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Life-history traits of invasive exotic plants are typically considered to be exceptional vis-à-vis native species. In particular, 
hyper-fecundity and long range dispersal are regarded as invasive traits, but direct comparisons with native species are 
needed to identify the life-history stages behind invasiveness. Until recently, this task was particularly problematic in forests 
as tree fecundity and dispersal were difficult to characterize in closed stands. We used inverse modelling to parameterize 
fecundity, seed dispersal and seedling dispersion functions for two exotic and eight native tree species in closed-canopy 
forests in Connecticut, USA. Interannual variation in seed production was dramatic for all species, with complete seed crop 
failures in at least one year for six native species. However, the average per capita seed production of the exotic Ailanthus 
altissima was extraordinary:  40 times higher than the next highest species. Seed production of the shade tolerant exotic 
Acer platanoides was average, but much higher than the native shade tolerant species, and the density of its established seed-
lings ( 3 years) was higher than any other species. Overall, the data supported a model in which adults of native and exotic 
species must reach a minimum size before seed production occurred. Once reached, the relationship between tree diameter 
and seed production was fairly flat for seven species, including both exotics. Seed dispersal was highly localized and usually 
showed a steep decline with increasing distance from parent trees: only Ailanthus altissima and Fraxinus americana had mean 
dispersal distances  10 m. Janzen-Connell patterns were clearly evident for both native and exotic species, as the mode and 
mean dispersion distance of seedlings were further from potential parent trees than seeds. The comparable intensity of 
Janzen-Connell effects between native and exotic species suggests that the enemy escape hypothesis alone cannot explain the 
invasiveness of these exotics. Our study confirms the general importance of colonization processes in invasions, yet demon-
strates how invasiveness can occur via divergent colonization strategies. Dispersal limitation of Acer platanoides and recruit-
ment limitation of Ailanthus altissima will likely constitute some limit on their invasiveness in closed-canopy forests. 
Colonization by trees is the composite of two distinct spatial 
processes: supply processes of seed production and dispersal 
which determine the spread of propagules, and post-dispersal 
recruitment processes that govern the survival of seeds and 
seedlings (Clark et al. 1998, Nathan and Muller-Landau 
2000, Wang and Smith 2002). Together dispersal and recruit-
ment processes constitute a major determinant of the local 
abundance and diversity of adult trees (Ribbens et al. 1994, 
Tilman 1994, Clark and Ji 1995, Hurtt and Pacala 1995, 
Dalling et al. 1998), and dispersal and/or recruitment limita-
tion can act as a fundamental bottleneck in the population 
dynamics of many species of trees (Pacala et al. 1996, Swaine 
1996, Nathan and Muller-Landau 2000). Given the tight 
linkage between these processes, studies of colonization ide-
ally integrate each stage of colonization, from seed  
production and dispersal through seedling establishment, 
including germination and early seedling survival  
(Harcombe 1987, Nakashizuka et al. 1995). Such integrated 
studies can detect key stages and interactions controlling 
colonization. For example, secondary dispersal and post-dis-
persal seed predation (sensu Janzen 1970, Connell 1971) can 
substantially alter the shape of a dispersal ‘shadow’ (Howe  
et al. 1985, Schupp 1988). Indeed, there is growing evidence 
that such negative density-dependent effects are common, 
particularly at the seedling stage (Connell and Green 2000, 
Harms et al. 2000, Packer and Clay 2000, Uriarte et al. 
2005) and that they can decouple seedling dispersion pat-
terns from spatial arrangement of conspecific adults. 

Most studies of tree seed dispersal report highly localized 
patterns, with empirical estimates of average seed and seed-
ling distances from parent trees generally less than 20 m for 
all but the smallest-seeded species (Ribbens et al. 1994, 
Clark et al. 1998, LePage et al. 2000, Uriarte et al. 2005). 
While long distance dispersal occurs and is critical for migra-
tion rates (Clark et al. 1999, Higgins and Richardson 1999), 
the predominance of short range dispersal has a fundamen-
tal influence on forest dynamics, as studies demonstrate 
local (e.g. stand-level) dispersal limitation can act to pro-
mote coexistence among tree species by preventing compet-
itive exclusion (Pacala et al. 1996, Hubbell et al. 1999, 
Chesson and Neuhauser 2002, Papaik and Canham 2006). 
If these patterns hold for exotic tree species, regional and 
local dispersal limitation could buffer forests from invasion 
by exotic species.
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Seed production, dispersal and seedling recruitment are 
likewise pivotal in the dynamics of exotic plant invasions. 
High fecundity, long-range dispersal, and early maturity are 
typically regarded as the key life-history attributes of an inva-
sive plant (Rejmánek and Richardson 1996). Given the ini-
tial disadvantage exotic plants typically face in abundance 
and range in their introduced environments, high fecundity, 
efficient dispersal, and rapid recruitment and maturation are 
crucial to the rate and trajectory of invasions (Kot et al. 
1996, Rouget and Richardson 2003, Hastings et al. 2005, 
Von Holle and Simberloff 2005), so much so that high 
propagule pressure is considered one of the few universal 
components of invasions (Lonsdale 1999, Grime 2001). Yet, 
little work has simultaneously examined fecundity, dispersal 
and recruitment of exotic invasive trees in direct comparison 
with natives in closed-canopy forests, where such processes 
undoubtedly exert a pronounced influence on invasion 
dynamics and where conditions are generally assumed to 
block recruitment by invasive plants (reviewed by Martin  
et al. 2009). For example, if exotic invasive tree species have 
predominately short range dispersal like native tree species, 
areas distant from exotic seed sources may be buffered from 
invasion; likewise, if exotic species experience recruitment 
limitation and negative density-dependent effects, these pro-
cesses may promote coexistence between native and exotic 
species even on stand scales (Pacala et al. 1996, Hille Ris 
Lambers and Clark 2003). Exotic species, however, may be 
less prone to negative density-dependent processes given 
their presumed reduction in granivores, pests and pathogens 
in introduced habitats (Elton 1958). These are fundamental 
issues in assessing the invasive potential of exotic species, and 
highlight the relative importance of propagule pressure (via 
fecundity and dispersal) versus the invasion resistance of 
native communities (by limiting exotic species recruitment) 
in determining the long-term trajectory of exotic invasions. 

We used spatially-explicit techniques and inverse model-
ling to explore variation in fecundity, seed dispersal and 
seedling dispersion of two invasive exotic and eight native 
tree species that are common in forests of the northeastern 
United States. Seed production and dispersal had not previ-
ously been characterized for either the native or exotic spe-
cies in these forests using these techniques, though Ribbens 
et al. (1994) used inverse modelling to measure seedling dis-
persion for these native species. For the exotic species, we 
chose Acer platanoides (Norway maple) and Ailanthus 
altissima (tree of heaven) as two of the most common exotic 
invasive tree species of the eastern USA. Both species have 
demonstrated an ability to invade forests (Knapp and Can-
ham 2000, Martin and Marks 2006) and are reported to have 
high or prolific fecundity (Hu 1979, Mitchell and Wilkinson 
1982), but their seed production and dispersal have not been 
studied in an integrated, spatially-explicit fashion nor in 
natural closed-canopied forests in direct competition with 
native species. The primary objective of this study was to 
determine whether these exotic invasive tree species have life 
history advantages in seed production, dispersal and seedling 
establishment over native tree species in closed-canopy for-
ests free of recent disturbance. We asked if there are funda-
mental limits on colonization and recruitment of these exotic 
species. In addition, we asked how native and exotic tree  
species regeneration patterns are influenced by negative  
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density- and distance-dependent processes, the so-called 
Janzen-Connell effects. The eight native species in the study 
represent a wide range of life history strategies, and provide a 
robust basis for comparing dispersal and recruitment dynam-
ics between native and exotic tree species in these forests. 

Methods

Study species and sites

As part of a long-term study of forest dynamics, two perma-
nent study sites (1.6 ha and 1.3 ha, respectively) were estab-
lished in 1990 within Great Mountain Forest (GMF) 
(41º57N, 73º15W) in Litchfield County in northwestern 
Connecticut, USA. Forests in the region are transition oak–
northern hardwoods, ~90–130 years in age, on sandy, acidic 
inceptisols and podsols derived from glacial till and schist/
gneiss bedrock (Pacala et al. 1996). Because the two exotic 
tree species are not yet present within GMF in sufficient 
numbers for study, we selected six additional sites near GMF 
in 2003. Three of the new sites contained populations of  
A. altissima, and three contained populations of A. pla-
tanoides. These sites were carefully selected to have conditions 
similar to GMF. Specifically, all were part of larger, contigu-
ous, unfragmented forests, where the bulk of the individual 
exotic species were located in the interior of closed-canopy 
stands and had soil parent material and topography similar 
to GMF. The mapped portions of the sites were 2.2 ha, 3.5 
ha and 2.6 ha for the A. platanoides sites, and 0.8 ha, 2.5 ha 
and 1.6 ha for the A. altissima sites. The sites varied in rela-
tive basal area of the exotic species, from 5–14% for A.  
platanoides and 8–32% for A. altissima. Understory light  
levels in the exotic stands were homogeneous and low  
(mean [Q10%–Q90%] = 4.86% full sun [4.00%–6.21%]; 
Gómez-Aparicio et al. 2008).

The eight native and two exotic study species encompass 
both wind and faunal dispersal vectors (Appendix 1). The 
wind-dispersed species are the two exotic species, and five of 
the native species: Acer rubrum (red maple), Acer saccharum 
(sugar maple), Fraxinus americana (white ash), Pinus strobus 
(white pine), and Tsuga canadensis (eastern hemlock). Prunus 
serotina (black cherry) is primarily dispersed by birds and 
gravity. Fagus grandifolia (American beech) and Quercus 
rubra (northern red oak) are dispersed by gravity and cach-
ing by small mammals. Acer saccharum, F. grandifolia, P. sero-
tina and Q. rubra are ‘masting’ species while the other native 
species are thought to produce more regular seed crops. The 
masting behaviour of the exotic species is unknown. 

Parent tree mapping

In each site, stems  10 cm DBH of the ten species were 
mapped using an impulse laser rangerfinder with a digital 
compass. We used two mapping radii: in 1993, all individu-
als of the native species were mapped in a radius of at least  
20 m around each sample point (seed trap or seedling  
quadrat). Early work showed that a mapped distance of  
20 m is adequate for minimizing bias in dispersal parameter  
estimation for these native species (Ribbens et al. 1994).  
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In 2004, we used a larger map radius of 50 m for the exotic 
species, as the dispersal patterns of these species was unknown 
and Canham and Uriarte (2006) showed that a 50 m map  
distance effectively eliminates any potential bias in the esti-
mation of dispersal parameters. We evaluated the potential 
effects of the different mapped areas in the dispersal and  
dispersion analyses by comparing the output using a 20 m 
versus 50 m radii – the effects of the different radii were 
consistently very small and the larger distance provided 
slightly better fits, so hereafter we present the results of the 
50 m distance for the exotic species. 

All species in this study are monoecious, except F. amer-
icana and A. altissima which are dioecious and P. serotina 
which has perfect flowers. Field determination of gender 
was impractical for F. americana as seeds were not visible 
when mapped; however, we noted the presence of seeds on 
female individuals of A. altissima when mapping, as its seed 
clusters were readily visible. Only female trees were used in 
the analysis of A. altissima seed dispersal and seedling dis-
persion, but male individuals were included in the disper-
sion analysis of root sucker sprouts. There is a potential 
source of bias when comparing the fecundity of female-
only individuals of Ailanthus against other dioecious spe-
cies whose fecundity was estimated using both female and 
male individuals (in effect, reducing the average fecundity 
for such a species by the percentage of male trees in the 
population). In this study, the only other dioecious species 
was F. americana. 

Seed rain and seedling sampling

Seed rain for seven of the eight native tree species was col-
lected over a three year period (1994–1996) in the GMF 
sites. We used the six new sites to sample seed rain of the two 
exotic species and two of the native species (A. saccharum 
and F. americana). Seed rain of A. platanoides and A. saccha-
rum was collected for three years (2003–2005), while seeds 
of A. altissima and F. americana were collected for two years 
(2004–2005). We placed seed traps (0.5 m2) in each mapped 
site. Locations of the seed traps were designed to capture a 
range of distances (0–50 m in the new sites, 0–25 m in 
GMF) around the target tree species. The two GMF sites had 
36 seed traps each; the 6 new sites had 15 seeds traps per site 
in year 1, and 20 traps per site in year 2 and 3. Seed traps had 
a circular frame, were constructed of a tough, very fine mesh 
and were suspended with wire on fibreglass stakes 1 m off the 
ground to keep small mammals from entering the traps. The 
traps were sufficiently large (0.75 m deep) to prevent over-
flow of any leaf litter or seeds, as the dates of their fall over-
lap. Traps were placed in early September and left out until 
mid-December, except for sites with A. altissima, where traps 
were left out until early May as seeds of that species can 
remain attached to parents over winter until leaf out. Seeds 
were collected from the traps every two weeks. No evidence 
of rodents (e.g. faeces) was detected in the seed traps, so  
we assumed that predation from inside seed traps was  
negligible. 

Seedlings of all tree species were enumerated in mid- 
summer in 1-m2 quadrats (30 quadrats per site) using three 
age classes: 1 year old seedlings, 2 year old seedlings, and 
seedlings 3 years and older. Like seed traps, seedling quadrats 
were located to capture a range of distances (0–50 m in the 
new sites, 0–25 m in GMF) around the target tree species. 
Seedlings were aged from bud-scars. We found seedlings in 
sufficient numbers for modelling for A. platanoides, A. 
rubrum (in the GMF sites), A. saccharum, A. altissima,  
F. americana and P. serotina. For A. altissima, seedlings were 
noted as seed or root sucker origin based on clear morpho-
logical differences; this species often produces numerous 
root sucker ‘seedlings’ which have higher shade tolerance 
than seed-origin plants (Miller 1990).

Data analysis

We used inverse modelling to analyze seed dispersal and 
seedling dispersion around parent trees. Inverse modelling 
techniques represent a powerful and pragmatic approach for 
the study of dispersal and recruitment processes (Ribbens  
et al. 1994, Clark et al. 1998, Bullock and Clarke 2000,  
LePage et al. 2000, Uriarte et al. 2005). As with previous 
studies (Ribbens et al. 1994), we assumed that the potential 
number of seeds or seedlings produced by a tree is a function 
of stem diameter (DBH)
where STR is the potential number of seeds or seedlings pro-
duced by a tree with a 30-cm stem diameter at breast height 
(Ribbens et al. 1994, LePage et al. 2000, Uriarte et al. 2005). 
In our analyses, we allow STR to vary among sites, on the 
assumption that site quality may influence per capita seed 
production. Following the arguments presented by Canham 
and Uriarte (2006), we tested for variation in the relation-
ship between fecundity and adult tree size by allowing α to 
vary, rather than fixing it at 2 as most previous studies have 
done. We also expect size at reproductive maturity to vary by 
species, and estimate an additional parameter (DBHmin) to 
determine the minimum size at which potential parents 
begin contributing to seed rain. 

Most previous seed dispersal studies have assumed that 
propagule density declines monotonically with distance from 
a parent tree, and thus have some form of an exponential func-
tion (sometimes referred to as a Weibull function) to estimate 
the shape of a seed shadow (Ribbens et al. 1994, Clark et al. 
1998, 1999, LePage et al. 2000). Greene et al. (2004) com-
pared alternate dispersal functions and argued that a lognor-
mal dispersal kernel is more amenable to a mechanistic 
interpretation and is more appropriate for both wind and 
animal-dispersed seeds. They further showed that the lognor-
mal function often fits empirical data as well as or better than 
exponential functions. Thus, we tested two alternate forms for 
the shape of the dispersal patterns for each species. We tested 
the exponential function used by Ribbens et al. (1994):
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where d is the distance from a seed trap or seedling quadrat 
to a parent tree, β and γ are estimated parameters, and η is 
a normalization constant equivalent to the arcwise integra-
tion of the dispersal kernel. Previous studies have generally 
fixed γ at an arbitrary value ranging from 1 to 3, but more 
recent studies (Canham and Uriarte 2005, Uriarte et al. 
2005) have allowed γ to vary, allowing the data to deter-
mine the appropriate shape. We also tested the lognormal 
function advocated by Greene et al. (2004):
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where Χ0 is the distance at which maximum seed rain or 
seedling dispersion occurs (mode of the dispersal kernel), 
and Χb determines the breadth or spread of the dispersal 
kernel. 

While previous studies of seed rain and seedling disper-
sion have assumed that all input is local (i.e. originating 
from one of the potential parent trees within the mapped 
area), other studies have suggested that dispersal should be 
analyzed in terms of both local input and a distance-inde-
pendent ‘bath’ of seed rain from both local and regional 
sources. We explicitly test for this form of non-local seed 
rain (‘bath’) using a simple intercept in our model (Eq. 4). 
Combining Eq. 1 with Eq. 3, the potential number of seeds 
(Sim) in seed trap i in site m is:
S = bath + STR
DBH
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where DBHj is the diameter of j = 1… n trees in site m with 
diameter greater than the estimated parameter DBHmin, 
within a distance of 20 m in the GMF sites and 50 m in the 
six new sites, and dijm is the distance from the seed trap or 
seedling quadrat i to tree j in site m.

We assumed that the expected number of seeds in a seed 
trap or seedlings in a quadrat follows a Poisson distribution 
in which the mean of the distribution is given by Eq. 4. We 
used simulated annealing (a global optimization algorithm; 
Goffe et al. 1994) to find the parameter values that maxi-
mized the likelihood of observing the recorded seed trap 
counts. We used asymptotic 2-unit support intervals 
(Edwards 1992) to assess the strength of evidence for indi-
vidual maximum likelihood parameter estimates. A two-
unit support interval is roughly equivalent to a 95% support 
limit defined using a likelihood ratio test (Hilborn and 
Mangel 1997). 

Results 

Seed production

Seed rain was sufficient for inverse modelling in 1994–1996 
for seed production and dispersal for all the native species 
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with the following exceptions: in 1994 when P. strobus had  
a seed crop failure; in 1995 when A. saccharum, A. rubrum, 
F. grandifolia, P. serotina, and P. strobus had seed crop failures; 
and in 1996 when Q. rubra had a seed crop failure (Appen-
dix 1, 2). In the six new sites, seed rain was sufficient for 
inverse modelling for all species except in 2004 and 2005 
when A. saccharum had seed crop failures. 

Prior studies using inverse modelling typically have 
assumed that all individual canopy trees of a given species 
contribute to seed production in years when a seed crop is 
produced (but see Clark et al. 2004). Our analysis indicates, 
however, that this assumption is unwarranted: six of the 
native species consistently had a minimum reproductive 
DBH of at least 22−50 cm for individuals contributing to 
seed production (DBHmin; Table 1). In contrast, A. pla-
tanoides, A. saccharum, A. altissima and P. strobus had much 
lower minimum size thresholds at least in some years: 11.6 
cm, 7.9 cm, 12.3 cm and 9.0 cm, respectively. Those species 
which showed interannual variation in DBHmin typically saw 
their DBHmin increase in years of relatively low seed produc-
tion (Table 1, Appendix 2), suggesting that larger individuals 
increasingly dominate seed production during low seed 
years. Previous studies have also typically assumed that seed 
production increases as a squared function of DBH (i.e. 
approximately linearly related to aboveground biomass, 
which typically scales to DBH with an exponent slightly 
greater than 2; Jenkins et al. 2004). The maximum likeli-
hood estimates of α for all species ranged from 0 to 3.24 
(Table 1). Acer rubrum, A. saccharum, A. altissima, F. grandi-
folia and Q. rubra all had at least one year with α  2. For 
these species, seed production can increase significantly with 
diameter once an adult reaches its species-specific minimum 
size (DBHmin). For the remaining species, estimates of α were 
low (0–1.19), meaning that seed production was effectively 
constant with respect to size once an individual reached its 
effective minimum reproductive size (DBHmin) (Table 1, 
Appendix 2). Overall, there appears to be a negative relation-
ship between α and seed production (STR), as α was consis-
tently higher in low seed crop years. These results indicate 
that tree size−fecundity relationships can vary widely among 
both species and among years within a species. Note the nar-
row support intervals around the maximum likelihood esti-
mates of α (Table 1): unlike the earlier analyses by Ribbens 
et al. (1994) using a simpler annealing algorithm, we did not 
encounter significant parameter tradeoffs between estimates 
of α and the parameters of the dispersal kernel. 

Intraspecific year-to-year and site-to-site variation in STR 
was notably high (Fig. 1, Appendix 2). All species showed 
some variation in STR among years; even within our 2–3 
year study span, all of the native species showed evidence of 
masting and seed production by the native species was uni-
formly low in 1995, except for T. canadensis. Conversely, Acer 
platanoides produced reasonable numbers of seeds in all three 
years sampled, and its seed production was much less variable 
between sites than most native species (Appendix 2). The 
fecundity estimates for A. altissima were particularly striking, 
with an overall average STR  1 million seeds; individuals in 
one site in 2005 averaged almost 4 million seeds per 30 cm 
DBH tree. Recall that A. altissima STR values were calculated 
for female trees only, which comprised 13%, 100% and 18% 
of the individuals in sites 1, 2 and 3, respectively. 



Table 1. Seed dispersal models with maximum likelihood parameter estimates and 2-unit asymptotic support intervals (in parentheses) of 
eight native and two exotic tree species in northwestern Connecticut, USA. Dispersal models were fit to seed rain in each year individually 
and for all years simultaneously. Exponential (E.P.; Eq. 2) and lognormal (L.N.; Eq. 3) dispersal models were compared; the model with a 
lower AICc is reported. Two measures of model fit are reported: R2 and slope of the relationship between observed and predicted values. See 
Eq. 1–4 for definitions of the parameters. Also reported is the mean dispersal distance in meters (MDD), the estimated minimum reproductive 
size in cm of a parent tree (DBHmin), and ‘bath’ seed rain inputs (seeds m2) from non-local parent trees (i.e. trees outside the mapped stand). 
Only years with seed rain sufficient for model estimation are shown. 
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Species Slope R2 Model α β/Χ0 γ/Χb
MDD DBHmin

 Bath 

Acer platanoides

2003 0.90 0.26 L.N. 0
(0–0.06)

1.42
(1.31–1.56)

0.89
(0.87–0.92)

5.0 27.0 4.5
(2.9–6.2)

2004 1.06 0.52 L.N. 0.04
(0–0.85)

4.56
(3.98–4.94)

0.57
(0.51–0.61)

7.4 22.5 0
(0–0.3)

2005 1.01 0.37 L.N. 0
(0–0.12)

3.50
(3.31–3.73)

0.59
(0.57–0.62)

6.1 11.6 0.4
(0–1.3)

All Years 0.92 0.35 L.N. 0
(0–0.02)

1.15
(1.07–1.22)

0.99
(0.97–1.00)

5.5 27.2 1.1
(0.6–1.6)

Acer rubrum

1994 1.10 0.31 L.N. 2.48
(2.44–2.51)

4.11
(4.08–4.14)

0.40
(0.39–0.41)

5.2 29.5 61.3
(57.7–64.9)

1996 1.10 0.32 L.N. 3.13
(3.08–3.19)

4.42
(4.34–4.50)

0.67
(0.66–0.68)

8.6 28.4 19.7
(17.7–22.0)

All years 1.10 0.33 L.N. 2.76
(2.73–2.79)

4.25
(4.22–4.29)

0.49
(0.48–0.50)

6.1 29.6 36.8
(34.9-39.0)

Acer saccharum

1994 0.95 0.56 E.P. 1.89
(1.70–2.28)

1.49
(1.34–2.28)

3.33
(3.29–3.49)

7.0 7.9 1.7
(1.2–2.8)

1996 0.98 0.44 E.P. 0.44
(0.32–0.65)

11.59
(10.45–12.11)

2.60
(2.49–2.64)

6.3 30.3 0.2
(0.1–0.7)

2003 1.02 0.92 L.N. 3.04
(2.95–3.11)

0
(0-0.01)

2.60
(2.54–2.66)

6.2 67.2 2.9
(1.7–3.9)

All years 0.93 0.61 E.P. 1.69
(1.49–1.98)

104.43
(96.04–113.46)

1.79
(1.77–1.82)

7.6 8.8 0.4
(0.3–0.7)

Ailanthus altissima

2004 1.01 0.84 L.N. 2.11
(1.55–2.56)

0
(0–0)

2.45
(2.43–2.47)

4.9 28.1 169.8
(163.5–176.9)

2005 0.99 0.71 L.N. 0
(0–0.05)

0
(0-0.01)

3.89
(3.87–3.91)

16.1 12.3 0
(0–4.4)

All Years 0.99 0.59 L.N. 0
(0–0.05)

0
(0–0)

3.74
(3.72–3.75)

15.2 13.5 0
(0–4.6)

Fagus grandifolia

1994 1.08 0.75 L.N. 3.22
(2.11–3.79)

0.0001
(0.0001–0.0002)

3.14
(3.08–3.24)

5.6 21.6 0.1
(0–0.36)

1996 1.05 0.79 L.N. 0.05
(0–0.75)

0.0001
(0.0001–0.0002)

2.73
(2.65–2.79)

4.3 37.3 0.1
(0–0.3)

All Years 1.04 0.67 L.N. 3.24
(2.92–3.49)

0.0001
(0.0001–0.0002)

3.12
(3.08–3.19)

4.9 29.7 0.1
(0–0.2)

Fraxinus americana

2003 1.03 0.54 L.N. 0
(0–0.05)

5.68
(5.36–6.00)

0.81
(0.78–0.83)

13.4 26.1 0
(0–3.1)

2004 1.10 0.51 E.P. 0
(0–0.06)

0.01
(0.01–0.01)

3.99
(3.96–4.00)

14.7 25.1 0
(0–0.7)

All Years 1.05 0.53 E.P. 0
(0–0.03)

0.01
(0.01–0.02)

4.0
(3.96–4.00)

14.4 26.2 0
(0–1.0)

Pinus strobus

1996 1.00 0.55 E.P. 0
(0–0.06)

0.31
(0.20–0.52)

3.95
(3.85–4.00)

6.6 9.0 21.1
(18.8–23.6)

Prunus serotina

1994 1.01 0.83 L.N. 0.16
(0–0.32)

1.39
(1.26–1.56)

0.81
(0.78–0.85)

4.1 38.3 0.8
(0.6–1.4)

1996 1.02 0.95 L.N. 0
(0–0.17)

0.02
(0.02–0.02)

1.29
(1.27–1.30)

2.2 34.1 0.4
(0.2–0.7)

All years 1.03 0.85 L.N. 0
(0–0.14)

0
(0–0)

2.09
(2.06–2.12)

3.1 38.4 0.7
(0.5–1.0)

(Continued)



Species Slope R2 Model α β/Χ0 γ/Χb
MDD DBHmin

 Bath 

Quercus rubra

1994 0.90 0.22 L.N. 0
(0–0.09)

0.0001
(0.0001–0.0002)

2.58
(2.55–2.63) 5.5 46.4 2.3

(1.7–2.9)
1995 0.91 0.15 L.N. 3.07

(2.32–3.48)
2.02

(1.79–2.43)
0.41

(0.35–0.44) 2.6 44.0 0.5
(0.4–1.3)

All years 0.91 0.25 L.N. 0
(0–0.09)

0
(0–0)

3.01
(2.97–3.04) 4.3 46.4 1.4

(1.1–1.8)
Tsuga canadensis
1994 0.98 0.86 L.N. 0

(0–0.12)
0.41

(0.37–0.45)
1.07

(1.04–1.09) 3.5 48.4 0.5
(0.2–0.8)

1995 1.04 0.76 L.N. 1.19
(1.02–1.35)

3.21
(3.08–3.39)

0.50
(0.47–0.54) 4.7 48.2 0.7

(0.4–1.0)
1996 0.92 0.11 L.N. 0

(0–0.44)
7.63

(6.93–9.09)
0.31

(0.30–0.41) 5.8 50.0 3.5
(2.9–4.3)

All years 0.98 0.76 L.N. 0.52
(0.39–0.61)

0.59
(0.56–0.65)

1.07
(1.05–1.09) 4.3 48.2 2.3

(2.0–2.6)

Table 1. (continued)
Spatial variation in seed dispersal

Seed dispersal was a ‘local’ process in these sites, with most 
seeds falling directly beneath or near the crown (Table 1, Fig. 
2). Mean dispersal distances (MDD) were  10 m for eight 
species, and in most cases showed a steep, nearly monotonic 
decline with increasing distance from a parent tree (Fig. 2). 
Mean dispersal distances of seeds conformed well to expecta-
tions based on seed weight (Appendix 1). Ailanthus altissima 
and F. americana had a MDDs  14 m while the heavy-
seeded species all had a MDDs  5 m. Only P. strobus (6.6 
m) and T. canadensis (4.7 m) were anomalous, with MDDs 
much shorter than their seed weights would suggest. 

The maximum likelihood models produced good to excel-
lent fits (R2 = 0.22–0.95) for all species, except for one year 
of T. canadensis (R2 = 0.11) and Q. rubra (R2 = 0.15). The 
most parsimonious dispersal model (i.e. the unbiased model 
with the lowest AICc) for A. saccharum, F. americana and  
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P. strobus usually was an exponential dispersal function (Eq. 2) 
while the remaining species were best fit with a lognormal 
function (Eq. 3) (Table 1, Fig. 2). 

Seedling dispersion

The abundance of seedlings was much more irregular than seed 
rain, perhaps due to the low understory light levels in the sites. 
This limited our analyses of seedling dispersion to six species 
(Fig. 3, Table 2). Our analyses revealed markedly different seed-
ling dispersion and recruitment patterns for the six species, and 
seedling abundances appear to reflect not only parental seed 
production but also life history strategy (Table 2, Appendix 3, 
Fig. 4). In particular, both of the shade intolerant species (A. 
altissima and F. americana) had the longest dispersion tails for 1 
year old seedlings, while the two most shade tolerant species (A. 
platanoides and A. saccharum) had the density of  3 year-old 
Figure 1. Average seed production (STR) of two exotic and eight native tree species in closed-canopy forests in northwestern Connecticut, 
USA. STR is the annual seed production for a 30 cm DBH individual of given species, averaged across sites. The exotic species are denoted 
with an asterisk (∗). Species codes are taken from the Latin names, e.g. ACPL  Acer platanoides (Norway maple). AIAL and FRAM have 
only two years of data. Those species with no or very low seed production in a year are labelled with a zero or the amount (19 for ACRU). 
Note the break on the Y-axis. Bars are 1 SE.



Table 2. Seedling dispersion models with maximum likelihood parameter estimates and two-unit asymptotic support intervals (in parenthe-
ses) of four native and two exotic tree species in northwestern Connecticut, USA. Dispersion models were fit to seedlings in each year indi-
vidually and for all years simultaneously, when the data allowed. Exponential (E.P.; Eq. 2) and lognormal (L.N.; Eq. 3) dispersion models were 
compared; the model with a lower AICc is reported. Two measures of model fit are reported: R2 and slope of the relationship between 
observed and predicted values. See Eq. 1–4 for the definitions of the parameters. Also reported is the mean dispersal distance in meters 
(MDD), the estimated minimum reproductive size in cm of a parent tree (DBHmin), and ‘bath’ seedling inputs (seedlings m2) from non-local 
parent trees (i.e. trees outside the mapped stand). Only those species with seedlings in sufficient numbers for parameter estimation were 
analyzed.
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Species Slope R2 Model α β/Χ0 γ/Χb MDD DBHmin Bath

Acer platanoides
One year-olds 2004 1.03 0.52 L.N. 2.26

(1.76–2.52)
3.48

(3.48–3.13)
0.78

(0.74–0.81)
8.4 19.2 0

(0–0.6)
One year-olds 2005 1.09 0.39 L.N. 4.54

(3.86–4.98)
9.96

(7.71–12.30)
0.43

(0.31–0.59)
13.1 10.5 0

(0–0.3)
One year-olds 2006 0.99 0.52 L.N. 2.41

(1.22–2.95)
9.19

(8.09–11.18)
0.38

(0.32–0.51)
11.2 41.9 0.1

(0–0.1)

All one year-olds 1.06 0.58 L.N. 1.96
(1.61–2.29)

3.99
(3.61–4.39)

0.74
(0.71–0.77)

8.9 20.6 0
(0–0.1)

Two year-old seedlings 
2005

1.09 0.43 L.N. 4.87
(4.71–4.93)

5.64
(4.97–6.65)

0.67
(0.62–0.73)

10.8 18.7 1.3
(0.8–1.9)

 three year-old 
seedlings 2006

1.00 0.71 L.N. 1.97
(1.79–2.13)

8.62
(7.78–9.32)

0.66
(0.62–0.69)

16.0 43.7 2.3
(1.9–2.8)

All seedlings
 2006

1.04 0.72 L.N. 4.89
(4.86–4.99)

8.15
(7.56–8.64)

0.58
(0.55–0.61)

13.3 20.4 8.9
(7.6–10.2)

Acer rubrum
One year-olds 1995 1.07 0.42 L.N. 0

(0–0.09)
5.61

(5.27–5.86)
0.36

(0.32–0.40)
6.8 35.9 4.7

(3.9–5.3)
Two year-old seedlings 
1996

0.93 0.26 L.N. 0.25
(0.21–0.29)

7.60
(7.12–8.05)

0.47
(0.43–0.51)

10.6 35.8 2.5
(1.5–3.4)

Acer saccharum
One year-olds 2004 0.97 0.37 L.N. 0

(0–0.11)
2.44

(1.76–3.33)
1.02

(0.94–1.10)
10.8 53.9 0

(0–0.1)
Two year-old seedlings 
 2005

1.06 0.44 L.N. 0.36
(0.16–0.74)

8.74
(7.60–11.14)

0.51
(0.46–0.61)

12.8 53.7 0
(0–0.1)

 three year-old 
seedlings 2006

1.03 0.28 L.N. 0
(0–0.14)

15.25
(14.34–16.24)

0.32
(0.30–0.37)

15.0 34.4 0.2
(0.1–0.5)

All seedlings
 2006 1.05 0.28 L.N. 0

(0–0.12)
15.32

(14.58–16.19)
0.36

(0.31–0.38)
18.6 31.8 0

(0–0.4)
Ailanthus altissima
One year-olds 2005 0.92 0.12 L.N. 1.07

(0.04–1.49)
19.16

(16.87–24.94)
0.81

(0.75–0.90)
26.6 35.4 0

(0–0.4)
Root suckers 2005 1.06 0.35 L.N. 0

(0–0.39)
0.01

(0.01-0.03)
2.05

(1.97–2.15)
7.2 40.1 0.8

(0.6–1.1)
Fraxinus americana
One year-olds 2004 1.08 0.29 E.P. 0.01

(0–0.45)
1107.96

(307.4–1570.4)
1.66

(1.23–1.85)
8.1 15.9 0.3

(0.2–0.6)

One year-olds 2005 1.01 0.37 L.N. 0
(0–0.14)

9.34
(8.98–9.83)

0.55
(0.43–0.59)

14.4 34.9 2.9
(2.5–3.4)

One year-olds 2006 1.00 0.31 L.N. 0.01
(0–0.25)

9.81
(8.91–11.19)

0.65
(0.61–0.70)

17.0 36.8 0
(0–0.4)

All one year-olds 1.00 0.40 L.N. 0
(0–0.11)

7.07
(6.67–7.67)

0.67
(0.65–0.70)

13.3 32.5 0.3
(0.2–0.5)

 three year-old 
seedlings 2006 1.09 0.33 L.N. 0.03

(0–0.24)
11.20

(10.52–12.11)
0.35

(0.32–0.37)
13.5 68.3 1.3

(0.9–1.7)
All seedlings
 2006 0.96 0.39 L.N. 0

(0–0.05)
2.21

(2.11–2.31)
0.34

(0.32–0.38)
10.3 19.7 15.2

(13.9–16.4)
Prunus serotina
One year-olds 2004 0.90 0.42 L.N. 4.81

(4.62–4.95)
3.36

(2.87–3.50)
0.35

(0.31–0.39)
4.0 32.5 2.1

(1.8–2.8)
One year-olds 2005 1.10 0.19 L.N. 4.77

(3.73–4.98)
0.97

(0.34–2.04)
1.52

(1.34–1.69)
7.3 24.8 0

(0–0.2)
Two year-old seedlings  
2005

1.00 0.10 L.N. 1.53
(0–2.39)

7.22
(2.67–25.37)

0.37
(0.31–0.89)

8.8 38.8 0.9
(0.6–1.2)

 three year-old 
seedlings 2006

0.99 0.45 L.N. 0.98
(0.57–1.31)

4.19
(3.82–4.63)

0.34
(0.31–0.40)

4.9 43.2 2.0
(1.6–2.5)

All seedlings 2006 0.98 0.23 L.N. 3.73
(3.36–3.96)

2.21
(1.59–2.84)

0.97
(0.89–1.06)

8.5 31.2 0
(0–0.7)
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Figure 2. Predicted seed rain (no. m2) as a function of distance from a single 30 cm DBH parent tree for two exotic and eight native tree 
species tree species in closed-canopy forests in northwestern Connecticut, USA. The exotic species are denoted with an asterisk (∗). Only 
years with sufficient seed rain to fit dispersal models are shown. Note the different scales of the Y-axes for all species. The functions do not 
include the predicted bath input (if any).
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seedlings exceeding seed rain inputs at distances  13 m from 
parent trees (Fig. 4). Interestingly, the density of A. altissima 1 
year-old seedlings in 2005 was higher than the preceding year’s 
seed rain input at distances of  20 m. However, this species 
had no seed-origin seedlings survive into the 2nd year, probably 
due to the low light levels.

Mean seedling dispersion distances were approximately 
double the MDDs of seeds for all species except for F. ameri-
cana whose MDD remained effectively the same between 
stages. All six species, both native and exotic, displayed  
evidence of negative distance- and/or density-dependent 
processes as evidenced by the increasing displacement of 
MDD and the mode of dispersion for a seedling cohort from 
parent trees with each successive year (Fig. 4, Table 2). For 
example, the mode of dispersion for a cohort of A. platanoides 
seedlings increased with each year, from 2 m in 2003 to 9 m 
by 2006. Perhaps in part because of this successive displace-
ment, all but one year of the seedling analyses were best fit 
with a lognormal dispersal kernel. 

Discussion

Our study linked fecundity, seed dispersal and seedling disper-
sion and establishment for native and exotic trees in the north-
eastern USA, and demonstrates that the processes which 
generate these patterns are manifold: parent size, interannual 
variation in seed production, distance from local seed sources, 
non-local ‘bath’ seed inputs, and negative density-dependent 
effects of parent trees on conspecific regeneration were all 
important influences on seed dispersal and seedling recruitment 
in both native and exotic tree species. 
Seed and seedling production

Though our study spans two-to-three years of seed rain, this 
period is too short to categorically characterise the observed 
temporal variation in seed production in terms of classic 
masting cycles. Nevertheless, variation in seed production by 
the native trees was dramatic, with complete seed crop fail-
ures in at least one year for six of the eight native species. 
While the two exotic species had no seed crop failures, both 
showed sizeable interannual variation in fecundity, with peak 
per capita seed production over 10 times higher than the 
year of lowest production. Despite such interannual varia-
tion, it is clear that Ailanthus altissima is exceptionally fecund 
even in competitive, closed-canopy forest stands. The seed 
production of Acer platanoides, however, is unremarkable 
(but, see below), despite its reputation for fecundity. 

Many studies have shown that seed production, subse-
quent seedling germination and seedling establishment are 
influenced by seed mass (Westoby et al. 1992, Greene and 
Johnson 1994, 1998, Muller-Landau et al. 2008). Greene 
and Johnson (1994, 1998) developed an empirical model of 
average seed production based on seed mass. This approach 
works reasonably well for most of the native species (Papaik 
and Canham 2006), but based on our calculations with the 
model (see Greene and Johnson 1994, 1998 for model 
details), it appears to seriously underestimate the seed pro-
duction of the exotic species: mean seed production of A. 
platanoides (with a high seed mass) and A. altissima (with a 
medium seed mass) were almost 20 times and 600 times 
higher respectively in our study compared to fecundity−seed 
mass estimates based on the Greene and Johnson model. 
These dramatic differences indicate that exotic invasive tree 
Figure 3. Average seedling production (STR) of two exotic and four native tree species in closed-canopy forests in northwestern Connecti-
cut, USA. STR is the annual seedling production for a 30 cm DBH individual of given species, averaged across sites. The exotic species  
are denoted with an asterisk (∗). Species codes are taken from the Latin names, e.g. ACPL  Acer platanoides (Norway maple). Those  
species with no seedling production in a year are labelled with a zero; empty columns indicate no data. Note the break on the Y-axis. Bars 
are 1 SE. 
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species may have fundamentally different life history strate-
gies, allocating resources to reproduction in a way which 
departs from fecundity–seed mass relationships in native 
species. Mason et al. (2008) found that across the globe, 
woody invasive species produced on average  26 times 
more seeds per individual per year than native species for a 
given seed mass, suggesting our exotic study species fit into  
a global pattern of invasiveness.

There was a great deal of variation in the effective mini-
mum size (DBHmin) of reproductive trees, both among spe-
cies and among years within species. The most notable 
patterns in DBHmin were across seed and seedling cohorts.  
In four of six species, DBHmin increased from seed produc-
tion to seedling production (Table 1, 2). Within a species, 
DBHmin also tended to increase (four species) with the 
increasing age of the seedling cohort (1 year old to  3 year-
old seedlings), suggesting that seedlings produced by larger 
trees had higher survivorship. There are a number of possible 
mechanisms that could result in such a pattern, including 
size-dependent effects of adult trees on microsite and under-
story favourability (e.g. soil resource availability; Gómez-
Aparicio and Canham 2008). Moreover, the two species that 
816
did not exhibit an increase in DBHmin between seed and 
seedling production (A. platanoides and P. serotina) were the 
two species that did show large increases in alpha (α) between 
stages, again suggesting that larger trees predominate as the 
sources of successful seedling recruitment. 

Dispersal patterns

The appropriate shape for the dispersal kernels of trees has 
received considerable attention (reviewed by Greene et al. 
2004). Greene et al. (2004) compared a number of different 
functional forms, and advocated for a lognormal dispersal 
kernel on both empirical and mechanistic grounds. We 
tested both exponential and lognormal models, and found 
that overall the lognormal kernels provided the best fits for 
both seed dispersal and seedling dispersion patterns. The 
better fit of the lognormal function was probably due in part 
to its ‘fat tail’ (Clark et al. 1999) relative to the exponential 
model. There was no clear relationship between the shape of 
the estimated dispersal kernel and the life-history traits of 
individual species. For example, both the pioneer A. altissima 
Figure 4. Predicted number of seedlings (no. m2) in age class cohorts as a function of distance from a single 30 cm DBH parent tree for 
two exotic and four native tree species in closed-canopy forests in northwestern Connecticut, USA. The exotic species are denoted with an 
asterisk (∗). Note the different scales of the Y-axes for all species, the different X-axis for A. altissima, and that the  3 year-old seedling 
group is not a single cohort. The functions do not include the predicted bath input (if any). Seeds of F. americana do not germinate until 
two years after dispersal, so there is an additional year between its seeds and 1 year old seedlings. For P. serotina, there was inadequate seed 
rain and seedling data to analyze patterns from the same site, so different sites (and thus years) are shown for this species.



and the late successional species F. grandifolia, whose seed 
weights differ by an order of magnitude, were best fit by the 
lognormal. 

Ribbens et al. ����������������������������������������(1994) argued that while temporal varia-
tion in seed production (i.e. masting) should result in sig-
nificant variation in STR not captured by a short-term study, 
these variations should only affect the intercept, not the 
shape, of a dispersal kernel. Furthermore, they argued that 
temporal variation in mean dispersal distance (MDD) is 
unlikely, as MDD reflects the physics of seedfall and second-
ary dispersal, though seed predation could interact with tem-
poral variation. In general, our results suggest that this 
viewpoint is reasonable. Two species – A. saccharum and  
F. americana – did show interannual variation in the ‘best’ 
dispersal kernel, shifting between the exponential and the 
lognormal, but this was the exception. MDDs were very 
consistent from year to year for most species, except in the 
exotic A. altissima, where MDD more than tripled in the 
year with the highest per capita seed production. 

Overall, mean dispersal distances were short, although 
there were notable differences between species (Table 1, 2). 
The short MDDs reduced the likelihood of bias in parameter 
estimation: Canham and Uriarte (2006) demonstrated that 
as long as the minimum mapped distance is greater than 
MDD, any bias in parameter estimation is small. An exami-
nation of Table 1 shows that the MDDs of the native species 
were all less than the 20 m map radius used in those stands. 
Canham and Uriarte (2006) also showed that any bias result-
ing from smaller mapped distances would slightly elevate 
bath estimates. The bath term was unimportant ( 5) for all 
species except A. rubrum, A. altissima and P. strobus. That is, 
patterns of seed dispersal for most species were attributable 
to parent trees within the mapped neighbourhoods alone. 
While the different mapped areas in this study could influ-
ence the bath term (i.e. smaller mapped areas can increase 
the bath term, as more distant parent trees are not directly 
included in the analysis), the generally low bath term and its 
narrow support intervals indicate this was not an issue in 
these analyses (Table 1). 

Our seedling dispersion distances match reasonably well 
with Ribbens et al. (1994), except for A. saccharum whose 
seedling dispersion was 5.7 m greater in our results. Seedling 
densities were consistently lower than seed inputs, except in 
three notable instances. The densities of  3 year-old A. pla-
tanoides seedlings were higher than annual seed inputs at 
distances  13 m, indicating the accumulation of a seedling 
bank, but only at distances displaced away from parents (Fig. 
4). Acer platanoides is reported to form a ‘seedling bank’ in 
invaded stands (Webb and Kaunzinger 1993, Martin 1999, 
Martin and Marks 2006). Acer saccharum showed the same 
pattern between 13–18 m from parents. Finally, the density 
of 1 year old seedlings of A. altissima exceeded seed inputs at 
20 m and up, suggesting significant amount of secondary 
dispersal, a large non-local ‘bath’ input, and/or a seed bank 
mechanism. Root suckers of A. altissima can survive in the 
shade, but this species is not thought to regenerate from seed 
in a shaded understory (Miller 1990, Kowarik and Säumel 
2007). However, it can establish short-term seed banks, with 
seeds remaining viable on (Hildebrand 2006) and in the soil 
(Kota et al. 2007) for at least 1 year. In our sites, older wing-
less A. altissima seeds – which were super abundant beneath 
recent leaf litter – appeared to germinate primarily where the 
forest floor litter layer was even slightly disturbed (Martin 
and Canham unpubl.). This abundant seed bank may reflect 
in part the very low seed predation of A. altissima seeds in 
these forests (Martin unpubl.). 

Negative density-dependent recruitment 

The evidence for negative density-dependent recruitment 
processes in this study, although observational, is compel-
ling. With each successive step in the dispersal and recruit-
ment process, from seed to established seedling, surviving 
individuals were displaced further from conspecific parent 
trees. Interestingly, these patterns were evident for the exotic 
species as well as the natives. Evidence for the importance of 
negative density-dependent mortality at both seed and seed-
ling stages continues to accumulate (Harms et al. 2000, 
Packer and Clay 2000, 2003, Hille Ris Lambers et al. 2002, 
Hille Ris Lambers and Clark 2003, Reinhart et al. 2003), 
and hence the shape and abundance of seedling recruitment 
patterns can look quite different from the original seed dis-
persal shadow.

Our results are consistent with a study where first-year A. 
platanoides seedling survivorship was positively associated 
with increasing distance from A. platanoides trees but not soil 
nutrients or light levels (Gómez-Aparicio et al. 2008). Such 
spatial patterns correspond well with evidence that A. pla-
tanoides seedlings experience ‘enemy’ effects in their intro-
duced range: Reinhart and Callaway (2004) reported that the 
biomass of 1-year-old A. platanoides seedlings was greater 
when the seedlings were grown in sterilized soils versus soils 
collected under conspecific trees, suggesting the accumula-
tion of inhibitory soil biota under adults, and Morrison and 
Mauck (2007) found no general decrease of foliar insect her-
bivory and disease symptoms for A. platanoides in forests in 
New Jersey, USA in comparison with the native Acer saccha-
rum. Overall, the patterns in our study strongly suggest the 
existence of negative distance and/or density-dependent pro-
cesses associated with conspecific adults due to host-special-
ized herbivores, parasites or pathogens (Janzen-Connell 
effects; Janzen 1970, Connell 1971), and adds to the evidence 
that Janzen-Connell effects are more important in temperate 
forests than once thought (Hille Ris Lambers et al. 2002).

Invasion implications

Given A. altissima’s extraordinary seed production and com-
paratively long range dispersal, this exotic tree possesses the 
dispersal traits of a problematic invasive. However, its failure 
to recruit established seedlings ( 2 years-old) in our sites 
suggests that it will be dependent on disturbance to colonize 
new areas of closed-canopy forest, though it may not require 
large openings. Knapp and Canham (2000) found that this 
species can reach the canopy in a single period of release in 
gaps by virtue of its unrivalled height growth. Moreover, this 
species’ seed bank potential and its production of shade tol-
erant juveniles from root suckering suggests that it can invade 
forests by several means. Overall, we expect that its rate of 
invasion into closed-canopy forests will likely be much more 
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limited by the rate of gap formation and other disturbances 
than by dispersal limitation.

Acer platanoides displays a very different dispersal and 
recruitment pattern than A. altissima, one contrary to com-
mon generalizations of the life-history traits of invasives 
(Martin et al. 2009). Foremost, it is shade tolerant (Martin 
and Marks 2006). It has mean seed dispersal distances that 
are comparable to the dominant native tree species, suggest-
ing that its spread in closed-canopied forests will be partially 
dispersal-limited. Its seed production is also unexceptional 
vis-à-vis the natives collectively, although its mean STR is 
3.6–8.6 times higher than any of the three native shade tol-
erant species, and as noted, its fecundity is much higher than 
a seed-mass model might predict. Indeed, Acer platanoides’ 
high per capita seed production for a shade tolerant species 
combined with its relatively low DBHmin and its rapid growth 
rates (Kloeppel and Abrams 1995) creates a species with ele-
ments of both mid- and late-successional life history strate-
gies. This combination enables it to aggressively invade forest 
understories, at least on small scales – in this study, it pro-
duced densities of established seedlings ( 3 years old) that 
were more than five times greater than the seedlings densities 
of the native shade tolerant congener A. saccharum. At one 
site, we estimated that a single 30-cm DBH A. platanoides 
produces over 26350  3 years old seedlings (Appendix 3). 
However, this exotic must reach the canopy before it can 
challenge native trees for dominance, and the stages from 
seedling establishment to canopy recruitment typically 
unfold over many decades and are often dependent on addi-
tional factors like herbivory and soil fertility (Martin and 
Marks 2006, Martin et al. 2009). 

These two exotic tree species have important, yet diver-
gent life-history advantages over natives. Clearly, there is 
more than one way to be a successful invader of closed- 
canopy forests, and neither species appears to require unusual, 
large or anthropogenic disturbances. However, our results 
suggest that recruitment limitation of A. altissima and dis-
persal limitation of A. platanoides will keep their rate of inva-
sion slow, and that Janzen-Connell effects may promote 
co-existence with natives. 
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Appendix 1. Number of seed traps, number of seedling quadrats, minimum tree map radius (m) around a sample point, number of adult 
stems in the mapped area ( 2 cm DBH;  10 cm DBH A. platanoides and A. altissima), maximum tree diameter (cm), mean number of 
seeds sampled by year (m2), mean number of one year-old seedlings sampled by year (m2), cleaned seed weight (g), and successional status. 
Years 1, 2 and 3 are 1994–1996 for sites WGM and WMP, and 2003–2005 for sites GR, NL, SC, AM, DF and NM. As the number, distances 
and sizes of parent trees sampled varied between species, seed and seedling values in this table are best used for interannual and life-stage 
comparisons within a species. Seed weights are from the USDA Woody Plant Seed Manual (2002). Values for adult A. altissima are female 
individuals only. No data is shown with a dash (–). 
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Species site
No. 
traps

No. 
quadrats

Map 
radius

No. 
adult 

stems in 
mapped 

area
Max. 

diameter
Median 
diameter

Seeds m2 One year-olds m2

Seed 
weight Statusyear 1 year 2 year 3 year 1 year 2 year 3

Acer platanoides 0.158 Exotic
GR 15-20 30 50  89 81.2 18.1 51 5 36 6 1 1
NL 15-20 30 50 113 71.5 32.1 60 9 34 21 1 2
SC 15-20 30 50 119 47.7 18.6 76 10 49 10 2 1
Acer rubrum 0.019 Early
WGM 36 36 20 129 69.3 31.0 468 3 189 – 33 –
WMP 36 36 20 345 79.4 25.4 314 1 103 – 19 –
Acer saccharum 0.065 Late
WGM 36 36 20 733 81.0 11.2 64 0 22 – 9 –
WMP 36 36 20 113 63.6 23.7 6 0 1 – 1 –
GR 15-20 30 25 314 71.7 16.1 3 0 0 0 0 0
NL 15-20 30 25 420 113.4 17.6 16 0 0 2 0 0
SC 15-20 30 25 891 81.6 17.8 99 0 0 8 0 0
Ailanthus altissima 0.026 Exotic
AM 20 30 50 22 48.2 28.6 – 180 529 – 4 1
DF 20 30 50 20 37.9 27.3 – 419 328 – 6 14
NM 20 30 50 28 43.2 23.2 – – 115 – – 0
Fagus grandifolia 0.284 Late
WGM 36 – 20 189 51.4 13.9 3 1 3 – 0 –
WMP 36 – 20 352 54.7 4.5 1 0 1 – 0 –
Fraxinus americana 0.012 Early
GR 15-20 30 25 137 71.5 30.7 146 55 – 2 38 15
NL 15-20 30 25  62 99.7 28.7 87 83 1 5 4
SC 15-20 30 25 114 66.6 19.6 69 70 – 2 17 8
Pinus strobus 0.017 Mid
WGM 36 – 20 0 – – 0 0 1 – 0 –

WMP 36 – 20 47 72.4 28.0 0 0 43 – 0 –

Prunus serotina 0.107 Mid

WGM 36 – 20  27 59.7 40.6 14 0 15 – 1

WMP 36 – 20 179 67.6 34.0 9 0 10 – 1

GR 15-20 30 25 114 75.5 35.9 1 2 1 3 1 1

NL 15-20 30 25  57 69.0 29.2 0 0 0 3 1 1

SC 15-20 30 25 53 62.8 28.3 0 1 1 6 1 1

Quercus rubra 3.629 Early

WGM 36 – 20 77 82.8 46.8 8 1 1 – 0 –

WMP 36 – 20 101 71.5 46.3 12 3 1 – 0 –

Tsuga canadensis 0.002 Late
WGM 36 – 20 287 62.9 24.4 15 10 3 – 1 –

WMP 36 – 20 203 82.3 29.9 16 12 7 7
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