 
and F. Csáki, editors. 2nd International Symposium on 
Information Theory, Tsahkadsor, Armenia, USSR.

Beier, P., and A. J. Gregory. 2012. Desperately seeking stable 
50- year- old landscapes with patches and long, wide corridors. 
PLOS Biology 10:e1001253.

Bohrer, G., G. G. Katul, R. Nathan, R. L. Walko, and 
R. Avissar. 2008. Effects of canopy heterogeneity, seed 
 abscission and inertia on wind- driven dispersal kernels of tree 
seeds. Journal of Ecology 96:569–580.

Bullock, J. M., and R. T. Clarke. 2000. Long distance seed dis-
persal by wind: measuring and modelling the tail of the curve. 
Oecologia 124:506–521.

Cain, M. L., B. G. Milligan, and A. E. Strand. 2000. Long- 
distance seed dispersal in plant populations. American 
Journal of Botany 87:1217–1227.

Carlo, T. A., J. J. Tewksbury, and C. M. del Rio. 2009. A new 
method to track seed dispersal and recruitment using N- 15 
isotope enrichment. Ecology 90:3516–3525.

Carlo, T. A., D. García, D. Martínez, and J. M. Morales. 2013. 
Where do seeds go when they go far? Integrating distance and 
directionality of avian seed dispersal in heterogeneous land-
scapes. Ecology 94:301–307.

Chave, J., H. C. Muller-Landau, and S. A. Levin. 2002. Comparing 
classical community models: theoretical consequences for pat-
terns of diversity. American Naturalist 159:1–23.

Clobert, J., J. D. Nichols, E. Danchin, and A. Dhondt, editors. 
2001. Dispersal. Oxford University Press, Oxford, UK.

Collinge, S. K. 2009. Ecology of fragmented landscapes. Johns 
Hopkins University Press, Baltimore, Maryland, USA.

Coreau, A., G. Pinay, J. D. Thompson, P.-O. Cheptou, and 
L. Mermet. 2009. The rise of research on futures in ecology: 
rebalancing scenarios and prediction. Ecology Letters 
12:1277–1286.

Corlett, R. T., and D. A. Westcott. 2013. Will plant movements 
keep up with climate change? Trends in Ecology and 
Evolution 28:482–488.

Cramer, J. M., R. C. G. Mesquita, and G. B. Williamson. 2007. 
Forest fragmentation differentially affects seed dispersal of 
large and small- seeded tropical trees. Biological Conservation 
137:415–423.

Damschen, E. I., L. A. Brudvig, N. M. Haddad, D. J. Levey, 
J. L. Orrock, and J. J. Tewksbury. 2008. The movement ecol-
ogy and dynamics of plant communities in fragmented land-
scapes. Proceedings of the National Academy of Sciences 
USA 105:19078–19083.

Damschen, E. I., D. V. Baker, G. Bohrer, R. Nathan, 
J. L. Orrock, J. R. Turner, L. A. Brudvig, N. M. Haddad, 
D. J. Levey, and J. J. Tewksbury. 2014. How fragmentation 
and corridors affect wind dynamics and seed dispersal in open 
habitats. Proceedings of the National Academy of Sciences 
USA 111:3484–3489.

Damschen, E. I., and L. A. Brudvig. 2012. Landscape connec-
tivity strengthens local–regional richness relationships in suc-
cessional plant communities. Ecology 93:704–710.

Evans, D. M., D. J. Levey, and J. J. Tewksbury. 2013. Landscape 
corridors promote long- distance seed dispersal by birds dur-
ing winter but not during summer at an experimentally frag-
mented restoration site. Ecological Restoration 31:23–30.

Forster, C., and J. D. Herrmann. 2014. Tracking wind- dispersed 
seeds using 15N- isotope enrichment. Plant Biology 
16:1145–1148.

Gilbert-Norton, L., R. Wilson, J. M. Stevens, and K. H. Beard. 
2010. A Meta-Analytic Review of Corridor Effectiveness. 
Conservation Biology 24:660–668.

Gilman, S. E., M. Urban, J. J. Tewksbury, G. W. Gilchrist, and 
R. D. Holt. 2010. A framework for community interactions under 
climate change. Trends in Ecology and Evolution 25:325–331.

Gómez, J. M. 2003. Spatial patterns in long- distance dispersal 
of Quercus ilex acorns by jays in a heterogeneous landscape. 
Ecography 26:573–584.

Greene, D. F., and E. A. Johnson. 1996. Wind dispersal of seeds 
from a forest into a clearing. Ecology 77:595–609.

Haddad, N. M., D. R. Bowne, A. Cunningham, B. J. Danielson, 
D. J. Levey, S. Sargent, and T. Spira. 2003. Corridor use by 
diverse taxa. Ecology 84:609–615.

Haddad, N. M., et al. 2015. Habitat fragmentation and its lasting 
impact on Earth’s ecosystems. Science Advances 1:e1500052.

Harrington, D. P., and T. R. Fleming. 1982. A class of rank test 
procedures for censored survival data. Biometrika 69:553–566.

Herrmann, J. D., U. Kormann, C. Schüepp, Y. Stocker, 
F. Herzog, and M. H. Entling. 2012. Effects of habitat isola-
tion and predation pressure on an arboreal food- web. 
Community Ecology 13:82–87.

Heydel, F., S. Cunze, M. Bernhardt-Römermann, and 
O. Tackenberg. 2014. Long- distance seed dispersal by wind: dis-
entangling the effects of species traits, vegetation types, vertical 
turbulence and wind speed. Ecological Research 29:641–651.

Hilty, J. A., W. Z. Jr Lidicker, A. Merenlender, and 
A. P. Dobson. 2006. Corridor ecology: the science and prac-
tice of linking landscapes for biodiversity conservation. 
Island Press, Washington, D.C., USA.

Hirsch, B. T., M. D. Visser, R. Kays, and P. A. Jansen. 2012. 
Quantifying seed dispersal kernels from truncated seed- 
tracking data. Methods in Ecology and Evolution 
3:595–602.

Horn, H. S., R. Nathan, and S. R. Kaplan. 2001. Long- distance dis-
persal of tree seeds by wind. Ecological Research 16:877–885.

Hudgens, B. R., and N. M. Haddad. 2003. Predicting which spe-
cies will benefit from corridors in fragmented landscapes from 
population growth models. American Naturalist 161:808–820.



1282 Ecology, Vol. 97, No. 5JOHN D. HERRMANN ET AL.

Ibáñez, I., J. A. Jr Silander, A. M. Wilson, N. LaFleur, 
N. Tanaka, and I. Tsuyama. 2009. Multivariate forecasts of 
potential distributions of invasive plant species. Ecological 
Applications 19:359–375.

Ibáñez, I., D. S. W. Katz, D. Peltier, S. M. Wolf, and 
B. T. Connor Barrie. 2014. Assessing the integrated effects of 
landscape fragmentation on plants and plant communities: 
the challenge of multiprocess- multiresponse dynamics. 
Journal of Ecology 102:882–895.

Jackson, C. 2014. flexsurv: Flexible parametric survival models. 
R package version 0.3. http://CRAN.R-project.org/
package=flexsurv

Jansen, P. A., F. Bongers, and P. J. van der Meer. 2008. Is far-
ther seed dispersal better? Spatial patterns of offspring mor-
tality in three rainforest tree species with different dispersal 
abilities. Ecography 31:43–52.

Jansen, P. A., B. T. Hirsch, W.-J. Emsens, V. Zamora-Gutierrez, 
M. Wikelski, and R. Kays. 2012. Thieving rodents as substi-
tute dispersers of megafaunal seeds. Proceedings of the 
National Academy of Sciences USA 109:12610–12615.

Kilgo, J. C., and J. I. Blake. 2005. Ecology and management of 
a forested landscape. Island Press, Washington, D.C., USA.

Kot, M., M. Lewis, and P. van den Driessche. 1996. Dispersal 
data and the spread of invading organisms. Ecology 
77:2027–2042.

Lenormand, T., D. Roze, and F. Rousset. 2009. Stochasticity in 
evolution. Trends in Ecology & Evolution 24:157–165.

Lenz, J., W. Fiedler, T. Caprano, W. Friedrichs, B. H. Gaese, 
M. Wikelski, and K. Böhning-Gaese. 2011. Seed- dispersal 
distributions by trumpeter hornbills in fragmented land-
scapes. Proceedings of the Royal Society B 278:2257–2264.

Levey, D. J., B. M. Bolker, J. J. Tewksbury, S. Sargent, and 
N. M. Haddad. 2005. Effects of landscape corridors on seed 
dispersal by birds. Science 309:146–148.

Levey, D. J., J. J. Tewksbury, and B. M. Bolker. 2008. Modelling 
long- distance seed dispersal in heterogeneous landscapes. 
Journal of Ecology 96:599–608.

McCarty, J. P., D. J. Levey, C. H. Greenberg, and S. Sargent. 
2002. Spatial and temporal variation in fruit use by wildlife in 
a forested landscape. Forest Ecology and Management 
164:277–291.

McEuen, A. B., and L. M. Curran. 2004. Seed dispersal and 
 recruitment limitation across spatial scales in temperate for-
est fragments. Ecology 85:507–518.

Montoya, D., M. A. Zavala, M. A. Rodriguez, and D. W. Purves. 
2008. Animal versus wind dispersal and the robustness of tree 
species to deforestation. Science 320:1502–1504.

Morales, J. M., and T. A. Carlo. 2006. The effects of plant 
 distribution and frugivore density on the scale and shape of 
dispersal kernels. Ecology 87:1489–1496.

Morse, D. H., and J. Schmitt. 1985. Propagule size, dispersal 
ability and seedling performance in Asclepias syriaca. 
Oecologia 67:372–379.

Nathan, R. 2005. Long- distance dispersal research: building a 
network of yellow brick roads. Diversity and Distributions 
11:125–130.

Nathan, R. 2006. Long- distance dispersal of plants. Science 
313:786–788.

Nathan, R., and H. C. Muller-Landau. 2000. Spatial patterns of 
seed dispersal, their determinants and consequences for 
 recruitment. Trends in Ecology & Evolution 15:278–285.

Nathan, R., G. Perry, J. T. Cronin, A. E. Strand, and 
M. L. Cain. 2003. Methods for estimating long- distance dis-
persal. Oikos 103:261–273.

Nathan, R., E. Klein, J. J. Robledo-Arnuncio, and E. Revilla. 
2012. Dispersal kernels: a review. Pages 187–210 in J. Clobert, 
M. Baguette, T. G. Benton, and J. M. Bullock, editors. 
Dispersal ecology and evolution. Oxford University of Press, 
Oxford, UK.

Ouborg, N. J. 1993. Isolation, population size and extinction: the 
classical and metapopulation approaches applied to vascular 
plants along the Dutch Rhine- system. Oikos 66:298–308.

Ozinga, W. A., R. M. Bekker, J. H. J. Schaminee, and J. M. van 
Groenendael. 2004. Dispersal potential in plant communities 
depends on environmental conditions. Journal of Ecology 
92:767–777.

Pulliam, H. R. 1988. Sources, sinks, and population regulation. 
American Naturalist 132:652–661.

Radford, A. E., H. E. Ahles, and C. R. Bell. 1968. Manual of the 
vascular flora of the Carolinas. The University of North 
Carolina Press, Raleigh, North Carolina, USA.

R Core Team. 2014. R: A language and environment for statis-
tical computing. R Foundation for Statistical Computing, 
Vienna, Austria. http://www.R-project.org/.

Schurr, F. M., O. Steinitz, and R. Nathan. 2008. Plant fecundity 
and seed dispersal in spatially heterogeneous environments: 
models, mechanisms and estimation. Journal of Ecology 
96:628–641.
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