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Abstract. Understanding the effects of hurricanes and other large storms on

ecological communities and the post-event recovery in these communities can
guide management and ecosystem restoration. This is particularly important

for communities impacted by invasive species, as the hurricane may affect con-

trol efforts. Here we consider the effect of a hurricane on tree communities
in southern Florida that has been invaded by the tree species Melaleuca quin-
quevervia (melaleuca). Biological control agents were introduced starting in
the 1990s and appear to be reducing melaleuca in habitats where they are es-
tablished. We used a size-structured matrix modeling as a tool to project the

continued possible additional effects of a hurricane on a pure stand of melaleuca
that already has some level of biological control applied. The model results

indicate that biological control with close to the level of effects on tree growth
and reproduction could suppress or eliminate melaleuca within decades. A hur-
ricane that does severe damage to the stand may accelerate the trend toward

2010 Mathematics Subject Classification. Primary: 58F15, 58F17; Secondary: 53C35.
Key words and phrases. Invasive plant species management, stand structure, size-structured

matrix model, post-hurricane recovery, biocontrol effect.
This project was supported by USGS EMA Invasive Species FY18 Cyclical Fund.
∗ Corresponding author: Bo Zhang, bozhangophelia@gmail.com; Tel. 001-786-863-6669.

1

http://dx.doi.org/10.3934/dcds.2020038


2 XU, ZDECHLIK, SMITH, RAYAMAJHI, DEANGELIS AND ZHANG

elimination of melaleuca with both strong and moderate biological control.
However, if the biological control is weak, the stand is resilient to all but

extremely severe hurricane damage. Although only a pure melaleuca stand was

simulated in this study, other plants, such as natives, are likely to accelerate
the decline of melaleuca due to competition. Our model provides a new tool to

simulate post-hurricanes effect on invasive species and highlights the essential

role that biological control has played on invasive species management.

1. Introduction. The damage to tree communities periodically caused by hur-
ricanes has played a crucial role in structuring the plant communities of southern
Florida [10, 14, 24]. Understanding the effects of hurricanes and the process of post-
hurricane recovery in these communities, including both native and invasive species,
can guide ecosystem restoration and subsequent management strategies. Studies
frequently support the idea that large-scale disturbances accelerate the spread of
invasive species [11, 23], as more light reaches the ground layer following a hurricane.
In addition, hurricanes may set up a positive invasive feedback loop where increased
litter input to soil improves soil nutrient availability and moisture, subsequently fa-
voring invasive plants [23, 28, 31]. Snitzer et al. [23] observed positive responses
by invasive species to light the first year after a hurricane [23]. In contrast, other
studies have shown that invasive forest species exhibit the same range of ecological
roles as native forest species and compete with native species for the same kind of
regeneration opportunities after a severe hurricane [1, 12], consequently might not
favor invasive species over native species to any great degree.

Most studies of hurricane effects on invasive plants have utilized examples where
biological control is absent [3, 16]. However, the use of biological control, using
natural enemies to target and control invading plant species, is now integrated with
several integrated plant management strategies [2, 22, 27]. In general, herbicidal
and biological control methods are different in the sense that the former method
usually requires repeated treatment of the invasive plants [1, 8, 13] while the latter is
generally capable of being self-sustained on the targeted invasive plant species and
may require only a single treatment [30]. Since biological control is qualitatively
different from herbicide treatment, the recovery of invasive species after a hurricane
may also be different. As an example, in southern Florida, a suite of phytophagous
insects has been applied to the invasive tree Melaleuca quinquenervia (hereafter,
melaleuca) since 1996, and most of these herbivores are well established and have
been contributing to the biological control of this invasive tree [5, 7, 17, 25, 26].
Herein, we aimed to understand the recovery of melaleuca following a hurricane
event through modeling simulations.

We developed a size-structured matrix model that allows us to take into consid-
eration the differential effects of the hurricane on various size classes of trees and
simulate how invasive species respond to a hurricane. Hurricane disturbance has
different effects on trees of different size, so stand age must be taken into account
[10]. In particular, we assumed sensitivity to wind damage for canopy trees increases
with the size of trees [23]. Therefore, in older stands, large trees, comprising a high
fraction of basal area, are most likely to fall, shifting a stand towards younger trees,
while younger stages will develop faster in open stands created by the hurricane.

2. Materials and methods.

2.1. Matrix model of the combined effects of biological control and hur-
ricane. Here we describe a size-structured matrix simulation model incorporating
the underlying mechanisms of stand dynamics for a pure melaleuca stand. The
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reason for using the matrix model rather than, say, an agent-based model, is that
it is more convenient for quickly setting up new scenarios and parameterizations of
biocontrol and hurricanes and evaluating the consequences than agent-based mod-
els that we know of. Matrix models are well suited to stands of a single species,
as they can represent age- or size-structure in a mathematically simple way. An
alternative approach, individual- or agent-based modeling, is more appropriate for
mixed-species stands. The matrix model was an adequate representation here, as it
was applied only to a pure melaleuca stand, for which unpublished empirical data
over sixteen-year period are available to evaluate model accuracy. We performed
the simulations in a small plot (0.01 ha), so that all individuals in the plot are
affected by competition from larger trees in the simulated plot. In this sense, the
model resembles the gap-phase models of forest succession [4].

A state transition matrix A, with Markov chain properties, is used in an equation
that updates the stand structure each year;

X(t + 1) = A ·X(t), (1)

where,

X(t) = [X1(t), X2(t), ..., Xn(t)]T (2)

where Xi is the number of tree stems in size class i and where A multiplies the
vector of tree number per diameter size class. For illustrative purposes, the matrix
below represents 8 size classes, of diameters (0-5, 5-10, 10-15,...35-40 cm);∣∣∣∣∣∣∣∣∣∣∣∣∣∣∣∣

X1(t + 1)
X2(t + 2)
X3(t + 3)
X4(t + 4)
X5(t + 5)
X6(t + 6)
X7(t + 7)
X8(t + 8)

∣∣∣∣∣∣∣∣∣∣∣∣∣∣∣∣
=

∣∣∣∣∣∣∣∣∣∣∣∣∣∣∣∣

a11 0 0 a14 a15 a16 a17 a18
a21 a22 0 0 0 0 0 0
0 a32 a33 0 0 0 0 0
0 0 a43 a44 0 0 0 0
0 0 0 a54 a55 0 0 0
0 0 0 0 a65 a66 0 0
0 0 0 0 0a76 a77 0 0
0 0 0 0 0 0 a87 a88

∣∣∣∣∣∣∣∣∣∣∣∣∣∣∣∣
◦

∣∣∣∣∣∣∣∣∣∣∣∣∣∣∣∣

X1(t)
X2(t)
X3(t)
X4(t)
X5(t)
X6(t)
X7(t)
X8(t)

∣∣∣∣∣∣∣∣∣∣∣∣∣∣∣∣
However, the matrix model used in our simulations has a finer resolution of 32

size classes, so each of the size classes in the matrix model is subdivided into four
size subclasses. Each time step of the equation is assumed to advance the growth
process of the trees by 2 years. The parameters in the equation have the following
meanings: aii is the probability that the tree will still be in the same size class in
the next time step (it has neither died or moved into a different size class during
the year; a i,i+1 is the probability that the tree will grow from size class 9 to size
class i+1 in a time step. Aij (j≥jreproduction) is the number of seedlings that become
established that are contributed by each individual in size class i in time step, where
jreproduction is the size class at which reproduction starts.

The matrix elements incorporate survival, growth and reproduction, which are
assumed in the model to have the functional forms below.

Survival. Survival per time step for trees in size class i is expressed as

S1 = 1 −m0 (3)

Si = 1 −m0e
−k2d

1/2
i , (i > 1) (4)

where m0 is a mortality rate and where di is the mid-point of the size class. The
exponential decay of mortality represents the assumption that natural mortality
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rate declines with size. The
1/2

power dependence on the diameter in the exponent is an assumption that intends,
with the fitted parameter, k2, to allow mortality per time step to decline realistically
with size. Growth. To represent the probability of growing from one size class, i, to
the next, i + 1, during a time step, we use

pi+1,i =
ek1d

1/2
i

1 + q
∑32

j=i+1 xjd
3/2
j

(5)

where i = 1,31
The denominator reflects the assumption that asymmetric competition among

trees slows the growth rate in a hierarchical fashion, with smaller trees being affected
by all larger ones, but not by trees in the same or smaller size class. The model
therefore assumes that trees of a given size class, i, are negatively affected by all
trees that are larger, with the effect of larger trees being proportional to their
diameter at breast height (DBH) raised to the 3/2 power. This represents some
combination of shading and competition for space, water, and nutrients. Again,
this is an assumption, but it provides reasonable stand simulation. We also make
the assumption, in the numerator, that the rate of growth of diameter slows with
age as a tree approached maximum size, which is represented by the exponential
decline. That is, the growth rate coefficient from one size class to the next to decline
with size, although the fitted parameter, k1, is relatively small, making this decline
gradual.

Fertility. We assume for simplicity that, starting at a certain size, jreproduction,
the fertility of each size class has a value is f. Then the non-zero matrix elements
are given by,

ai+1,i = Sipi+1,i i = 1, 31; a32 = S32 (6)

ai+1,i = Sipi+1,i i = 1, 31 (7)

a1j = f(jreproduction ≤ j) (8)

where the forms taken by aii and ai+1,i mean that mortality is assumed to occur
first, followed by growth. The assumption of the same reproduction for all trees
greater than 13 cm DBH (diameter at the breast height) is an assumption.

The five parameters outlined above are used to calibrate it to data; m0, k1, k2, q,
and f. We have fit these parameters to data from a nearly pure stand of melaleuca
(M. B. Rayamajhi, unpublished) prior to any effects of biological control. Although
we do not know the exact stand age, we assumed that it was several decades old. We
estimated parameters by minimizing the sum of squares of the differences between
the model values of tree size distribution after 200 years of simulation and the
unpublished empirical data for a nearly pure melaleuca stand.

Biological control effects. Field studies indicate that biological control can reduce
both growth rates and rates of seedling production, so these effects are incorporated
in the model when biological control is started. The following replacements are made
at the start of biological control;

pi+1,i =
cp,ie

−k1d
1/2
i

1 + q
∑32

j=i+1 Xjd1.5j

(9)

and

fi = cf,if0,i (10)



POST-HURRICANE IMPACTS ON INVASIVE SPECIES 5

where cp,i and cf,i are, respectively, effects of biological control on growth rates
and reproductive rates of the melaleuca trees. Three different levels of biocontrol,
incorporated in values of cp,i and cf,i were compared. The first corresponds to
the level that is currently observed in the field, while the second is more moderate
biocontrol and the third is weak biocontrol.

Hurricane effects. When there is a hurricane, its effects are variable as they
depend on the intensity, direction, etc., of the hurricane, as well as other factors.
It is assumed here that the hurricane reduces the number of stems, but it also has
effects on growth rate, resulting from the thinning of tree density in various size
classes. In the year of the hurricane, the numbers of trees in size classes are changed
as follows;

Xi(t + 1) = hurriXi(t) (11)

Two different sets of parameters for hurri were assumed, representing a moderate
and a strong hurricane.

All parameter values are shown in Table 1. The parameters were based on
the expectation that the trees follow certain life cycle patterns, such as increasing
survival probability with size. The parameters m0, k1, k2, q, and f were fit by
minimizing least squares around data on size distribution of melaleuca preceding
biocontrol (unpublished data of M. B. Rayamajhi). The resultant parameters, with
slight adjustments reasonably fit empirical data collected from two study sites on
which the size distributions of melaleuca trees were followed over a period of years
from 1997 through 2013 (unpublished data of M. B. Rayamajhi) on a 10 x 10 m plot
of pure melaleuca in southern Florida. Sensitivity of the results in Figures 1 and 2
to the above five parameters was performed using simulations with +/- 10 % of the
baseline values in Table 1. The general nature of the results was similar to Figures
1 and 2 in all cases, although both the slope and the asymptotic value of the total
basal area were sensitive to m0, k2. That is expected, as those parameters relate
directly to tree mortality. Estimating these parameters more accurately should get
more attention in the future.

2.2. Simulations using a size-structured matrix model. The purpose of the
modeling is to provide comparisons of different hypothetical combinations of bio-
logical control and hurricane damage. The matrix model of 32 size classes was used
to project growth of a pure melaleuca stand impacted first by biological control
and then by a hurricane, where both hurricane severity and given levels of effect
of biological control could be adjusted. Simulations of three levels of biological
control, weak, moderate and strong, were made, where the last level corresponds
to what is believed to be the effect of the biological control agents currently being
applied to melaleuca (parameters in Table 1). Two levels of hurricane severity were
applied moderate and strong. If a hurricane was imposed, it was assumed to occur
16 years after the start of biological control. For the moderate hurricane, it was
assumed that the largest three size classes were reduced by approximately one-half,
the middle two size classes by 30 percent, and only minimal damage occurred to the
smallest size classes. The strong hurricane eliminated the two largest size classes,
reduced the three next smaller size classes by 80 percent and reduced the smaller
size classes by about one half (Table 1). The strong hurricane was applied only in
the case of biological control, as it did not have a qualitatively different effect than
the moderate hurricane for the other two cases. The simulations were performed
over a long enough time for the stand to reach steady state before biological control
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was imposed. The basal area of the stand reached a steady state by about year 200,
starting from an initial 100 seedlings. The growth to a mature stand was relatively
smooth, with some small oscillations due to the delay of about 25 years between
seedling establishment and reproduction by that cohort (Figure 1).

(a) Melaleuca basal area at steady

state

(b) Melaleuca size class at steady state

Figure 1. a) Simulated basal area of 0.1 ha melaleuca stand at year
200. b)Simulated size structure near steady state of 0.01 ha melaleuca
at year 200 of simulation

3. Results. Simulation scenario with strong biological control. In the model runs,
biological control is assumed to be fully saturated at simulation year 200. Strong bi-
ological control reduced growth rate by about 85% and reproduction by about 50%.
No direct effects on mortality were assumed, although the decline in reproduction
could be assumed to include increased seedling mortality. Slowing growth rate ex-
posed a cohort to the higher mortality rates of small size classes for a longer time
period. Simulated size distributions after the imposition of biocontrol are shown
for four, eight, 20, and 40 years, in Figures 2a, b, c, and d, respectively, after the
start of biological control, showing biological control having a significant effect. In
particular, the strong negative effect on reproduction creates a bimodal distribu-
tion of stems by depressing the first two size classes in these early years. This level
of biological control, if sustained would lead to the elimination of the melaleuca.
Because only a pure melaleuca stand was simulated here, other plants, such as na-
tives, were not simulated, but their competition would likely accelerate the decline
of melaleuca. Total basal area was computed in the simulation and shows a steady
decline after the onset of biological control (Figure 3a).

Simulation scenario with strong biological control and moderate hurricane.A mod-
erate hurricane was imposed on year 216 of the simulation; that is, 16 years after
application of strong biocontrol. It increases the rate of decline of melaleuca for
several years, although it does not have an obvious additive effect on the long-term
decline (Figure 3b). A strong hurricane (not shown here) has larger, but qualita-
tively similar results. Simulation scenario with moderate biological control. It is
interesting to study whether lower intensities of biological control would still have
the effect of eliminating melaleuca. The assumed moderate biological control was
a 40% reduction in growth rate and a 30% reduction in reproduction. Simulated
size distributions are found for four, eight, 20, and 40 years, respectively, in Fig-
ures 4a, b, c, and d, after the start of biological control. Note that the numbers
of stems in the smallest size class do not decline very rapidly, as the effect of the
biological control on reproduction is much less in this case than in the case of strong
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(a) Four years (b) Eight years

(c) 16 years (d) 32 years

Figure 2. a-d. Simulated size structure near steady state of 0.01 ha
melaleuca 4, 8, 16 and 32 years after application of strong biological
control.

(a) Melaleuca at year 200 (b) Melaleuca at year 216

Figure 3. a) Simulated decline in basal area of melaleuca stand after
start of strong biological control in year 200 of simulation. b) Simulated
decline in basal area of melaleuca stand after start of strong biological
control in year 200 with moderate hurricane in year 216 of simulation.

biological control. Even with this moderate level of biological control, melaleuca
is on the path to eventual extinction in the modeled stand. The total basal area
declines continuously, although not as rapidly as with the strong biological control
(Figure 5a).

Simulation scenario with moderate hurricane.A moderate hurricane imposed 16
years after application of moderate biological control accelerates the decline of
melaleuca for a couple of decades (Figure 5b). Again, as strong hurricane (not
shown) causes a faster rate of decline, but does not have a great overall effect. Text
in both definition and remark should not be slanted.
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(a) Four years (b) Eight years

(c) 16 years (d) 32 years

Figure 4. a-d. Simulated size structure near steady state of 0.01 ha
melaleuca 4, 8, 16 and 32 years after application of moderate biological
control.

(a) Moderate biological control (b) Moderate hurricane effects

Figure 5. a) Simulated decline in basal area of melaleuca stand after
start of moderate biological control in year 200 of simulation. b) Sim-
ulated decline in basal area of melaleuca stand after start of moderate
biological control in year 200 with moderate hurricane in year 2016

Simulation scenario with weak biological control. A reduction of biological con-
trol to 20% reduction in growth rate and 10% reduction in reproduction still has a
pronounced effect on the melaleuca. Here we show only the change in basal area,
first without a hurricane, as shown in Figure 6a. The melaleuca declines rapidly at
first, but then levels off at a lower, but stable level (Figure 6a). The reason for the
stabilization at a lower level is that the matrix model incorporates density depen-
dence, or compensation, in the growth rate due to shading and other competitive
effects. Reduction in the coefficients of growth and reproduction cause a thinning
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of the canopy that reduces shading and allows faster growth and thus greater sur-
vival of the trees in smaller size classes, which compensates to some extent for the
reductions due to biological control. The resilience of the melaleuca stand at its
new reduced size can be further illustrated by imposing a hurricane. The melaleuca
recovers well within a few decades from a moderate hurricane (Figure 6b). However,
a strong hurricane reduces the melaleuca stand for nearly two centuries, showing
the limits of resilience (Figure 6c). The biological control contributes to the delay
in recovery, as can be seen from the effects of a hurricane on the stand when there
is no biological control (Figure 6d). Although the effect on basal area is severe,
recovery is faster than in the case where there is weak biological control.

(a) Weak biocontrol only (b) Weak biocontrol + moderate hur-

ricane

(c) Weak biocontrol + strong hurricane (d) No biocontrol + strong hurricane

Figure 6. a) Application of weak biological control decreases steady
state values of total basal area of melaleuca stand to a lower level. b)
Application of weak biological control decreases steady state values of
total basal area of melaleuca stand to a lower level. The stand recovers
from a moderate hurricane at year 400. c) Application of weak biological
control decreases steady state values of total basal area of melaleuca
stand to a lower level. The stand recovers only slowly from a strong
hurricane at year 400. d) Effect of strong hurricane at year 400 on basal
area of melaleuca stand when there is no biological control being applied.
Although the effect on basal area is severe, recovery is faster than in the
case where there is weak biocontrol.

4. Discussion. A size-structure matrix model was used to approximate the com-
bined effects of biological control followed by a hurricane on a pure stand of the
invasive melaleuca tree in southern Florida. The main result is that the current level
of biological control, denoted as strong biological control here, if maintained, should
virtually eliminate the melaleuca over several decades. A more moderate level of
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biological control also appears to be capable of eliminating the melaleuca, though
over a longer time period. In both cases, a moderate hurricane that followed the
imposition of biological control by 16 years steepened the decline for several years,
but did not appreciably qualitatively affect the long term trend. The effects of an
assumed weak biological control were different. In that case the density dependence
in the model produced enough of a compensatory effect that the weak biological
control could only reduce the melaleuca to a lower level. The reduced stand was re-
silient to a moderate hurricane, but a severe hurricane on top of the weak biological
control suppressed the melaleuca for more than two centuries.

The limitations of the size-structured model must be acknowledged. It used as-
sumptions on size-specific growth, survival, and fecundity, as well as on the density-
dependent mechanisms of shading and competition that affected these processes.
These assumptions were made based on the general understanding of these pro-
cesses, but there was little specific knowledge, so parameters were chosen that gave
a reasonable fit to the main patterns of the existing data (unpublished data from
Min Rayamajhi) to describe the existing empirical data. The model also assumed
that the effectiveness of the biological control agents were not affected by the hur-
ricane. This seems reasonable, as surveys of areas heavily impacted by Hurricane
Irma still showed a that biological control agents were present in high densities.
Therefore, we consider the results of the models to be first cut suggestions of the
succession following a hurricane, though more detailed information is needed to
provide reliable forecasts.

Although these limitations in the model must be kept in mind, the results may
still be useful. The matrix model showed the effect of biological control on the
steady state structure of a pure melaleuca stand, and it also showed that even weak
biological control greatly reduced recovery of a stand to its pre-hurricane structure
following a strong hurricane. These predictions will be interesting to test against
future observations.

Melaleuca dominance in the simulated habitats without biological control is due
to its faster growth and higher reproduction rates compared to native trees [18, 19],
because it lacks natural enemies in southern Florida. Biological control reduced
both growth and reproduction, previous work has used an individual based forest
model, JABOWA, to show melaleuca largely declined in basal area [29], though
its stem density remained high, because reproductive output, even with limitation
was still relatively high. Consequently, the dramatic decline of melaleuca stimu-
lated recovery of native species. When native species recolonized the habitat, they
suppressed melaleuca further, since melaleuca is less competitive after long-term
damage inflicted by biological control. For this reason, biological control suppres-
sion of melaleuca on plots in which native species occur may be much stronger than
on pure melaleuca stands.

In general, major storm events are thought to favor invasive species by creating
favorable disturbed conditions and dispersing propagules. For instance, Hurricane
Katrina in Florida has caused high mortality of the local species and enhanced the
invasion of invasive species [9]. These generalizations stress the spread of seeds;
however, they do not take into consideration effects of top-down controls, which
can play a suppressive role when present. Here, we simulated biological control’s
effect on melaleuca based on long-term empirical measurements, that biological
control agents inflict strong defoliation effects on melaleuca, rendering them more
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vulnerable than native vegetation to breakage from hurricane-force winds [14]. Ad-
ditionally, biological control vastly reduces melaleuca seed production [6], seedling
establishments [21] and tree growth [20]. Simulations showed that hurricanes may
have negative effects on melaleuca recovery in the presence of effective biological
control. Introducing biological control in our simulations caused rapid reductions
of density and basal area of melaleuca, supporting the hypothesis that intense wind
disturbance, such as hurricane or other high windstorm may actually have a net
negative effect on invasive species recovery when effective biological control agents
are present [15]. This can now be tested in areas of southern Florida that were
affected by Hurricane Irma in 2017. An empirical study is under way to estimate
the damage of Hurricane Irma at sites occupied by melaleuca and relate the rel-
ative damage to the impact that biological control agents Oxyops vitiosa Pascoe
and Boreioglycaspis melaleucae (Moore) and Lophodiplosis trifida Gagné have had
on stands. Data from the empirical study will be used in a computer simulation
model to project the long term impact of the hurricane damage on the effectiveness
of biological control.

5. Conclusions. Our model simulations support the hypothesis that biological
control at its present level will suppress the melaleuca. Hurricanes can steepen the
decline of melaleuca on which biological control is imposed but might not change
the general trend of decline too much. Biological control will and greatly delay
recovery following a severe hurricane to pre-hurricane total basal area.

Author contributions. BZ, DLD, MCS and MR designed research. BZ and LX
conducted simulations of JABOWA-II, MZ and DLD conducted simulations of size-
structured matrix model, MCS, MR and PT collected field data, BZ, DLD, LX and
MZ wrote the first draft and all authors contribute to revisions of the manuscript.
MCS formatted the manuscript for publication.

Acknowledgments. Philip Tipping helped with general melaleuca discussions and
field data collection. We also thank our benefactors, including USGS EMA Invasive
Species FY18 Cyclical Fund, Effects, Impacts and Influences of Hurricane Irma
Funding from The College of Arts and Sciences, University of Miami. DLD was
supported by the Greater Everglades Priority Ecosystem Science program. Any use
of trade, firm, or product names is for descriptive purposes only and does not imply
endorsement by the U.S. Government. BZ was supported by the Greater Everglades
Priority Ecosystem Science program and UC Davis Chancellors’ postdoc fellowship.

REFERENCES

[1] P. J. Bellingham, E. V. J. Tanner and J. R. Healey, Hurricane disturbance accelerates inva-

sion by the alien tree Pittosporum undulatum in Jamaican montane rain forests, Journal of
Vegetation Science, 16 (2005), 675–684.

[2] P. J. Bellingham, E. V. J. Tanner, P. H. Martin, J. R. Healey and O. R. Burge, Endemic trees

in a tropical biodiversity hotspot imperilled by an invasive tree, Biological Conservation, 217
(2018), 47–53.

[3] K. K. Bohn, P. J. Minogue and E. C. Pietersen, Control of invasive Japanese climbing fern

(Lygodium japonicum) and response of native ground cover during restoration of a disturbed
longleaf pine ecosystem, Ecological Restoration, 29 (2011), 346–356.

[4] H. Bugmann, A review of forest gap models, Climate Change, 51 (2001), 259–305.

http://dx.doi.org/10.1016/j.biocon.2017.10.028
http://dx.doi.org/10.1016/j.biocon.2017.10.028


12 XU, ZDECHLIK, SMITH, RAYAMAJHI, DEANGELIS AND ZHANG

[5] T. D. Center, P. D. Pratt, P. W. Tipping, M. B. Rayamajhi, T. K. Van and S. A. Wineriter, et
al., Field colonization, population growth, and dispersal of Boreioglycaspis melaleucae Moore,

a biological control agent of the invasive tree Melaleuca quinquenervia (Cav.) Blake, Biological

Control, 39 (2006), 363–374.
[6] T. D. Center, M. F. Purcell, P. D. Pratt, M. B. Rayamajhi, P. W. Tipping, S. A. Wright,

et al., Biological control of Melaleuca quinquenervia: An Everglades invader, Biocontrol, 57
(2012), 151–165.

[7] T. D. Center, T. K. Van, M. Rayachhetry, G. R. Buckingham, F. A. Dray and S. A. Wineriter,

et al., Field colonization of the melaleuca snout beetle (Oxyops vitiosa) in south Florida,
Biological Control, 19 (2000), 112–123.

[8] C. M. D’Antonio, N. E. Jackson, C. C. Horvitz and R. Hedberg, Invasive plants in wildland

ecosystems: Merging the study of invasion processes with management needs, Frontiers in
Ecology and the Environment, 10 (2004), 513–521.

[9] J. W. Day, D. F. Boesch, E. J. Clairain, G. P. Kemp, S. B. Laska and W. J. Mitsch, et al.,

Restoration of the mississippi delta: Lessons from hurricanes katrina and rita, Science, 315
(2007), 1679–1684.

[10] D. B. Flynn, M. Uriarte, T. Crk, J. B. Pascarella, J. K. Zimmerman and T. M. Aide, et al,

Hurricane disturbance alters secondary forest recovery in puerto rico, Biotropica, 42 (2010),
149–157.

[11] T. K. Henkel, J. Q. Chambers and D. A. Baker, Delayed tree mortality and Chinese tallow
(Triadica sebifera) population explosion in a Louisiana bottomland hardwood forest following

Hurricane Katrina, Forest Ecology and Management, 378 (2017), 222–232.

[12] C. C. Horvitz, J. B. Pascarella, S. McMann, A. Freedman and R. H. Hoffstetter, Functional
roles of invasive non-indigenous plants in hurricane-affected subtropical hardwood forests,

Ecological Applications, 8 (1998), 947–974.

[13] N. Ishshalom, L. D. L. Sternberg, M. Ross, J. O’brien and L. Flynn, Water Utilization of
Tropical Hardwood Hammocks of the Lower Florida Keys, Oecologia, 92 (1992), 108–112.

[14] D. M. Lieurance, Biomass allocation of the invasive tree Acacia auriculiformis and refoliation

following hurricane-force winds, Journal of the Torrey Botanical Society, 134 (2007), 389–397.
[15] S. M. Louda, Negative ecological effects of the musk thistle biological control agent, Rhinocyl-

lus conicus, Nontarget Effects of Biological Control, Springer, 2000, 215–243.

[16] L. McAlpine and S. Porder, Evaluation of a large-scale invasive plant species herbicide control
program in the Berkshire Taconic Plateau, Massachusetts, USA, Conservation Evidence, 6

(2006), 117–123.
[17] P. D. Pratt, M. B. Rayamajhi, T. K. Van, T. D. Center and P. W. Tipping, Herbivory alters

resource allocation and compensation in the invasive tree Melaleuca quinquenervia, Ecological

Entomology, 30 (2005), 316–326.
[18] M. D. Rayamajhi, P. D. Pratt, T. D. Center, P. W. Tipping and T. K. Van, A review of forest

gap models, Climate Change, 51 (2001), 259–305.
[19] M. D. Rayamajhi, T. K. Van, P. D. Pratt, T. D. Center and P. W. Tipping, Melaleuca

quinquenervia dominated forests in Florida: Analyses of natural-enemy impacts on stand

dynamics, Plant Ecology, 192 (2007), 119–132.

[20] L. Sevillano, The Effects of Biological Control Agents on Population Growth and Spread of
Melaleuca Quinquenervia, Ph.D thesis, University of Miami, 2010.

[21] L. Sevillano, C. C. Horvitz and P. D. Pratt, Natural enemy density and soil type influence
growth and survival of Melaleuca quinquenervia seedlings, Biol Control., 53 (2010), 168–177.

[22] A. A. Sher, H. El Waer, E. Gonzalez, R. Anderson, A. L. Henry and R. Bierdon, et al.,

Native species recovery after reduction of an invasive tree by biological control with and

without active removal, Ecological Engineering, 111 (2018), 167–175.
[23] J. Snitzer, D. Boucher and K. Kyde, Response of exotic invasive plant species to forest damage

caused by Hurricane Isabel. Hurricane Isabel in perspective, Chesapeake Research Consortium
Publication, 1 (2005), 5–160.

[24] J. Thompson, A. E. Lugo and J. Thomlinson, Land use history, hurricane disturbance, and

the fate of introduced species in a subtropical wet forest in Puerto Rico, Plant Ecology, 192
(2007), 289–301.

[25] P. W. Tipping, M. R. Martin, K. R. Nimmo, R. M. Pierce, M. D. Smart and E. White, et

al., Invasion of a West Everglades wetland by Melaleuca quinquenervia countered by classical
biological control, Biological Control, 48 (2009), 73–78.

http://dx.doi.org/10.1126/science.1137030
http://dx.doi.org/10.1111/j.1744-7429.2009.00581.x
http://dx.doi.org/10.1016/j.biocontrol.2010.01.006
http://dx.doi.org/10.1016/j.biocontrol.2010.01.006
http://dx.doi.org/10.1016/j.ecoleng.2017.11.018
http://dx.doi.org/10.1016/j.ecoleng.2017.11.018
http://dx.doi.org/10.1007/s11258-007-9318-5
http://dx.doi.org/10.1007/s11258-007-9318-5


POST-HURRICANE IMPACTS ON INVASIVE SPECIES 13

[26] P. W. Tipping, M. R. Martin, P. D. Pratt, T. D. Center and M. B. Rayamajhi, Suppression
of growth and reproduction of an exotic invasive tree by two introduced insects, Biological

Control , 44 (2008), 235–241.

[27] A. Wright and L. Skilling (eds), Herbicide Toxicity and Biological Control Agents, Proceedings
of the Eighth Australian Weeds Conference, Sydney, New South Wales, Australia, 21-25

September, 1987, Weed Society of New South Wales, Australia, 1987.
[28] W. M. Xi, R. K. Peet and D. L. Urban, Changes in forest structure, species diversity and

spatial pattern following hurricane disturbance in a Piedmont North Carolina forest, USA,

Journal of Plant Ecology, 1 (2008), 43–57.
[29] B. Zhang, D. L. DeAngelis, M. B. Rayamajhi and D. Botkin, Modeling the long-term effects

of introduced herbivores on the spread of an invasive tree, Landscape Ecology, 32 (2017),

1147–1161.
[30] B. Zhang, X. Liu, D. L. DeAngelis, L. Zhai, M. B. Rayamajhi and S. Ju, Modeling the

compensatory response of an invasive tree to specialist insect herbivory, Biological Control ,

117 (2018), 128–136.
[31] J. K. Zimmerman, W. M. Pulliam, D. J. Lodge, V. Quinonesorfila, N. Fetcher and S. Guz-

mangrajales, et al., Nitrogen immobilization by decomposing woody debris and the recovery

of tropical wet forest from hurricane damage, Oikos, 72 (1995), 314–322.

Received February 2019; revised June 2019.

E-mail address: xlhlfjay@sina.com

E-mail address: mcz11@miami.edu

E-mail address: melissa.smith@usda.gov

E-mail address: min.rayamajhi@usda.gov

E-mail address: don deangelis@usgs.gov

E-mail address: bozhangophelia@gmail.com

http://dx.doi.org/10.1016/j.biocontrol.2007.08.011
http://dx.doi.org/10.1016/j.biocontrol.2007.08.011
http://dx.doi.org/10.1093/jpe/rtm003
http://dx.doi.org/10.1093/jpe/rtm003
http://dx.doi.org/10.1007/s10980-017-0519-6
http://dx.doi.org/10.1007/s10980-017-0519-6
http://dx.doi.org/10.1016/j.biocontrol.2017.11.002
http://dx.doi.org/10.1016/j.biocontrol.2017.11.002
http://dx.doi.org/10.2307/3546116
http://dx.doi.org/10.2307/3546116
mailto:xlhlfjay@sina.com
mailto:mcz11@miami.edu
mailto:melissa.smith@usda.gov
mailto:min.rayamajhi@usda.gov
mailto:don_deangelis@usgs.gov
mailto:bozhangophelia@gmail.com

	1. Introduction
	2. Materials and methods
	2.1. Matrix model of the combined effects of biological control and hurricane
	2.2. Simulations using a size-structured matrix model

	3. Results
	4. Discussion
	5. Conclusions
	Author contributions
	Acknowledgments
	REFERENCES

