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Abstract

Chinese tallowtree [Triadica sebifera (L.) Small] has reached unprecedented prevalence in
coastal landscapes in the Gulf of Mexico, especially along edge habitat with low competition
and abundant resource (e.g., light) availability. This study investigated the spatiotemporal
patterns and mechanisms of T. sebifera spread along roadways and fire lines. Triadica sebifera
individuals and landscape and community features were surveyed in equally spaced, spatially
mapped plots. All T. sebifera individuals were felled to determine tree age and status (seed
trees or non-seed bearing trees), and T. sebifera seed and seedling (≤2 yr old) densities and
community and landscape features (over- and understory conditions, distance to seed trees)
were measured. A zero-inflated negative binomial model was used to evaluate factors affecting
T. sebifera seed dispersal and seedling recruitment contributing to the observed
spatiotemporal patterns. Introduced into the Grand Bay National Wildlife Refuge around
30 yr ago, T. sebifera trees distribute in clustered patterns along roadways and fire lines and
exhibit an exponential growth in density. High T. sebifera seed and seedling densities mainly
occurred in sites that are ≤250 m from seed trees or have sparse overstory and high
understory grass/herb coverage. With respect to the avian seed dispersal mechanism, the
spatiotemporal patterns of T. sebifera spread along roadways and fire lines could be simply
characterized by using landscape and community features that influence avian behaviors,
including distance to seed trees, overstory tree density, and ground grass/herb coverage.

Introduction

Habitat fragmentation creates edges with elevated resource (e.g., light) availability that often
allow for the easy establishment and spread of invasive plants and as a result facilitate biological
invasions in a landscape (Fahrig 2003; Vitousek et al. 1997). Plant invasion patterns often
follow routes and edges that act as vectors for the introduction and spread of plant propagules
(Fahrig 2003; Fletcher 2005; Ries et al. 2004). One particular invasive, Chinese tallowtree
[Triadica sebifera (L.) Small], formerly Sapium sebiferum), is of high importance along the Gulf
Coast of the United States. As for many other invasives, T. sebifera spread along edge habitat is
often facilitated by disturbances. To date, it has invaded nine southeastern states, with the most
severe occupations in the northern Gulf of Mexico coastal counties. Oswalt (2010) reported an
up to 5-fold increase in the number of T. sebifera trees in Mississippi, Louisiana, and eastern
Texas from the mid-1990s to late 2000s. Based on the most recent inventory data, T. sebifera
has exceeded most native species, ranking 17 out of the 135 most encountered species in
aboveground dry weight across the 67 coastal counties in northern Florida, Alabama, Mis-
sissippi, Louisiana, and eastern Texas (J Chappell, Forest Inventory and Analysis Coordinator,
Alabama Forestry Commission, personal communication).

Favorable life history traits of Triadica sebifera (e.g., high specific leaf area, nutrient uptake,
seed production, root/stump sprout capacity, and herbivore tolerance) in introduced regions
enable it to grow well in a suite of soils such as sandy, clay, poorly drained, and even
intermittently flooded areas, and its seedlings can tolerate a variety of light conditions (Bar-
rilleaux and Grace 2000; DeWalt et al. 2011; Paudel and Battaglia 2015; Renne et al. 2001;
Rogers and Siemann 2002; Tian et al. 2017; Zou et al. 2008). The significant threat of
T. sebifera to native coastal ecosystems lies not only in its negative impact on native eco-
systems through competition with native species, but also in its alteration and transformation
of soil properties, composition, and structure of native ecosystems such as wetlands and
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coastal prairies (Pile et al. 2017). If no active measures are taken,
it may completely change native ecosystems, natural disturbance
regimes, and ecosystem services (Donahue et al. 2006; Pile et al.
2017). The challenge in controlling T. sebifera in the coastal
landscape, however, is primarily due to its strong, nonstationary,
stochastic seed (propagule) dispersal and unprecedented spread
rate, which are enabled by multiscale factors such as avian species,
landscape and community features, and disturbances (e.g.,
flooding, hurricanes, storm water, fire, land-use change) (Conner
et al. 2014; Fan et al. 2012; Gan et al. 2009; Henkel et al. 2016;
Renne et al. 2000, 2002).

A landscape-level survey conducted in 2012 and 2013 in the
Grand Bay National Wildlife Refuge (GBNWR) in southeast
Mississippi found T. sebifera to be extraordinarily abundant in
clustered patterns along roadways, fire lines, ditches, and trails
(Stoklosa and Fan 2013). Using these edges as footholds,
T. sebifera aggressively spread to surrounding areas and forest
interiors, and the observed spread patterns suggest that the role of
risk factors may change (facilitate or hinder) with scales, spatially
and temporally, and by ecosystem (Fan 2018; Fan et al. 2012). In
this study, we intend to understand the mechanisms underlying
T. sebifera spread and quantify the effect of landscape metrics and
community features on the spatiotemporal patterns along road-
ways and fire lines. As primary, permanent structures maintained
or disturbed consistently by humans, roadways and fire lines
contribute greatly to the rapid spread of T. sebifera in the coastal
landscape via linking or separating different patches of ecosys-
tems. Specifically, we aim to answer the following questions: (1)
What are the factors associated with the spatiotemporal patterns

of T. sebifera along roadways and fire lines in the GBNWR? (2)
How do these factors affect T. sebifera seed dispersal and seedling
recruitment that contribute to the observed patterns? Answers to
these questions will improve understanding of the invasion his-
tory and key factors that contribute to the spread of T. sebifera as
well as the development of effective management strategies to
control T. sebifera in the coastal landscape.

Materials and Methods

Study Area

Grand Bay National Wildlife Refuge (GBNWR), located on the
Mississippi/Alabama state line in Jackson County, MS (30.42°N,
88.42 °W), was established in 1992 to help protect one of the
largest remaining expanses of endangered Gulf Coast wet pine
savanna/flatwood habitat (Figure 1). Of the 7,305 ha within its
boundary, there are 1,386 ha of private inholdings and 5,919 ha of
public lands and waters. In addition to the wet pine savanna/
flatwood, other habitats include maritime forest, tidal and non-
tidal wetlands, salt marshes, salt pannes, bays, and bayous
(GBNWR 2009; https://www.fws.gov/refuge/grand_bay).

GBNWR lies within the gently sloping, lower Gulf Coastal
Plain and is part of a retrograding delta of the Escatawpa River. It
has a subtropical climate with hot, humid summers characterized
by afternoon thunderstorms. Average annual maximum tem-
peratures are 24.7 C, with July averages reaching 32.0 C. Winters
are mild, with annual minimum temperatures averaging 14.7 C
and January averages at 5.8 C. Light freezes are common, and
hard freezes occasionally occur. Average annual rainfall is
approximately 1.6m, and extreme precipitation events may result
in 0.25 to 0.76m of rainfall over a short period of time (e.g.,
during a landfalling tropical cyclone) (Peterson et al. 2007). Such
events have caused serious flooding along the nearby Escatawpa
River (Wieland 2007).

The invasion of T. sebifera into the GBNWR originated from
the private inholdings with large (old) T. sebifera trees distributed
around property boundary lines and roadsides (Stokalosa and Fan
2013). Established in multiple sites along roadsides, T. sebifera is
encroaching into fire lines, trails, and ditches, where disturbances
occur most frequently, and into forest interiors due to avian seed
dispersal following natural and anthropogenic disturbances (Fan
2018; Stokalosa and Fan 2013).

The Mechanisms of Triadica sebifera Spread along Roadways
and Fire Lines

Roadways and fire lines are highly susceptible landscape features
and serve as dispersal corridors for T. sebifera to spread into patch
interiors and the entire landscape. Multiple factors across varying
spatial and temporal scales interact and drive the spread of
T. sebifera (Fan et al. 2012; Gan et al. 2009; Theoharides and
Dukes 2007). Unlike previous studies, selected factors were
organized into three functional groups (driving factors, predis-
posing factors, and inciting factors) based on the roles they play in
three key processes—seed dispersal, seed germination, and
seedling recruitment (growth)—to understand the mechanisms
behind T. sebifera spread (Figure 2). Driving factors include birds
and water currents that disperse T. sebifera seeds to a new site.
The abundance of T. sebifera seeds and individuals (propagule
pressure) on a site is proportionally related to the frequency and
intensity of driving factors such as T. sebifera seed-dispersing bird

Management Implications

Great effort has gone into the restoration of degraded, native
ecosystems (e.g., longleaf pine [Pinus palustris]) and creating
habitat for wildlife biodiversity in the Gulf of Mexico coastal
region. It is imperative to evaluate the potential biological invasion
risk associated with management activities such as timber
extraction, understory release, prescribed fire, and snag
retention to design efficient and effective methods to reduce
ecological and economic losses. Part of the challenge has been to
understand factors driving the invasion processes, including
individual colonization and establishment, population expansion
in native ecosystems, and postinvasion spread in a landscape from
an integrated, multiscale perspective. Through spatial and
quantitative analyses of factors associated with Chinese
tallowtree [Triadica sebifera (L.) Small] invasion and spread
along edge habitat, this study provided information on how to
reduce T. sebifera invasion in restoring and managing native
coastal ecosystems. Land and resource managers could base the
observed spatiotemporal patterns of T. sebifera and risk factors
(landscape and community features) to identify hot spots for
landscape-level planning to prioritize control measures. With the
coincidence between large-scale T. sebifera invasion and
disturbance, a postdisturbance survey should be taken before the
full establishment of T. sebifera in highly susceptible areas (e.g.,
habitat edges) and control measures such as prescribed burn,
mechanical removal, or herbicide treatment should be conducted
in a timely manner. With most T. sebifera seeds and individuals
found within a distance of 250 m from seed trees, removal of seed
trees may significantly impede seed dispersal and encroachment
of T. sebifera in surrounding areas.
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activities (e.g., perching, foraging, roosting, nesting) and the flow
or circulation of water current. Predisposing factors include
community and landscape features such as canopy closure, tree
density, the cover of ground vegetation, edge types (roadway and
fire line), ecosystem type (e.g., maritime forest, pine flatwood,
pine savanna, salt marsh), and distance to seed sources. These
factors are the primary determinants of the spatial patterns of
T. sebifera populations, regulating driving factors for seed
dispersal and providing critical resources (e.g., light, moisture,
substrate) for seed germination and seedling recruitment. Inciting
factors include natural and anthropogenic disturbances such as
hurricanes, tropical storms, timber extraction, prescribed fires,
and construction of roads and fire lines. These factors usually
initiate or facilitate T. sebifera invasion and alter the age structure
(dynamics) by regulating and altering driving factors and pre-
disposing factors. As a result, T. sebifera’s spatiotemporal dis-
tribution and age structure reflect the interactions of these factors
across spatial and temporal scales (Figure 2).

Data Collection and Statistical Analysis

As a retrospective study, we surveyed T. sebifera trees along two
major roadways (Missala Road and Bayou Heron Road) and two
fire lines (numbered 1 and 2) to investigate T. sebifera invasion

history, spread patterns, and associated factors (Figure 1). First,
the presence (1) or absence (0) of T. sebifera was recorded within
each of a sequence of 30 by 3m2 transects along both sides of the
selected roadways and fire lines. A rectangular 10 by 3m2 plot
was then taken in the center of each 30 by 3m2 transect, and the
geographic coordinates of the center of each plot were recorded
using a GPS device (Forge Echo, F4Device, http://www.thinkf4.
com/solutions/forge-echo). Plots were equally spaced, and each
was mapped for spatial data analysis.

Within each plot, overstory tree dbh (diameter at breast height
of ~1.3m) >10 cm, density (trees ha− 1), and basal area (m2 ha− 1)
by species and as a whole were calculated using individual tree
dbh data. Canopy closure (%) was estimated using a densit-
ometer, based on the readings of 1 (covered) or 0 (open) from a
regular grid of 20 sampling points spaced at 1 by 1m. In the
understory, ground vegetation was classified as the grass/her-
baceous layer and the woody shrub layer. The mean height (m)
and coverage (%) of both layers were measured using the same
regular grid of 20 sampling points spaced at 1 by 1m. Finally, all
T. sebifera individuals in each plot were felled to determine their
age and distinguish them as either seed trees or non-seed trees
(Tian 2017). Based on the age data, T. sebifera trees were grouped
into three age cohorts: old (>21 yr), middle (11 to 20 yr), and
young (1 to 10 yr); and T. sebifera density (trees ha− 1) by age

Figure 1. Google map showing the vegetation conditions and sampled plots along roadways and fire lines infested by Triadica sebifera in the Grand Bay National Wildlife
Refuge and vicinity (circled in red), Mississippi.
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cohort and as a whole was calculated. Triadica sebifera seed
density (no. m− 2) in the litter/humus and the top soil layer (0 to
2.5 cm) was counted in three regularly spaced 30 by 23 cm rec-
tangular sampling areas for each plot. The nearest distance from
each plot to T. sebifera seed trees was calculated using the mapped
plot and seed tree data.

For Question 1, the runs test was first conducted to test the
statistical significance of the observed spatially clustered patterns
by using data on the presence or absence of T. sebifera within
each transect of 30 by 3m2 along the selected roadways and fire
lines. The age structure of T. sebifera trees by edge was plotted,
and rank correlations in the number of T. sebifera individuals
between different age classes were computed to characterize the
temporal patterns (invasion history) of T. sebifera. The density of
T. sebifera individuals by age cohort and soil T. sebifera seeds was
mapped to show the spatiotemporal patterns of T. sebifera spread
and spatial variations of propagule levels.

For Question 2, the total count of T. sebifera seeds and seed-
lings ≤2 yr for each plot or sample area was used to estimate the
potential impact of measured variables/factors on seed dispersal
and seedling recruitment. Because the count of T. sebifera seeds
and seedlings in each plot followed a right-skewed, zero-inflated,
and overdispersed (variance>>mean) discrete distribution, the
mixture zero-inflated negative binomial model (ZINB, Equations
1 and 2) was used (Zeileis et al. 2008).

P Y = y j μ; θð Þ= P + 1�Pð Þ 1 + μ
θ

� ��θ
; y= 0

1�Pð Þ Г θ + yð Þ
y !Г θð Þ 1 + μ

θ

� ��θ
1 + θ

μ

� ��y
; y= 1; 2; ¼

8<
:

[1]

where μ= E(Y) is the mean of the response variable Y (here, count
of T. sebifera seeds and seedlings in the sample plot, respectively)
and θ is a scale parameter quantifying the amount of over-
dispersion. The ZINB regression model regresses μ (the mean of
the response variable Y) and P (the probability for the response
variable Y to be zero) on a set of covariates X and Z via

log μð Þ=Xβ and logit Pð Þ=Zϒ [2]

where β and ϒ are the regression coefficients used to estimate μ
and P via the maximum-likelihood method, and X and Z are the

predisposing factors (community and landscape features),
respectively. With the final ZINB models (with minimum Akaike
information criterion [AIC] and randomly dispersed residuals),
T. sebifera seed and seedling density changes against significant
predisposing factors were plotted to examine the strength of
resultant correlations or associations. All statistical analyses were
conducted using the ‘pscl’ (Zeileis et al. 2008) and other base
packages within the R statistical environment (R Development
Core Team 2014).

Results and Discussion

The age data (Figure 3) showed that T. sebifera was introduced
into the GBNWR along Missala Road and Bayou Heron Road
around 30 (1987) and 24 (1994) yr ago, respectively. By the survey
year (2017), T. sebifera had spread into 76.1% and 38.6% of the
transects along both roadways, respectively. In contrast, fire lines
1 and 2 were invaded in later years (1998 and 2006), with 54.2%
and 69.8% of the transects being colonized by T. sebifera. Tem-
porally, T. sebifera invaded in an intermittent manner before the
mid-2000s, followed by a consecutive recruitment that resulted in
an exponential increase in the number of individuals colonized
(Figure 3). Significant positive correlations of the number of
T. sebifera between consecutive, young age classes (<10 yr) was
observed (P< 0.05), but there were no correlations between
consecutive age classes in the intermittent middle and old age
cohorts (Table 1).

Triadica sebifera was distributed in significantly clustered
patterns along Bayou Heron Road (P< 0.0001) and fire line 2
(P= 0.0226) compared with T. sebifera along Missala Road
(P= 0.2576) and fire line 1 (P= 0.6487). The spatial distribution
maps of T. sebifera by age cohort (Figure 4) showed that
T. sebifera invasion mainly occurred in the northern areas along
Missala Road and Bayou Heron Road before 1997 (Figure 4A).
Then T. sebifera gradually spread into fire line 1, the southern
areas around Bayou Heron Road and fire line 2 from 1997 to 2007
(Figure 4B). Since 2007, T. sebifera populations have increased
persistently along all roadways and fire lines, and by 2017, the
density of T. sebifera individuals in the young age cohort had

Seed 
trees

Disperse

New foci
• Community features: Over- and under-story conditions 

• Landscape features: Distance to seed trees  

Select

Regulate

Alter Alter

Drive
Human activity

construction of roads  
             and fire lines

Natural disturbance
Hurricanes

Water 
current

Birds
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Seeds Seedlings Mature trees
Germinate Recruit

Triadica sebifera populations
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Figure 2. The potential mechanism (conceptual model) of Triadica sebifera seed dispersal and seedling recruitment along edge habitat in the coastal landscape. Triadica
sebifera spread to new foci is driven by three processes—seed dispersal, seed germination, and seedling recruitment—which are affected by birds and water current (driving
factors), community and landscape features (predisposing factors), and natural disturbance and human activities (inciting factors), respectively.
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reached >15,000 trees ha− 1 in certain northern clusters
(Figure 4C). Great spatial variations in soil T. sebifera seedbank
were also observed, and the density of T. sebifera seeds at
northern clusters approached upward of 1,000 seeds m− 2

(Figure 4D).
Distance to seed trees played a pivotal role in T. sebifera seed

dispersal and seedling recruitment as shown by its significance
level (Table 2) and the distribution of T. sebifera seeds and
seedlings in relation to seed trees (most seeds and seedlings were
distributed within a range of 0 to 250m from seed trees)
(Figure 5). At the landscape level, T. sebifera seed density
decreased significantly with distance to seed trees, especially for
sites with high overstory density, as shown by the significant
interaction between distance to seed trees and overstory density.
However, seedling distribution by predisposing factors other than
distance to seed trees changed focally with edge and ecosystem
type. Triadica sebifera seedling density increased with understory
grass cover (%) along fire lines, and decreased with overstory pine
density along Bayou Heron Road in the pine flatwood, but no
predisposing factors were found to be statistically significant
along the Missala Road and Bayou Heron Road in the mixed
forest (Table 2; Figure 5). The binary models did not find any
factors significantly related to the absence of T. sebifera recruit-
ment along the fire lines and along Missala Road and Bayou
Heron Road in the mixed forest. However, overstory pine density
was negatively correlated to the probability of the absence of
T. sebifera seedlings along Bayou Heron Road in the pine
flatwood (Table 2).

Triadica sebifera was introduced into the GBNWR around 30
yr ago, and since then it has spread along roadways and fire lines
(Figures 3 and 4). The reversed, J-shaped age structures char-
acterized by consecutive, young age classes and intermittent,
middle, and old age classes showed a rapidly expanding popula-
tion after a slow, intermittent, focal recruitment of ~3 to 17 yr
(Theoharider and Dukes 2007). Disturbance has proved to be an

important driver or facilitator of biological invasion and is sig-
nificantly associated with the occurrence of T. sebifera (Conner
et al. 2014; Fan et al. 2012; Gan et al. 2009; Lockwood et al. 2013;
Paudel 2013; Pile et al. 2017). In light of the conceptual model
(Figure 2), the impact of natural and human-mediated dis-
turbance (inciting factors) on T. sebifera invasion lies in dis-
turbance, which can alter community/landscape features
(predisposing factors) (e.g., releasing resources) and drive or
regulate water current, and T. sebifera seed-eating bird activities
(driving factors). A close cross-examination of GBNWR’s natural
disturbance and management data against T. sebifera age struc-
tures showed that the early invasion of T. sebifera into roadways
was attributed to anthropogenic factors (local inhabitants),
because the oldest T. sebifera trees were distributed in rows along
the front line of the abandoned private inholdings. However, the
early infestation of T. sebifera in fire lines was most likely by
birds, with the oldest T. sebifera trees distributed sporadically
underneath large slash pine (Pinus elliottii Engelm.) trees that are
attractive to birds. Along all roadways and fire lines, the con-
secutive, annual colonization and rapid expansion of T. sebifera
all co-originated around 12 to 13 yr ago, concurrent in time with
the devastating hurricane Katrina. According to Evans et al.
(2012), hurricane Katrina seriously affected the GBNWR and its
vicinity, resulting in a large decrease (32%) in evergreen forest
and the conversion of evergreen forest into grassland. We spec-
ulate that Katrina initiated and facilitated the rapid, consecutive,
annual recruitment by creating favorable site/community condi-
tions for T. sebifera seed-dispersing birds to distribute seeds to the
disturbed sites (Conner et al. 2014; Pile et al. 2017). Significant,
positive correlations in the count of T. sebifera trees between
consecutive age classes <10 yr (Table 1) might suggest that
propagule pressure (seed density) following Katrina was no longer
a limiting factor for T. sebifera spread, as it was in the early years,
when occurrence of T. sebifera was confined spatially within
separated clusters (Figure 4A and B). Therefore, unlike fire line 1
and roadways, the latterly constructed fire line 2 did not experi-
ence the intermittent, focal colonization. Current propagule
pressure (seed trees and seedbank) has rendered GBNWR highly
susceptible to the postinvasion spread of T. sebifera following a
disturbance.

The clustered patterns of T. sebifera occurrences (Figure 4)
suggest that T. sebifera spread in a landscape is subject to some
limiting factors. Generally, landscape fragmentation, hetero-
geneity in vegetation composition and structure, and selective
behaviors of T. sebifera seed-dispersing birds (perching, foraging,
roosting, and nesting) should be the primary reasons or factors
(Renne et al. 2000, 2002). In another study in GBNWR, for
instance, we found that the density of T. sebifera decreased sig-
nificantly with distance to road (the edge effect) and more T.
sebifera trees were clumped underneath the range of an overstory
slash pine tree’s crown and around snags of high-decay classes in
forest interiors (the snag effect) (Fan 2018). Other studies also
report bird-mediated dispersal limitation and patchy distribution
of invasive species at the landscape level (Bartuszevige et al. 2006;
Schetter et al. 2013). Mechanistically, three key processes—seed
dispersal, seed germination, and seedling recruitment (growth)—
are involved in T. sebifera spread in the landscape (Figure 2). The
rate of spread and spatiotemporal patterns of an invasive species
following disturbance are basically determined by the interaction
between propagule pressure (e.g., seed density) and habitat suit-
ability (or invasibility), such as the amount of resources released
or empty niches (Warren et al. 2012). According to the ZINB

Figure 3. Age structure of Triadica sebifera populations along roadways and fire lines,
showing the three age cohorts: old (>20 yr), middle (11–20 yr), and young (1–10 yr)
which correspond to the three invasion stages (see Figure 4A–C): sporadic invasion
stage, intermittent invasion stage, and consecutive annual invasion stage of Triadica
sebifera invasion in the Grand Bay National Wildlife Refuge.
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model (Table 2), distance to seed trees and overstory density were
shown to be the most significant limiting factors of T. sebifera
seed dispersal by birds and seedbank size for all roadways and fire
lines. There was a larger seedbank in the northern portion (mixed
forests) than in the southern portion (pine forests, marsh)
(Figure 5). Triadica sebifera seed density along roadways and fire
lines decreased significantly with distance to seed trees, and few or
no seeds existed under either high overstory density or open
canopy (Figure 5), most likely due to limited activities of T.
sebifera seed-dispersing birds. Soil seed densities were properly fit
using one parsimonious ZINB model, suggesting that the effect of
the distance to seed trees and overstory density on seed dispersal
at the landscape level did not change with edge (roadway vs. fire
line) and patch (mixed forest vs. pine forest) types.

In contrast to seed dispersal regulated primarily by overstory
condition, the recruitment of T. sebifera seedlings depends on two
processes: seed germination and seedling growth restricted by
both over- and understory conditions (biotic factors) and abiotic
factors (e.g., light, temperature, moisture, salinity, and burial)
(Barrilleaux and Grace 2000; Battaglia et al. 2009; Howard 2012;
Paudel 2013; Paudel and Battaglia 2015). Compared with the
single, parsimonious seed density model, the effect of community
characteristics on seedling recruitment varied by edge type
(roadways vs. fire lines) and patch type (mixed forests vs. pine
flatwood), reflecting the interaction between propagule pressure
and community and landscape characteristics. Distance to seed

trees remained important as a prerequisite in the recruitment of
T. sebifera seedlings, because it is the only statistically significant
factor in all models for both roadways and fire lines. Spatially,
seedling density was positively correlated with seed density,
though the trend was weak and not statistically significant due to
great variations at the sampling scale (10 by 3 m2) used by this
study. This may suggest that community characteristics affect
seedling recruitment differently, resulting in the disparity in
invasibility among communities or habitats observed at local and
regional scales (Fan 2018; Fan et al. 2012; Moser et al. 2016; Nijjer
et al. 2007). In this study, no over- and understory conditions
were shown to be statistically significant along Missala Road and
Bayou Heron Road in the mixed forest patch (in the northern
portion of GBNWR), but overstory density had a significant,
negative impact on seedling recruitment along Bayou Heron Road
in the pine flatwood patch (in the southern portion of GBNWR).
Based on our field observations, one possible explanation is that
the former had more homogeneous over- and understory char-
acteristics, but the latter passed through very different patches
from cleared powerline strips to sparse pine flatwoods, dense pine
forests, prairies, and marshlands. Triadica sebifera mainly
occurred along the roadside of sparse pine flatwoods and pine
forests, and few or no T. sebifera trees occurred along Bayou
Heron Road, which passes through the cleared powerline strips,
prairies, and marshlands. In both fire lines, the overstory was
more uniform in species composition and structure

Table 1. Spearman’s rank correlation coefficients (* statistical significance at α=0.05) between age classes of Triadica sebifera.

Age [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [15] [16] [17] [18] [20] [24] [30]

[1] 1.0

[2] 0.3* 1.0

[3] 0.2* 0.3* 1.0

[4] 0.0 0.2* 0.4* 1.0

[5] 0.1 0.1 0.3* 0.5* 1.0

[6] 0.1 0.1 0.0 0.2* −0.1 1.0

[7] 0.1 − 0.1 − 0.0 0.1 − 0.0 0.4* 1.0

[8] − 0.1 − 0.0 0.0 0.1 0.1 0.1 0.2* 1.0

[9] − 0.0 0.1* 0.1 0.2* − 0.0 0.2* 0.3* 0.3* 1.0

[10] 0.1 − 0.0 0.1 − 0.0 0.0 − 0.1 0.1* 0.2* 0.1 1.0

[11] − 0.1 0.1 0.1 − 0.0 − 0.0 0.2* 0.2* − 0.0 − 0.0 − 0.0 1.0

[12] 0.1 0.1 0.1 0.1 0.1 0.2* − 0.0 − 0.0 − 0.0 0.1 0.2* 1.0

[13] 0.1 0.1 0.0 0.0 0.1 − 0.0 − 0.0 − 0.0 − 0.0 0.1 − 0.0 − 0.0 1.0

[15] 0.1 0.1 0.2* − 0.0 − 0.0 − 0.0 − 0.0 − 0.0 0.3* − 0.0 − 0.0 − 0.0 − 0.0 1.0

[16] 0.0 − 0.1 − 0.1 − 0.0 − 0.0 − 0.0 − 0.0 − 0.0 − 0.0 − 0.0 − 0.0 − 0.0 − 0.0 − 0.0 1.0

[17] − 0.0 − 0.0 − 0.0 − 0.0 − 0.0 − 0.0 − 0.0 0.3* − 0.0 − 0.0 − 0.0 − 0.0 − 0.0 − 0.0 − 0.0 1.0

[18] 0.0 0.0 0.2* 0.1 − 0.0 − 0.0 − 0.0 − 0.0 − 0.0 − 0.0 − 0.0 − 0.0 − 0.0 − 0.0 − 0.0 − 0.0 1.0

[20] 0.1 0.1 0.1* 0.1 − 0.0 − 0.0 − 0.0 − 0.0 0.2* − 0.0 − 0.0 − 0.0 0.2* − 0.0 − 0.0 − 0.0 − 0.0 1.0

[24] − 0.0 − 0.0 − 0.0 − 0.0 − 0.0 − 0.0 − 0.0 − 0.0 − 0.0 − 0.0 − 0.0 − 0.0 − 0.0 − 0.0 − 0.0 0.0 − 0.0 − 0.0 1.0

[30] − 0.0 0.1* − 0.0 − 0.0 − 0.0 − 0.0 − 0.0 − 0.0 − 0.0 − 0.0 − 0.0 − 0.0 − 0.0 − 0.0 − 0.0 0.0 − 0.0 − 0.0 0.0 1.0
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(canopy openness), but understory grass and shrub cover varied
with microtopography. Triadica sebifera seedlings occurred
mostly in areas with high grass cover (low shrub cover) as found
in forest interiors (Fan 2018). Generally, few or no seeds or
seedlings occurred in areas with either open canopy, high

canopy closure, or dense shrub layers. This differs from obser-
vations in other studies in which more T. sebifera trees grew in
canopy gaps or abandoned fields (Pile et al. 2017). One possible
explanation is that birds were the primary seed-dispersal agent
in GBNWR, while in other studies T. sebifera seeds might have

Figure 4. Spatiotemporal distribution of Triadica sebifera by age cohort and soil seedbank, showing the sporadic invasion (A), intermittent invasion (B), consecutive annual
invasion (C), and soil seed bank (D) of Triadica sebifera in the Grand Bay National Wildlife Refuge.
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Table 2. Results of the ZINB (zero-inflated negative binomial) regression models showing factors associated with seed dispersal and seedling recruitment of
Triadica sebifera.

Seed dispersal along habitat edges (roadways and fire lines) sampled

Count model coefficients (negative binomial with log link):

Estimate SE z-value Pr(> |z|)

(Intercept) 2.259 0.301 7.551 <0.000***

Overstory density х − 0.002 0.001 − 2.079 0.038*

Distance to seed trees

Distance to seed trees − 0.002 0.001 − 2.790 0.005**

Log(theta) − 0.873 0.492 − 1.774 0.076

Zero-inflation model coefficients (binomial with logit link):

Estimate SE z-value Pr(> |z|)

(Intercept) −1.301 1.058 − 1.229 0.219

Seedling establishment along fire lines 1 and 2

Count model coefficients (negative binomial with log link):

Estimate SE z-value Pr(> |z|)

(Intercept) 0.576 0.368 1.567 0.117

Grass cover (%) 0.015 0.005 2.841 0.004**

Distance to seed trees −0.007 0.003 − 2.294 0.022*

Log(theta) 0.571 0.594 0.962 0.336

Zero-inflation model coefficients (binomial with logit link):

Estimate SE z-value Pr(> |z|)

(Intercept) −1.007 0.549 − 1.834 0.067

Seedling establishment along Bayou Heron Road in the pine flatwood patch

Count model coefficients (negative binomial with log link):

Estimate SE z-value Pr(> |z|)

(Intercept) 1.609 0.464 3.465 0.001***

Overstory density −0.251 0.109 − 2.308 0.021*

Distance to seed trees − 0.001 0.000 − 2.156 0.031*

Log(theta) − 0.269 0.489 − 0.550 0.583

Zero-inflation model coefficients (binomial with logit link):

Estimate SE z-value Pr(> |z|)

(Intercept) 2.071 0.655 3.161 0.002 **

Overstory density −2.086 0.808 − 2.583 0.010 **

Seedling establishment along Missala Road and Bayou Heron Road in the mixed forest patch

Count model coefficients (negative binomial with log link):

Estimate SE z value Pr(> |z|)

(Intercept) 1.761 0.335 5.254 0.000***
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been dispersed by multiple agents (e.g., birds, flooding, storm
surge, and the like).

Owing to the nonstationary, stochastic nature of biological
invasion, specifically T. sebifera invasion and spread (Theoharides
and Dukes 2007), this study aims to quantify the effect of easily
measured landscape and community characteristics on T. sebifera
spread through evaluating the logical, mechanistic relations
between the observed spatiotemporal patterns and associated biotic
factors based on their functional roles (Figure 2). The information
presented (e.g., Table 2; Figures 3, 4, and 5) is useful for comparing
and evaluating the invasibility of different ecosystems and for
developing integrated, landscape-level control measures. The
demographic (age-structure) data (Figure 3) indicated an edge
habitat’s invasion history characterized by three distinct phases: the
sporadic invasion phase (the old age cohort, before 1997), the
intermittent invasion phase (the middle age cohort, from 1997 to
2007), and the consecutive invasion phase (the young age cohort,
after 2007). Land and resource managers could use this informa-
tion in combination with the spatial maps of T. sebifera by invasion
phase (age cohort) (Figure 4) and seed and seedling distribution by
important biotic factor (Figure 5) to prioritize control treatments.
For instance, chemical (herbicide) treatments were planned or

conducted in areas that are highly susceptible to T. sebifera
invasion (e.g., pine flatwood, mixed forest) and clumped with
T. sebifera seed trees. Soil seed density predominantly attributed to
the activities of seed-dispersing birds is subject to distance to seed
trees and overstory density. Seedling recruitment, however, is
subject to both the distance to seed trees and overstory density as
well as ground cover (%) of grasses/herbs. Either high overstory
density or open canopy might impede T. sebifera seed dispersal and
seedling recruitment, as indicated by low seed density. Compared
with woody shrubs, the high grass/herb cover tended to be more
favorable to T. sebifera seedling recruitment, perhaps due to low
competition and high light availability. Integrating these findings
with Google imagery of vegetation condition, an endeavor to map
habitat invasion risk for landscape-level planning and monitoring
is ongoing in the GBNWR.

In conclusion, classifying factors contributing to the observed
spatiotemporal patterns into driving factors, predisposing factors,
and inciting factors and quantifying their effects on key under-
lying invasion processes based on their functional roles should be
helpful to the design of effective and efficient control methods
(Blackburn et al. 2011; Pysek et al. 2012). Using the easily mea-
sured landscape metrics and community features (predisposing
factors) to model invasion risk at diverse scales will be critical for
future planning and management of invasive species (Fan et al.
2012; Pile et al. 2017).
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