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ABSTRACT: Non-native species are often abundant in the vegetation of forest edges, decreasing in 
abundance with distance into the forest interior. Regenerative strategies such as the seed rain and seed 
bank were expected to exhibit a similar pattern of decrease from the edge to the interior; however, this 
has been rarely investigated. Trends in abundance of the understory vegetation, seed rain, and seed 
bank of both native and non-native plant species from forest edge to interior at three different natural 
areas bordered respectively by a crop, a hay field, and a forest access road were quantified. Three 90 m 
transects were established perpendicularly across each of the three edge types into the forest interior. 
Twelve 3.14 m2 circular plots 5 m apart for the first 20 m and 10 m apart thereafter were established 
along each transect. We compared the abundance of all vascular plant species in the vegetation, seed rain, 
and the soil seed bank in these plots. Species richness of the vegetation, the seed rain, and the seed bank 
(native and non-native species combined) decreased from the forest edge into the interior. Sixteen non-
native species were observed and were limited to 30 m from the forest edge. Out of these 16 non-native 
species, > 50% were found only in the seed bank. We observed different trends in abundance of native 
and non-native vegetation, seed rain, and seed bank for some species. Our study suggests that removing 
aboveground biomass of non-native species may not be the only thing to consider in non-native species 
management because of the high frequency of additional non-native species in the seed bank that are 
absent from the existing vegetation. In order to minimize non-native species, managers should eradicate 
seedlings of non-native species along forest edges before they mature and produce seed. 

Index terms: forest edge, non-native species, patterns of invasion, seed bank, seed rain, seed viability, 
species richness

INTRODUCTION

Forest edges represent the junction of 
two different land cover types (Harris 
1988; Cadenasso and Pickett 2001), and 
understanding their dynamics is important 
for biodiversity conservation (Ebinger 
1993). The junction of two such different 
land cover types is either well defined or 
a transitional zone known as an ecotone 
(Yahner 1988; Cadenasso et al. 1997). 
Forest edges often have a different micro-
climate from the rest of the forest stand 
(Williams-Linera 1990; Matlack 1993) 
and different plant communities from the 
interior (Matlack 1994). In particular, high 
species richness at the forest edge has been 
frequently reported (Harper et al. 2005). 
Factors influencing species richness at 
forest edges include spatial variation of 
resources and invasion of edges by species 
from surrounding habitats (Harper et al. 
2005; Ewers and Didham 2006a).

Across landscapes, forest edges serve as 
an entry point for non-native species (Par-
endes and Jones 2000), and the richness 
of non-native species generally decreases 
from the forest edge into the interior (Broth-
ers and Spingarn 1992; Fraver 1994). Struc-
turally, forest edges are functional units 
acting as a barrier decreasing dispersal 
distance and the density of seeds carried 

into the forest interior (Cadenasso and 
Pickett 2001; Devlaeminck et al. 2005). To 
understand the ecological factors affecting 
the dispersal of both native and non-native 
species into the forest interior, a study of 
the seed rain and soil seed bank is neces-
sary (Honu 2004).

Non-native species can produce abundant 
viable seeds (Honu and Dang 2002) that 
may remain for a long time in the seed 
bank (Alexander and D’Antonio 2003). The 
seed bank contains the reserve of persistent, 
germinable seed in the soil (Buckley et al. 
1997; Gibson 2002) and may act as a reser-
voir for plant species, including non-native 
species. The longevity of seeds may be 
affected by numerous factors such as seed 
dormancy, soil moisture, and temperature 
(Baskin and Baskin 1998). Despite the 
numerous studies of forest edges, there 
is limited information on patterns of the 
seed bank of non-native species from the 
forest edge into the interior. Seed bank 
studies have been largely concentrated 
on the different stages of succession and 
the regeneration potential of communities 
(Matlack and Good 1990; McCall and Gib-
son 1999). Campbell and Gibson (2001) 
found large numbers of non-native species 
in horse dung deposited along forest trail 
edges, but a limited number of those spe-
cies became established in the understory 
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vegetation along those edges. The study 
of Campbell and Gibson (2001) suggests 
that non-natives may have a persistent seed 
bank enabling them to wait for suitable 
environmental conditions to allow germi-
nation and establish in the forest interior. 
In this vein, Brothers and Spingarn (1992) 
suggested that an examination of the pat-
terns of movement of non-native species 
into forests would be important.

The objective of this study was to exam-
ine patterns of invasion from forest edge 
to interior. Specifically, variation in the 
abundance and species richness of: (1) the 
understory vegetation, (2) seed rain, (3) 
seed viability, and (4) the soil seed bank 
were examined. The following hypotheses 
were tested: (1) (Ha1) species richness of 
understory vegetation, seed rain, seed vi-
ability, and seed bank of both native and 
non-native species will decrease from the 
forest edge into the interior; (2) (Ha2) 
quantity of the seed rain, the seed viability, 
and seed bank of both native and non-native 
species will decrease from the forest edge 
into the interior; and (3) (Ha3) non-native 
species would exhibit a higher seed bank 
persistence than the native species, so we 
expect a greater number of non-native 
species compared with native species in 
the seed bank.

METHODS

Study Sites

The study was conducted in three Research 
Natural Areas (RNAs) in the Shawnee 
National Forest (SNF) in southern Illinois. 
The junction between the three forest 
stands and adjoining land cover types 
were well defined – that is, did not have a 
transitional zone (Yahner 1988; Cadenasso 
et al. 1997). The topography of the edges 
was generally flat.

The southern boundary of Barker Bluff 
RNA (324 ha, 370 29.270 N, 880 08.894 
W) (Society of America Foresters (SAF) 
cover type 40 = Quercus stellata-Quercus 
marilandica) was bordered by a soybean 
field and represented a crop-forest edge. 
The adjoining crop field was established 
and had been farmed since the early 1930s 

(Hutchison et al. 1987b). The length of 
the crop-forest edge was estimated to be 
200 m and the area of the crop field was 
~ 15 ha. The northern boundary of the 
RNA was bordered by a hay field and 
the rest of the boundary had continuous 
forest vegetation. Lonicera japonica was 
observed flowering at the junction of the 
crop-forest edge during the study period 
but not in the forest interior. Non-native 
species observed in the crop field included 
Allium vineale, Cardamine hirsuta, and 
Lactuca serriola.

The southern portion of the Dennison Hol-
low RNA (83 ha, 370 39.268 N, 880 26.104 
W) (SAF cover types 40 = Quercus stel-
lata-Quercus marilandica, 52 = Quercus 
alba-Quercus velutina-Quercus rubra, 53 
= Quercus alba, and 110 = Quercus velu-
tina) was bordered by U.S. Forest Service 
access road # 581 and represented an ac-
cess-road forest edge. The length of the 
access road-forest edge was estimated to 
be 300 m and the average width of the road 
was ~ 4 m. An aerial photograph showed 
that the access road had existed since the 
early 1930s (Hutchison et al. 1987c). Dur-
ing the study period, there was forest on 
both sides of the road. A Pinus echinata 
plantation bordered the southwestern part 
of the RNA. The rest of the boundary was 
continuous forest.

The southern portion of Panther Hollow 
RNA (73 ha, 370 32.475 N, 880 07.284 
W) (SAF cover type, 40 = Quercus stel-
lata-Quercus marilandica , 52 = Quercus 
alba-Quercus velutina-Quercus rubra, and 
60 = Fagus grandifolia-Acer saccharum) 
was bordered by a hay field (Hutchison et 
al. 1987a) and represented a hay field-forest 
edge. The length of the hay field-forest edge 
was estimated to be 150 m and the area of 
the hay field was ~ 10 ha. The hay field was 
established in the early 1930s (Hutchison 
et al. 1987a). The southwestern boundary 
of the RNA was bordered by a Pinus taeda 
plantation. The rest of the boundary was 
bordered by continuous forest. Non-native 
species observed in the hay field included 
Schedonorus phoenix, Lespedeza cuneata, 
and Setaria faberi.

Assessment of the Understory 
Vegetation

In July 2002, to test species richness of 
the understory vegetation (Ha1), three 90 
m transects were established perpendicular 
to each of the three edges, extending from 
the edge into the forest interior. The three 
transects were established approximately 
at the middle of the three edges and spaced 
at 30 m intervals. Twelve 3.14 m2 circular 
plots 5 m apart for the first 20 m and 10 
m apart thereafter were established along 
each transect. The 5 m distance between 
plots for the first 20 m from the edge was 
to capture any sharp decline in dependent 
variables close to the edge. Circular plots 
at the forest boundary had their edge at the 
boundary of the two land cover types. The 
percent canopy cover of all understory spe-
cies within the circular plots was estimated 
according to the modified Daubenmire 
scale in July 2002 (Abrams and Hulbert 
1987). Nomenclature for the plant species 
follows USDA (2002). Vouchers for all 
species were collected and deposited in 
the herbarium of the Department of Plant 
Biology, Southern Illinois University at 
Carbondale. Any non-native species that 
may be present in the study area but not 
captured in our plots were searched for by 
walking between the three transects. No 
additional species were found.

Assessment of Seed Rain and Seed 
Viability

To test the quantity of the seed rain and the 
seed viability of both native and non-na-
tive species (Ha2) and the species richness 
of the seed rain (Ha1), 21.5 cm diameter 
sticky seed traps were laid horizontally 
at the ground surface near the center of 
the circular plots along each transect (see 
understory vegetation). Within each plot, 
the seed traps were placed in relatively 
open areas to avoid overhanging vegeta-
tion that might have prevented seeds from 
falling onto the traps. The seed traps were 
made from aluminum foil painted with 
Tanglefoot, a non-drying glue (Gibson, 
2002). The seed traps were set up in the 
first week of December 2002 and remained 
in the field until November 2003. The seed 
traps were inspected once a month. Seeds 
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were identified in the field and counted by 
making use of a reference collection based 
upon plants observed in the area. The sticky 
parts of the traps were changed in March, 
June, and September 2003 to minimize 
the accumulation of unwanted seeds on 
the surface of the traps. A tetrazolium test 
was used to determine the viability of the 
seeds (Grabe 1970).

Assessment of Seed Bank

To test the quantity of the seed bank (Ha2) 
and the species richness of the seed bank 
(Ha1), 550 cm3 soil cores were extracted 
from the 6 cm A-horizon in the circular 
plots along each transect (see Assessment 
of the Understory Vegetation). The center 
of each plot was marked and lines drawn 
from the center to the eastern, western, 
northern, and southern boundaries of the 
plot using a compass. Five points (10, 20, 
30, 40, and 50 cm) were marked along those 
four lines and a soil core extracted from one 
of the five points per line using a random 
number generator. An additional sample 
was taken from one of the remaining points. 
The five soil cores were mixed and 1/5 
separated for a soil analysis (reported in 
Honu and Gibson 2006) and the remaining 
4/5 for germination studies.

The germination study was set up in the 
Department of Plant Biology greenhouse 
on 10 January 2003. The seed bank samples 
were spread on a mixed base of potting 
soil and vermiculite (50:50) to increase 
the rooting medium in free-draining plastic 
germination trays (30 cm x 48 cm) arranged 
randomly in the greenhouse. Twenty trays 
containing only potting soil and vermiculite 
were randomly placed in the array of the 
germination trays to serve as controls for 
seed contamination. Samples were watered 
on a daily basis. Emerging seedlings were 
monitored on a weekly basis and seedlings 
identified and tallied every two weeks 
until seedling emergence ceased. The 
soils in the germination trays were stirred 
on 24 June 2003 after the cessation of 
the initial flush of emerging seedlings to 
expose ungerminated seeds. No seedlings 
emerged after the soils were stirred. The 
experiment was terminated in September 
2003. The emerging seedlings provided an 

estimate of the viable seed bank density 
(Gibson 2002). At the end of the germina-
tion experiment, Oxalis stricta was found 
in the control trays and was eliminated 
from the analysis.

Statistical Analysis

The three forest edges were treated as 
replicates; an initial analysis of the data 
suggests that the three edges were similar. 
However, species that did not occur across 
all the three edges were analyzed separately 
for those edges (Tables 1-3).

Several methods have been used to deter-
mine the distance of edge influence (DEI) 
of a dependent variable from a forest edge 
into the interior including the Helmert 
transformation (Fraver 1994), regression 
error minimization technique (Matlack 
1993), calculation of the Gini coefficient 
(Matlack 1994), stepwise regression 
(Cadenasso et al. 1997), Critical Values 
Program (CVP) (Harper and Macdonald 
2001), logistics functions (Ewers and 
Didham 2006b), and mixed modeling 
(Piessens et al. 2006). At this time, there is 
no consensus among ecologists regarding 
which of the above methods is the most 
appropriate for quantifying DEI (Harper et 
al. 2005; Ewers and Didham 2006b). For 
this study, we adopted the CVP because 
it is user friendly and appropriate for 
our data (Harper and Macdonald 2001). 
There are two components to the CVP: 
(1) randomization test of interior forest 
plots to determine critical values (i.e., 
expected values, explained below) and 
(2) comparison of the critical values to 
the observed means at different distances 
(Harper and Macdonald 2001, 2002). The 
CVP permutes and sorts the means of the 
interior data. The 2.5th and 97.5th percen-
tile of the permutated means represent the 
critical values. The minimum number of 
permutations permissible to calculate the 
critical values with our data set was 1320 
using data from the four most interior plots 
at 60-90 m distances, giving a maximum 
DEI of 50 m. However, previous studies 
have shown that DEI may extend more 
than 50 m into the forest interior (Harper 
et al. 2005). The DEI is calculated as the 
set of two or more consecutive distances 

with values that significantly differ from 
the critical values (Harper and Macdonald 
2001). Species that had two or more con-
secutive distances from the edge higher 
than the critical values were regarded as 
edge specialists. Conversely, a species 
is said to be an interior specialist (more 
abundant in the forest interior habitat than 
edge) if those consecutive distances are 
lower than the critical values. Intermediate 
specialists are those species that are more 
abundant somewhere between the forest 
edge and the interior; generalist specialists 
are those species that display more than 
one of the above abundances, and random 
specialists are those species that do not fall 
into any of the above categories. The CVP 
was used to analyze changes in the DEI 
of individual native and non-native species 
based on their abundance and richness in 
the understory vegetation, seed rain, seed 
viability, and seed bank density from the 
edge into the forest interior.

RESULTS

Understory Vegetation

Species richness of both native and non-
native species combined declined from the 
edge into the forest interior (Ha1, Table 
1). Seventy species were found across the 
three forest edges out of which seven were 
non-native species (Appendix). Fifty seven 
percent (40 species) of the native species 
present in the vegetation were not pres-
ent in the seed bank, while all 26 species 
present in the seed rain were present in the 
vegetation (Appendix).

Percent cover of all non-native species 
combined declined exponentially from the 
forest edge into the interior (Table 1). None 
of the individual non-native species had 
a DEI of more than 30 m into the forest 
interior (Table 1). Parthenocissus quinque-
folia, Juncus tennis, and Toxicodendron 
radicans were the most abundant native 
species across the forest edges (Table 1). 
The DEI of the individual native species 
across the three edge types varied from 5 
to 50 m with the abundance of four inter-
mediate specialists (Galium circaezans, G. 
trifolium, Polystichum acrostichoides, and 
Vitis aestivalis) being best fit with a Gauss-
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DEI Equation P for Model P Slope R-square

Start End
Species Richness 

Vegetation (all species) (df = 1,34) 0 50 y = 11e-0.0100x < 0.0001 < 0.0001 0.6712
Vegetation (non-native species (df = 1,34) 0 30 y = 2.3e-0.0246x < 0.0001 < 0.0001 0.7066
Seed rain (all species) (df = 1,34) 0 50 y = 4e-0.0110x < 0.0001 < 0.0001 0.4387
Seed bank (all species) (df = 1,34) 0 50 y = 6e-0.0086x < 0.0001 < 0.0001 0.4367
Seed bank (non-native species) (df = 2,33) 15 40 y = 1 [-0.5 (x-17)/21.0026]^2 < 0.0001 < 0.0001 0.6257

Understory vegetation % cover
All non-native species (d=1,34) 0 40 y = 23e-0.0657x < 0.0001 < 0.0001 0.8257

Edge specialists (d=1,34)
Actaea pachypoda  CF 0 5 y = 12e-0.2130x < 0.0001 0.0041 0.5798
Allium vineale � CF 0 5 y = 22e-0.2740x 0.0002 0.0839 0.3442
Allium vineale � HF 0 30 y = 19e-0.0829x < 0.0001 0.0171 0.392

Dichanthelium boscii 0 15 y = 2e-0.0237x 0.0458 0.1008 0.1122
Galium concinnum AF 0 10 y = 14e-0.1312x 0.0022 0.088 0.4935
Helianthus divericatus 0 5 y = 9e-0.2622x <0.0001 0.0333 0.4337
Juncus tenuis 0 50 y = 34e-0.2622x <0.0001 <0.0001 0.7582
Leersia virginica 10 15 y = 2e-0.0447x 0.0385 0.208 0.1199
Lonicera japonica � 0 30 y = 60e-0.0777x < 0.0001 < 0.0001 0.7438

Parthenocissus quinquefolia 0 50 y = 17e-0.0302x <0.0001 0.0002 0.5674
Rosa multiflora � AF 0 15 y = 14e-0.0620x 0.0018 0.0929 0.2512

Sanicula canadensis 0 40 y = 2e-0.0267x 0.0058 0.075 0.2035
Smilax glauca 0 50 y = 5.4e-0.2027x 0.0004 0.0717 0.3078
Toxicodendron radicans 0 50 y = 42e-0.0214x < 0.0001 0.0011 0.4451

Intermediate specialists (d=2,33)
Galium circaezans 15 40 y = 3 [-0.5 (x-35)/11.3784]^2 0.0003 < 0.0001 0.3878
Galium trifolium 20 30 y = 46 [-0.5 (x-24)/2.1754]^2 0.0003 0.0001 0.4248
Polystichum acrostichoides 5 40 y = 9 [-0.5 (x-23)/17.8185]^2 0.0318 0.0002 0.1885
Vitis aestivalis HF 5 30 y = 1.6[-0.5 (x-25)/6.4818]^2 0.0046 0.0184 0.2781

Interior specialists (d=1,34)
Acalypha rhomboidea HF 50 0 y = 20.3e0.0218x 0.0003 0.0019 0.3258
Symphoricarpos orbiculatus CF 50 0 y = 7e0.0205x <0.0001 0.0001 0.4304
Symphoricarpos orbiculatus HF 50 0 y = 3.6e0.0282x <0.0001 0.0014 0.4012

Generalists
Cardamine hirsuta � CF (d=2,33) 0 20 y = 19e[-0.5 (x-16)/2.8547]^2 < 0.0001 0.0001 0.504
Cardamine hirsuta � HF (d=1,34) 0 15 y = 7e-0.1158x 0.0004 0.0459 0.3098

Table 1: Start and end of distance of edge influence (DEI; m into the forest from the edge) and regression model for species richness in the vegetation, 
and for species represented in the vegetation across forest edges in temperate deciduous forest, southern Illinois. All DEI values are significant at P < 0.05 
(two tailed t-test); non significant taxa not shown (see Appendix 1). ♦ = non-native species. CF = Crop-forest edge only, AF = Access road-forest edge only, 
and HF = Hay field-forest edge, only. y = species richness and x = distance from forest edge into the forest interior.
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ian model reflecting a peak in abundance 
between the edge and the interior (Table 
1). Acalypha rhomboidea present at the 
hay field-forest edge and Symphoricarpus 
orbiculatus at the hay field and crop-forest 
edges were the only species that showed 
patterns of interior specialists being mod-
eled according to an exponential growth 
model (Table 1).

Seed Rain and Seed Viability

Twenty-six species dispersed 646 seeds m-2 

yr-1 (mean per species = 25 ± 6.3 SE) across 
the three forest edges (Appendix). Twenty 
seven percent (177 seeds m-2 yr-1 [mean 
per species = 7 ± 1.7 SE]) of the seeds in 
the seed rain were viable (Appendix).

As expected (Ha1 and Ha2), the average 
number of species represented in the seed 

rain, numbers of seeds dispersed, and vi-
able seeds declined exponentially from 
the edge into the forest interior (Table 2). 
The DEI exhibited by dispersed seeds and 
viable seeds across the forest edges ranged 
from 5 to 50 m (Table 2).

Elaeagnus umbellata and Rosa multiflora 
were the two non-native species present in 
the seed rain across the forest edges (Ap-
pendix). Dispersed seeds of E. umbellata 

DEI Equation P for Model P Slope R-square

Start End
Seed rain

All species (df=1,34) 0 50 y = 39e-0.0162x < 0.0001 0.0004 0.4046
Non-native species (df = 1,34) � AF 0 20 y = 153e-0.0437x 0.0125 0.1944 0.17

Edge specialists (df = 1,34)
Agrimonia rostellata AF 0 50 y = 67e-0.0279x 0.0003 0.009 0.3287
Galium trifolium 0 40 y = 6e-0.0224x 0.001 0.0181 0.2741
Helianthus divaricatus 0 15 y = 2e-0.0232x 0.0334 0.1061 0.1263
Rosa multiflora � AF 0 20 y = 131e-0.0459x 0.0113 0.1327 0.1742
Rosa multiflora � CF (df = 1,34) 0 5 y = 47e-0.2079x 0.0007 0.1094 0.2902

Intermediate specialists
Carex digitalis (df = 2,33) 20 50 y = 0.8[-0.5 (x-40)/11.8677]^2 0.0176 0.0067 0.2173
Galium circaezans (df = 2,33) 0 50 y = 5[-0.5 (x-21)/33.2543]^2 0.0459 0.0388 0.1703
Vitis aestivalis (df = 2,33) 5 30 y = 19[-0.5 (x-20)/11.3778]^2 0.0293 0.0159 0.1926

Viable seeds
All species (df = 1,34) 0 50 y = 11e-0.0154x < 0.0001 0.0002 0.4294
Non-native species (df = 1,34) 0 20 y = 35e-0.0417x 0.0117 0.1815 0.1728

Edge specialists (df = 1,34)
Agrimonia rostellata AF 0 50 y = 22e-0.0253x 0.0004 0.0107 0.3077
Galium trifolium 0 30 y = 1.5e-0.214x 0.0062 0.0299 0.2002
Helianthus divaricatus 5 15 y = 0.5e-0.0210x 0.0527 0.1307 0.106
Rosa multiflora � AF 0 20 y = 27e-0.0426x 0.0118 0.1289 0.1724
Rosa multiflora � CF 0 5 y = 16e-0.2282x 0.0006 0.1119 0.2951

Intermediate specialists
Carex digitalis (df = 2,33) 20 50 y = 0.2[-0.5 (x-42)/11.0585]^2 0.0158 0.0082 0.2222
Galium circaezans (df = 2,33) 10 50 y = 1.4[-0.5 (x-29)/28.0499]^2 0.0318 0.0036 0.1886
Vitis aestivalis (df = 2,33) 5 30 y = 9[-0.5 (x-20)/9.6934]^2 0.015 0.0115 0.2248

Table 2: Start and end of distance of edge influence (DEI; m into the forest from the edge) and regression model for species represented in the seed rain 
and seed viability across forest edges in temperate deciduous forest, southern Illinois. All DEI values are significant at P < 0.05 (two tailed t-test); non 
significant taxa not shown (see Appendix 1). ♦ = non-native species. CF = Crop-forest edge only, AF = Access road-forest edge only, and HF = Hay field-forest 
edge, only. y = seed rain or seed viability and x = distance from forest edge into the forest interior.
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and R. multiflora, and viable seeds of these 
non-native species combined, declined 
exponentially from the forest edge into 
the interior at the access road-forest edge 
(Table 2). Rosa multiflora seeds were 
trapped near the edge (≤ 20 m) (Table 
2). More than 23% of the seeds of E. 
umbellata and R. multiflora were viable 
(Appendix).

The dispersed and viable seeds of six na-
tive species (Agrimonia rostellata, Carex 
digitalis, Galium circaezans, G. trifolium, 
Helianthus divaricatus, and Vitis aes-
tivalis) declined from the edge into the 
forest interior and the DEIs were ≥ 15 m 
(Table 2).

Seed Bank Density

A total of 1395 seeds m-2 (mean per species 
= 25 ± 12.2 SE) comprising 55 species were 
present in the seed bank across the forest 
edges (Appendix). Species richness of both 
native and non-native species combined 
had similar DEI (50 m) across the forest 
edges (Table 3).

The number of non-native species was 

highest in the seed bank, followed by the 
vegetation and the seed rain across the 
forest edges (Appendix). Sixteen non-na-
tive species were present in the vegetation, 
seed rain, and seed bank across the forest 
edges out of which 56% were present in 
only the seed bank, 18% in only the veg-
etation, 13% in both the vegetation and 
seed rain, and 13% in both the vegetation 
and the seed bank (Appendix). The total 
seed bank density of non-native species 
represented across the forest edges was 
103 seeds m-2 (Appendix). The non-native 
seeds were best fit with a Gaussian model 
reflecting a peak in abundance between the 
edge and the interior (Table 1). Lactuca 
serriola, Stellaria media, and Verbascum 
thapsus were the non-native intermediate 
specialist in the seed bank being best fit 
with a Gaussian model reflecting a peak 
in abundance between the edge and the 
interior (Table 3).

Sixty-three native species were present 
across the forests edge out of which 60% 
were absent in the seed bank (Appendix). 
The DEI of total emerging seedlings of both 
native and non-native species combined 
across the forest edges was 50 m (Table 3). 
Dichanthelium boscii, and Lobelia inflata 

were the native intermediate specialist in 
the seed bank being best fit with a Gauss-
ian model reflecting a peak in abundance 
between the edge and the interior while 
Juncus tenuis declined exponentially from 
the edge into the forest interior (Table 
3). Acalypha rhomboidea was the only 
species that showed characteristics of an 
interior species being modeled according 
to an exponential growth model (Table 
3). The DEI of these species ranged from 
5 to 50 m.

DISCUSSION

Understory Vegetation

This study represents the first study of 
forest edges that has examined changes in 
understory vegetation, seed dispersal and 
seed viability, and the seed bank together 
from an edge into the forest interior. Stud-
ies since the early part of the 20th century 
have consistently reported species rich-
ness to be higher at forest edges than in 
the forest interior (Leopold 1933; Harper 
et al. 2005). Indeed, for the three edge 
types examined here, species richness 
was highest within 5 m of the edge with 

DEI Equation P for Model P Slope R-square

Start End
All species (df = 1,34) 0 50 y = 20e-0.0132x < 0.0001 0.0001 0.4554
Non-native species (df = 2,33) 5 30 y = 2[-0.5 (x-19)/16.6696]^2 < 0.0001 < 0.0001 0.6359

Edge specialists 
Juncus tenuis (df = 1,34) 0 50 y = 12e-0.0206x < 0.0001 0.0029 0.3674

Intermediate specialists (df = 2,33)
Dichanthelium boscii AF 5 50 y = 61[-0.5 (x-32)/19.1157]^2 0.0291 0.0028 0.193
Lactuca serriola � 10 30 y = 0.7[-0.5 (x-23)/11.0873]^2 0.0024 < 0.0021 0.3068

Lobelia inflata 0 30 y = 0.7[-0.5 (x-17)/13.0479]^2 0.0044 0.0054 0.2799
Stellaria media � 10 30 y = 1.3[-0.5 (x-26)/3.6392]^2 0.0024 < 0.0021 0.3068
Verbascum thapsus � 5 15 y = 28[-0.5 (x-12)/4.4166]^2 0.0062 0.0107 0.2651

Interior specialists (df = 1,34)
Acalypha rhomboidea 40 0 y = 1e0.0116x 0.0661 0.0684 0.0959

Table 3: Start and end of distance of edge influence (DEI; m into the forest from the edge) and regression model for species represented in the seed bank 
across forest edges in temperate deciduous forest, southern Illinois. All DEI values are significant at P < 0.05 (two tailed t-test); non significant taxa not 
shown (see Appendix 1). ♦ = non-native species. CF = Crop-forest edge only, AF = Access road-forest edge only, and HF = Hay field-forest edge, only. y = 
seed bank density and x = distance from forest edge into the forest interior.
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elevated levels extending to 50 m into the 
interior (Table 1). Elevated species richness 
in forest edges has been attributed to the 
resource availability (Hester and Hobbs 
2000) and more favorable microclimatic 
conditions for plant growth compared with 
the interior (Fraver 1994). For instance, 
forest edges during the day experience 
higher photosynthetically active radiation 
(Brothers and Spingarn 1992), air and soil 
temperature (William-Linera 1990), and 
lower soil moisture (Kapos 1989) than the 
forest interior. These studies suggest that 
factors such as photosynthetically active 
radiation and habitat heterogeneity at the 
forest edge and the interior may also affect 
the richness of plant species differently 
(Bradfield and Scagel 1984; Parendes and 
Jones 2000). In contrast, some studies 
reported no difference in species richness 
at the forest edge compared to the interior 
(Matlack 1994).

Non-native species are generally more 
associated with forest edges than interior 
areas (Brothers and Spingarn 1992). Spe-
cies richness and canopy cover of all the 
non-native species combined had a DEI of 
≤ 30 m from the edge into the forest interior 
across the forest edges in this study (Table 
1) – consistent with earlier studies (Broth-
ers and Spingarn 1992; Fraver 1994). Addi-
tionally, the 16 non-native species present 
across the forest edges individually failed to 
penetrate more than 30 m into the interior 
(Table 1, Appendix). The high abundance 
of Lonicera japonica, Allium vineale, and 
Rosa multiflora within 5 m from the edge 
suggest that those species are edge special-
ists and find suitable habitat in edge zones 
(Table 1). By contrast, Cardamine hirsuta 
was more abundant at 16 m from the edge 
at the access road-forest edge while it was 
abundant at zero meters distance at the 
hay field-forest edge, suggesting that this 
species is a generalist. Honu and Gibson 
(2006) found the occurrence of this species 
to be unrelated to 11 microhabitat factors 
they examined associated with these forest 
edges. The penetration of the non-native 
species into the forest interior observed 
across the forest edge here was higher than 
observed in the other parts of the Midwest 
(Brothers and Spingarn 1992; Yates et al. 
2004). For example, non-native species did 
not penetrate more than 8 m into the for-

est interior in Central Indiana old-growth 
forests (Brothers and Spingarn 1992). 
Different edge environments (Godefroid 
and Koedam 2004) and disturbance events 
(Palik and Murphy 1990) leading to canopy 
openness (Watt 1947), timber harvesting 
(Fraver 1994), and severe storms (Woods 
2004) to which forest stands are subjected 
(Palik and Murphy 1990) may differentially 
affect the dispersal of non-native species 
into the forest interior. Decreasing canopy 
openness from the forest edge into the 
interior at the three forest stands studied 
here may be the most important of these 
mechanisms affecting the dispersal dis-
tance of the non-native species into the 
forest interior (Honu and Gibson 2006). 
Timber harvesting took place at the three 
study sites about 70 years ago (Hutchison 
et al. 1987c,b,a); but since that time, the 
areas have been relatively undisturbed 
and unmanaged. The results of this study 
showed that in a relatively undisturbed 
environment, understory native species 
can have a longer DEI than non-native 
species. The three most abundant native 
species at the three edge types (Juncus 
tenuis, Parthenocissus quinquefolia, and 
Toxicodendron radicans) had a DEI of 50 
m, suggesting that forest fragmentation 
may favor their abundance along with the 
non-native species (Table 1).

Galium circaezans, Sanicula canadensis, 
Polystichum acrostichoides, and Vitis aes-
tivalis were abundant between 23 to 35 m 
from the forest edge, suggesting that these 
native species neither tolerate the habitat 
at the very edge nor in the interior habitats 
(Table 1). The above three native species 
can be referred to as intermediate special-
ists. Intermediate specialists define those 
species that were abundant somewhere 
between the forest boundary and the inte-
rior. In contrast to native species such as 
T. radicans that were edge species, forest 
fragmentation may cause the abundance of 
interior specialists such Symphoricarpos 
orbiculatus and Acalypha rhomboidea to 
decline (Table 1).

Seed Rain and Seed Viability

An assessment of seed rain and seed vi-
ability is important in measuring dispersal 

(Gibson 2002; Melo et al. 2006). As ex-
pected (H2), seed rain generally decreased 
from the forest edge into the forest interior 
in agreement with other studies (Melo et al. 
2006) (Table 2). High photosynthetically 
active radiation (Brothers and Spingarn 
1992) may allow high fruit and seed pro-
duction of plant species at the forest edge 
(McDiarmid et al. 1977; Matlack 1994). 
For example, Gibson et al. (2002) found 
the non-native Microstegium vimineum 
flowering only in an edge habitat during 
a drought year despite being widespread 
throughout the forest interior. Additionally, 
we observed Lonicera japonica flowering 
only in the edge habitats in the study area 
(Honu 2004). The high number of seeds 
dispersed coupled with the high number 
of viable seeds at the three edges may 
continue to maintain higher species diver-
sity at the forest edge compared with the 
forest interior.

This study provided evidence for under-
standing spatial patterns of seeds that 
may have arrived at the forest edge from 
surrounding habitats in addition to those 
that may be dispersed by species present in 
the forest stand. However, it may be useful 
that future studies separate patterns of the 
two seed dispersal dynamics.

Seed Bank Density

The reserve of germinable seed in the soil 
generally decreased from the edge into the 
interior (Table 3). Juncus tenuis was the 
most abundant species in the seed bank 
and its density in these forest edges (661 
seeds m-2) is consistent with observations 
by Campbell and Gibson (2001). They 
found 152 to 642 seeds m-2 of J. tenuis at 
Trail of Tears State Forest, Jackson Hole, 
and Jackson Hollow Ecological areas in 
southern Illinois. The large number of na-
tive species present in the vegetation but 
absent in the soil seed bank is consistent 
with the hypothesis that native species 
generally do not have high seed bank 
persistence compared to non-native species 
(Matlack and Good 1990; Maccherini and 
Dominivis 2003). The reasons for a low 
seed bank persistence of the native spe-
cies may include low seed dormancy and 
immediate germination of seeds following 
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dispersal (Baskin and Baskin 1998).

The high non-native richness observed in 
the understory vegetation near the edge 
may be due to germination and accumula-
tion of non-native species present in the 
seed bank (Table 3). Consequently, species 
richness and density of non-native species 
were lowest in the seed bank near the for-
est edges (Table 3). Overhead tree canopy 
openness generally declined from the forest 
edge into the interior (Honu and Gibson 
2006). Non-native species are generally 
light demanding species (Macdonald and 
Richardson 1986). Out of the 16 non-
native species found in the three forest 
edges, more than 50% were found only 
in the seed bank (Table 3). Firstly, these 
non-natives likely occur sporadically in 
the vegetation in time and space, perhaps 
associated with disturbance, but frequently 
enough for their seed to accumulate in the 
seed bank. Secondly, it is also possible 
that there is a massive seed source outside 
the forest stand and that all the seeds are 
originating from adults outside the forest 
(Cadenasso and Pickett 2001; Devlaeminck 
et al. 2005). The high number of non-native 
species present in the seed bank that were 
not present in the vegetation or seed rain 
is a conservation concern for the forest 
communities.

Although non-native species abundance 
generally declined with distance from 
the forest edge in the vegetation, seed 
rain, and seed bank, there were important 
differences in the identity of species and 
specific DEI. This observation reinforces 
the need to characterize life history char-
acteristics of non-native species invading 
forest edges (Honnay et al. 2005). Models 
used to predict the impact of edge effects 
in fragmented habitats should take the 
different responses exhibited by the seed 
rain and seed bank into account (Laurence 
and Yensen 1990).

CONCLUSION AND MANAGEMENT 
IMPLICATIONS

Despite a limited sample size, this study 
documents trends in abundance of vegeta-
tion, seed rain, and seed bank of native and 
non-native plant species from forest edge 

to interior. Species richness, seed rain, and 
the seed bank of both native and non-native 
species decreased from the forest edge into 
the interior. At the forest edges, more non-
native species were observed in the seed 
bank than the vegetation in support of high 
seed bank persistence of some non-native 
species (Campbell and Gibson 2001). Both 
richness and percent cover of non-native 
species declined from the forest edge into 
the interior. However, seed bank richness 
and total seed bank density of non-native 
species peaked at ~ 18 m from the forest 
edge. Early germination as a result of high 
Photosynthetically Active Radiation at the 
forest edge would not allow accumulation 
of seeds in the seed bank at distances < 18 
m from the edge.

Management of invasive non-native spe-
cies should not be limited to the vegetation 
because of the high frequency of additional 
non-native species in the seed bank that 
are absent from the existing vegetation. 
Managers should remove seedlings of 
non-native species using existing methods 
before they mature and disperse seed to 
reduce their seed bank (U.S. Congress 
1993). The results of this study also sug-
gest that a buffer strip of ≥ 40 m may 
minimize the abundance of non-native 
species in conservation areas. Short term 
edge studies, including ours, are abundant 
in the literature. These short term studies 
may serve as a foundation for long term 
studies in understanding how time may 
affect vegetation, seed rain, and seed bank 
dynamics at the forest edges.
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Seed rain Viable seeds Seed bank density
% cover (no. m-2 yr-1) (no. m-2 yr-1) (no. m-2)

Acalypha rhomboidea 2.7 9 4 173
Actaea pachypoda 0.5 - - -
Agrimonia rostellata 0.7 31 11 -
Agrostis alba < 0.1 - - 4
Allium vineale � 2.2 - - -
Ambrosia atimisiifolia < 0.1 - - 3
Amphicarpa bracteata 0.1 - - 9
Antennaria plantaginifolia - - - 4
Aster undulatus 0.5 1 0.3 2
Barbarea vulgaris � - - - 19
Botrychium virginianum* < 0.1 - - -
Bromus pubescens < 0.1 8 3 -
Cardamine hirsuta � 1.2 - - 4
Carex artitecta 0.1 - - 2
Carex cimphibola - - - 9
Carex digitalis 0.8 5 2 19
Carex spp - - - 2
Cerastium vulgatum � - - - 1
Chamaecrista faciculata < 0.1 - - -
Chenopodium ambrosioides � - - - 1
Claytonia virginiana 1.2 - - -
Corydalis flavula - - - 23
Cryptotaenia canadensis < 0.1 - - -
Cyperus ovularis - - - 19
Danthonia spicata < 0.1 8 2 -
Desmodium canadense - 7 2 -
Desmodium canescens < 0.1 - - -
Desmodium paniculatum < 0.1 9 1 -

continued

Appendix: Percent cover, seed rain, seed viability, and seed bank of species present across forest edges in temperate deciduous forest, southern Illinois. ♦ 
= non-native species. * = Seedless plants. - = Absent.
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Seed rain Viable seeds Seed bank density
% cover (no. m-2 yr-1) (no. m-2 yr-1) (no. m-2)

Dichanthelium boscii 1.0 48 11 41
Dichanthelium laxiflorum 0.4 5 1 45
Dichanthelium linearifolium - - - 2
Dioscorea quaternata 0.3 - - -
Dioscorea villosa 0.5 - - -
Ditrichum pallidum* 0.3 - - -
Elaeagnus umbellata � 1.8 7 2 -
Elymus canadensis 0.5 13 5 -
Eragrostis capillaris - - - 22
Erechtites hieracifolia - - - 19
Erigeron annuus < 0.1 - - 11
Erigeron canadensis < 0.1 - - 7
Eupatorium rugosum 0.4 6 2 19
Frasera caroliniensis 1.0 2 1 -
Galium circaezans 0.8 95 25 4
Galium concinnum 0.7 5 1 -
Galium trifolium 0.8 84 22 -
Geum canadense < 0.1 - - 5
Gillenia stipulata < 0.1 - - -
Gnaphalium purpureum < 0.1 - - 3
Helianthus divaricatus 1.2 25 7 7
Hydrangea arborescens - - - 6
Hypericum punctatum < 0.1 - - 14
Juncus tenuis 11.6 2 1 661
Krigia biflora - - - 1
Lactuca serriola � - - - 22
Lechea minor - - - 3
Leersia virginica 0.4 6 2 3
Lespedeza cuneata � < 0.1 - - 11
Lobelia inflata - - - 31
Lonicera japonica � 14.5 - - -
Manfreda virginica < 0.1 - - -
Mollugo verticellatus � - - - 5
Muhlenbergia schreberi 1.0 9 3 2
Parietaria pensylvanica < 0.1 4 1 -
Parthenium integrifolium 7.0 - - -
Parthenocissus quinquefolia < 0.1 - - -

continued

Appendix: Continued.
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Seed rain Viable seeds Seed bank density
% cover (no. m-2 yr-1) (no. m-2 yr-1) (no. m-2)

Phryma leptostachya < 0.1 - - -
Physalis heterophylla - - - 12
Phytolacca americana 0.4 - - 6
Podophyllum peltatum 1.4 - - -
Polystichum acrostichoides* 1.6 - - -
Potentilla simplex 0.3 - - 4
Prunella vulgaris � < 0.1 - - -
Rhus copallina - - - 16
Rosa multiflora � 2.0 46 10 -
Rubus occidentalis 0.4 - - -
Rubus pensilvanicus 0.1 - - 19
Rudbeckia hirta < 0.1 - - 6
Sanicula canadensis 0.7 76 22 2
Schedonorus phoenix � - - - 5
Smilacina racemosa < 0.1 - - -
Smilax bona-nox 0.2 - - -
Smilax glauca 0.3 - - -
Solanum nigrum � - - - 11
Solidago hispida < 0.1 - - -
Solidago rugosa < 0.1 - - -
Solidago tunnyleares < 0.1 - - -
Solidago ulmifolia 0.3 - - -
Stellaria media � - - - 15
Symphoricarpos orbiculatus 11.1 114 31 -
Toxicodendron radicans 20.7 - - -
Tradescantia ohiensis - - - 4
Triodanis perfoliata - - - 29
Verbascum thapsus � - - - 9
Viola palmata < 0.1 - - 8
Viola sororia < 0.1 - - -
Vitis aestivalis 0.2 20 7 10

Appendix: Continued.


