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Freshwater tidal wetlands are a complex environment for annual plants. Seedling establishment and sur-
vival may be limited by a variety of factors, including competition with perennials and the twice-daily
inundation of seeds and seedlings. Hence such species are often endemic and rare. Their observed popula-
tion dynamics can be extraordinary, with individuals reappearing in certain patches where they had been
absent for several seasons, and with total populations varying by orders of magnitude between years.
Many interacting influences are thought to be at play here, including seed banks and water-based seed
dispersal (hydrochory). So far it is not known (1) to what degree environmental stochasticity is likely to
Aeschynomene virginica affect the population’s survival in its natural habitat, (2) what role hydrochory plays in propagating and
Metapopulation maintaining the species, and (3) how these two factors interact with one another. We therefore took the
IBM annual Aeschynomene virginica (Sensitive joint-vetch, SJV) as an example and developed an individual-
Environmental stochasticity based model in a geographically precise replica of its Holts Creek, Virginia, habitat. The model represents
Rare species SJV’s life cycle and is calibrated to data from a variety of empirical studies on the plant. Vital rates are
partly calibrated from aerial imagery providing estimates of the biomass of specific patches. Simulated
seeds enter the river network based on their proximity to the water’s edge, and then travel upstream and
downstream according to estimated flow rates, float times, and implantation probabilities. Additionally,
random seasonal environmental conditions are imposed, depressing or inflating vital rates within pre-
scribed ranges. We found that as environmental stochasticity increased to more than relatively modest
levels, the long-term survival probability of the species precipitously declined. Hydrochory, though it may
have played an important role in the past in allowing SJV to reach the regions in which it now thrives,
had little impact on the plant’s long-term likelihood of survival for our study population. Nevertheless,
the model’s performance indicates the existence of additional key factors at play in SJV’s metapopulation
dynamics that were not considered or quantified so far. These may include the varying elevation of habi-
tat patches and the corresponding variability in submersion time, which should be taken into account
in future modeling of annuals in freshwater tidal wetlands. We conclude that population models which
include detailed representations of the spatial and temporal heterogeneity of environmental drivers can
deliver important general insights even if they must be tied to specific study sites.

© 2015 Elsevier B.V. All rights reserved.
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1. Introduction

Freshwater tidal wetlands are areas that are far enough
upstream to be above the influence of saline waters, yet which
are still within the influence of twice-daily tides. These wetlands
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are known for their high species diversity (Odum et al., 1984) and
high biomass (Whigham et al., 1978), and are often dominated by
a few perennial species (Simpson et al., 1983). Annual species find
themselves in a complex environment where a variety of biotic and
abiotic variables may impact growth, survival, reproduction and, as
aresult, population dynamics. As a consequence, annuals are often
rare and endemic species in freshwater tidal wetlands (Ferren and
Schuyler, 1980).

Several potentially important factors in the (meta)population
dynamics of tidal wetland annuals have been identified. For
example, seedling establishment may be limited by competition
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with perennials (Whigham et al., 1978; Odum, 1988; Griffith
and Forseth, 2003) and longer inundation of seeds and seedlings
(Simpson et al., 1983; Griffith and Forseth, 2003). Both seed banks
and hydrochory have been observed and measured for some species
and are thought to aid survival. However, the relative importance of
these factors, and the ways in which they interact with each other,
are largely unknown (Alexander et al., 2012).

The complex interplay of environmental factors in this habitat
suggests that individual-based models (IBM) may be beneficial to
gain more insight into the population dynamics of such species,
as this modeling approach is most flexible (Grimm and Railsback,
2005). We developed a spatially explicit IBM, based on data from
Geographical Information Systems (GIS), in which individuals of
a particular tidal wetland species are simulated according to the
available quantitative information about that plant. Such a model
promises to reveal much about how a multitude of carefully
observed behaviors would unfold in a complex habitat like fresh-
water tidal wetlands.

1.1. Sensitive joint-vetch

Aeschynomene virginica, or Sensitive joint-vetch (S]V), is a rare
and endemic species of this kind. It is an annual plant in the fam-
ily Fabaceae (Gleason and Cronquist, 1991). Populations of SJV are
found on the coastal plain from New Jersey to North Carolina (U.S.
Fish and Wildlife Service, 1995). They are often associated with
the berm of the marsh and stream (U.S. Fish and Wildlife Service,
1995;Griffith and Forseth, 2003), but plants can also be found in
“meadow populations” which are not associated with stream edges
(Griffith, personal observation).

SJV population size can vary by two orders of magnitude among
years (The Nature Conservancy, 2010) and plants can be absent
from a patch for several years and then reappear (Bailey et al., 2006;
Griffith, 2014). Patch re-establishment may be explained by seed
banks or seed dispersal (Freckleton and Watkinson, 2002). Popula-
tions may re-establish in empty patches when seeds disperse from
other populations in a metapopulation (Van der Meijden and Van
der Veen-Van Wijk, 1997; Bullock et al., 2002). Seeds germinating
from seed banks also may give the appearance of population re-
establishment, when in fact seeds in a seed bank are simply plants
that are difficult to see (Harrison and Taylor, 1997; Bullock et al.,
2002).

SJV, in addition to being a representative, wetland endemic, is a
federally threatened species (U.S. Fish and Wildlife Service, 1992).A
primary concern in conservation ecology is deciding whether
investing funds into the support of a rare species is worthwhile;
can that species be successfully rehabilitated? What specific con-
servation methods have the greatest chance of success? Decades of
research, monitoring, and conservation efforts have been invested
into the maintenance of sensitive joint-vetch populations, but there
is no consensus as to whether it is possible to save.

It benefits ecosystem managers to have a broad and multidisci-
plinary foundation of information to use in their decision-making.
Therefore, investigating the baseline chance for SJV to persist, and
seeking to understand the repercussions of conservations strate-
gies are necessary and worthwhile. Furthermore, investigating SJV
allows us an opportunity to study tidally driven hydrochory as a
means of metapopulation persistence. Lastly, it may be possible to
generalize these results to similar hydrochorous, rare species, how-
ever the efficacy of water dispersal for different species is quite
variable and the results from a very species specific study should
not be carelessly extrapolated to other species and habitats.

1.2. Hydrochory

A great deal of research has been done to investigate the influ-
ence of hydrochory on riparian systems, especially in terms of
describing the impact of dispersal on riparian landscape biodiver-
sity patterns and its ability to shape metapopulation dynamics of
riparian vegetation (Nilsson et al., 2010). Researchers have sampled
deposited sediment (Vogt et al., 2006), used nets to catch dispers-
ing seeds (Gurnell et al., 2005; Andersson and Nilsson, 2002), and
tested propagule mimics (Bang et al., 2007; Johansson and Nilsson,
1993) to learn how seeds interact with water to produce such spa-
tially complex population patterns in a riparian environment. Bang
et al. (2007) found that the majority of “seeds” stranded less than
300m from their origin. Vogt et al. (2006) found that large flood
events transport seeds, thus increasing riparian plants’ dispersal
range.

Other studies have shown that some hydrochorous species may
have large geographic ranges compared to those that use other
dispersal mechanisms (Kubitzki, 1991). Furthermore, because
hydrochory is capable of long-distance dispersal (Cain et al., 2000;
Sannikov and Sannikova, 2007), it can connect distant populations
(Waser et al.,, 1982). Notably, floods, with a large water surface
and high current velocity, may support extreme long-distance dis-
persal, as would calm weather that facilitates hydrochory through
the central river current without interference by wind. Because SJV
lives in a tidal marsh, it is highly susceptible to both these weather
patterns (Cain et al., 2000).

Hydrochory can also potentially lead to recolonization of storm-
disturbed sites, whether they are in riparian zones (Helfield et al.,
2007)ortidal areas (Wolters etal.,2005). This “rescue effect” should
in theory reduce extinction risk (Brown and Kodric-Brown, 1977),
though no empirical evidence of it has been reported. By mod-
eling a hydrochorous species in a heterogeneous landscape with
large and small populations, and by introducing the influence of
environmental stochasticity, we can test the rescue effect.

1.3. Metapopulation dynamics and patch quality

Long term observations of SJV populations on Holts Creek in
Virginia suggest some populations may survive through source and
sink dynamics. Populations on smaller patches may be absentin any
given year (Division of Natural Heritage, 2011). Seeds are known
to bank (Griffith and Forseth, 2006; Baskin et al., 2005), though
empirical data suggests the seed bank is short-lived (Griffith and
Forseth, 2006). Thus, “thriving” patches that exist consistently from
year to year may, though their population size may fluctuate, either
support mediocre patches or have little impact on them.

However, research also indicates that models that wish to prop-
erly simulate these regional patterns should not only consider
features at the landscape-scale, such as patch size and isolation.
Increasing evidence supports the hypothesis that local habitat qual-
ity is a driving factor in metapopulation dynamics and as such
it must be incorporated into metapopulation models (Frey et al.,
2012). Unfortunately, it is very difficult to quantify patch quality.
While it is easy to measure patch characteristics, such as vegeta-
tion structure, elevation, or microclimate, it is difficult to transform
this knowledge into vital-rates for a target species. Without know-
ing the precise connection between these variables, including it
in metapopulation analyses is often guesswork (Mortelliti, 2010).
Therefore, to test the influence of hydrochory and environmental
stochasticity on the metapopulation, we seek to approximate the
role of patch quality in SJV’s life history through a simulation.
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1.4. Previous models

The role of hydrochory for population distribution and abun-
dance has been explored using individual-based models previously.
Campbell et al. (2002) simulate landscape-scale plant invasions
mediated through hydrochory. Through computationally gener-
ating drainage networks and introducing ‘seed agents’ that each
disperse through a random-walk, they were able to closely repro-
duce empirical observations. This model was the first, to our
knowledge, to show the importance of water-mediated dispersal
in a riparian environment.

As the model focuses on the complexity of hydrochory itself,
Campbell introduces a pre-defined number of seed agents into the
headwaters of their river network. Each seed begets one adult,
which in turn produces one seed, in effect abstracting out the popu-
lation dynamics involved in a real system. In contrast, in our model,
while using a dispersal mechanism similar to that of Campbell et al.
(2002), we represent the full life cycle of SJV to generate popula-
tion dynamics. In addition, we are considering a tidal stream and
therefore include bi-directional dispersal.

Soomers et al. (2013) developed a model that contrasts air
and water dispersal of different types of seeds, achieved through
drainage ditches in agricultural zones. They find that water dis-
persal transported more seeds over longer distances than wind
dispersal and reiterated the importance of connectivity for plants
that rely on water dispersal. Soomers et al.’s treatment of hydro-
chory focused on a mechanistic understanding of how seeds
disperse through drainage ditches. While this complexity is impor-
tant for an analysis that focuses on precisely quantifying the
dispersal of different types of seeds, we argue that, in a landscape-
scale simulation of one type of plant, much of this complexity can
be reduced.

Levine (2003) uses multispecies Markov Chain models to
describe the demographic changes between populations upstream
and downstream. By omitting a mechanistic model of hydrochory
and replacing it with a series of grid-neighborhoods, connected
through probabilistic dispersal, focus was on the local interactions
of plants and their consequences on local biodiversity. Through
simulated dispersal, upstream neighborhoods’ compositions would
in turn influence biodiversity downstream. Levine concludes that
hydrochorous seed input would only increase a population’s size
and diversity if that population was seed limited, and also that most
of a site’s seed input would come from nearby patches upstream.
He further argues that the relationship between water dispersal
and population size and diversity is more complicated than ecol-
ogists’ intuitive understanding of it. Only under certain conditions
will such dispersal affect a population’s size and a patch’s species
diversity patterns.

2. The model

The model description follows the ODD protocol for describing
individual- and agent-based models ( Grimm et al.,2006,2010). The
model was constructed in Java, using MASON simulation toolkit
(Luke et al., 2005). The source code is available for download
from Github, and can be found at https://github.com/mscrawford/
jointvetch.

2.1. Purpose

The model was created to investigate the interplay between
environmental stochasticity and hydrochory in a tidal-wetland
ecosystem, and particularly their influence on metapopulation
dynamics of an annual plant species, A. virginica.

2.2. Entities, state variables, and scales

The model contains the four entities: plants, mobile seeds, plots,
and the environment. Plants are described by the state variables
lifestage and location. The lifestage is either seedling or adult,
where seedlings compete to become adults and adults reproduce. A
plant’s location is represented via continuous x- and y-coordinates.
Mobile seeds are characterized by their location as well and their
“maximum float time,” which indicates how long they can drift on
the river.

Our simulated area is broken into a grid of 1 m?2 plots, which
are each characterized by their discrete x- and y-coordinates, and
a propensity. Propensity is a quantitative estimate of a given plot’s
habitability for SJV. It is a baseline average for a plot over time, and
will be adjusted by environmental stochasticity in a given year,
as described below. A plot’s propensity determines the fecundity
and survival probability of the plants that are located on it, and
therefore directly impacts the plot’s intrinsic rate of increase (r).
Propensity also affects the plot’s carrying capacity, as described
in Section 2.7.5. Because of the intricate complexity of the real
habitat, and because there is relatively little plot-by-plot empirical
data available, propensity is our attempt to synthesize numerous
(mostly unknown) interplaying factors into a single variable. We
derive the propensity based on the Nature Conservancy’s GIS data,
as described in Section 2.7.3.

The “environment” entity controls the environmental stochas-
ticity of the simulation; i.e., the yearly, overall (not plot-specific)
level of favorableness for the species’ reproduction and survival. A
simulation’s time step corresponds to 1 h while seeds are dispers-
ing. During the rest of the year there are only three other time steps:
(1) in which every plant “survives” to adulthood, and (2) in which
the adult plants reproduce, and (3) at the end of the year to advance
time, cull existing plants, and record observations.

2.3. Process overview and scheduling

At the beginning of each simulation year, the environment first
sets the “environmental quality” for that year. Last year’s germi-
nated seeds then survive to adulthood and then reproduce. Both
survival and reproduction are asynchronous processes. However,
because plants do not interact except at the plot level, this asyn-
chrony has no effect on the simulation. Plants only interact when
carrying capacity is being measured, at which point every surviving
plant has the same probability of being removed stochastically.

After reproduction, each seed may germinate immediately,
where their maternal plant dropped it, or disperse through the
river. Secondary dispersal, via hydrochory, transports seeds up-
or down-stream according to the tides; new positions are syn-
chronous and calculated by the hour. After each mobile seed either
implants into the river’s edge or drowns, the year ends, and the
model’s state is recorded. Last year’s adult plants are then removed
from the landscape, and the process begins anew.

Competition, seen in the conceptual diagram, Fig. 1, is the
multiplicative result of the propensity, carrying capacity, and
environmental stochasticity submodels. These three submodels
affect adult plants’ reproductive capacities, as well as germinated
seedlings’ growth into adult plants.

2.4. Design concepts

2.4.1. Emergence

All individual-level processes are imposed via vital rates and
other parameters. Population dynamics, structure, and distribution
emerges from these processes and their interaction with landscape
structure and dynamics and dispersal via hydrochory.
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Fig. 1. A conceptual diagram of the model processes and their schedule. Propensity, carrying capacity, and environmental conditions all factor into competition, which in

turn affects both reproduction and establishment.

2.4.2. Interaction
Plants interact with each other via intraspecific competition
within a plot (see carrying capacity submodel).

2.4.3. Stochasticity

To represent natural variation as well as factors the model does
not account for explicitly, various parts of the model are stochastic.
During hydrochory, the decision of which tributary to choose is
governed by both the currents’ direction and certain probabilities.
Stochastic environmental variation is imposed on the plants’ vital
rates.

2.4.4. Observation

Datais collected at the end of each simulation: the total number
of SJV plants after the simulation finishes, the year the simulation
ended (which could be less than 100 if SJV goes extinct or its pop-
ulation increases higher than 150,000 individuals, a phenomenon
further described in Section 4.2), and the number of geographically
isolated clusters of SJV.

2.5. Initialization

The simulation is initialized with a configuration based on the
current state of the Holts Creek SJV populations. Each simulation is
initialized using historic SJV population locations, stored as geospa-
tial coordinate points (Division of Natural Heritage, 2011). Each
population point, a coordinate pair, has that population’s count
attached to it. Each individual is treated as an adult plant and
is dropped within a radius of 2m around the center point, as
determined by a uniform random distribution. For example, The
Nature Conservancy ecologists may have found a population at
(37°32.971/, —76°58.992’) with 26 individuals. In the simulation,

then, 26 individuals would be placed within a circular spread with
a radius of 2 m, centered on that coordinate pair.

The simulation uses several types of geospatial input data as
well as The Nature Conservancy population point and count data.
From the USDA, we obtained orthoimagery of Holts Creek from the
summer of 2013. From the USGS, we used the hydrography dataset
to model the marsh, and the river network in Holts Creek (Fig. 2).
These datasets are included in the source package provided.

While SJV populations have been found at, at least, seven other
locations in Virginia, we chose to simulate Holts Creek based on the
extensive records of S]JV population sizes (The Nature Conservancy,
2010) and locations on Holts Creek (The Nature Conservancy, 2010;
Division of Natural Heritage, 2011). Fig. 3 shows the history of SJV
population sizes on Holts Creek. Beyond simulation initialization,
these records inform our understanding of the realism of the data
collected from our model.

2.6. Input data

The model does not include any external input of driving envi-
ronmental variables.

2.7. Submodels

2.7.1. Hydrochory

The dispersal of seeds by water is modeled through the mobile
seed entity traversing a directed graph, hereafter called the river
network, obtained through the USGS hydrography dataset. Because
over 90% of SJV populations are within 4 m of the stream edge and
34% of those populations’ seeds are taken up by the tides (Griffith
and Forseth, 2006), we make the simplifying assumption that if and
only if the maternal plant is less than 4 m from the river edge can
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Fig. 2. Holts Creek, VA with known SJV populations in red and the tidal marsh in light blue. The Nature Conservancy catalogs the Holts Creek metapopulation of SJV through
three “zones,” A, B, and C. Data courtesy of: The Nature Conservancy (SJV population), USGS (Hydrography dataset waterbody), USDA (aerial photography).

a seed disperse, and that all such seeds have a .34 probability of
doing so.

To move the seed from its maternal plant to the river network,
the seed is translocated to the point on the river network that it is
closest to. Once there, the simulation probabilistically decides how
many hours that seed will float based on an empirical distribution,
derived from seed floatation data detailed in Griffith and Forseth
(2002). Roughly half of the seeds that disperse will drown within
the first 28 h they are on the river. Empirical evidence has shown
that propagules that drop below the water’s surface are usually not
able to germinate (Griffith and Forseth, 2002).

In traversing the river network the seed is subject to the tidal
forces that govern Holts Creek. Each propagule moves up and down
the graph based on a sine curve, derived from Griffith and Forseth
(2002), which mirrors the flow rates of the incoming and outgoing
tides. The distance traveled by a seed at time t is defined as:

distance(t) = - sin (t. %) is

where r, the range between highest flow rates upstream and down-
stream, is 769.5 m/h, tis the time in hours, p, the tidal period, is 13 h,
and s, a linear shift, is 13.5 m/h. The shift is necessary because data
has shown that the tides, at their respective fastest speeds, move
upstream slightly slower than downstream.

To avoid all seeds moving in lockstep, each seed begins its dis-
persal at arandom point during the first tidal period. Each time step,
or hour, the seed is moved upstream or downstream according to
the tidal equation.

Seeds disperse realistically through the river network. As the
tides move out, toward the York River, the propagules will in turn
be carried downstream. When the tides reverse, they will move
upstream. At junctions that contain more than one possible path,
depending on the tides, the seeds will randomly chose one of them
to follow.

An important, imposed, variable involved in the hydrochory
submodel is the probability that a propagule will be caught and
implanted into the riverbank on any given time step. At the start of
a seed’s “turn,” it first decides whether or not it will implant based
on the parameterized implantation probability. If the propagule
implants into the riverbank, it is translocated to the nearest marsh
edge and dropped inland 0-4 m at a (uniformly) random angle. It
then decides whether or not it will germinate based on the quality
of its plot. If it does, it can then transition to the adult life stage and
reproduce.

4000
.. 3000
c
3
o Zone
5 A
%S 2000 B
5 ---C
a
o
o
1000
0

1997 1999 2001 2003 2005 2007 2009 2011 2013
Year

Fig.3. SJVplant countson Holts Creek, VA 1997-2014. No data shown for2011-2013
and straight line connects 2010 and 2014. Zones A-C are sub-sections of all locations
on Holts Creek. Data courtesy of The Nature Conservancy.

If it does not implant into the berm, it will check to see if it has
been floating for longer than its pre-calculated maximum floatation
time. If so, it will drown; if not, it will continue to float with the tides.

The implantation probability obeys a geometric distribution,
because most seed input to a riparian site comes from nearby
patches upstream (Levine, 2003). A geometric distribution is the
probability distribution of the number y of Bernoulli trials needed
to get one success. In other words, a seed will continue to float
down the river until it either drowns or is successfully caught by
the riverbank and implanted into the soil. Interestingly, because a
higher implantation rate will result in more seeds being caught by
the riparian edge closer to their original population, a low implan-
tation rate counter intuitively has a comparatively higher chance
of successful long distance dispersal.

Hydrochory could be either “on” (Hopn ) or “off” (Hygf). The implan-
tation probability is as discussed above, parameterized with values
calculated such that 0%, 1%, 3%, 5%, 13%, 24%, 43%, 57%, 76%, and
94% of seeds successfully implant into the berm.

The hydrochory boolean variable reflects whether seed trans-
port will actually occur. If hydrochory is “on” (Hon), then some
seeds (as described above) will predictably float on the river.
With hydrochory “off” (Hyg), seeds will automatically implant
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into their primary dispersal location. Whether or not they get a
chance to germinate, however, depends on the value of a pre-
computed geometric distribution that mirrors the process used
with Hop. Therefore, with an identical implantation probability,
approximately the same number of seeds will successfully implant,
regardless of whether Hop Or Hogt.

2.7.2. Life cycle

SJV’s life history is modeled through the vital-rate transition
matrix, derived in Griffith and Forseth (2005), and modified by the
propensity submodel. We converted the raw data Griffith used to
compose the matrix into probability distributions rather than fixed
rates. Since there is no agent behavior in between germination and
survival, we combined the two vital rate distributions into a single
multiplier hereafter called survival.

Transitions between the stages are modeled probabilistically,
though the specific probability is controlled by the propensity of
the 1m? “plot” the plant is on (see Section 2.7.3). The propensity
of a “plot” is designed to approximate the landscape’s influence on
SJV’s intrinsic rate of increase (r). In other words, each 1 m? plot
inside the simulation’s representation of Holts Creek has its own r.
The probability is further modified by the carrying capacity of the
plot and the environment’s quality that year.

2.7.3. Propensity

Unfortunately, there is no foundation of data to build from
to simulate an area’s habitability for SJV. There is little data to
show what conditions SJV can grow under beyond the presence
or absence of competitor plants (Griffith and Forseth, 2003), but it
is necessary to approximate this variable to investigate how SJV’s
metapopulation dynamics change with hydrochory and environ-
mental stochasticity.

We define the “propensity” of a plot as its average suitability to
grow and sustain SJV over time. To estimate this quantity, we take
advantage of the Nature Conservancy’s extensive record of S]V pop-
ulation data on Holts Creek (Figs. 2 and 3; The Nature Conservancy,
2010), a raster derived from 2013 aerial photography of the marsh,
plus the empirically derived vital rate distributions for SJV (Griffith
and Forseth, 2003). The basic idea is to correlate the frequency of
actual SJV occurrence on plots with different levels of visible light
reflection to specific vital rates. In this way, we can predict which
color band intensities tend to correspond to plots with more favor-
able conditions. We limited our analysis to the red band, as it is
most correlated with biomass.

To derive an approximation of a plot-based propensity for SJV
to grow inside Holts Creek, we used the following process: (1)
Using the USGS hydrography dataset’s waterbody polygon, iso-
late all raster squares from the USDA orthophoto within the marsh
(Fig. 4). Then (2) isolate all raster squares within 3 m of SJV popu-
lations on Holts Creek (Fig. 5). Finally, (3) for each reflection level,
divide the SJV frequency by the Holts Creek frequency and normal-
ize the result, creating a propensity for each level of reflection to
have SJV found near it. For example, the SJV frequency at reflec-
tion level 135 is 38 and the Holts Creek frequency is 7045. On other
hand, the SJV frequency at reflection level 100 is 89 and the Holts
Creek frequency is 178,460. After dividing to get the propensity,
one discovers that value 135 is 11 times more likely to contain SJV
than value 100 (propensity[135]=0.041, propensity[100] = 0.0038).

To transform our new data on relative propensity into specific
vital-rate transitions, we composed a cumulative distribution func-
tion (Fig. 6) by extrapolating the propensity distribution to all the
plots in Holts Creek. In other words, we transform the data such that
we can query it to answer questions such as, “what percentile of
Holts Creek has a propensity less than .02?” The answer in this case
turns out to be 94%. By querying the vital rate distributions at each
color’s percentile of propensity, we can derive a new distribution
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Fig. 4. Left: The frequency distribution of the intensity of red light reflected by all
1m? plots in Holts Creek. There are a total of 13,591,050 m? plots in Holts Creek.
Red wavelength reflection is a proxy for standing biomass in a plot.
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Fig. 5. Right: The frequency distribution of the intensity of red light reflected by
all 1 m? plots within 3 m of a population of SJV. There are 6065 m? plots in total.
The mean is statistically significant in its difference from Holts Creek as a whole.
Mann-Whitney test was used to calculate statistical difference. U=56,057, and
p<0.001.

for both vital rate distributions that reflects an approximate vital-
rate based on our measure of how good each geographic location
is (Fig. 7).

To integrate this measure of propensity into the model, a plant
usesits plot’s vital rate transitions. The vital rates are static through-
out the simulation, so plots that have SJV on them with a positive
rate of growth will continue to grow unless environmental stochas-
ticity negatively influences them. As seen in Fig. 8, the application
of this methodology onto Holts Creek will classify the landscape
into areas that can sustain SJV and areas that cannot.

Note that a plot’s propensity represents its average quality over
time; due to environmental stochasticity, some good plots will have
bad years and some bad plots good years. Also, we understand that
rivers and floodplains are dynamic ecosystems that vary over time
due to disturbance events and erosion; however, simulating such
macroscopic changes to the propensity profile, however, is beyond
the scope of the current study.
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Fig. 6. Left: Cumulative density function of propensities in Holts Creek. Notice that
the range of the x-axis is identical to the minima and maxima values of the normal-
ized propensities. Using this CDF, we can conclude that almost all of the squares in
Holts Creek have a propensity less than 0.01.

2.7.4. Environmental stochasticity

Environmental stochasticity is imposed by multiplying all vital
rate transitions by a yearly adjustment. As with propensity, this is
an attempt to simplify innumerable real-world dynamics - in this
case, most of them weather-related - into a single quantity that can
affect the simulation.

Each simulated year, we draw a value for the environmental
stochasticity from a reciprocal distribution. We use areciprocal dis-
tribution rather than a Gaussian because the former preserves the
geometric mean. This distribution is described by its maximum (its
minimum is the reciprocal), termed Environmental Stochasticity
Maximum (ESM). Consider a Gaussian distribution witha © =1 and
0 =0.5. A variate with a value of 0.5 is equally likely as a variate
of 1.5, one standard deviation away. Halving a rate is not counter-
balanced by multiplying it by 1.5. Instead, to remain faithful to a

0.10-
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0.00- -

0 100 200
Reflection level

Survival rate

Fig. 7. Right: Survival rates for each red reflection level. For very good absorption
levels, the survival rate is quite high. For more common reflection levels, the survival
rate is very low.

geometric mean of 1, we need halving the number to be as likely
as doubling it.

For simplicity, we assume that the abiotic and biotic factors that
affect SJV’s yearly variation in population count are uniform across
the entire landscape (there are no local disturbances). Furthermore,
this model assumes that the mechanisms behind environmental
stochasticity do not depend on prior years’ variates, In other words,
the environmental stochasticity in year n does not influence that of
n+ 1. While this assumption reduces the complexity in the simula-
tion, itis consistent with the likely independence of major drivers of
environmental stochasticity (e.g. local weather) from year to year.

e

Fig. 8. Reclassification of each 1 m? in Holts Creek based on its propensity. The darker shades have more propensity for SJV. Therefore, one can conclude that agricultural
areas, white areas in lower right quadrant, have very low propensity for SJV, as do the higher biomass areas inside the marsh. Notable for being high in propensity are the
borders of the creek, which is consistent with empirical evidence (Griffith and Forseth, 2002).
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We parametrically test how different variations in environmen-
tal stochasticity affect the survivability of SJV in Holts Creek. The
value used to control this variation is the reciprocal distribution’s
maximum value, referred to as the environmental stochasticity
maximum. The distribution’s minimum value is defined as the
reciprocal of the maximum. To illustrate, a maximum yearly mul-
tiplier of 3 corresponds to a minimum yearly multiplier of 1/3.
Therefore, the best possible year for the plant would see 3X the
vital rates and the worst would see 1/3.

2.7.5. Carrying capacity

Carrying capacity, like competition, is measured on the plot
scale. Griffith’s observations (Alan Griffith, personal observation)
suggest that there is a carrying capacity for SJV of about 50
plants/m?2.

Initially, we investigated two methods to implement carrying
capacity: (1) using the square 1m? plots, and (2) using circular
fields each with an area of 1 m2. Running the simulation and testing
its output with a Pearson’s Chi-squared test, we saw that there was
no statistically significant difference between the total number of
plots reached using the two algorithms (p=0.9745). However, we
did observe a statistically significant difference in the total number
of plants (p<0.0001) of around 3.5%. Because the radial carrying
capacity algorithm was prohibitively slow, we accepted the small
discrepancy in the total number of plants and used a plot-based
carrying capacity.

We imposed the carrying capacity by removing the proportion
of plants that exceeds a plot’s carrying capacity. Because we can-
not know the theoretical growth of SJV a priori, we chose to limit
the number of plants able to grow in a m? area after the current
year’s cohort progresses to reproductive age. If the plot’s popula-
tion size, P, exceeds the carrying capacity K at the end of time step
t, we randomly remove individuals from the plot. Therefore we cal-
culate probg,viva = K/Pr. We then apply this probability of survival
to every plant on that specific plot, thus removing all the plants
that “died because of competition during the year.” We further-
more multiply this carrying capacity coefficient by surviving plants’
reproductive rates as they produce seeds, to reflect the cost of a
highly competitive environment (Griffith and Forseth, 2003).

3. Calibration

Using initial parameterization, many aspects of the simulation’s
behavior were qualitatively consistent with the species as empiri-
cally observed, but the number of individuals was too high. This was
uniformly true, despite thoughtful cross-checking of all the quan-
titative empirical data we used. To scale the simulation down - and
to prevent SJV’'s population from exploding regardless of param-
eter settings - we needed to introduce a multiplicative factor (of

less than 1) on each of the plant’s vital rates. Producing reason-
able metapopulation sizes required a reduction of the vital rates
by almost 84 percent. This parameter, which uniformly decreases
every plot's r, is termed the calibration factor (CF).

4. Results
4.1. Environmental stochasticity

As the yearly environmental conditions of Holts Creek become
more variable (ESM is raised above 2), then regardless of the rate of
implantation during hydrochory, the 100-year survival chance of
the metapopulation begins to fall significantly (Fig. 9). When ESM
is 3, there is a 50-50 chance SJV populations will be extirpated from
Holts Creek after 100 years. When environmental stochasticity is
set to reproduce observed levels of variation in population size, the
model predicts a 100-year extinction risk of only 2%.

At ESM greater than 3, a large proportion of simulation runs
end in extinction (about 87% with an ESM of 5). In these cases of
high stochasticity, a small minority of simulation runs produces
explosive growth, wherein the population reaches above 150,000
individuals. This phenomenon occurred only once with an ESM of
2.5 (outof over 3000 distinct simulation runs) and is relatively more
common with the higher stochasticity levels: 11 times with an ESM
of 3.5 and 16 times with values of 4.5 and 5. Because each stochas-
ticity level has slightly fewer than 3200 distinct runs, the odds of
this explosive scenario are exceedingly low.

Though there are anomalous population explosions in several
runs with higher levels of environmental stochasticity, as seen in
Fig. 10, even with a low ESM and implantation rate, populations of
SJV in the high 10,000s are not uncommon.

Additionally, these explosive scenarios only occur in simulations
with unrealistic levels of successful post-dispersal implantation.
This implies that a confluence of factors is required to produce
explosive growth: both a very high ESM and also a large minor-
ity of dispersing seeds successfully implanting in new parts of the
marsh. This confluence of factors may be necessary because, with
a realistic amount of water dispersal, there are very few distinct
population patches and thus the metapopulation is restricted by
carrying capacity. With a high level of hydrochory but low environ-
mental stochasticity, the patches where successful seeds implant
are often transient, since they are inhospitable for population estab-
lishment and become locally extirpated after a few years. Both of
these factors together, however, result in the metapopulation cir-
cumventing the restriction of carrying capacity by having many
“good” patches available for successfully dispersing seeds. There is
no local population restriction.

Note that because of memory and computing time limita-
tions on the Stampede computer, an explosive population that
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Implantation rate: 94%
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3 4 5 1 2 3 4 5
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Fig. 9. Probability of metapopulation survival for SJV, as a function of the hydrochory boolean, the rate of implantation, and the ESM. Environmental stochasticity greatly
influences the 100-year survival probability of SJV. The hydrochory boolean, Ho, or Hog, as well as the level of hydrochory play a smaller role.
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Fig. 10. Population counts of SJV after 100 simulated years, varying the hydrochory boolean, rate of implantation, as well as ESM. With higher environmental stochasticity
levels as well as more than 24% of total seeds successfully implanting, there is a small chance that the population will “take off” to over 150,000 individuals. Note that very
high populations, greater than 20,000 individuals, are rare but do exist even with moderate environmental stochasticity and low implantation rates. Each facet’s scales are

independently generated.

reached 150,000 individuals was terminated, and counted as an
end scenario in the simulation. It is possible that with extreme envi-
ronmental stochasticity, a few of these runs, had they continued,
would have collapsed as quickly as they arose when a particularly
bad year or years was generated.

4.2. Hydrochory

With Hgp, i.e. seeds successfully dispersing, the average number
of plants after 100 years increases as implantation rate increases.
This increase in average number of plants is dampened with Hop.
But the incidence of very large populations is higher with Ho, than
with Hgg.

As seen in Fig. 11, the total population count after 100 years
increases as CF increases, with both hydrochory boolean values.
Comparing the two, the rate of increase is about the same. For any
given value of CF, the total population count after 100 years also
increases as implantation rate increases. But the rate of increase is
quite different when comparing Hon and H,g, which leads to the
following interesting dynamic.

Asimplantation increases, H,g produces a much greater increase
in total population count than Hoyp. This effect is due to dispersal
mortality as well as a lack of high propensity sites for dispersing
seeds to implant in. At CF values above 0.175, however, this differ-
ence between Hon and Hy¢ disappears. Above CF 0.19 hydrochory
greatly increases the population’s size. Our interpretation of this
phenomenon is that when the habitat as a whole is friendlier to
SJV, the key factor that constrains population growth changes: it is
no longer limited by a lack of available low-competition patches,
but rather by carrying capacity. Hydrochory allows for a carrying
capacity limited population to “export” seeds and therefore greatly

increase population size. However, if the calibration factor is low
those seeds will likely die if they implant.

4.3. Clustering analysis

After each simulation we used the DBSCAN algorithm (Ester
et al., 1996) to obtain the number of clusters of SJV in Holts Creek,
where a cluster is defined as a geographically isolated group of
plants. Because the runtime of DBSCAN increases exponentially
with the number of plants in the simulation, we only calculated this
statistic for simulations that ended with fewer than 25,000 plants.
Though this behavior was rare, this cutoff resulted in the higher
environmental stochasticity levels having slightly fewer data points
than the lower ones. Of the 19,000 simulations run with an ESM > 2,
136 completed with over 25,000 plants and could not be processed.

As seen in Fig. 12, with Hyg and averaging across all levels of
environmental stochasticity, increasing the implantation rate leads
to a higher number of clusters after 100 simulated years. More
environmental stochasticity leads to more variability in the clus-
ter counts though an overall decrease in the average number of
clusters, due to added extinction risk. Ultimately, at ESM>2, an
increasing number of simulations end with metapopulation extinc-
tion.

4.4. Rescue effect

The data derived from this iteration of the model indicates
that, while external seed input from robust populations could
re-establish a dead patch, it is very unlikely that the number
of immigrating seeds could sufficiently bolster a weak, transient
population. In other words, when environmental factors lead a
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Fig. 12. Cluster dynamics varying ESM, implantation rate and H,,. With more seeds dispersing successfully and implanting, more clusters are present in Holts Creek. As more
environmental stochasticity is added into the system, the number of clusters present after 100 years shows a greater spread. Each facet’s scales are independently generated.

population toward extirpation, external seed input is moot to the
longevity of a population.

Furthermore, it is unlikely that seed input into an already colo-
nized patch would have any significant effect on that patch’s overall
population. If the patch characteristics are favorable for SJV and
there is already some number of plants in the patch, it is likely that
its success is assured, assuming there are no catastrophic environ-
mental swings.

It is the case, however, that hydrochory enables new patches
to be colonized, potentially repeatedly, given a relatively mediocre
patch quality and a varying environment.

5. Discussion

5.1. Investigating the importance of hydrochory on
metapopulation dynamics

With an adjustment rate that produces realistic population
counts, the model indicates that SJV’s secondary dispersal mech-
anism, hydrochory, will play little part in the long-term survival of
the plant.

Indeed, if seeds were to implant in place rather than disperse,
SJV would, in high-implantation rate scenarios, be better off. This
is apparently because most areas of Holts Creek are inhospitable
to the plant. Even with unrealistically high numbers of dispersing
seeds successfully implanting into the berm, there are so few areas
habitable for SJV that dispersing is almost a “doomed” endeavor;
new populations will most likely be small and transient in nature. If
aplantis able to grow to adulthood and produce seeds, it is probably
already in a hospitable area. Those that implant locally are likely to
successfully grow to adulthood, impeded only by carrying capacity.

With a higher adjustment rate, above .20, the opposite pattern
emerges. Because there are so many hospitable plots (with an r
above 1) S}V is limited only by dispersal and carrying capacity. If
no effective dispersal mechanisms (such as hydrochory) exist, then
the population growth rate is constrained only by carrying capac-
ity. With Hg, the metapopulation can only grow as fast as the
individual populations can expand, and no new populations are
formed. With Hgp, however, more new populations can be estab-
lished, increasing the metapopulation growth rate significantly.

Note, however, that without an unrealistically high implanta-
tion rate (greater than 13% of the seeds successfully implanting
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after dispersal) hydrochory makes very little difference no matter
the calibration factor. The populations established by water disper-
sal, even under the most generous vital rates, are not numerous or
large enough to make any substantial difference in metapopulation
count.

With the model calibrated to reproduce observed population
counts and fluctuation and a realistically low implantation rate,
it appears that hydrochory can establish some new populations
and could potentially, with beneficial environmental stochasticity,
slightly increase the metapopulation size. However, generally these
populations will be small and transient in nature, vulnerable to
environmental fluctuations that could potentially extirpate them.

To summarize, the only way hydrochory could confer an overall
metapopulation advantage is if (1) there were enough hospitable,
but unreached, areas where water-bound seeds could establish
new populations, (2) the carrying capacity was reached in areas
where SJV already exists, limiting the utility of additional seeds
implanting locally, and (3) the likelihood of successful water dis-
persal is high enough to ensure that seeds will actually reach these
hospitable patches.

5.2. Environmental stochasticity’s influence on metapopulation
dynamics

When environmental stochasticity is set to reproduce observed
levels of variation in population size, the 100-year chance of
extinction for Sensitive joint-vetch is only 2%. Introducing more
stochasticity into the system decreases significantly the probability
that the Holts Creek metapopulation of SJV will survive for another
100 years.

Because our model does not incorporate some factors that are
most concerning for ecologists studying the plant - such as habi-
tat destruction and climate change - we can only associate these
factors with higher levels of environmental stochasticity, and this
leads to a precipitous drop in the 100-year survival chance of SJV.
Furthermore, when incorporating higher levels of environmental
stochasticity into the model, we did not observe hydrochory posi-
tively influencing the 100-year survival probability of SJV. Without
directly managing new, weak populations, there is little chance that
they establish for the long term.

It is also worth noting that climate change is not expected to be
mean-reverting. While inside the simulation a bad year could be
followed up by an equally good year, realistic systems influenced
by climate change will not be so lucky. The overall mean quality of
Holts Creek is likely to continually drop as the marsh becomes more
inundated by sea level rise and more disturbed by intense weather
events.

Lastly, our model casts doubt on the efficacy of the “rescue
effect.” Any seed input by other populations into a sink popula-
tion would not necessarily “save” that population for more than a
few years, depending on environmental factors. While these tran-
sient populations may be observed, without outside management
they will inevitably fall to environmental variation with or without
external seed input.

5.3. Is “propensity” a viable proxy for patch suitability?

The decision to use “propensity” to approximate patch suit-
ability was a pragmatic one. It is important for future analyses,
including future iterations of this model, to understand its limi-
tations and benefits for marshland ecosystems.

Our measure of propensity and its approximation of patch suit-
ability is a mixed picture. After calibrating the measurement, the
largest populations of SJV in Holts Creek were preserved in silico,
while some of the smaller though consistent populations disap-
peared. The populations preserved by our approximation fared

quite well, growing to sizes comparable or larger than those empir-
ically observed. Their geographic footprint shrunk, however.

Using the red band to approximate biomass is admittedly imper-
fect, since different plants (and abiotic entities) absorb different
levels of red light. Furthermore, even implementing a vegetation
index such as the Normalized Difference Vegetation Index (NDVI)
is precarious on a small scale. However, as the purpose of this sim-
ulation was not to predict exact population locations or sizes, we
argue that it is effective in constructing a heterogeneous habitat for
a subject species to exist within. By calibrating the model we can
outline broad patterns that can only emerge by comparing extreme
parameterizations with more realistic ones.

5.4. The calibration factor (CF) and thoughts for model revision

One finding revealed by the simulation is that the efficacy of
water dispersal is highly dependent on a tidal plant’s overall ability
to thrive inits habitat. We happened upon this finding somewhat by
accident, when we discovered the presence of as-yet unexplained
factors that make SJV less plentiful overall than the uncalibrated
model would suggest. The degree to which vital rates are calibrated
is crucial in determining whether hydrochory is a benefit, a liability,
or a non-factor.

As Fig. 11 illustrates, when the CF is low, water dispersal has
a negative impact on the metapopulation. This is because fewer
viable plots exist, and a newly dropped seed is better off implanting
in place - on or near its maternal plot, which was good enough by
definition to have supported the maternal plant - than in venturing
downstream in a probably fruitless search for a distant viable plot.
When the CF is raised, this negative effect disappears: a sufficient
number of viable plots will be present throughout the habitat that
seeking them is not a lost cause.

Eventually, as the CF is raised even higher, the likelihood of
reaching a distant viable plot makes it more beneficial for seeds
to leave their maternal plots than staying close to home and being
subject to carrying capacity limits (see rightmost side of Fig. 11).

The idea of plot “propensity” was initially constructed to sim-
ply approximate the influence of a heterogeneous environment
on SJV’s vital rates, therefore enabling us to see how well it can
utilize hydrochory to find suitable new patches. We made the sim-
plifying assumption that empirical observations about which plot
colors SJV does and does not inhabit in Holts Creek could be used to
approximate this propensity. As it turned out, this (uncalibrated)
propensity measure created far too many “good” areas for SJV.
Recall Fig. 8, a reclassified raster indicating patch suitability for
SJV in Holts Creek, presented in Section 2.7.3. The darkest green
color on the map contains the color spectrum defined as most suit-
able for SJV, and there are tens of thousands of these appropriate
squares. With so many good locations and no calibration, SJV does
not need secondary dispersal to access new patches. It would only
have to reach 2000m? with a carrying capacity of 50 plants/m?
to have 100,000 individuals in the metapopulation, which is more
than possible in an excellent habitat over 100 years.

In calibrating propensity to achieve known population levels,
we create an environment where very few plots are suitable for
SJV and secondary dispersal is, for all intents and purposes, a death
sentence. While this behavior is consistent with reality - ecologists
have only rarely observed SJV colonizing new, long-term popula-
tions (Griffith, 2014) - it is also true that by introducing the CF we
eliminated some known population centers of SJV. The most likely
conclusions from all this are (1) there are additional factors, not
accounted for by the above model, that impact SJV’s vitality, and
(2) our metric based on aerial imagery is an imperfect measure of
a plot’s true propensity.

Ecologists are currently gathering data on two variables that
may impact the conditions under which SJV can thrive: tidal
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inundation duration and depth (Griffith and Speray, unpublished
data). The exploration of these two factors, and their incorporation
into the suitability data, could provide a more precise measure of a
plot’s propensity. Only once we can more accurately predict where
SJV can thrive can the model be used for geographic prediction.
More accurate data about the propensity of Holts Creek plots, if
it leads to a simulation which can more faithfully reproduce the
actual locations of SJV populations, will also help us validate the
other aspects of the model. Future work will include an analysis
comparing the geographic positions of empirical and simulated
plots, enabling an even more detailed, spatially explicit validation
of SJV’s geographical tendencies.

6. Conclusions

Our model represents two broad processes: secondary dispersal
and environmental stochasticity. Both of these process results can
inform us about potential active management of SJV populations.
The model also addresses two potential outcomes of active man-
agement: total population size and the number of populations in
the metapopulation. Model results allow us to think about these
processes separately, as dispersal is not directly changed by envi-
ronmental stochasticity changes and vice versa.

Increased dispersal could be implemented in the field by col-
lecting seeds from existing populations and placing them at high
quality sites, currently unoccupied by SJV. This action may produce
results similar to the highest, simulated implantation rates, because
we can ensure implantation and decrease the chances of seed death
in transit. Furthermore, our simulation is consistent with the need
to continue management of these established populations. Dis-
tributing seeds to new sites, in the simulated Holts Creek and in the
real Holts Creek, will successfully increase the geographic distribu-
tion of SJV. But, the increase in the number of occupied patches will
be short lived without ongoing management. Low rates of germi-
nation, establishment, and adult survival, explicit in our model as
demographic parameters, would make most established sites sink
populations. As a result, established populations will most often
go extinct. In addition, naturally established populations will be
small and very likely to succumb to competition or lower swings
in environmental stochasticity. As a result, populations must be
established with many seeds or the survival of small numbers of
plants must be maximized through active management.

Environmental stochasticity cannot itself be managed, but indi-
vidual SJV plants and seeds could be protected from swings in
environmental quality from year to year. While some decreases
in vital rates may be intrinsic to individuals, many of the causes
of death or decreases in reproduction are environmental in nature.
For example, a good year for SJV may be a year in which a popu-
lation site is devoid of competitor species because of a winter’s ice
scour. If we remove SJV plants and seeds from the environment,
we would remove SJV individuals from some of the environmental
conditions that decrease vital rates. It is most practical to remove
seeds from the environment to protect individuals from environ-
mental stochasticity. Specifically, if we harvest seeds in the fall and
hold them overwinter, overwinter survival will increase. This vital
rate is one of the lowest of all vital rates for SJV (Griffith and Forseth,
2005, 2006).

Acknowledgements

We thank Volker Grimm and one anonymous reviewer for help-
ful comments that improved this manuscript, as well as the USGS
and USDA for geospatial data, The Nature Conservancy for Sensitive
joint-vetch population data, and the University of Mary Washing-
ton for supporting this study.

References

Alexander, H.M,, Foster, B.L., Ballantyne, F., Collins, C.D., Antonovics, J., Holt, R.D.,
2012. Metapopulations and metacommunities: combining spatial and temporal
perspectives in plant ecology.]J. Ecol. 100 (1), 88-103, http://dx.doi.org/10.1111/
j.1365-2745.2011.01917.x.

Andersson, E., Nilsson, C., 2002. Temporal variation in the drift of plant litter and
propagules in a small boreal river. Freshw. Biol. 47, 1674-1684.

Bailey, D., Perry, J., DeBerry, D., 2006. Aeschynomene virginica (Fabaceae) habitat in
a Tidal Marsh, James City County, Virginia. Banisteria, vol. 27. Virginia Institute
of Marine Science.

Bing, A, Nilsson, C., Holm, S., 2007. The potential role of tributaries as seed sources
to an impoundment in northern Sweden: a field experiment with seed mimics.
River Res. Appl. 23 (10), 1049-1057, http://dx.doi.org/10.1002/rra.1014.

Baskin, J., Baskin, C., Tyndall, R., 2005. Studies on dormancy, germination, and sur-
vival of seeds buried in the soil of the rare plant species Aeschynomene virginica
(Fabaceae). Nat. Areas J. 25 (2), 147-155.

Brown, J.H., Kodric-Brown, A., 1977. Turnover rates in insular biogeography: effect
of immigration on extinction. Ecology 58 (2), 445, http://dx.doi.org/10.2307/
1935620.

Bullock, J., Moy, L., Pywell, R., Coulson, S., Nolan, A., Caswell, H., 2002. Plant dispersal
and colonization processes at local and landscape scales. In: Bullock, J., Kenward,
R., Hails, R. (Eds.), Dispersal Ecology. Blackwell Science, Oxford, UK, pp. 279-302.

Cain, M.L., Milligan, B.G., Strand, A.E., 2000. Long-distance seed dispersal in plant
populations. Am. J. Bot. 87 (9), 1217-1227.

Campbell, G.S., Blackwell, P.G., Woodward, F.I., 2002. Can landscape-scale character-
istics be used to predict plant invasions along rivers? J. Biogeogr. 29 (4), 535-543,
http://dx.doi.org/10.1046/j.1365-2699.2002.00693.x.

Ester, M., Kriegel, H.-p., Jorg, S., Xu, X., 1996. A density-based algorithm for discov-
ering clusters in large spatial databases with noise. Kdd 96 (34), 226-231.

Ferren Jr., W.R,, Schuyler, A.E., 1980. Intertidal vascular plants of river systems near
Philadelphia. Proc. Acad. Nat. Sci. Phila. 132 (1980), 86-120.

Freckleton, R.P., Watkinson, A.R., 2002. Large-scale spatial dynamics of plants:
metapopulations, regional ensembles and patchy populations. J. Ecol. 90 (3),
419-434, http://dx.doi.org/10.1046/j.1365-2745.2002.00692.x.

Frey, S.J.K., Strong, A.M., McFarland, K.P., 2012. The relative contribution of local
habitat and landscape context to metapopulation processes: a dynamic occu-
pancy modeling approach. Ecography 35 (7), 581-589, http://dx.doi.org/10.
1111/j.1600-0587.2011.06936.x.

Gleason, H.A,, Cronquist, A., 1991. Manual of Vascular Plants of Northeastern United
States and Adjacent Canada, 2nd ed. The New York Botanical Garden, Bronx, NY.

Griffith, A.B., Forseth, I.N., 2003. Establishment and reproduction of Aeschynomene
virginica (L.) (Fabaceae) a rare, annual, wetland species in relation to vegetation
removal and water level. Plant Ecol. 167 (1), 117-125, http://dx.doi.org/10.1023/
A:1023952907092.

Griffith, A.B., 2014. Secondary dispersal in Aeschynomene virginica: do floating seeds
really find a new home? Nat. Areas J. 34 (4), 488-494, http://dx.doi.org/10.3375/
043.034.0411.

Griffith, A.B., Forseth, LN., 2002. Primary and secondary seed dispersal of a rare, tidal
wetland annual, Aeschynomene virginica. Wetlands 22 (4), 696-704, http://dx.
doi.org/10.1672/0277-5212(2002)022[0696:PASSD0]2.0.CO; 2.

Griffith, A.B., Forseth, .N., 2005. Population matrix models of Aeschynomene virginica,
a rare annual plant: implications for conservation. Ecol. Appl. 15 (1), 222-233,
http://dx.doi.org/10.1890/02-5219.

Griffith, A.B., Forseth, L.N., 2006. The role of a seed bank in establishment and per-
sistence of Aeschynomene virginica, a rare wetland annual. Northeastern Nat.
13(2),235-246, http://dx.doi.org/10.1656/1092-6194(2006)13[235:TROASB]2.
0.CO;2.

Grimm, V., Railsback, S., 2005. Individual-Based Modeling and Ecology, Princeton
Series in Theoretical and Computational Biology. Princeton, NJ.

Grimm, V., et al., 2006. A standard protocol for describing individual-based and
agent-based models. Ecol. Model. 198 (1), 115-126.

Grimm, V., Berger, U., Donald, L., DeAngelis, ]., Polhill, G., Giske, ]., Railsback, S.F.,
2010. The ODD protocol: a review and first update. Ecol. Model. 221 (23),
2760-2768, http://dx.doi.org/10.1016/j.ecolmodel.2010.08.019.

Gurnell, A., Tockner, K., Edwards, P., Petts, G., 2005. Effects of deposited wood on
biocomplexity of river corridors. Front. Ecol. Environ. 3 (7), 377-382, http://dx.
doi.org/10.1890/120189.

Harrison, S., Taylor, A., 1997. Empirical evidence for metapopulation dynamics. In:
Metapopulation Biology: Ecology, Genetics, and Evolution. Academic Press, San
Diego, CA, pp. 27-42.

Helfield, J.M., Capon, S.J., Nilsson, C., Jansson, R., Palm, D., 2007. Restoration of rivers
used for timber floating: effects on riparian plant diversity. Ecol. Appl. 17 (3),
840-851, http://dx.doi.org/10.1890/06-0343.

Johansson, M.E., Nilsson, C., 1993. Hydrochory, population dynamics and distribu-
tion of the clonal aquatic plant Ranunculus lingua. J. Ecol. 81 (1), 81, http://dx.
doi.org/10.2307/2261226.

Kubitzki, K., 1991. Dispersal and distribution in Leopoldinia (Palmae). Nordic J. Bot.
11 (4), 429-432, http://dx.doi.org/10.1111/.1756-1051.1991.tb01243 x.

Levine, J., 2003. A patch modeling approach to the community-level consequences
of directional dispersal. Ecology 84, 1215-1224.

Luke, S., Cioffi-revilla, C., Panait, L., Sullivan, K., Balan, G.,2005. MASON: a multi-agent
simulation environment. Simulation 81 (7), 517-527.

Mortelliti, A., 2010. The role of habitat quality in fragmented landscapes: a concep-
tual overview and prospectus for future research. Oecologia 163 (2), 535-547.


dx.doi.org/10.1111/j.1365-2745.2011.01917.x
dx.doi.org/10.1111/j.1365-2745.2011.01917.x
dx.doi.org/10.1111/j.1365-2745.2011.01917.x
dx.doi.org/10.1111/j.1365-2745.2011.01917.x
dx.doi.org/10.1111/j.1365-2745.2011.01917.x
dx.doi.org/10.1111/j.1365-2745.2011.01917.x
dx.doi.org/10.1111/j.1365-2745.2011.01917.x
dx.doi.org/10.1111/j.1365-2745.2011.01917.x
dx.doi.org/10.1111/j.1365-2745.2011.01917.x
dx.doi.org/10.1111/j.1365-2745.2011.01917.x
dx.doi.org/10.1111/j.1365-2745.2011.01917.x
dx.doi.org/10.1111/j.1365-2745.2011.01917.x
http://refhub.elsevier.com/S0304-3800(15)00382-8/sbref0510
http://refhub.elsevier.com/S0304-3800(15)00382-8/sbref0510
http://refhub.elsevier.com/S0304-3800(15)00382-8/sbref0510
http://refhub.elsevier.com/S0304-3800(15)00382-8/sbref0510
http://refhub.elsevier.com/S0304-3800(15)00382-8/sbref0510
http://refhub.elsevier.com/S0304-3800(15)00382-8/sbref0510
http://refhub.elsevier.com/S0304-3800(15)00382-8/sbref0510
http://refhub.elsevier.com/S0304-3800(15)00382-8/sbref0510
http://refhub.elsevier.com/S0304-3800(15)00382-8/sbref0510
http://refhub.elsevier.com/S0304-3800(15)00382-8/sbref0510
http://refhub.elsevier.com/S0304-3800(15)00382-8/sbref0510
http://refhub.elsevier.com/S0304-3800(15)00382-8/sbref0510
http://refhub.elsevier.com/S0304-3800(15)00382-8/sbref0510
http://refhub.elsevier.com/S0304-3800(15)00382-8/sbref0510
http://refhub.elsevier.com/S0304-3800(15)00382-8/sbref0510
http://refhub.elsevier.com/S0304-3800(15)00382-8/sbref0510
http://refhub.elsevier.com/S0304-3800(15)00382-8/sbref0510
http://refhub.elsevier.com/S0304-3800(15)00382-8/sbref0510
http://refhub.elsevier.com/S0304-3800(15)00382-8/sbref0510
http://refhub.elsevier.com/S0304-3800(15)00382-8/sbref0510
http://refhub.elsevier.com/S0304-3800(15)00382-8/sbref0510
http://refhub.elsevier.com/S0304-3800(15)00382-8/sbref0010
http://refhub.elsevier.com/S0304-3800(15)00382-8/sbref0010
http://refhub.elsevier.com/S0304-3800(15)00382-8/sbref0010
http://refhub.elsevier.com/S0304-3800(15)00382-8/sbref0010
http://refhub.elsevier.com/S0304-3800(15)00382-8/sbref0010
http://refhub.elsevier.com/S0304-3800(15)00382-8/sbref0010
http://refhub.elsevier.com/S0304-3800(15)00382-8/sbref0010
http://refhub.elsevier.com/S0304-3800(15)00382-8/sbref0010
http://refhub.elsevier.com/S0304-3800(15)00382-8/sbref0010
http://refhub.elsevier.com/S0304-3800(15)00382-8/sbref0010
http://refhub.elsevier.com/S0304-3800(15)00382-8/sbref0010
http://refhub.elsevier.com/S0304-3800(15)00382-8/sbref0010
http://refhub.elsevier.com/S0304-3800(15)00382-8/sbref0010
http://refhub.elsevier.com/S0304-3800(15)00382-8/sbref0010
http://refhub.elsevier.com/S0304-3800(15)00382-8/sbref0010
http://refhub.elsevier.com/S0304-3800(15)00382-8/sbref0010
http://refhub.elsevier.com/S0304-3800(15)00382-8/sbref0010
http://refhub.elsevier.com/S0304-3800(15)00382-8/sbref0010
http://refhub.elsevier.com/S0304-3800(15)00382-8/sbref0010
http://refhub.elsevier.com/S0304-3800(15)00382-8/sbref0010
dx.doi.org/10.1002/rra.1014
dx.doi.org/10.1002/rra.1014
dx.doi.org/10.1002/rra.1014
dx.doi.org/10.1002/rra.1014
dx.doi.org/10.1002/rra.1014
dx.doi.org/10.1002/rra.1014
dx.doi.org/10.1002/rra.1014
dx.doi.org/10.1002/rra.1014
http://refhub.elsevier.com/S0304-3800(15)00382-8/sbref0020
http://refhub.elsevier.com/S0304-3800(15)00382-8/sbref0020
http://refhub.elsevier.com/S0304-3800(15)00382-8/sbref0020
http://refhub.elsevier.com/S0304-3800(15)00382-8/sbref0020
http://refhub.elsevier.com/S0304-3800(15)00382-8/sbref0020
http://refhub.elsevier.com/S0304-3800(15)00382-8/sbref0020
http://refhub.elsevier.com/S0304-3800(15)00382-8/sbref0020
http://refhub.elsevier.com/S0304-3800(15)00382-8/sbref0020
http://refhub.elsevier.com/S0304-3800(15)00382-8/sbref0020
http://refhub.elsevier.com/S0304-3800(15)00382-8/sbref0020
http://refhub.elsevier.com/S0304-3800(15)00382-8/sbref0020
http://refhub.elsevier.com/S0304-3800(15)00382-8/sbref0020
http://refhub.elsevier.com/S0304-3800(15)00382-8/sbref0020
http://refhub.elsevier.com/S0304-3800(15)00382-8/sbref0020
http://refhub.elsevier.com/S0304-3800(15)00382-8/sbref0020
http://refhub.elsevier.com/S0304-3800(15)00382-8/sbref0020
http://refhub.elsevier.com/S0304-3800(15)00382-8/sbref0020
http://refhub.elsevier.com/S0304-3800(15)00382-8/sbref0020
http://refhub.elsevier.com/S0304-3800(15)00382-8/sbref0020
http://refhub.elsevier.com/S0304-3800(15)00382-8/sbref0020
http://refhub.elsevier.com/S0304-3800(15)00382-8/sbref0020
http://refhub.elsevier.com/S0304-3800(15)00382-8/sbref0020
http://refhub.elsevier.com/S0304-3800(15)00382-8/sbref0020
http://refhub.elsevier.com/S0304-3800(15)00382-8/sbref0020
http://refhub.elsevier.com/S0304-3800(15)00382-8/sbref0020
http://refhub.elsevier.com/S0304-3800(15)00382-8/sbref0020
http://refhub.elsevier.com/S0304-3800(15)00382-8/sbref0020
http://refhub.elsevier.com/S0304-3800(15)00382-8/sbref0020
http://refhub.elsevier.com/S0304-3800(15)00382-8/sbref0020
dx.doi.org/10.2307/1935620
dx.doi.org/10.2307/1935620
dx.doi.org/10.2307/1935620
dx.doi.org/10.2307/1935620
dx.doi.org/10.2307/1935620
dx.doi.org/10.2307/1935620
dx.doi.org/10.2307/1935620
http://refhub.elsevier.com/S0304-3800(15)00382-8/sbref0030
http://refhub.elsevier.com/S0304-3800(15)00382-8/sbref0030
http://refhub.elsevier.com/S0304-3800(15)00382-8/sbref0030
http://refhub.elsevier.com/S0304-3800(15)00382-8/sbref0030
http://refhub.elsevier.com/S0304-3800(15)00382-8/sbref0030
http://refhub.elsevier.com/S0304-3800(15)00382-8/sbref0030
http://refhub.elsevier.com/S0304-3800(15)00382-8/sbref0030
http://refhub.elsevier.com/S0304-3800(15)00382-8/sbref0030
http://refhub.elsevier.com/S0304-3800(15)00382-8/sbref0030
http://refhub.elsevier.com/S0304-3800(15)00382-8/sbref0030
http://refhub.elsevier.com/S0304-3800(15)00382-8/sbref0030
http://refhub.elsevier.com/S0304-3800(15)00382-8/sbref0030
http://refhub.elsevier.com/S0304-3800(15)00382-8/sbref0030
http://refhub.elsevier.com/S0304-3800(15)00382-8/sbref0030
http://refhub.elsevier.com/S0304-3800(15)00382-8/sbref0030
http://refhub.elsevier.com/S0304-3800(15)00382-8/sbref0030
http://refhub.elsevier.com/S0304-3800(15)00382-8/sbref0030
http://refhub.elsevier.com/S0304-3800(15)00382-8/sbref0030
http://refhub.elsevier.com/S0304-3800(15)00382-8/sbref0030
http://refhub.elsevier.com/S0304-3800(15)00382-8/sbref0030
http://refhub.elsevier.com/S0304-3800(15)00382-8/sbref0030
http://refhub.elsevier.com/S0304-3800(15)00382-8/sbref0030
http://refhub.elsevier.com/S0304-3800(15)00382-8/sbref0030
http://refhub.elsevier.com/S0304-3800(15)00382-8/sbref0030
http://refhub.elsevier.com/S0304-3800(15)00382-8/sbref0030
http://refhub.elsevier.com/S0304-3800(15)00382-8/sbref0030
http://refhub.elsevier.com/S0304-3800(15)00382-8/sbref0030
http://refhub.elsevier.com/S0304-3800(15)00382-8/sbref0030
http://refhub.elsevier.com/S0304-3800(15)00382-8/sbref0035
http://refhub.elsevier.com/S0304-3800(15)00382-8/sbref0035
http://refhub.elsevier.com/S0304-3800(15)00382-8/sbref0035
http://refhub.elsevier.com/S0304-3800(15)00382-8/sbref0035
http://refhub.elsevier.com/S0304-3800(15)00382-8/sbref0035
http://refhub.elsevier.com/S0304-3800(15)00382-8/sbref0035
http://refhub.elsevier.com/S0304-3800(15)00382-8/sbref0035
http://refhub.elsevier.com/S0304-3800(15)00382-8/sbref0035
http://refhub.elsevier.com/S0304-3800(15)00382-8/sbref0035
http://refhub.elsevier.com/S0304-3800(15)00382-8/sbref0035
http://refhub.elsevier.com/S0304-3800(15)00382-8/sbref0035
http://refhub.elsevier.com/S0304-3800(15)00382-8/sbref0035
http://refhub.elsevier.com/S0304-3800(15)00382-8/sbref0035
http://refhub.elsevier.com/S0304-3800(15)00382-8/sbref0035
dx.doi.org/10.1046/j.1365-2699.2002.00693.x
dx.doi.org/10.1046/j.1365-2699.2002.00693.x
dx.doi.org/10.1046/j.1365-2699.2002.00693.x
dx.doi.org/10.1046/j.1365-2699.2002.00693.x
dx.doi.org/10.1046/j.1365-2699.2002.00693.x
dx.doi.org/10.1046/j.1365-2699.2002.00693.x
dx.doi.org/10.1046/j.1365-2699.2002.00693.x
dx.doi.org/10.1046/j.1365-2699.2002.00693.x
dx.doi.org/10.1046/j.1365-2699.2002.00693.x
dx.doi.org/10.1046/j.1365-2699.2002.00693.x
dx.doi.org/10.1046/j.1365-2699.2002.00693.x
dx.doi.org/10.1046/j.1365-2699.2002.00693.x
http://refhub.elsevier.com/S0304-3800(15)00382-8/sbref0055
http://refhub.elsevier.com/S0304-3800(15)00382-8/sbref0055
http://refhub.elsevier.com/S0304-3800(15)00382-8/sbref0055
http://refhub.elsevier.com/S0304-3800(15)00382-8/sbref0055
http://refhub.elsevier.com/S0304-3800(15)00382-8/sbref0055
http://refhub.elsevier.com/S0304-3800(15)00382-8/sbref0055
http://refhub.elsevier.com/S0304-3800(15)00382-8/sbref0055
http://refhub.elsevier.com/S0304-3800(15)00382-8/sbref0055
http://refhub.elsevier.com/S0304-3800(15)00382-8/sbref0055
http://refhub.elsevier.com/S0304-3800(15)00382-8/sbref0055
http://refhub.elsevier.com/S0304-3800(15)00382-8/sbref0055
http://refhub.elsevier.com/S0304-3800(15)00382-8/sbref0055
http://refhub.elsevier.com/S0304-3800(15)00382-8/sbref0055
http://refhub.elsevier.com/S0304-3800(15)00382-8/sbref0055
http://refhub.elsevier.com/S0304-3800(15)00382-8/sbref0055
http://refhub.elsevier.com/S0304-3800(15)00382-8/sbref0055
http://refhub.elsevier.com/S0304-3800(15)00382-8/sbref0055
http://refhub.elsevier.com/S0304-3800(15)00382-8/sbref0055
http://refhub.elsevier.com/S0304-3800(15)00382-8/sbref0055
http://refhub.elsevier.com/S0304-3800(15)00382-8/sbref0060
http://refhub.elsevier.com/S0304-3800(15)00382-8/sbref0060
http://refhub.elsevier.com/S0304-3800(15)00382-8/sbref0060
http://refhub.elsevier.com/S0304-3800(15)00382-8/sbref0060
http://refhub.elsevier.com/S0304-3800(15)00382-8/sbref0060
http://refhub.elsevier.com/S0304-3800(15)00382-8/sbref0060
http://refhub.elsevier.com/S0304-3800(15)00382-8/sbref0060
http://refhub.elsevier.com/S0304-3800(15)00382-8/sbref0060
http://refhub.elsevier.com/S0304-3800(15)00382-8/sbref0060
http://refhub.elsevier.com/S0304-3800(15)00382-8/sbref0060
http://refhub.elsevier.com/S0304-3800(15)00382-8/sbref0060
http://refhub.elsevier.com/S0304-3800(15)00382-8/sbref0060
http://refhub.elsevier.com/S0304-3800(15)00382-8/sbref0060
http://refhub.elsevier.com/S0304-3800(15)00382-8/sbref0060
http://refhub.elsevier.com/S0304-3800(15)00382-8/sbref0060
http://refhub.elsevier.com/S0304-3800(15)00382-8/sbref0060
http://refhub.elsevier.com/S0304-3800(15)00382-8/sbref0060
http://refhub.elsevier.com/S0304-3800(15)00382-8/sbref0060
dx.doi.org/10.1046/j.1365-2745.2002.00692.x
dx.doi.org/10.1046/j.1365-2745.2002.00692.x
dx.doi.org/10.1046/j.1365-2745.2002.00692.x
dx.doi.org/10.1046/j.1365-2745.2002.00692.x
dx.doi.org/10.1046/j.1365-2745.2002.00692.x
dx.doi.org/10.1046/j.1365-2745.2002.00692.x
dx.doi.org/10.1046/j.1365-2745.2002.00692.x
dx.doi.org/10.1046/j.1365-2745.2002.00692.x
dx.doi.org/10.1046/j.1365-2745.2002.00692.x
dx.doi.org/10.1046/j.1365-2745.2002.00692.x
dx.doi.org/10.1046/j.1365-2745.2002.00692.x
dx.doi.org/10.1046/j.1365-2745.2002.00692.x
dx.doi.org/10.1111/j.1600-0587.2011.06936.x
dx.doi.org/10.1111/j.1600-0587.2011.06936.x
dx.doi.org/10.1111/j.1600-0587.2011.06936.x
dx.doi.org/10.1111/j.1600-0587.2011.06936.x
dx.doi.org/10.1111/j.1600-0587.2011.06936.x
dx.doi.org/10.1111/j.1600-0587.2011.06936.x
dx.doi.org/10.1111/j.1600-0587.2011.06936.x
dx.doi.org/10.1111/j.1600-0587.2011.06936.x
dx.doi.org/10.1111/j.1600-0587.2011.06936.x
dx.doi.org/10.1111/j.1600-0587.2011.06936.x
dx.doi.org/10.1111/j.1600-0587.2011.06936.x
dx.doi.org/10.1111/j.1600-0587.2011.06936.x
http://refhub.elsevier.com/S0304-3800(15)00382-8/sbref0075
http://refhub.elsevier.com/S0304-3800(15)00382-8/sbref0075
http://refhub.elsevier.com/S0304-3800(15)00382-8/sbref0075
http://refhub.elsevier.com/S0304-3800(15)00382-8/sbref0075
http://refhub.elsevier.com/S0304-3800(15)00382-8/sbref0075
http://refhub.elsevier.com/S0304-3800(15)00382-8/sbref0075
http://refhub.elsevier.com/S0304-3800(15)00382-8/sbref0075
http://refhub.elsevier.com/S0304-3800(15)00382-8/sbref0075
http://refhub.elsevier.com/S0304-3800(15)00382-8/sbref0075
http://refhub.elsevier.com/S0304-3800(15)00382-8/sbref0075
http://refhub.elsevier.com/S0304-3800(15)00382-8/sbref0075
http://refhub.elsevier.com/S0304-3800(15)00382-8/sbref0075
http://refhub.elsevier.com/S0304-3800(15)00382-8/sbref0075
http://refhub.elsevier.com/S0304-3800(15)00382-8/sbref0075
http://refhub.elsevier.com/S0304-3800(15)00382-8/sbref0075
http://refhub.elsevier.com/S0304-3800(15)00382-8/sbref0075
http://refhub.elsevier.com/S0304-3800(15)00382-8/sbref0075
http://refhub.elsevier.com/S0304-3800(15)00382-8/sbref0075
http://refhub.elsevier.com/S0304-3800(15)00382-8/sbref0075
http://refhub.elsevier.com/S0304-3800(15)00382-8/sbref0075
dx.doi.org/10.1023/A:1023952907092
dx.doi.org/10.1023/A:1023952907092
dx.doi.org/10.1023/A:1023952907092
dx.doi.org/10.1023/A:1023952907092
dx.doi.org/10.1023/A:1023952907092
dx.doi.org/10.1023/A:1023952907092
dx.doi.org/10.1023/A:1023952907092
dx.doi.org/10.3375/043.034.0411
dx.doi.org/10.3375/043.034.0411
dx.doi.org/10.3375/043.034.0411
dx.doi.org/10.3375/043.034.0411
dx.doi.org/10.3375/043.034.0411
dx.doi.org/10.3375/043.034.0411
dx.doi.org/10.3375/043.034.0411
dx.doi.org/10.3375/043.034.0411
dx.doi.org/10.3375/043.034.0411
dx.doi.org/10.1672/0277-5212(2002)022[0696:PASSDO]2.0.CO;2
dx.doi.org/10.1672/0277-5212(2002)022[0696:PASSDO]2.0.CO;2
dx.doi.org/10.1672/0277-5212(2002)022[0696:PASSDO]2.0.CO;2
dx.doi.org/10.1672/0277-5212(2002)022[0696:PASSDO]2.0.CO;2
dx.doi.org/10.1672/0277-5212(2002)022[0696:PASSDO]2.0.CO;2
dx.doi.org/10.1672/0277-5212(2002)022[0696:PASSDO]2.0.CO;2
dx.doi.org/10.1672/0277-5212(2002)022[0696:PASSDO]2.0.CO;2
dx.doi.org/10.1672/0277-5212(2002)022[0696:PASSDO]2.0.CO;2
dx.doi.org/10.1672/0277-5212(2002)022[0696:PASSDO]2.0.CO;2
dx.doi.org/10.1672/0277-5212(2002)022[0696:PASSDO]2.0.CO;2
dx.doi.org/10.1890/02-5219
dx.doi.org/10.1890/02-5219
dx.doi.org/10.1890/02-5219
dx.doi.org/10.1890/02-5219
dx.doi.org/10.1890/02-5219
dx.doi.org/10.1890/02-5219
dx.doi.org/10.1890/02-5219
dx.doi.org/10.1890/02-5219
dx.doi.org/10.1656/1092-6194(2006)13[235:TROASB]2.0.CO;2
dx.doi.org/10.1656/1092-6194(2006)13[235:TROASB]2.0.CO;2
dx.doi.org/10.1656/1092-6194(2006)13[235:TROASB]2.0.CO;2
dx.doi.org/10.1656/1092-6194(2006)13[235:TROASB]2.0.CO;2
dx.doi.org/10.1656/1092-6194(2006)13[235:TROASB]2.0.CO;2
dx.doi.org/10.1656/1092-6194(2006)13[235:TROASB]2.0.CO;2
dx.doi.org/10.1656/1092-6194(2006)13[235:TROASB]2.0.CO;2
dx.doi.org/10.1656/1092-6194(2006)13[235:TROASB]2.0.CO;2
dx.doi.org/10.1656/1092-6194(2006)13[235:TROASB]2.0.CO;2
dx.doi.org/10.1656/1092-6194(2006)13[235:TROASB]2.0.CO;2
http://refhub.elsevier.com/S0304-3800(15)00382-8/sbref0610
http://refhub.elsevier.com/S0304-3800(15)00382-8/sbref0610
http://refhub.elsevier.com/S0304-3800(15)00382-8/sbref0610
http://refhub.elsevier.com/S0304-3800(15)00382-8/sbref0610
http://refhub.elsevier.com/S0304-3800(15)00382-8/sbref0610
http://refhub.elsevier.com/S0304-3800(15)00382-8/sbref0610
http://refhub.elsevier.com/S0304-3800(15)00382-8/sbref0610
http://refhub.elsevier.com/S0304-3800(15)00382-8/sbref0610
http://refhub.elsevier.com/S0304-3800(15)00382-8/sbref0610
http://refhub.elsevier.com/S0304-3800(15)00382-8/sbref0610
http://refhub.elsevier.com/S0304-3800(15)00382-8/sbref0610
http://refhub.elsevier.com/S0304-3800(15)00382-8/sbref0610
http://refhub.elsevier.com/S0304-3800(15)00382-8/sbref0610
http://refhub.elsevier.com/S0304-3800(15)00382-8/sbref0650
http://refhub.elsevier.com/S0304-3800(15)00382-8/sbref0650
http://refhub.elsevier.com/S0304-3800(15)00382-8/sbref0650
http://refhub.elsevier.com/S0304-3800(15)00382-8/sbref0650
http://refhub.elsevier.com/S0304-3800(15)00382-8/sbref0650
http://refhub.elsevier.com/S0304-3800(15)00382-8/sbref0650
http://refhub.elsevier.com/S0304-3800(15)00382-8/sbref0650
http://refhub.elsevier.com/S0304-3800(15)00382-8/sbref0650
http://refhub.elsevier.com/S0304-3800(15)00382-8/sbref0650
http://refhub.elsevier.com/S0304-3800(15)00382-8/sbref0650
http://refhub.elsevier.com/S0304-3800(15)00382-8/sbref0650
http://refhub.elsevier.com/S0304-3800(15)00382-8/sbref0650
http://refhub.elsevier.com/S0304-3800(15)00382-8/sbref0650
http://refhub.elsevier.com/S0304-3800(15)00382-8/sbref0650
http://refhub.elsevier.com/S0304-3800(15)00382-8/sbref0650
http://refhub.elsevier.com/S0304-3800(15)00382-8/sbref0650
dx.doi.org/10.1016/j.ecolmodel.2010.08.019
dx.doi.org/10.1016/j.ecolmodel.2010.08.019
dx.doi.org/10.1016/j.ecolmodel.2010.08.019
dx.doi.org/10.1016/j.ecolmodel.2010.08.019
dx.doi.org/10.1016/j.ecolmodel.2010.08.019
dx.doi.org/10.1016/j.ecolmodel.2010.08.019
dx.doi.org/10.1016/j.ecolmodel.2010.08.019
dx.doi.org/10.1016/j.ecolmodel.2010.08.019
dx.doi.org/10.1016/j.ecolmodel.2010.08.019
dx.doi.org/10.1016/j.ecolmodel.2010.08.019
dx.doi.org/10.1016/j.ecolmodel.2010.08.019
dx.doi.org/10.1890/120189
dx.doi.org/10.1890/120189
dx.doi.org/10.1890/120189
dx.doi.org/10.1890/120189
dx.doi.org/10.1890/120189
dx.doi.org/10.1890/120189
dx.doi.org/10.1890/120189
http://refhub.elsevier.com/S0304-3800(15)00382-8/sbref0125
http://refhub.elsevier.com/S0304-3800(15)00382-8/sbref0125
http://refhub.elsevier.com/S0304-3800(15)00382-8/sbref0125
http://refhub.elsevier.com/S0304-3800(15)00382-8/sbref0125
http://refhub.elsevier.com/S0304-3800(15)00382-8/sbref0125
http://refhub.elsevier.com/S0304-3800(15)00382-8/sbref0125
http://refhub.elsevier.com/S0304-3800(15)00382-8/sbref0125
http://refhub.elsevier.com/S0304-3800(15)00382-8/sbref0125
http://refhub.elsevier.com/S0304-3800(15)00382-8/sbref0125
http://refhub.elsevier.com/S0304-3800(15)00382-8/sbref0125
http://refhub.elsevier.com/S0304-3800(15)00382-8/sbref0125
http://refhub.elsevier.com/S0304-3800(15)00382-8/sbref0125
http://refhub.elsevier.com/S0304-3800(15)00382-8/sbref0125
http://refhub.elsevier.com/S0304-3800(15)00382-8/sbref0125
http://refhub.elsevier.com/S0304-3800(15)00382-8/sbref0125
http://refhub.elsevier.com/S0304-3800(15)00382-8/sbref0125
http://refhub.elsevier.com/S0304-3800(15)00382-8/sbref0125
http://refhub.elsevier.com/S0304-3800(15)00382-8/sbref0125
http://refhub.elsevier.com/S0304-3800(15)00382-8/sbref0125
http://refhub.elsevier.com/S0304-3800(15)00382-8/sbref0125
http://refhub.elsevier.com/S0304-3800(15)00382-8/sbref0125
dx.doi.org/10.1890/06-0343
dx.doi.org/10.1890/06-0343
dx.doi.org/10.1890/06-0343
dx.doi.org/10.1890/06-0343
dx.doi.org/10.1890/06-0343
dx.doi.org/10.1890/06-0343
dx.doi.org/10.1890/06-0343
dx.doi.org/10.1890/06-0343
dx.doi.org/10.2307/2261226
dx.doi.org/10.2307/2261226
dx.doi.org/10.2307/2261226
dx.doi.org/10.2307/2261226
dx.doi.org/10.2307/2261226
dx.doi.org/10.2307/2261226
dx.doi.org/10.2307/2261226
dx.doi.org/10.1111/j.1756-1051.1991.tb01243.x
dx.doi.org/10.1111/j.1756-1051.1991.tb01243.x
dx.doi.org/10.1111/j.1756-1051.1991.tb01243.x
dx.doi.org/10.1111/j.1756-1051.1991.tb01243.x
dx.doi.org/10.1111/j.1756-1051.1991.tb01243.x
dx.doi.org/10.1111/j.1756-1051.1991.tb01243.x
dx.doi.org/10.1111/j.1756-1051.1991.tb01243.x
dx.doi.org/10.1111/j.1756-1051.1991.tb01243.x
dx.doi.org/10.1111/j.1756-1051.1991.tb01243.x
dx.doi.org/10.1111/j.1756-1051.1991.tb01243.x
dx.doi.org/10.1111/j.1756-1051.1991.tb01243.x
dx.doi.org/10.1111/j.1756-1051.1991.tb01243.x
http://refhub.elsevier.com/S0304-3800(15)00382-8/sbref0750
http://refhub.elsevier.com/S0304-3800(15)00382-8/sbref0750
http://refhub.elsevier.com/S0304-3800(15)00382-8/sbref0750
http://refhub.elsevier.com/S0304-3800(15)00382-8/sbref0750
http://refhub.elsevier.com/S0304-3800(15)00382-8/sbref0750
http://refhub.elsevier.com/S0304-3800(15)00382-8/sbref0750
http://refhub.elsevier.com/S0304-3800(15)00382-8/sbref0750
http://refhub.elsevier.com/S0304-3800(15)00382-8/sbref0750
http://refhub.elsevier.com/S0304-3800(15)00382-8/sbref0750
http://refhub.elsevier.com/S0304-3800(15)00382-8/sbref0750
http://refhub.elsevier.com/S0304-3800(15)00382-8/sbref0750
http://refhub.elsevier.com/S0304-3800(15)00382-8/sbref0750
http://refhub.elsevier.com/S0304-3800(15)00382-8/sbref0750
http://refhub.elsevier.com/S0304-3800(15)00382-8/sbref0750
http://refhub.elsevier.com/S0304-3800(15)00382-8/sbref0750
http://refhub.elsevier.com/S0304-3800(15)00382-8/sbref0750
http://refhub.elsevier.com/S0304-3800(15)00382-8/sbref0155
http://refhub.elsevier.com/S0304-3800(15)00382-8/sbref0155
http://refhub.elsevier.com/S0304-3800(15)00382-8/sbref0155
http://refhub.elsevier.com/S0304-3800(15)00382-8/sbref0155
http://refhub.elsevier.com/S0304-3800(15)00382-8/sbref0155
http://refhub.elsevier.com/S0304-3800(15)00382-8/sbref0155
http://refhub.elsevier.com/S0304-3800(15)00382-8/sbref0155
http://refhub.elsevier.com/S0304-3800(15)00382-8/sbref0155
http://refhub.elsevier.com/S0304-3800(15)00382-8/sbref0155
http://refhub.elsevier.com/S0304-3800(15)00382-8/sbref0155
http://refhub.elsevier.com/S0304-3800(15)00382-8/sbref0155
http://refhub.elsevier.com/S0304-3800(15)00382-8/sbref0765
http://refhub.elsevier.com/S0304-3800(15)00382-8/sbref0765
http://refhub.elsevier.com/S0304-3800(15)00382-8/sbref0765
http://refhub.elsevier.com/S0304-3800(15)00382-8/sbref0765
http://refhub.elsevier.com/S0304-3800(15)00382-8/sbref0765
http://refhub.elsevier.com/S0304-3800(15)00382-8/sbref0765
http://refhub.elsevier.com/S0304-3800(15)00382-8/sbref0765
http://refhub.elsevier.com/S0304-3800(15)00382-8/sbref0765
http://refhub.elsevier.com/S0304-3800(15)00382-8/sbref0765
http://refhub.elsevier.com/S0304-3800(15)00382-8/sbref0765
http://refhub.elsevier.com/S0304-3800(15)00382-8/sbref0765
http://refhub.elsevier.com/S0304-3800(15)00382-8/sbref0765
http://refhub.elsevier.com/S0304-3800(15)00382-8/sbref0765
http://refhub.elsevier.com/S0304-3800(15)00382-8/sbref0765
http://refhub.elsevier.com/S0304-3800(15)00382-8/sbref0765
http://refhub.elsevier.com/S0304-3800(15)00382-8/sbref0765
http://refhub.elsevier.com/S0304-3800(15)00382-8/sbref0765
http://refhub.elsevier.com/S0304-3800(15)00382-8/sbref0765
http://refhub.elsevier.com/S0304-3800(15)00382-8/sbref0765
http://refhub.elsevier.com/S0304-3800(15)00382-8/sbref0765
http://refhub.elsevier.com/S0304-3800(15)00382-8/sbref0765
http://refhub.elsevier.com/S0304-3800(15)00382-8/sbref0765
http://refhub.elsevier.com/S0304-3800(15)00382-8/sbref0765

M. Crawford et al. / Ecological Modelling 316 (2015) 217-229 229

Nilsson, C., Brown, R.L,, Jansson, R., Merritt, D.M., 2010. The role of hydrochory in
structuring riparian and wetland vegetation. Biol. Rev. 85 (4), 837-858, http://
dx.doi.org/10.1111/j.1469-185X.2010.00129.x.

Odum, W., 1988. Comparative ecology of tidal freshwater and salt marshes. Annu.
Rev. Ecol. Syst. 19 (1), 147-176, http://dx.doi.org/10.1146/annurev.ecolsys.19.
1.147.

Odum, W., Smith, T., Hoover, ]J., Mclvor, C., 1984. The Ecology of Tidal Freshwater
Marshes of the United States East Coast: A Community Profile.

Sannikov, S.N., Sannikova, N.S., 2007. The hypothesis of hydrochorous dissemination
of populations of conifers. Russ. J. Ecol. 38 (2), 75-79, http://dx.doi.org/10.1134/
S1067413607020014.

Simpson, R.L,, Good, R.E., Leck, M.A., Whigham, D.F., 1983. Ecology of tidal freshwater
wetlands. Bioscience 33 (4), 255-259.

Soomers, H., Karssenberg, D., Soons, M.B., Verweij, P.A., Verhoeven, ].T.A., Wassen,
M.J., 2013. Wind and water dispersal of wetland plants across fragmented land-
scapes. Ecosystems 16 (3), 434-451, http://dx.doi.org/10.1007/s10021-012-
9619-y.

The Nature Conservancy, 2010. Annual Monitoring of Sensitive Joint-Vetch
(Aeschynomene virginica) at the Vandell Natural Area Preserve at Cum-
berland Marsh: Annual Report. The Nature Conservancy, Charlottesville,
VA.

US Fish and Wildlife Service, 1992. Endangered and threatened wildlife and plants:
determination of threatened status for the sensitive joint-vetch (Aeschynomene
virginica). Fed. Regist. 57 (98), 21569-21574.

US Fish and Wildlife Service, 1995. Sensitive Joint-Vetch (Aeschynomene virginica)
Recovery Plan.

Van der Meijden, E., Van der Veen-Van Wijk, C.A.M., 1997. Tritrophic metapopula-
tion dynamics: a case study of ragwort, the cinnabar moth, and the parasitoid

Cotesia popularis. In: Hanski, L., Gilpin, M. (Eds.), Metapopulation Biology. Aca-
demic Press, San Diego, CA.

Vogt, K., Rasran, L., Jensen, K., 2006. Seed deposition in drift lines during an extreme
flooding event - evidence for hydrochorous dispersal? Basic Appl. Ecol. 7 (5),
422-432, http://dx.doi.org/10.1016/j.baae.2006.05.007.

Waser, N.M., Vickery, RK., Price, M.V., 1982. Patterns of seed dispersal and popula-
tion differentiation in Mimulus guttatus. Evolution 36 (4), 753-761 http://www.
jstor.org/stable/10.2307/2407888.

Whigham, D., McCormick, ]., Good, R., Simpson, R., 1978. Biomass and primary pro-
duction in freshwater tidal wetlands of the middle Atlantic coast. In: Good, R.,
Whigham, D., Simpson, R. (Eds.), Freshwater Wetlands. New York Academic
Press, New York, NY, pp. 3-20.

Wolters, M., Garbutt, A., Bakker, J., 2005. Plant colonization after managed realign-
ment: the relative importance of diaspore dispersal.]. Appl. Ecol. 42 (4),770-777,
http://dx.doi.org/10.1111/j.1365-2664.2005.01051.X.

Geospatial data sources

[1] New Kent County, VA, 2012 National Ag. Imagery Program
Mosaic, United States Department of Agriculture, 2012.

[2] New Kent County, VA, 2012 National Hydrography Dataset,
The National Map, United States Geological Survey, 2012.

[3] Division of Natural Heritage, 2011. Element occurrence
records — Aeschynomene virginica. Virginia Department of Conser-
vation and Recreation, Richmond, VA.


dx.doi.org/10.1111/j.1469-185X.2010.00129.x
dx.doi.org/10.1111/j.1469-185X.2010.00129.x
dx.doi.org/10.1111/j.1469-185X.2010.00129.x
dx.doi.org/10.1111/j.1469-185X.2010.00129.x
dx.doi.org/10.1111/j.1469-185X.2010.00129.x
dx.doi.org/10.1111/j.1469-185X.2010.00129.x
dx.doi.org/10.1111/j.1469-185X.2010.00129.x
dx.doi.org/10.1111/j.1469-185X.2010.00129.x
dx.doi.org/10.1111/j.1469-185X.2010.00129.x
dx.doi.org/10.1111/j.1469-185X.2010.00129.x
dx.doi.org/10.1111/j.1469-185X.2010.00129.x
dx.doi.org/10.1111/j.1469-185X.2010.00129.x
dx.doi.org/10.1146/annurev.ecolsys.19.1.147
dx.doi.org/10.1146/annurev.ecolsys.19.1.147
dx.doi.org/10.1146/annurev.ecolsys.19.1.147
dx.doi.org/10.1146/annurev.ecolsys.19.1.147
dx.doi.org/10.1146/annurev.ecolsys.19.1.147
dx.doi.org/10.1146/annurev.ecolsys.19.1.147
dx.doi.org/10.1146/annurev.ecolsys.19.1.147
dx.doi.org/10.1146/annurev.ecolsys.19.1.147
dx.doi.org/10.1146/annurev.ecolsys.19.1.147
dx.doi.org/10.1146/annurev.ecolsys.19.1.147
dx.doi.org/10.1146/annurev.ecolsys.19.1.147
http://refhub.elsevier.com/S0304-3800(15)00382-8/sbref0170
http://refhub.elsevier.com/S0304-3800(15)00382-8/sbref0170
http://refhub.elsevier.com/S0304-3800(15)00382-8/sbref0170
http://refhub.elsevier.com/S0304-3800(15)00382-8/sbref0170
http://refhub.elsevier.com/S0304-3800(15)00382-8/sbref0170
http://refhub.elsevier.com/S0304-3800(15)00382-8/sbref0170
http://refhub.elsevier.com/S0304-3800(15)00382-8/sbref0170
http://refhub.elsevier.com/S0304-3800(15)00382-8/sbref0170
http://refhub.elsevier.com/S0304-3800(15)00382-8/sbref0170
http://refhub.elsevier.com/S0304-3800(15)00382-8/sbref0170
http://refhub.elsevier.com/S0304-3800(15)00382-8/sbref0170
http://refhub.elsevier.com/S0304-3800(15)00382-8/sbref0170
http://refhub.elsevier.com/S0304-3800(15)00382-8/sbref0170
http://refhub.elsevier.com/S0304-3800(15)00382-8/sbref0170
http://refhub.elsevier.com/S0304-3800(15)00382-8/sbref0170
dx.doi.org/10.1134/S1067413607020014
dx.doi.org/10.1134/S1067413607020014
dx.doi.org/10.1134/S1067413607020014
dx.doi.org/10.1134/S1067413607020014
dx.doi.org/10.1134/S1067413607020014
dx.doi.org/10.1134/S1067413607020014
dx.doi.org/10.1134/S1067413607020014
http://refhub.elsevier.com/S0304-3800(15)00382-8/sbref0195
http://refhub.elsevier.com/S0304-3800(15)00382-8/sbref0195
http://refhub.elsevier.com/S0304-3800(15)00382-8/sbref0195
http://refhub.elsevier.com/S0304-3800(15)00382-8/sbref0195
http://refhub.elsevier.com/S0304-3800(15)00382-8/sbref0195
http://refhub.elsevier.com/S0304-3800(15)00382-8/sbref0195
http://refhub.elsevier.com/S0304-3800(15)00382-8/sbref0195
http://refhub.elsevier.com/S0304-3800(15)00382-8/sbref0195
http://refhub.elsevier.com/S0304-3800(15)00382-8/sbref0195
http://refhub.elsevier.com/S0304-3800(15)00382-8/sbref0195
http://refhub.elsevier.com/S0304-3800(15)00382-8/sbref0195
dx.doi.org/10.1007/s10021-012-9619-y
dx.doi.org/10.1007/s10021-012-9619-y
dx.doi.org/10.1007/s10021-012-9619-y
dx.doi.org/10.1007/s10021-012-9619-y
dx.doi.org/10.1007/s10021-012-9619-y
dx.doi.org/10.1007/s10021-012-9619-y
dx.doi.org/10.1007/s10021-012-9619-y
dx.doi.org/10.1007/s10021-012-9619-y
dx.doi.org/10.1007/s10021-012-9619-y
dx.doi.org/10.1007/s10021-012-9619-y
http://refhub.elsevier.com/S0304-3800(15)00382-8/sbref0045
http://refhub.elsevier.com/S0304-3800(15)00382-8/sbref0045
http://refhub.elsevier.com/S0304-3800(15)00382-8/sbref0045
http://refhub.elsevier.com/S0304-3800(15)00382-8/sbref0045
http://refhub.elsevier.com/S0304-3800(15)00382-8/sbref0045
http://refhub.elsevier.com/S0304-3800(15)00382-8/sbref0045
http://refhub.elsevier.com/S0304-3800(15)00382-8/sbref0045
http://refhub.elsevier.com/S0304-3800(15)00382-8/sbref0045
http://refhub.elsevier.com/S0304-3800(15)00382-8/sbref0045
http://refhub.elsevier.com/S0304-3800(15)00382-8/sbref0045
http://refhub.elsevier.com/S0304-3800(15)00382-8/sbref0045
http://refhub.elsevier.com/S0304-3800(15)00382-8/sbref0045
http://refhub.elsevier.com/S0304-3800(15)00382-8/sbref0045
http://refhub.elsevier.com/S0304-3800(15)00382-8/sbref0045
http://refhub.elsevier.com/S0304-3800(15)00382-8/sbref0045
http://refhub.elsevier.com/S0304-3800(15)00382-8/sbref0045
http://refhub.elsevier.com/S0304-3800(15)00382-8/sbref0045
http://refhub.elsevier.com/S0304-3800(15)00382-8/sbref0045
http://refhub.elsevier.com/S0304-3800(15)00382-8/sbref0045
http://refhub.elsevier.com/S0304-3800(15)00382-8/sbref0045
http://refhub.elsevier.com/S0304-3800(15)00382-8/sbref0045
http://refhub.elsevier.com/S0304-3800(15)00382-8/sbref0045
http://refhub.elsevier.com/S0304-3800(15)00382-8/sbref0045
http://refhub.elsevier.com/S0304-3800(15)00382-8/sbref0045
http://refhub.elsevier.com/S0304-3800(15)00382-8/sbref0045
http://refhub.elsevier.com/S0304-3800(15)00382-8/sbref0045
http://refhub.elsevier.com/S0304-3800(15)00382-8/sbref0215
http://refhub.elsevier.com/S0304-3800(15)00382-8/sbref0215
http://refhub.elsevier.com/S0304-3800(15)00382-8/sbref0215
http://refhub.elsevier.com/S0304-3800(15)00382-8/sbref0215
http://refhub.elsevier.com/S0304-3800(15)00382-8/sbref0215
http://refhub.elsevier.com/S0304-3800(15)00382-8/sbref0215
http://refhub.elsevier.com/S0304-3800(15)00382-8/sbref0215
http://refhub.elsevier.com/S0304-3800(15)00382-8/sbref0215
http://refhub.elsevier.com/S0304-3800(15)00382-8/sbref0215
http://refhub.elsevier.com/S0304-3800(15)00382-8/sbref0215
http://refhub.elsevier.com/S0304-3800(15)00382-8/sbref0215
http://refhub.elsevier.com/S0304-3800(15)00382-8/sbref0215
http://refhub.elsevier.com/S0304-3800(15)00382-8/sbref0215
http://refhub.elsevier.com/S0304-3800(15)00382-8/sbref0215
http://refhub.elsevier.com/S0304-3800(15)00382-8/sbref0215
http://refhub.elsevier.com/S0304-3800(15)00382-8/sbref0215
http://refhub.elsevier.com/S0304-3800(15)00382-8/sbref0215
http://refhub.elsevier.com/S0304-3800(15)00382-8/sbref0215
http://refhub.elsevier.com/S0304-3800(15)00382-8/sbref0215
http://refhub.elsevier.com/S0304-3800(15)00382-8/sbref0215
http://refhub.elsevier.com/S0304-3800(15)00382-8/sbref0215
http://refhub.elsevier.com/S0304-3800(15)00382-8/sbref0215
http://refhub.elsevier.com/S0304-3800(15)00382-8/sbref0215
http://refhub.elsevier.com/S0304-3800(15)00382-8/sbref0215
http://refhub.elsevier.com/S0304-3800(15)00382-8/sbref0215
http://refhub.elsevier.com/S0304-3800(15)00382-8/sbref0220
http://refhub.elsevier.com/S0304-3800(15)00382-8/sbref0220
http://refhub.elsevier.com/S0304-3800(15)00382-8/sbref0220
http://refhub.elsevier.com/S0304-3800(15)00382-8/sbref0220
http://refhub.elsevier.com/S0304-3800(15)00382-8/sbref0220
http://refhub.elsevier.com/S0304-3800(15)00382-8/sbref0220
http://refhub.elsevier.com/S0304-3800(15)00382-8/sbref0220
http://refhub.elsevier.com/S0304-3800(15)00382-8/sbref0220
http://refhub.elsevier.com/S0304-3800(15)00382-8/sbref0225
http://refhub.elsevier.com/S0304-3800(15)00382-8/sbref0225
http://refhub.elsevier.com/S0304-3800(15)00382-8/sbref0225
http://refhub.elsevier.com/S0304-3800(15)00382-8/sbref0225
http://refhub.elsevier.com/S0304-3800(15)00382-8/sbref0225
http://refhub.elsevier.com/S0304-3800(15)00382-8/sbref0225
http://refhub.elsevier.com/S0304-3800(15)00382-8/sbref0225
http://refhub.elsevier.com/S0304-3800(15)00382-8/sbref0225
http://refhub.elsevier.com/S0304-3800(15)00382-8/sbref0225
http://refhub.elsevier.com/S0304-3800(15)00382-8/sbref0225
http://refhub.elsevier.com/S0304-3800(15)00382-8/sbref0225
http://refhub.elsevier.com/S0304-3800(15)00382-8/sbref0225
http://refhub.elsevier.com/S0304-3800(15)00382-8/sbref0225
http://refhub.elsevier.com/S0304-3800(15)00382-8/sbref0225
http://refhub.elsevier.com/S0304-3800(15)00382-8/sbref0225
http://refhub.elsevier.com/S0304-3800(15)00382-8/sbref0225
http://refhub.elsevier.com/S0304-3800(15)00382-8/sbref0225
http://refhub.elsevier.com/S0304-3800(15)00382-8/sbref0225
http://refhub.elsevier.com/S0304-3800(15)00382-8/sbref0225
http://refhub.elsevier.com/S0304-3800(15)00382-8/sbref0225
http://refhub.elsevier.com/S0304-3800(15)00382-8/sbref0225
http://refhub.elsevier.com/S0304-3800(15)00382-8/sbref0225
http://refhub.elsevier.com/S0304-3800(15)00382-8/sbref0225
http://refhub.elsevier.com/S0304-3800(15)00382-8/sbref0225
http://refhub.elsevier.com/S0304-3800(15)00382-8/sbref0225
http://refhub.elsevier.com/S0304-3800(15)00382-8/sbref0225
http://refhub.elsevier.com/S0304-3800(15)00382-8/sbref0225
http://refhub.elsevier.com/S0304-3800(15)00382-8/sbref0225
http://refhub.elsevier.com/S0304-3800(15)00382-8/sbref0225
http://refhub.elsevier.com/S0304-3800(15)00382-8/sbref0225
http://refhub.elsevier.com/S0304-3800(15)00382-8/sbref0225
http://refhub.elsevier.com/S0304-3800(15)00382-8/sbref0225
dx.doi.org/10.1016/j.baae.2006.05.007
dx.doi.org/10.1016/j.baae.2006.05.007
dx.doi.org/10.1016/j.baae.2006.05.007
dx.doi.org/10.1016/j.baae.2006.05.007
dx.doi.org/10.1016/j.baae.2006.05.007
dx.doi.org/10.1016/j.baae.2006.05.007
dx.doi.org/10.1016/j.baae.2006.05.007
dx.doi.org/10.1016/j.baae.2006.05.007
dx.doi.org/10.1016/j.baae.2006.05.007
dx.doi.org/10.1016/j.baae.2006.05.007
dx.doi.org/10.1016/j.baae.2006.05.007
http://www.jstor.org/stable/10.2307/2407888
http://www.jstor.org/stable/10.2307/2407888
http://www.jstor.org/stable/10.2307/2407888
http://www.jstor.org/stable/10.2307/2407888
http://www.jstor.org/stable/10.2307/2407888
http://www.jstor.org/stable/10.2307/2407888
http://www.jstor.org/stable/10.2307/2407888
http://www.jstor.org/stable/10.2307/2407888
http://refhub.elsevier.com/S0304-3800(15)00382-8/sbref0240
http://refhub.elsevier.com/S0304-3800(15)00382-8/sbref0240
http://refhub.elsevier.com/S0304-3800(15)00382-8/sbref0240
http://refhub.elsevier.com/S0304-3800(15)00382-8/sbref0240
http://refhub.elsevier.com/S0304-3800(15)00382-8/sbref0240
http://refhub.elsevier.com/S0304-3800(15)00382-8/sbref0240
http://refhub.elsevier.com/S0304-3800(15)00382-8/sbref0240
http://refhub.elsevier.com/S0304-3800(15)00382-8/sbref0240
http://refhub.elsevier.com/S0304-3800(15)00382-8/sbref0240
http://refhub.elsevier.com/S0304-3800(15)00382-8/sbref0240
http://refhub.elsevier.com/S0304-3800(15)00382-8/sbref0240
http://refhub.elsevier.com/S0304-3800(15)00382-8/sbref0240
http://refhub.elsevier.com/S0304-3800(15)00382-8/sbref0240
http://refhub.elsevier.com/S0304-3800(15)00382-8/sbref0240
http://refhub.elsevier.com/S0304-3800(15)00382-8/sbref0240
http://refhub.elsevier.com/S0304-3800(15)00382-8/sbref0240
http://refhub.elsevier.com/S0304-3800(15)00382-8/sbref0240
http://refhub.elsevier.com/S0304-3800(15)00382-8/sbref0240
http://refhub.elsevier.com/S0304-3800(15)00382-8/sbref0240
http://refhub.elsevier.com/S0304-3800(15)00382-8/sbref0240
http://refhub.elsevier.com/S0304-3800(15)00382-8/sbref0240
http://refhub.elsevier.com/S0304-3800(15)00382-8/sbref0240
http://refhub.elsevier.com/S0304-3800(15)00382-8/sbref0240
http://refhub.elsevier.com/S0304-3800(15)00382-8/sbref0240
http://refhub.elsevier.com/S0304-3800(15)00382-8/sbref0240
http://refhub.elsevier.com/S0304-3800(15)00382-8/sbref0240
http://refhub.elsevier.com/S0304-3800(15)00382-8/sbref0240
http://refhub.elsevier.com/S0304-3800(15)00382-8/sbref0240
http://refhub.elsevier.com/S0304-3800(15)00382-8/sbref0240
http://refhub.elsevier.com/S0304-3800(15)00382-8/sbref0240
http://refhub.elsevier.com/S0304-3800(15)00382-8/sbref0240
http://refhub.elsevier.com/S0304-3800(15)00382-8/sbref0240
http://refhub.elsevier.com/S0304-3800(15)00382-8/sbref0240
http://refhub.elsevier.com/S0304-3800(15)00382-8/sbref0240
http://refhub.elsevier.com/S0304-3800(15)00382-8/sbref0240
dx.doi.org/10.1111/j.1365-2664.2005.01051.x
dx.doi.org/10.1111/j.1365-2664.2005.01051.x
dx.doi.org/10.1111/j.1365-2664.2005.01051.x
dx.doi.org/10.1111/j.1365-2664.2005.01051.x
dx.doi.org/10.1111/j.1365-2664.2005.01051.x
dx.doi.org/10.1111/j.1365-2664.2005.01051.x
dx.doi.org/10.1111/j.1365-2664.2005.01051.x
dx.doi.org/10.1111/j.1365-2664.2005.01051.x
dx.doi.org/10.1111/j.1365-2664.2005.01051.x
dx.doi.org/10.1111/j.1365-2664.2005.01051.x
dx.doi.org/10.1111/j.1365-2664.2005.01051.x
dx.doi.org/10.1111/j.1365-2664.2005.01051.x

	Predicting metapopulation responses of a tidal wetland annual to environmental stochasticity and water dispersal through a...
	1 Introduction
	1.1 Sensitive joint-vetch
	1.2 Hydrochory
	1.3 Metapopulation dynamics and patch quality
	1.4 Previous models

	2 The model
	2.1 Purpose
	2.2 Entities, state variables, and scales
	2.3 Process overview and scheduling
	2.4 Design concepts
	2.4.1 Emergence
	2.4.2 Interaction
	2.4.3 Stochasticity
	2.4.4 Observation

	2.5 Initialization
	2.6 Input data
	2.7 Submodels
	2.7.1 Hydrochory
	2.7.2 Life cycle
	2.7.3 Propensity
	2.7.4 Environmental stochasticity
	2.7.5 Carrying capacity


	3 Calibration
	4 Results
	4.1 Environmental stochasticity
	4.2 Hydrochory
	4.3 Clustering analysis
	4.4 Rescue effect

	5 Discussion
	5.1 Investigating the importance of hydrochory on metapopulation dynamics
	5.2 Environmental stochasticity's influence on metapopulation dynamics
	5.3 Is “propensity” a viable proxy for patch suitability?
	5.4 The calibration factor (CF) and thoughts for model revision

	6 Conclusions
	Acknowledgements
	References

	Geospatial data sources

