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ABSTRACT OF THE DISSERTATION
A CONFLUENCE OF INVASION, BEHAVIORAL,
AND THEORETICAL ECOLOGY:

WHAT DRIVES EPHEMERAL METACOMMUNITY RE-ASSEMBLY?

by

Jesse Ryan Blanchard
Florida International University, 2018
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Professor Jennifer S. Rehage, Major Professor

Metacommunity theory has been particularly useful in understanding the way spatially
structured communities assemble. Both niche and neutral processes are known to
influence metacommunity assembly, and the relative influence of each depends on the
level of dispersal-limitation. Contemporary trait-based analyses of metacommunity
assembly have enhanced our understanding of these processes. Of the traits investigated,
individual personalities have received the least attention, but have been suggested to be
drivers of metacommunity assembly model parameters, such as dispersal tendencies and
patch density. | address this topic from three angles, three chapters, in this dissertation.
First, | used a three-year field survey of fish metacommunity assembly in Everglades
National Park to investigate the influence of dispersal-limitation on trait-based
metacommunity assembly, asking which traits were important under different levels of
dispersal-limitation. | found that the relative influence of traits and local environmental

factors decreased, and the influence of regional factors increased with increasing
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dispersal-limitation. The Rocky Glades has recently been invaded by a micropiscivore
with many novel traits, the African Jewelfish. In the second chapter I used my field data
to ask what influence this invader has on metacommunity assembly. Overall, African
Jewelfish abundance was the third most influential factor in driving assembly. I also used
data, which were previously collected by collaborators, from three years prior and two
years following the invasion to observe shifts in assembly rules. Assembly became
significantly more aggregative immediately following the invasion, a condition which
persisted more than a decade later. All previous studies asking the same question, found
the same result: invasive introductions correspond with increased species aggregation.
This may be a consistent, taxa-independent signal of truly invasive species that can be
detected early in the invasion process, making it a potentially useful management tool
after further empirical review. In the final chapter, I investigate the potential influence of
individual personalities on a metapopulation’s structure. To do this, | used a behavioral
individual-based model to explore the influence of sociability, an individual’s propensity
to associate with conspecifics, on metapopulation structure at ecologically relevant
spatiotemporal scales. | found that individual sociability can significant influence key
metapopulation parameters such as dispersal distance and patch density but may not
influence landscape occupation. Chapter three concludes with new hypothesis to be
evaluated by future field studies. Overall, this dissertation demonstrates the relative roles
of invasions, species traits, and individual personalities on metacommunity assembly

processes.
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INTRODUCTION
The rules of community assembly have been at the forefront of ecology for

several decades (Diamond 1975, Cadotte et al. 2013). In particular, the metacommunity
concept has been a major driver of recent advances through its explicit consideration of
regional heterogeneity, local factors and dispersal (Leibold et al. 2004, Holyoak et al.
2005, Jacobson and Peres-Neto 2010, Logue et al. 2011). Much of the metacommunity
assembly work to date has focused on understanding the varying contribution of local vs.
regional forces to assembly processes at various taxonomic (e.g., Zheng et al. 2015), and
spatial scales (e.g., Mouquet and Loreau 2003). Two key insights from this literature are
that 1) the relative importance of these regional vs. local forces varies along dispersal-
limitation gradients (Winegardner et al. 2012, Padial et al. 2014), and 2) inter- and
intraspecific trait variation are highly influential during assembly (Violle et al. 2007,

Dolbeth et al. 2013, Kittelson et al. 2015).

The observed shift of assembly drivers in response to changing dispersal-
limitation has been the net result of many individual studies (see Winegardner et al. 2012
for a more thorough discussion). Strong limitation tends to result in competitive
structuring (Winegardner et al. 2012, Leibold et al. 2016), while moderately limited
metacommunities assemble along environmental gradients (Winegardner et al. 2012,
Sarremejane et al. 2017), and a lack of limitation tends to result in neutrality, essentially
stochasticity (Hubbell 2001a, Muneepeerakul et al. 2008, Winegardner et al. 2012).
Despite this insight, ecologists still lack a complete understanding of assembly
mechanisms. The way species are influenced by the environment, and therefore the

underlying reasons for the influences of local and regional factors, is determined by their



traits (Petchey and Gaston 2006, Loughnan and Gilbert 2017). Recent works have
suggested that interspecific trait variation can be the most influential drivers of assembly,
explaining more variance in biodiversity data than any environmental factors (Gianuca et
al. 2016). For example, body size is an important driver of zooplankton a-diversity, with
traits explaining 22.8% maore of the variance than traditional environmental factors
(Gianuca et al. 2016). However, how the relative influence of these traits shifts along the
dispersal-limitation gradient is currently unknown. The influence of interspecific trait
variation may also explain the high relative influence of certain individual species on

assembly mechanisms.

The high influence of individual species on the spatiotemporal distribution of
species has been well documented. For example, some predators can shift prey
distributions resulting in patchy prey aggregations (Mouquet et al. 2005), while others
prevent emigration without inhibiting immigration at local patches, increasing local
abundances and diversities (e.g., Stier et al. 2013). However, if individual species can be
drivers of assembly mechanisms, then this leads us to ask: what influence does the
introduction of a new species have on assembly? The answer to this question is currently
unknown, but potentially important. Invasion impacts can range from non-significant to
catastrophic (Cucherousset and Olden 2011), with the most damaging invasions resulting
in multi-species extirpations (e.g., Nile Perch; Goudswaard et al. 2006), yet few
commonalities have been described to allow prediction of these impacts (see Simberloff
et al. 2013 for discussion on this). Given the ever increasing global rate of biological
invasions, and increasing stresses of climatic changes on native communities (Huang et

al. 2011, Rehage and Blanchard 2016), understanding which invaders will impact



metacommunity assembly, and how, is essential for the proper management of spatially
structured populations in the Anthropocene. In addition to this high relative influence of
interspecific trait-variation, intraspecific variation has also been shown to be highly

influential.

It has been demonstrated that differences within a species can restructure
individual metapopulations within metacommunities, in both space and time, via
dispersal mediation (e.g., Hawkes, 2009; Sutherland et al., 2014). Of the types of
individual traits investigated, among the most poorly understood are individual
personalities. These physically cryptic traits have been shown to influence propagule
dispersal tendencies (Duckworth and Badyaev 2007, Cote et al. 2010a, Myles-Gonzalez
et al. 2015), dispersal speeds (Maes et al. 2013), dispersal distances (Cote et al. 2010b),
competitive abilities (Groen et al. 2012, Capelle et al. 2015), physiological states (Myles-
Gonzalez et al. 2015), parental abilities (Duckworth and Badyaev 2007), and colonization
behaviors (Duckworth 2008, Groen et al. 2012). However, few studies describe the
impact of personalities on metapopulation structure. Those that do, tend to focus on
boldness (e.g., Myles-Gonzalez et al. 2015) and aggression (e.g., Duckworth and
Badyaev 2007). Sociability has received comparatively little attention, despite empirical
support for its importance. Sociability, the propensity to associate with conspecifics, has
been demonstrated to influence the spatiotemporal structure of metapopulations by
altering the likelihood of an individual to disperse, and how they perceive the quality of
patches (Cote and Clobert 2007, Cote et al. 2010b, 2010a). Previous works suggest
asocial individuals travel further, and that sociability is negatively associated with patch

density in mesocosms (Cote and Clobert 2007, Cote et al. 2010b, 2010a), but no large



scale (10’s-100’s of km) studies considering dispersal-limitation have been performed.
Given these three gaps in ecological understanding of assembly processes, | address the

following questions in this dissertation:

1) How do the relative influences, on metacommunity assembly, of species traits,
local and regional factors shift along a dispersal-limitation gradient?

2) What influence, if any, do invasive species have on metacommunity
assembly?

3) Can intraspecific sociability variation influence the spatiotemporal

distribution of a species at ecologically relevant spatiotemporal scales?

Chapter | describes the observation of three consecutive assembly events in the
Rocky Glades fish metacommunity. This ephemeral marsh, in Everglades National Park,
floods and desiccates annually (Loftus et al. 1992, McVoy et al. 2011). The duration of
these flooding events presumably dictates the level of dispersal-limitation for fish in this
system, and annual desiccation results in a functional extirpation of all but the longest
hydroperiod source habitats (Rehage et al. 2014). Each observed assembly event had
distinct hydrological patterns resulting in a gradient of low-high dispersal-limitation.
Along with traditional local and regional scale environmental factors, | also evaluate the
influence of five species traits on the assembling patch communities. Each assembly
event is described in terms of the shifting relative importance of these traits, as well as

local and regional environmental factors.

In Chapter Il | focus on understanding the relative influence of invasive species

on metacommunity assembly. Using historic data, | investigate how the African Jewelfish



(Hemichromis letourneuxi), a recent invader to the Rocky Glades, influenced
metacommunity assembly. | also evaluate their role in contemporary invasions, relative
to environmental factors, using the field data obtained in Chapter I. Chapter | concludes
with a comprehensive literature review to determine if invasions have a repeatable
influence on assembly. I finish with the discussion of a hypothesized taxa-independent
signal of invasive species introductions that can be quickly detected using standard

biodiversity data, which could be a useful management tool.

In the closing chapter, | built and analyzed an empirically parameterized
behavioral individual based model. Using this model, | investigate how population
sociability can influence metapopulation assembly in a Rocky Glades-like environment,
and how the length of the dispersal window (dispersal-limitation) mediates this
structuring. | conclude by posing a series of hypothesized relationships which can be

directly evaluated with field-data and suggest methodologies for doing so.



CHAPTER I

TRAIT BASED RE-ASSEMBLY: WHAT DRIVES EPHEMERAL

METACOMMUNITY

RE-ASSEMBLY?



ABSTRACT

Recent literature suggests that the relative influence of local and regional factors
on metacommunity assembly shifts along a dispersal-limitation gradient. Interspecific
variation in the traits which interact with these factors has also been shown to be a
primary driver of assembly. | hypothesized that the relative influence of five species traits
(each related to life-history, competitive, or dispersal abilities) along with local and
regional environmental factors, would shift along a dispersal-limitation gradient. The
hypothesis was tested in the Rocky Glades region of Everglades National Park, an
ephemeral karstic marsh, by observing assembly in aquatic refugia at the onset of three
consecutive dry seasons (2013-2015), each following natural extirpation events, with
differing levels of dispersal-limitation. I find broad support for my hypothesis, with
individual traits contributing 85% of the explainable variance in the least dispersal
limited assembly event, to 60% under moderate limitation and 51% with the highest
dispersal-limitation. The decreasing influence of traits corresponded with an increasing
influence of regional factors as dispersal-limitation became more severe, from less than
1% to 39%, and a decrease in the influence of local factors, from 15% to 10%, as
dispersal-limitation was increased. Of the traits that we investigated, life history and
competitive traits were the most useful in deriving explanatory models. Dispersal traits
had relatively high influences on assembly regardless of dispersal-limitation. The
inclusion of these traits resulted in substantially more variance in metacommunity
assembly events being explainable, and their relative influence shifted along a dispersal-

limitation gradient. In agreement with previous works, we suggest metacommunity



assembly be considered a trait-based process which responds directly to dispersal-

limitation gradients.

INTRODUCTION

The rules of community assembly have been at the forefront of ecology for
several decades (Diamond 1975, Cadotte et al. 2013). In particular, the metacommunity
concept has been a major driver of recent advances through its explicit consideration of
regional heterogeneity, local factors, and dispersal (Leibold et al. 2004, Holyoak et al.
2005, Jacobson and Peres-Neto 2010, Logue et al. 2011). Much of the metacommunity
assembly work to date has focused on understanding the varying contribution of local vs.
regional forces to assembly processes at various taxonomic (e.g., Zheng et al. 2015), and
spatial scales (e.g., Mouquet and Loreau 2003). One key insight from the literature is that
the relative importance of these regional vs. local forces varies along dispersal gradients
(Winegardner et al. 2012, Padial et al. 2014). Specifically, assembling metacommunities
with high dispersal tend to have weak associations with the environment, while those
with moderate to low dispersal (or high dispersal-limitation), show strong effects of
environmental factors (Winegardner et al. 2012, Sarremejane et al. 2017). Heavily
limiting dispersal typically results in intensified interspecific interactions, with a reduced

influence of environmental factors (Winegardner et al. 2012, Leibold et al. 2016).

While these insights have contributed greatly to our understanding of assembly
processes, environmental factors, whether local or regional, typically explain a limited
amount of the variance in metacommunity assembly (Soininen 2014). In particular,

recent efforts have demonstrated the need to consider functional traits, as they underlie



the mechanisms driving environmental and interspecific interactions (Petchey and
Gaston 2006, Loughnan and Gilbert 2017). For example, life-history traits were useful
for describing a butterfly metacommunity’s assembly (Pavoine et al. 2014), and the
dispersal abilities of aquatic macroinvertebrates interacted with environmental factors to
drive stream-riffle assemblages (Sarremejane et al. 2017). Competition-related traits,
such as body size, can be important drivers of zooplankton a diversity, while
Mmicrohabitat use patterns explain B diversity (Gianuca et al. 2016). In the same
zooplankton metacommunity, Gianuca et al. (2016) also showed the added value of traits
to the study of assembly dynamics. Accounting only for typical environmental and spatial
variables, they could explain approximately 18% of the variance in assembly. However,
through trait-based analyses they could explain an additional 22.8% of the variance in a

diversity, and 30.8% of the variance in B diversity.

These examples highlight how the inclusion of traits in describing
metacommunity assembly is informative, but they also show that understanding which
traits are important under what conditions remains unresolved. The variability in the
importance and type of traits influencing assembly likely reflects the context dependency
of the metacommunity assembly process itself. As traits influence the way species
interact with environmental factors (Violle et al. 2007), and the relative influence of these
factors change along a dispersal-limitation gradient (Winegardner et al. 2012), we expect
the relative importance of different types of traits to also shift along this gradient. Yet,
few studies quantify assembly repeatedly across varying environmental conditions, while
accounting for the role of various traits. Those that have, have typically observed

significant relationships between functional traits and key environmental gradients. For



example, Spasojevic et al. (2014) found that trait variation among species tended to be
lowest in patches with the greatest dispersal-limitation, isolation, and lowest temperatures

at the highest elevations in their ‘alpine sky island’ metacommunity.

In the present study, we examined the varying importance of local factors,
regional factors and species traits in driving metacommunity assembly as a function of a
dispersal-limitation gradient. That is, a gradient in environmental conditions that could
affect dispersal or colonization of habitat patches and thus the overall assembly of the
metacommunity. We focused on an ephemeral fish metacommunity in the Rocky Glades
region of Everglades National Park. In this karstic environment, limestone is exposed on
the surface and the region is peppered with solution holes, or depressions in the limestone
matrix, which function as dry-season refugia for freshwater fishes (Kobza et al. 2004).
The fish metacommunity in this short-hydroperiod wetland re-assembles annually during
the wet season, when these holes are connected by standing water to more permanent
regional habitats (Loftus et al. 1992, Kobza et al. 2004, Rehage et al. 2014). We expect
that the length of the wet season determines connectivity to the regional species pool, and
thus the degree of dispersal-limitation. We examined fish metacommunity assembly
across three consecutive years, with varying wet season lengths, resulting in a dispersal-

limitation gradient for fishes.

When dispersal is functionally unlimited, metacommunity theory predicts
neutrality to prevail, as high stochastic interpatch movement overwhelms other
structuring forces (Hubbell 2001a, Winegardner et al. 2012). During high water levels,

when dispersal-limitation should be low for Everglades fishes, we hypothesized assembly
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to be reliant largely on propagule pressure, and competitive interactions. As life-history
traits directly influence propagule pressure (the number of available propagules is partly
determined reproductive behavior and fecundity; Duckworth 2008, Bonte et al. 2012), we
hypothesized that under this low dispersal-limitation scenario, life history traits should
partially drive assembly. Under moderate dispersal-limitation, we expect an increasing
influence of local factors to coincide with a reduction of competitive structuring, and an
increasing influence of regional factors. As dispersal-limitation becomes more severe, the
influences of the regional factors and dispersal traits should increase, especially so in
ephemeral environments as the relative ability to overcome dispersal-limitation affords a

dispersal advantage (Figure 1).

asm| ocal env.
=—Regional env

e |Life History Traits
= (Competitive Traits

Dispersal Traits

Relative importance

Dispersal limitation

Figure 1. Hypothesized relative importance of factors contributing to metacommunity
assembly. Unlimited dispersal tends to overwhelm observable gradients, resulting in
neutrality. As limitation becomes increasingly limited, local factors should be most
influential when dispersal limitation is lowest, but not unlimited. Conversely, regional
factors should become more influential as dispersal-limitation is induced largely by
regional environmental forces. Life-history traits are determinants of propagule pressure
and dispersal features, allowing them to be influential on assembly without necessarily
interacting with dispersal-limitation. Competitive traits were hypothesized to have the
greatest influence when local selectivity was possible, while dispersal traits were
hypothesized to increase in influence as dispersal overall became more limited.
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METHODS

Study system
We assessed first assembly of the fish metacommunity inhabiting solution holes

in the Rocky Glades region of Everglades National Park (ENP) in 2013, 2014 and 2015
(Figure 2). By first assembly, we are referring to the initial formation of a
metacommunity in a previously uninhabited or extirpated habitat (i.e., upon colonization
but before in situ reproduction or local species interactions alter patch diversity and
densities-effectively T=0). At the onset of the wet season, solution holes in the Rocky
Glades become connected via surface water to other solution holes and to deeper, more
permanent habitats forming a complex matrix of habitat patches and population sources
(Kobza et al. 2004; Figure 2). During this high water period, fish disperse out of deeper
sources to colonize solution holes (Kobza et al. 2004, Loftus et al. 2005, Rehage et al.
2014, Goss et al. 2014). In the dry season, these solution holes become disconnected from
the surface as waters recede, limiting aquatic habitat to only the deepest solutions holes in
the landscape as the dry season progresses (Kobza et al. 2004; Figure 2). Under current
post-drainage hydrological conditions, most fishes are annually extirpated by a
combination of abiotic stress, predation from both native and non-native species, and
premature desiccation (Loftus et al. 1992, Kobza et al. 2004, Rehage et al. 2014), such
that the metacommunity re-assembles annually. Previous works have shown that these
communities tend to have high non-native diversity, averaging 45% non-native

abundance (Rehage et al. 2014, Kline et al. 2014).

In this study, each observed year had distinct the wet season durations (Davis et

al. 2005, Kotun and Renshaw 2014), resulting in different levels of dispersal-limitation
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for fishes, and allowing for the comparison of the relative role of structuring factors on
the metacommunity (Figure 2, Table 1). This form of environmentally mediated
dispersal-limitation has been used in similar previous studies, such as the dispersal-
limitation induced by elevation and distance between patches in the sky-island plant
communities observed by Spasojevic et al. (2014). To quantify dispersal-limitation here,
we defined the start of the wet season as the first week when rainfall resulted in a
significant increase in mean water levels in the Rocky Glades, as determined using data
from the nearest Everglades Depth Estimation Network stations (Figure 1; Telis and
Henkel 2009). The first sample was in an exceptionally prolonged wet season, resulting
in a dispersal window of 273 days, which is substantially longer than a typical wet season
duration (median duration= 206.5 days,). The second year’s dispersal window was
intermediate with an estimated 154 days of flooding. The third dispersal window was
much shorter, only 98 days, falling in the low end of the distribution of wet season

durations (Figure 2).
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Figure 2. Map of the Rocky Glades region (shown in red in inset), located in the northeast
corner of ENP. Blue regions are Shark River Slough to the west, Taylor Slough and
canals to the east. Sampled solution holes are denoted by white diamonds. Sample size is
displayed for each of four solution hole regions with similar topographic and
hydrological features and proximity to a nearby hydrological station. Boxes represent the
sampling regions used in this study. The hydrograph (middle) shows the Rocky Glades
mean weekly NAVD88 water level (black line in cm), and the mean weekly rainfall (grey
line). Gray boxes represent the length of the wet season determining the dispersal
window and thus degree of dispersal-limitation for fishes. Boxplot at the bottom shows
the distribution of Rocky Glades wet seasons (dispersal windows) from 2002-2017, in the
unit of days wet, with our three sampled years marked by vertical lines. Stage and rainfall
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data are averages from four hydrological stations in the regions, shown by the black
circles.

Sampling sites covered a 20 km east to west swath of the Rocky Glades and were
located between two potential source populations for fishes, Shark River Slough to the
west, and Taylor Slough and man-made canals to the east, along ENP’s boundary (Figure
2). Both are semi to permanently flooded habitants and have been shown to act as a
source for colonists of the Rocky Glades region during the wet season (Goss and Trexler
2014). Individual solution holes were selected to be representative of solution holes in the
region, covering a range of surface areas, depths and rugosities along this east to west
gradient (Table 1). Prior to sampling, local patch characteristics of solution holes were
surveyed by measuring surface area, rugosity, maximum depth, and percent vegetative
cover. Surface area was measured from photographs taken from above the hole during the
dry season and analyzed using Image J (Schneider et al. 2012; Figure 3). Maximum depth
was measured as the distance from the top of the hole to the top of the sediment at the
deepest point on the bottom of each hole. Rugosity, an index of the solution hole’s

2

internal complexity, was measured as where a1 and 02 represent the lengths of

crossing chains laid out in perpendicular lines across the surface of the hole, tracking the
complex surfaces of the sides and bottom, and 1 and 32 represent the shortest linear
distances across the surface (Alvarez-Filip et al. 2009). Finally, the percent vegetative
cover was visually estimated as the proportion of the hole surface area covered by either

emergent or submerged vegetation, including floating periphyton.
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Table 1 Descriptive statistics (mean, standard error and range) for solution holes sampled
in the study.

Attribute | Mean S.E.M. Range
Surface area (m?) 1.44 0.89 0.90 - 8.63
Vegetation cover (%) 31.96 4.29 0-100
Depth (cm) 66.12 4.82 11.43 - 172.50
Rugosity 1.97 0.11 1.12 - 4.46

Field sampling

All holes were sampled during the wet season, when they first became isolated
from surface water (i.e., when they become a single habitat patch). For standardization
purposes, sampling was conducted within seven days of the hole community becoming
disconnected from surface water. This was considered the point when no further
immigration or emigration was possible, but before within-patch interactions (i.e.,
predation, competition or in situ reproduction) played a major role. The complex solution
hole environment itself is not conducive to many forms of non-lethal sampling. Fish-traps
have been used in the past (see Kobza et al. 2004 and Kline et al. 2014), but can be
subject to behavioral and size biases (Kneib and Craig 2001) and have poor capture rates
on some species (particularly with synbranchiform eels, Jeff Kline personal
communication). Thus, we sampled study sites with backpack electrofishing, known to be
effective in confined environments (Thompson and Rahel 1996). Each site was
electrofished to depletion in two sequential sampling events, using a Smith-Root L-24
with 100-250 volts and a duty cycle of 12-18% (Thompson and Rahel 1996, Panek and
Densmore 2013). In each sampling event, we sampled in 10 second bouts that covered
the entire area of the hole up and down the water column, in and out of any vegetation

present. When five consecutive bouts yielded no additional fish, the hole was ‘rested’ for
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a minimum of ten minutes; after which, the hole was sampled again until five consecutive
bouts yielded no signs of additional animals. Upon capture, all fishes were placed in an
aerated bucket for identification and enumeration (Appendix 1). All fishes were counted,
their standard lengths were measured and all natives were released. All non-natives were
humanely euthanized per scientific permit requirements. Total sample sizes were 46, 51
and 40 sites sampled in the early dry seasons of 2013, 2014 and 2015, respectively. Most
solution holes were sampled repeatedly, with 32 sampled in all years, 16 sampled twice,

and 9 were sampled only once.

Assembly variables

We examined the assembly of the solution hole fish metacommunity as a function
of three types of factors: 1) species traits (five traits), 2) regional factors (three), and 3)
local scale factors (four; Table 2). The species traits we examined were standard length,
trophic level, relative fecundity, colonization tendency and parental care (i.e., the number
of parents that typically care for the brood). Standard length, the length of a fish from the
tip of its snout to the hypural joint, is a standard metric of fish body size. Body size can
influence both consumptive and non-consumptive (competitive) interactions (Mills et al.
2004), dispersal abilities and tendencies, and relates to a species’ life history (e.g.,
reproductive output, van Noordwijk et al. 2015). Lengths were obtained at the time of
sampling and averaged across all individuals to obtain a species mean value for each
sample. Trophic level, a metric for where a species falls within the food web, has direct
implications for interspecific interactions (Martin et al. 2010, Liew et al. 2016) and was
obtained from Froese and Pauly (2017). The fecundity of each species (i.e., the number

of eggs or offspring produced in the case of live-bearers) was obtained from published
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studies and used to develop a five-category scoring system, representing increasing
orders of fecundity (following Pavoine et al. 2014, Appendix 2). This life-history trait
was included as for many Everglades fishes’ reproduction is year-round or precedes the
reflood, such that the number of dispersing propagules should be related, in part, to the

reproductive output of each species.

Colonization tendency was obtained from previous work in the Rocky Glades and
was calculated as the mean week of arrival of each species on the marsh surface during
re-flooding (Loftus et al. 2005, Goss et al. 2014, Appendix 2). The tendency to colonize
new patches should be an important dispersal-related trait. Earlier dispersers may detect
patches and settle sooner than slower dispersing species, potentially imposing priority
effects on later colonists (Fukami 2004, Urban and De Meester 2009). Parental care was
obtained from available literature, and each species was ranked as single parent, bi-
parental or no brood care (Appendix 2). This trait was included because, species in the
species pool vary in their brood strategies, including many nonnative species (Kline et al.
2014), and may affect colonization strategies. To use these trait values as community
descriptors, we applied a weighted means (WM) approach (see Pavoine et al. 2014,
Gianuca et al. 2016, Michelson et al. 2016). The WM approach involved multiplying the
relative abundance of each species by their trait value to obtain a weighted mean for each
species. We then averaged across species to obtain a trait value for each solution hole.

WMs were calculated for all five traits considered in the analyses for each sample taken.

For regional factors, we quantified: a) the number of days the marsh surface was

inundated prior to assembly (hereafter days wet), b) the recession rate, and c) the distance
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of each sampled solution hole to Shark River Slough, a potential source of colonists
(located west of all solution holes, Figure 2, Table 2). For distance to source, since the
other potential sources of colonists are located east of our study area, Taylor Slough and
the L31 canal, the distance metric also captures distance to these sources (inverse of
distance to Shark slough). Because of small-scale topographical variation, days wet and
the recession rate were calculated at smaller regional scales across four regions with
similar topographic and hydrological features (Figure 2). Each region has slight
differences in elevation and soil profiles, resulting in variation in recession rates and
stage at this smaller regional scale, which were obtain from the closest hydrological
station to the region (Everglades Depth Estimation Network hydrostations E112, NPS44,
NPS62 and NTS14, see Figure 2 for locations). Days wet was calculated separately for
each of the four regions as the number of days between the start of the wet season and our
first sampleable day (i.e., when we observed patch isolation). Regional recession rates
were calculated as the mean rate of change in water level from one day to the next at the
nearest hydrostation. For local scale factors, we included traits of the solution hole or
habitat patches: surface area, percent vegetative cover, maximum depth (henceforth

referred to as depth), and rugosity (Table 1 and Table 2).
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Figure 3 Wet (top left) and early dry season (bottom left) images of the Rocky Glades
marsh showing hydrologically-connected and isolated solution holes. During the wet
season, solution holes are connected by surface water allowing for dispersal of fishes and
colonization of holes. Sampling of assembled communities in each hole took place at the
start of the dry season (when holes became first disconnected from surface water, bottom
left). The right three images show surface area with varying solution hole types: small,
shallow, low-rugosity and no vegetative cover hole (top), a deep hole with high rugosity
and no vegetative cover (middle), and a shallow high-rugosity hole with high vegetative
cover (bottom).
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Table 2. Summary of the 1) species traits, 2) local scale factors and 3) regional scale factors examined in analyses of
metacommunity assembly.

Category Variable Type Description
Species traits Scoring scheme
Colonization ~ Continuous Timing of arrival to the Rocky Glades 1.1to 8.2 weeks
tendency since reflood
Standard Continuous Distance from snout to hypural joint 0.1-389.0 mm
length
Trophic level  Continuous Functional level in the food web, with higher scores 2-4 (unitless)
representing higher degrees of omnivory.
Parental care  Categorical Number of parents caring for the brood. 1=1 parent
2=2 parents
3=none
Relative Categorical Relative number of offspring produced by a single 1=<100
fecundity female in a single reproductive event. 2=100-199
3=1000-1999
4=10000-99999
5=>99999
Potential offspring
Local factors Unit
Surface area  Continuous Area of solution hole opening. m?
Rugosity Continuous Internal complexity of the solution hole. Unitless
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Depth Continuous Maximum depth from the top of the solution hole to the  cm
top of the sediment in the deepest area.
Percent Continuous Amount of area covered by vegetation. Percent
vegetative
cover
Regional factors Unit
Distance to Continuous Distance from the hole to the closest edge of Shark River m
source Slough
Days wet Continuous Number of days between reflood and isolation from Days
surface water in the region (regional dispersal window)
Recession Continuous Mean regional rate of daily reduction in water level from cm/day
rate the start of the recession in water levels until isolation.
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Statistical Analyses
In order to quantify the relative importance of the three factor categories (species

traits, local and regional factors) on the assembly of the Rocky Glades fish
metacommunity, we conducted redundancy analyses (RDA; Gianuca et al. 2016) for each
year independently and compared these. Redundancy analyses are an ordination
technique that calculates the relative relationship of explanatory variables in driving the
overall variance in multivariate community data. We then used variance partitioning
analyses, based on the RDAs, to determine the individual contribution of each individual
variable group (trait, local or regional factor) to explaining the variance in each year’s

community data (Gianuca et al. 2016, Rodriguez and Kouki 2017).

Third, we performed model selection to evaluate the contribution of the top three
individual variables within a group to determine the most useful model for describing
assembly in each year. We evaluated models containing every possible combination of
the top three ranked variables from each year using an AIC-like multivariate
permutational stepwise forward selection approach (described in detail in Blanchet et al.
2008). All analyses followed Hellinger transformations of abundance and mean-centered
descriptor data (Legendre and Gallagher 2001). All analyses were performed in R (R
Core 2012). The RDAs, variance partitioning analyses and model selection procedures
were performed using the rda, varpart and ordistep functions, from the ‘vegan’ package,

respectively.

RESULTS

In total, we were able to explain a substantial portion of the variance in the

metacommunity’s assembly for each year, with 43.1%, 49.9% and 62.0% variance
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explained in years 1-3 respectively. Across years, species traits consistently explained the
largest portion of the variance. When comparing years, in year 1, traits accounted for
85% of the explained variance, while 15% was held by local factors and less than 1% for
regional factors. For years 2 and 3, the drier years with more dispersal-limitation,
regional factors accounted for a larger proportion of the explained variance, 31.62% in
year 2 and 39.47% in year 3, while trait contributions decreased to 60.31% in year 2 and
51.02% in year 3 (Figure 4). Of the traits tested, parental care (a life-history and
competitive trait) and trophic level (a competitive trait) were most influential in assembly
year 1 when the wet season was prolonged, and dispersal was less limited. In contrast, in
years 2 and 3, colonization tendency (a dispersal trait) consistently explained a larger
proportion of the variation among the traits tested. The influence of fecundity and trophic

level diminished with increasing dispersal-limitation.
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Figure 4 Percent of explained variance contributed by each factor during each assembly
event with the associated global R? above each bar, and the proportion of the variance
explained by traits, local and regional factors in each year are shown within the bars.

Overall, the first year’s assembly was driven by parental care, trophic level and
rugosity (F=3.84, D.F.=12, P<0.001, global R%4=0.43; Table 3, Figure 5). The best
model was a full three-way interaction of these traits and rugosity, explaining 26.3% of
the variance (Table 4). Assembly in year two was driven largely by regional factors,
distance to the source and days wet, interacting with parental care (F=5.15, D.F.=12,

P<0.001, global R%=0.50; Table 3, Figure 5).
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Table 3 RDA biplot scores of the top three factors driving assembly on each RDA axis
for each level of limitation.

Year Limitation | RDAI factor RDA1 score Individual R?
1 Low Parental care 0.620 0.140
1 Low Rugosity -0.517 0.028
1 Low Trophic level 0.477 0.110
2 Moderate Distance to source 0.723 0.059
2 Moderate Days wet before assembly 0.669 0.034
2 Moderate Parental care 0.450 0.036
3 High Distance to source 0.811 0.117
3 High Parental care 0.551 0.091
3 High Trophic level 0.476 0.082

There were two models with equal support for describing year 2: an interaction between
distance to the source and parental care, as well as an interaction between distance to the
source and days wet, which explained 18.5% and 18.4% of the variance respectively
(Table 4). In the final year, with the highest dispersal-limitation, assembly was driven by
a regional factor, distance to the source, parental care and trophic level (F=6.31, D.F.=12,
P<0.001, global R%4j=0.62; Table 3, Figure 5). The two models with equal support for
year 3 both involved distance to the source interacting with either trophic level or

parental care, explaining 28.86% and 29.68% of the variance respectively (Table 4).
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Table 4 AIC summary table for models with significant explanatory power for each level
of inferred dispersal-limitation. The adjusted R? is also shown for supported models.

Year Limitation Best models DF. F P A R?
AIC
1 Low Parental * Rugosity 1 206 0.05 0 0.26
care * Trophic
level
2 Moderate  Parental * Dist. to 1 232 004 O 0.19
care source
2 Moderate ~ Days wet * Dist. to 1 271 0.02 042 0.18
source
3 High Trophic * Dist. to 1 370 001 O 0.29
level source
3 High Parental * Dist. to 1 399 001 031 0.30
care source
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Figure 5 RDAL vs RDAZ2 plots for the first through third assembly years respectively.
Vector shades correspond to the legend in Figure 4. Dots represent individual species in
multivariate space.
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DISCUSSION

The relative contribution of individual traits, local and regional environmental
factors is of growing interest to metacommunity ecology (e.g., Kneitel and Chase 2004,
Pavoine et al. 2014, Castillo-Escriva et al. 2017). Despite a historic focus on
environmental factors, evidence to date suggests species traits can be more useful in
describing assembly mechanisms (e.g., Gianuca et al. 2016). Here we also found that
individual traits have an overriding influence on metacommunity assembly. While the
relative importance of these traits diminishes as the degree of dispersal-limitation
increases, traits still contributed approximately half of the explained variance, even in the
most limited assembly event we observed. As dispersal-limitation increased, we saw a
decreasing role for traits (from 85-51 % of the explained variance), and an increasing role
of regional factors, while local factors played a comparatively lesser role in community
structure. Our original hypothesis, that the relative importance of species traits, local and
regional factors structuring metacommunity-assembly shift along an environmentally-

mediated dispersal-limitation gradient, was supported.

Which traits matter when?

Broadly speaking, those traits which facilitate environmental filtering will tend to
be the most influential (Pavoine et al. 2014). For instance, life history traits can directly
interact with the environment as organisms seek preferable nesting habitats and follow
phenological cues for their behavior. For example, Pavoine et al. (2014) found that their
butterfly metacommunity was structured largely in response to the presence of plant

species which similar butterfly species utilized for reproduction. Similarly, competitive
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traits can directly influence which species are capable of persisting in an otherwise equal
environment. Accordingly, body size has been a major factor in driving zooplankton
metacommunities, such as in Michelson et al. (2016). In line with these previous
findings, we report that both life history traits (i.e. parental care) and competitive traits
(i.e. trophic level) were driving factors of assembly in our study system. However, the
relative importance of these, or other, traits with respect to dispersal-limitation is largely
understudied. Here we will discuss the role each trait type played in our study system,

and how that changed under differing levels of dispersal-limitation.

Parental care, primarily a life history trait, was of paramount importance to the
assembly of this ephemeral metacommunity, structuring this fish community across all
observed years. Despite previous studies’ suggestions that life history traits are drivers of
assembly (Pavoine et al. 2014, Harvey & MacDougall 2014), this is somewhat
perplexing. Little reproduction occurs in the solution hole environment. All observed
cichlids and live-bearers (members of the Cichlidae and Poeciliidae families respectively)
were seen reproducing in solution holes during this study, but this was not common
(personal observation). The influence of parental care on assembly may stem from two
possible pathways. First, higher parental investment typically translates to increased
offspring survival and quality (McGinley et al. 1987), and therefore is likely related to
propagule pressure from source habitats. First assembly of any metacommunity is
necessarily dependent on propagules from source habitats, and therefore, the number and
quality of offspring produced prior to, or during, assembly will influence resultant
patterns (Gotelli 1991, Holyoak et al. 2005). However, if this was the primary mechanism

at work then we might also expect fecundity to have a large structuring force, which was
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not the case. While it was of moderate influence in the low and moderately dispersal-

limited years, it had a negligible influence in the most extreme year.

The second possible pathway is that parental care may correlate with other
important structuring traits not included in our analysis. All species in this study which
exhibit bi-parental brood care, a strategy novel to the native community, were non-native
cichlids (members of the Cichlidae family; Appendix 1), several of which were
numerically dominant (Appendix 2). Cichlids are typified by high inter- and intraspecific
aggression, particularly during reproduction (Kullander 2003, Lorenz et al. 2010).
Aggressive behavior has been noted to have particularly strong influences on dispersal
(Duckworth and Badyaev 2007, Groen et al. 2012, Sih et al. 2012), and plays a role in
priority effects (Gotelli 1991, Almany 2003, Stier et al. 2013). High patch complexity can
provide structural refugia for poor competitors and prey (Stunz et al. 2001), if the
dispersal-window is of sufficient length to permit local selectivity. Unfortunately,
comparable aggression data were not universally available for Rocky Glades fishes, so
the trait could not be included in this study. Regardless, our observations are in line with
this hypothesized pathway. The lowest amount of dispersal-limitation saw a high
influence of local complexity, coupled with trophic interactions and parental-care
structuring. Higher levels of dispersal-limitation saw a loss of this local selectivity in
favor of regional gradients, while retaining the influence of parental-care. These
observations suggest life-history information is always important, and it interacts with
dispersal-limitation to influence the relative importance of local and regional
environmental factors during assembly. Interestingly, this type of trait has also been

noted to be highly convergent among species at the patch scale suggesting an interaction
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between life-history and environmental factors playing a role in the assembly process
(Pavoine et al. 2014). This agrees with previous works, which have found overwhelming
influences of life-history traits as compared to environmental filtering (Leps et al. 1982,

Pavoine et al. 2014).

Trophic level was also important to assembly in all years, although it was only
ranked fourth in the second year (Figure 5). This competitive trait is a useful proxy for
interspecific competitive ability, with upper trophic level species likely to be more
competitive overall (e.g., Dayton 2013). Poor competitors, such as prey, are also known
to avoid superior competitors when selecting local patches (Capone and Kushlan 1991,
Almany 2003, Stier et al. 2013), often favoring the ability to colonize a variety of patches
over competitive abilities (Cadotte 2007, Kadowaki et al. 2011), or colonizing poorer
quality patches (Kobza et al. 2004, Rehage et al. 2014). Predator avoidance should result
in patchy local mean trophic levels, with some holes being more dominated by predators
and others dominated by prey, regardless of local factors. Such local selectivity would
also preserve the influence of regional environmental gradients. We observed a high
influence of trophic level interacting with a regional distance gradient in our most
dispersal-limited year, suggesting this may have been the case. High complexity can
offset this pattern by providing local structural refugia (Amarasekare 2003) where local
selectivity is made viable by low dispersal-limitation scenarios. Like parental care,
trophic level appears to be influential regardless of dispersal-limitation, but the way it
alters interactions with local and regional factors’ importance varies considerably.
Specifically, given low enough dispersal-limitation, trophic level as a structuring force

encourages poor competitors to seek local conditions that permit coexistence, such as
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local complexity. Higher levels of dispersal-limitation appear to remove this possible
method for coexistence, with regional factors being more influential and the prevention
of local selectivity. Similar interactions of trophic level and metacommunity structure
have been noted to encourage competitive co-existence of lower trophic level species
while differentially influencing the way individual species utilize patches and the
dispersal matrix (Orrock et al. 2008). This appears to not be the case in non-competitively
structured metacommunities however, where environmental heterogeneity has been
suggested to have little influence on metacommunity structure (Heino and Grénroos

2013).

Standard length, body-size, was expected to be important as both a dispersal
related and competitive trait, as it influences movement and interspecific interactions.
Small fish may move faster in shallow areas but be less competitive. Conversely, larger
fish can typically move faster or further when unimpeded (Drucker 1996, Drucker and
Lauder 1999), and body-size tends to positively correlate with home range size (Wootton
and Emmerson 2005). Regardless, body-size was consistently the least influential trait,
suggesting the benefits of differing body sizes were not important here. The lack of
influence of body-size conflicts with previous studies which have found that, when
measured, it is a primary factor in structuring metacommunities (e.g., Ingimarsdottir et al.
2012, Michelson et al. 2016). Body-size’s influence may have an effect in source
habitats, which were not considered here, as environmental filtering may have precluded
larger fish from the shallow matrix of our sampling universe. Few large fish were
observed in solution holes, possibly limiting the potential influence of body size on these

data. An alternative hypothesis as to the lack of influence by body size is that both small
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and large bodied fishes are influencing assembly in the Rocky Glades. African Jewelfish
(Hemichromis letourneuxi) was the second most abundant species observed (Appendix
1), and is an aggressive micropiscivore (Rehage et al. 2014), a novel trait combination in
the Rocky Glades. As the only small bodied piscivore, this highly predatory fish has been
documented predating on a large number of native fishes (Rehage et al. 2014), potentially
overwhelming the influence of larger fishes such as Belonesox belizanus or Clarius
batrachus. Direct manipulative studies are necessary to differentiate between these

potential causes for the lack of effect by standard length.

The other dispersal-related trait, the timing of marsh colonization by each species,
was relatively influential alone, consistently accounting for approximately 20% of the
explained variance. We hypothesized some species would being able to reach further
patches than others under high dispersal-limitation by starting sooner. It was
overshadowed by other interactions however and did not rank in the top three most
factors in any of the observed assembly events. There are two possibilities to explain the
lower influence of the dispersal-trait relative to other interactions. First, the importance of
dispersal traits is unaffected by dispersal-limitation. While we cannot refute this
possibility, we consider it unlikely. For example, Castillo-Escriva et al. (2017) discuss
how dispersal-limitation influences passive dispersing organisms more heavily than
active dispersers, with active dispersers, such as in this study, overwhelming the effects
of environmental filtering through high movement despite dispersal-limitation. More
likely is that the level of the dispersal-limitation was never high enough to induce severe
dispersal-limitation. While the third year’s hydroperiod was exceptionally short by Rocky

Glades standards (Figure 2), it may have been possible for all species to disperse and
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colonize the entire system. We hypothesize that more extreme dispersal-limitation would
enhance the influence of dispersal related traits in future studies and suggest that its

influence would be highest under the highest degrees of dispersal-limitation.

Which environmental factors matter when?

In this study, the relative amount of dispersal-limitation was directly induced by
differing levels of two regional factors: the number of days a region was wet before
assembly, and regional recession rate. From the perspective of a propagule, these two
factors interact with distance to impose limits on aquatic dispersers. In other marshes
within the Everglades ecosystem the regional hydroperiod is a driving factor in aquatic
invertebrate assembly, along with chemical gradients (Sokol et al. 2014). Considering
this, it is not surprising that the two more dispersal-limited years were largely driven by
regional factors interacting with species traits, primarily distance to a source community,
Shark River Slough, as is often the case in fish metacommunities (Logue et al. 2011,
Fernandes et al. 2013). The relative influence of these regional factors increased rapidly,
from negligible under low dispersal-limitation to nearly 40% of the explainable variance,
more so than any other two factors combined, in the most dispersal-limited year.
Interestingly, this was almost purely a function of space as neither hydrological factor
was of any particular importance under high dispersal-limitation. Local patch selectivity
was consistently less influential than these regional factors, with only rugosity having a
strong influence under the lowest level of dispersal-limitation. In summary, in the
ephemeral metacommunity we studied, local factors matter when dispersal-limitation is

low enough to allow patch selectivity but at moderate and high levels of dispersal-
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limitation, regional hydrological gradients and spatial factors overwhelm local influences.
Modern metacommunity theory agrees with these results: moderately dispersal-limited
systems tend to be driven by environmental gradients (Holyoak et al. 2005, Logue et al.
2011, Winegardner et al. 2012). However, environmental factors overall pale in

comparison to the influences of interspecific trait differences.

Implications

While trait-based metacommunity assembly is becoming increasingly common in
the literature (e.g., Pavoine et al. 2014, Spasojevic et al. 2014, Gianuca et al. 2016,
Sarremejane et al. 2017), there has been little integration with metacommunity theory. In
particular, the core paradigms of metacommunity ecology (neutral, mass effects, species
sorting and patch dynamics) rely primarily on environmental factors, with the exception
of patch dynamics (Leibold et al. 2004, Holyoak et al. 2005, Logue et al. 2011). This
study has demonstrated that interspecific trait variation explains more variance in
metacommunity assembly data than environmental factors. Specifically, standard theory
would suggest that low dispersal-limitation should be driven largely by high inter-patch
dispersal such that environmental signals are overwhelmed and even sinks persist
(Holyoak et al. 2005, Logue et al. 2011, Winegardner et al. 2012). We add the suggestion
that, in competitively structured metacommunities, competitive and life-history trait
variation will be the greater structuring forces. As dispersal-limitation increases, standard
theory states that environmental gradients will be driving forces of assembly (Holyoak et

al. 2005, Winegardner et al. 2012). Our findings agree and add the hypothesis that
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environmental gradients will interact with competitive trait variation to drive

assemblages.

Interestingly, the species-sorting style (along environmental gradients) assembly
we observed in years two and three was still competitively structured according to trait-
based analyses, which would suggest a more patch-dynamical (competitive) assemblage.
Winegardner et al. (2012) discussed how the four core paradigms can be collapsed in to
two: species sorting and neutral, with the three types of species sorting differentiating
along a dispersal gradient and neutrality predominating with unlimited dispersal. We
support this notion and provide evidence for such differentiation within a single
metacommunity as it naturally re-assembles under various levels of dispersal-limitation.
Our results also suggest that the lines between these discrete classifications are blurrier
than typically discussed. Our second and third years represent moderately dispersal-
limited scenarios, which appear to be both competitively and environmentally structured.
In other words, they align with both the species sorting and patch dynamics perspectives,
likely because the level of dispersal-limitation is in between the levels necessary to fully
adhere to either. We suggest metacommunity assembly be considered along a dispersal-
limitation gradient, in agreement with previous works (Ellis et al. 2006, Winegardner et
al. 2012, Kuglerova et al. 2014, Gianuca et al. 2016), but also that greater thought be
given to the mechanisms driving observed patterns. Species traits interact with the local
and regional environment, as well as other species, to produce observed patterns. The
details of these interactions are the true driving forces of assembly. We suggest that only

through integration of trait-based and standard metacommunity assembly theory will we
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better understand the intricacies of metacommunity ecology, improve our understanding

and eventually management of spatially structured communities overall.
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CHAPTER II

INVASIVE SPECIES AGGREGATE ASSEMBLING METACOMMUNITIES
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ABSTRACT

Community assembly has long been considered a function of niche or neutral
processes, or a combination of the two. However, recent work has shown that individual
species have an overriding influence on the assembly process. Given the ever-increasing
global rate of biological invasions, it is then prudent to ask: how does the introduction of
a new species influence community assembly? | addressed that question by observing
assembly in a fish metacommunity before and after the introduction of, an invasive
species. African Jewelfish (Hemichromis letourneuxi) expanded through the Rocky
Glades region of Everglades National Park in 2002. Through collaboration with other
researchers, | observed assembly in the Rocky Glades for three years prior to invasion
(1999, 2000 and 2002), two years immediately following invasion (2003 and 2004), and
10+ years after the invasion (2013-2015). Pre-invasion, the fish metacommunity was
neutrally assembled, while post-invasion it was significantly aggregative. The switch
from neutrality to aggregation occurred immediately following the African Jewelfish
invasion. This condition persisted over 10 years later. The aggregated contemporary
assembly was driven by regional hydrology and variation in the African Jewelfish’s local
abundance. An extensive review of the limited literature asking the same core question
shows that decreased segregation, or increased aggregation, has been observed
immediately following invasions across multiple taxa (plants, insects, amphibians and
now fish). While further work is needed to assess the repeatability and reliability of the
pattern, it appears that the introduction of an invasive species decreases segregation. If
true, this could be a useful tool for quickly and inexpensively screening for effects of new

invaders using existing biological monitoring data.
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INTRODUCTION

Community assembly is typically considered to be a function of either neutral or
niche-based processes (Hubbell 2001b, Tilman 2004, Mikkelson 2005). In other words,
communities can be structured in space and time by either stochastic immigration and
emigration, or by species responding to environmental gradients and interspecific
competition. More recently ecologists have begun to accept that both niche and neutral
processes play a role in the assembly of natural communities (Tilman 2004, Adler et al.
2007, Mutshinda and O’Hara 2011), and attentions are shifting toward understanding the
relative roles of species themselves in the assembly process (e.g., Giacomini et al. 2013,
Mouillot et al. 2013, Loughnan and Gilbert 2017). The relative importance of individual
species, and the differences among them, on the overall assembly of natural communities
can be more influential than the structuring forces of the environment itself (Gianuca et
al. 2016). For example, some predators can shift prey distributions resulting in patchy
prey aggregations (Mouquet et al. 2005), while others prevent emigration from local
patches thereby increasing local abundances and diversities (e.g., Stier et al. 2013). Given
the high relative influence of individual species on assembly, and the ever increasing
global rate of biological invasions (Huang et al. 2011, Rehage and Blanchard 2016), it is

prudent to ask what influence does introduction of new species have on assembly.

While the impact of invasions can range from non-significant to catastrophic
(Cucherousset and Olden 2011), with the most damaging invasions resulting in multi-
species extirpations (e.g., Nile Perch; Goudswaard et al. 2006), few commonalities have
been described to allow prediction of these impacts (but see Simberloff et al. 2013 for a

discussion of some commonalities). In the context of community assembly, potential
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consequences of an invasion can be broadly categorized into three groups: no influence,
segregative (reduction in the number of species co-occurrences) or aggregative (increase
in the number of species co-occurrences). The most common result of new introductions
is likely to be no impact, with few species becoming truly invasive (Williamson et al.
1996). If they increase aggregation, this may result in higher levels of interspecific
competition, encouraging either high emigration rates or local extirpations of poorly
competitive species (Amarasekare 2003, Holyoak et al. 2005). Conversely, increased
segregation can serve to preserve diversity of a system by allowing the co-existence of
competitive species and the persistence of poor competitors, but may also create other
negative effects such as a spatiotemporal consumer-resource mismatch (Amarasekare

2003, Holyoak et al. 2005).

Both scenarios can result from spatially variable influences of the invasive
species, whereby avoidance of the invader can serve to aggregate natives, or else the
differential ability of native species to co-exist with the invader could segregate them
(Sanders et al. 2003). Most frequently in the context of ant communities, invasions have
been shown to ‘disassemble’ a community through decreased segregation following the
introduction of an invasive species (Gotelli and Arnett 2000, Sanders et al. 2003). The
same general pattern of decreasing segregation has also been noted in plant and
amphibian communities (Reshi et al. 2008, Richter-Boix et al. 2013), with no studies to
date demonstrating an alternative response. The consistency of this response so far,
across a few taxa, lead us to hypothesize that invasive species may have a consistent

effect on community assembly.
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The present study evaluates this hypothesis using a two-pronged approach. First
we observed the annual re-assembly of the most heavily invaded fish community in
South Florida, the Rocky Glades (RG) region of Everglades National Park (Kline et al.
2014, Schofield and Loftus 2014). This system, which has nearly 50% non-native
diversity (Kline et al. 2014), was neutrally structured in 1999 and 2000 (Kobza et al.
2004), which is typical of fish communities lacking truly invasive species
(Muneepeerakul et al. 2008, Sharma et al. 2011), despite multiple non-native species
already having been well established in the area for several decades (Kobza et al. 2004,
Kline et al. 2014). Following Kobza et al.’s 2004 field data collection however, in late
2002, the African Jewelfish (Jewelfish, Hemichromis letourneuxi) was noted to begin
expanding throughout the RG region (Kline et al. 2014). Jewelfish are now highly
abundant throughout the ecosystem (Kline et al. 2014), and generally thought to be an
invasive species. We asked if the Jewelfish invasion of the Rocky Glades corresponded to
a shift in community assembly patterns. Second, we follow up our own findings with a
review of all comparable previous studies which asked if the introduction of an invasive
species corresponded to a shift in community assembly patterns. Specifically, the goals of
this study were to address three key questions: 1) Did the Jewelfish invasion shift
community assembly patterns? If so, then 2) is this species a driver of modern assembly?
We conclude with the question: 3) have previous studies found a repeated pattern of

assembly changes following the introduction of an invasive species?

METHODS
To determine if the introduction of African Jewelfish corresponded to a shift in

assembly patterns in the Rocky Glades, we observed a fish metacommunity re-
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assembling following drought induced extirpations for two years before and three years
following an invasion. We also observed assembly for three more recent years, with
depletion sampling to examine the influence of this species on contemporary
metacommunity assembly. We concluded with an extensive review of the comparable

literature to determine if our observed patterns were repeated in previous works.

Study system

We observed assembly of the fish community inhabiting solution holes in the
Rocky Glades (RG) region of Everglades National Park in 2013, 2014 and 2015 (Figure
6). At the onset of the wet season, solution holes in the RG fill with water and are
connected via surface water to other holes, and to deeper, more permanent habitats
forming a complex matrix of habitat patches and population sources (Kobza et al. 2004).
As wet season water levels rise and these habitats become flooded, fish disperse out of
deeper sources to colonize solution holes (Kobza et al. 2004, Loftus et al. 2005, Rehage
et al. 2014, Goss et al. 2014). In the dry season, solution holes become disconnected from
the surface as waters recede, limiting aquatic habitat to only the deepest solutions holes in
landscape (Kobza et al. 2004). Under modern hydrological conditions, most fishes are
annually extirpated by a combination of abiotic stress, predation from both native and
non-native taxa, and desiccation (Loftus et al. 1992, Kobza et al. 2004, Rehage et al.
2014), such that the metacommunity re-assembles annually. Previous studies have shown
that these communities tend to have high non-native diversity, with 3-75% non-native
diversity (Kline et al. 2014) trending closer to 45% in moderate hydroperiod areas
(Rehage et al. 2014). Notably, the African Jewelfish which began spreading through the

RG in 2002 following a high water event, is now numerically dominant in the RG and
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neighboring source habitats (Kline et al. 2014). We focus on Jewelfish as their rapid
population growth and expansion in the system (Kline et al. 2014), as well as novel
behavior and piscivory (Lopez 2011, Rehage et al. 2014) suggest it to likely be, or
become, invasive. Therefore, we considered the ‘pre-invasion’ data to be those gathered

before 2003, categorizing all data collected during or after 2003 as ‘post-invasion.’

GoogleFarth L____7en | N

Wetgeason

Figure 6 Map of the Rocky Glades region (shown in red in insert), top, located in the
northeast corner of Everglades National Park. Blue regions are Shark River Slough to the
west, Taylor Slough and canals to the east. Sampled solution holes are denoted by white
diamonds. Sample size is displayed over each hole cluster, and the nearest hydrological
stations are represented by black circles. Boxes represent sampling regions used in this
study. The bottom three panels show examples of the RG environment in the wet, left,
and dry, middle, seasons as well as an example of the photographs used to determine
solution hole surface area.

Community sampling
The data used in this study come from three distinct sampling efforts. The first

was originally published in Kobza et al. 2004. They used un-baited minnow traps in 21
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solution holes in 1999 and 23 in 2000 during the wet season re-assembly events. This was
followed by the sampling detailed in Loftus et al. (2005), which used comparable
sampling methods. From that effort, we collected data on the assembly of fishes in 30, 36
and 32 solution holes in 2002, 2003 and 2004 respectively. The 2002 samples took place
before the first noted expansion of Jewelfish in to this area. For more details on these

studies, see Kobza et al. (2004) and Loftus et al. (2005).

To evaluate the modern status of Jewelfish in the RG, and their role in
contemporary assembly events, we also used more recent (2013-2015) assembly data. All
holes were sampled during the wet season, when they first became isolated from surface
water (i.e., when they become a single habitat patch). Sampling was done as water levels
receded, within seven days of the hole community becoming disconnected from surface
water. This was considered the point when no further immigration or emigration was
possible, but before post-assembly interactions (i.e., predation, competition or in situ
reproduction) cause changes in the structure of each solution hole’s fish community. The
complex solution hole environment itself is not conducive to many forms of non-lethal
sampling. Fish-traps have been used in the past (see Kobza et al. 2004 and Kline et al.
2014), but can be subject to behavioral and size biases and have poor capture rates on
some species (particularly with synbranchiform eels, Jeff Kline personal
communication). Thus, we sampled study sites with depletion backpack electrofishing,
shown to be effective in confined environments (Thompson and Rahel 1996), and likely

more representative of the true community present.
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Each site was electrofished to depletion in two sequential sampling events, using
a Smith-Root L-24 with 100-250 volts and a duty cycle of 12-18% (Thompson and Rahel
1996, Panek and Densmore 2013). In each sampling event, we sampled in ten second
bouts that covered the entire area of the hole up and down the water column, in and out of
any vegetation present. When five consecutive bouts yielded no additional fish, the hole
was ‘rested’ for a minimum of ten minutes; after which, the hole was sampled again until
five consecutive bouts yielded no signs of additional animals. Upon capture, all fishes
were placed in an aerated bucket for identification and enumeration. All fishes were
counted, their standard lengths were measured, and all natives were released. All non-
natives were humanely euthanized per scientific permit requirements. Overall, we
observed the fishes in 137 solution hole communities over the three years. No native

mortality was noted.

To describe the solution hole environment, surface area, rugosity, maximum
depth and percent vegetative cover were surveyed prior to sampling. Surface area was
measured using photographs, taken from above the hole during the dry season, using

Image J (Schneider et al. 2012). Maximum depth was measured as the distance from the

G+5)
2

top of the hole to the top of the sediment. Rugosity was measured as where o1

and a2 represent the lengths of chain passed along perpendicular straight lines, between
two points on the surface of the hole, tracking the complex surfaces of the sides and
bottoms of the solution hole, whereas 1 and B2 represent the shortest linear distance

between the same two points (Alvarez-Filip et al. 2009). Finally, the percent vegetative
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cover was visually estimated as the proportion of area of the hole covered by either

emergent or submerged vegetation, including floating periphyton.

We described the environment fish must transverse to reach solution holes or the
dispersal matrix, by measuring the shortest distance from each hole to longer-hydroperiod
source habitats (i.e., Shark River Slough), the regional daily water recession rate (mean
difference of water depth, in mm, from one day to the next during the annual recession in
each region), and the annual regional hydroperiod in days (how long the surface was
flooded before assembly events). Preliminary analyses and observations indicated four
hydrologically distinct regions within the RG, and both recession and hydroperiod were
at this regional scale (Figure 6). Distance to source was measured in Google Earth. Both
hydrological variables were calculated using raw water level data from the four
Everglades Depth Estimation Network hydrostations located in each region (Telis and

Henkel 2009).

Analyses

We used Stone and Robert’s (Stone and Roberts 1990) null model analysis to test
for patterns of co-occurrence before and after the African Jewelfish invasion. The
technique has been used extensively to evaluate if species co-occur more or less
frequently than expected by random chance. Using Gotelli and Entsminger’s EcoSim v.7
software (Gotelli and Entsminger 2005), we generated 5000 random matrices via a fixed-
equiprobable sequential swap algorithm (the number of sites a species occurs in was
fixed, but the number of species in a given site was allowed to vary randomly). From

these, we tested if each year’s observed presence-absence matrix deviated from these
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matrices. The mean number of co-occurrences is converted into a standardized effect size
(SES), with 2 standard deviations from zero being approximated by the values of £1.96.
To evaluate if pre and post invasion structures were significantly different. We used a T-
test to investigate differences in the mean SES for pre-invasion years (1999, 2000 and

2002) and invaded years (2003 and 2004) structure.

Contemporary metacommunity assembly was described using redundancy
analyses (RDAS) as a function of regional (two hydrological variables), local factors
(four solution hole attributes) and the presence and abundance of jewelfish. Redundancy
analyses are designed to ordinate two related matrices, a descriptor matrix and a
community matrix, to determine the two dimensions (descriptors) which best explain
variations in the community matrix (Legendre and Anderson 2006, Blanchet et al. 2008).
To determine the influence of Jewelfish on assembly, relative to abiotic factors, we
included them in the descriptor matrix and removed them from the community matrix.
Non-metric multidimensional scaling (NMDS) was used to evaluate the differences in
communities where Jewelfish were present versus when they were absent (Kruskal and
Wish 1978). An analysis of similarities (ANOSIM) was used to evaluate whether the
differences between groups were statistically significant, and a similarity of percentage
analysis (SIMPER) to determine which species contributed the most to these differences,
following Santos et al. (2016). We also compared the total diversity, non-native diversity
and total abundance across sites where Jewelfish were present and absent using T-tests.
Analyses comparing sites where Jewelfish were present and absent did not include
Jewelfish as part of the community. All statistical analyses were performed in RStudio (R

Core 2012). The t-tests were performed using the t.test function from the stats package,
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while the RDA, NMDS, ANOSIM and SIMPER were performed using the rda,
metaMDS, anosim and simper functions respectively from the vegan package (R Core
2012). The ANOSIM and SIMPER analyses were both performed with 999 permutations
for the evaluation of significant differences. For all analyses relying on distance-matrices,

the Bray-Curtis dissimilarity metric was used.

Literature-review

Our goal was to review all available peer reviewed literature addressing the
question: do assembly rules change following the introduction of an invasive species. We
searched the literature for peer-reviewed papers containing the words “invasive” or “non-
native”, or containing the terms “community assembly”, “invasive” or “non-native” and
employed a null model analysis. Described at length in Stone and Roberts (1990), these
null model analyses have been widely used to address similar questions over the past
several decades as they are robust to the small matrix sizes, additions of new species
(Lavender et al. 2016) and their results are comparable across taxa. From these studies,
we extracted the reported standardized effect sizes (SES) for before and after invasions.
For studies which presented time series data, with multiple reported SES before or after

invasion, we used the mean SES. Where values were not directly reported in text, they

were estimated from figures using DataThief Il (Tummers 2006).

RESULTS

African Jewelfish invasion
Before the Jewelfish invasion, the Rocky Glades fish metacommunity did not

significantly deviate from a random assemblage (Kobza et al. 2004; Figure 7). However,
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in the first year following the invasion, 2003, and in all subsequent years, assembly was
aggregative (Figure 7). There was a significant difference between pre (1999-2000, 2002)
and post (2003-2004) invasion SES (D.F.=3, t=3.433, P=0.021). Contemporary assembly
events remain aggregative and were substantially lower than earlier observed events.
However, the contemporary data were derived in a way which was not comparable to the
older data sets and therefore statistical differences between the time periods cannot be
evaluated. Jewelfish are also now the second most abundant species in RG solution hole

fish communities, and the only abundant piscivorous fish (Figure 8).
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Figure 7 Standardized effect sizes of all fish assembly data available (Kobza et al 2004,
Loftus et al 2004 and this study’s electrofishing data) over time. White points are pre-
invasion and black are post-invasion data, showing a decline in the standardized effect
size of following the African Jewelfish invasion of the Rocky Glades (black vertical line).
Bars mark the cumulative diversity of non-native fish in the Rocky Glades, per Kline et
al. (2014), horizontal dashed lines denote approximate significance boundaries for
deviations from “random” assembly.
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Figure 8 Mean abundance, and standard errors of the mean, of each species in modern
(2013-2015) solution hole communities across all years. Black bars are natives, gray bars
are non-natives and the focal species of this study, the African Jewelfish, is highlighted
with the arrow. This species was the second most abundant fish, and was the most
abundant non-native, encountered.

Overall, assembly of the solution hole communities was driven largely by
dispersal distances and regional hydrology, with Jewelfish abundance as the third most
influential factor overall, and the most influential local-scale factor (D.F.=8, P<0.001,
Global R%4;=0.170; Table 5 and Figure 9). Jewelfish were present in 64 of the 137
solution holes sampled over the 3 years, being present in a mean of 39.13 + 5.27% of all

sites in a given year.
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Table 5 Biplot scores for RDAs 1 and 2. Higher absolute values denote higher relative
influence on the metacommunity assembly process. The top three driving factors along
each axis are shaded. Global R%;=0.170

Descriptor | RDA1 RDA2
Rugosity 0.196

Surface area 0.062  0.088
Percent veg. cover -0.083 -0.288

Depth

Distance to source

Regional hydroperiod
Recession rate

African Jewelfish abundance

0.253 -0.011

Communities where Jewelfish were present had significantly higher mean abundances
(D.F.=105.6, t=2.610, P=0.010) and diversity (D.F.=104.05, t=4.629, P<0.001) with
significantly more of both non-native (D.F.=102.1, t=3.685, P<0.001) and native species
(D.F.=113.67, t=4.007, P<0.001; Figure 10) than those where Jewelfish were absent. The
dissimilarity between the communities where Jewelfish were present and absent was
statistically significant, but the ANOSIM’s R was exceedingly small (R=0.056, P=0.001)
and there was a large amount of overlap in the NMDS despite a reasonably low stress
value of 0.17 (Figure 11, Table 6) suggesting no true differences existed. The slight
differences between these types of communities was largely caused by significant
increases in two native prey species (Poecilia latipinna and Jordanella floridae) as well
as a less abundant non-native piscivore (Belonesox belizanus) and a native benthic

omnivore (Amerius natalis).
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2013-2015 Metacommunity assembly RDA bi-plot

African Jewelfish

Rugosity

Surface area

Regional hydroperiod Depth
Oy, 2o,
C
% Veg. cover? - pacession rate o,

RDA1 7.21%variance explained

RDA1 9.55%uvariance explained

Figure 9 Bi-plot of RDA scores describing Rocky Glades 2013-2015 fish
metacommunity assembly. Vector colors reflect descriptor category (local=dark gray,
regional=light gray and African Jewelfish=black), with the relative importance of each
factor signified by the relative length of the vector and the direction of its influences
signified by the direction. Gray points show where individual species sort along these
gradients. Distance to source, regional hydroperiod and African Jewelfish abundance
were the most influential factors overall.
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Figure 10 Significant differences in the mean total abundance (top) and diversity
(bottom) of solution hole communities where African Jewelfish were present versus
absent in the electrofishing data are shown. For diversity, the native only (circle), non-
native only (square) and total (triangle) diversity are shown. Error bars represent standard
errors of the mean.
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NMDS 2

Present

Stress=0.17

NMDS 1

Figure 11 NMDS of solution hole communities where African Jewelfish were present
(dark gray) versus absent (white), across all three years of electrofishing data showing
little dissimilarity between the two types of communities. The relatively low two
dimensional stress suggests that the large amount of overlap shown is representative of
reality.

Table 6 The ANOSIM R and P values are shown at the top of the table, demonstrating
that there are negligible but significant differences between the communities. The table
shows the results of the SIMPER analysis which describes the differences between
communities where Jewelfish were present versus absent in terms of the species which
explain a cumulative 80% of the variance in the differences. Species with significant
variation between the two categories are denoted with an asterisk adjacent to the P-value,
and the direction of the change in density (AD) of the species when Jewelfish are present.
Non-natives are noted by NN,

ANOSIM R=0.056, P=0.001

Species AD when present Cum. % var. P
Gambusia holbrooki = 0.44 1
Fundulus confluentus = 0.57 0.471
Poecilia latipinna + 0.63 0.001*
Ameirius natalis + 0.70 0.001*
Fundulus chrysotus = 0.74 0.175
Jordanella floridae + 0.78 0.041*
Belonesox belizanusNN + 0.82 0.001*
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Literature review

Very few studies have used comparable null model analyses to compare pre and
post invasion assemblages. Despite an exhaustive search of the available literature, only
five studies met our criteria (Figure 12). Two of these, Gotelli & Arnet (2000) and
Sanders et al. (2003) performed two independent experiments of pre and post invasion
assemblages. These were treated separately. These five studies spanned multiple taxa:
insects (Gotelli and Arnett 2000, Sanders et al. 2003), plants (Reshi et al. 2008, Kuebbing
et al. 2014) and amphibians (Richter-Boix et al. 2013). All studies to date have found the
same general pattern: the SES is reduced following the introduction of an invasive
species, signifying a reduction in the amount of segregation in the community. While no
studies noted a switch from segregation to aggregation, three observed shifts from
segregation to neutrality (Gotelli and Arnett 2000, Sanders et al. 2003, Richter-Boix et al.
2013). Sanders et al. (2003) did however report on a time series of SES, following an ant
community before and after an invasion. While the mean SES of this community
following the invasion was neutral rather than the initial segregated state (Figure 2), the
final-point in their time series was aggregative. Both Reshi et al. (2008) and Kuebbing et
al. (2014) describe reductions in the level of segregation without the SES falling far

enough to be considered neutral or aggregative.
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Figure 12. Standardized effect sizes, derived via comparable null model analyses,
presented in papers assessing pre-invasion/uninvaded (black) and invaded (white)
communities, showing consistent reductions in the standardized effect size upon invasion.
Dashed lines represent approximate boundaries (1.96 standard deviations from 0) for
significant deviations from random assembly to aggregation (lower standardized effect
sizes) or segregation (higher standardized effect sizes).

DISCUSSION

Describing the rules of community assembly has been a primary goal of
ecological studies for several decades (Diamond 1975, Gotelli and McCabe 2002).
Recent works have demonstrated that the relative importance of individual species, and
differences between species, can be more influential than environmental factors (e.g.,
Gianuca et al. 2016). Given this, and the ever increasing global rate of harmful biological
invasions (Huang et al. 2011, Rehage and Blanchard 2016), it is prudent to now ask what
influence the introduction of invasive species has on assembly rules. In this study we
have three main findings. First, community assembly rules shift in a predictable fashion,

toward reduced segregation, following the introduction of a new invasive species, as

64



detectable with null model analyses, regardless of taxa or context (Gotelli and Arnett
2000, Sanders et al. 2003, Reshi et al. 2008, Richter-Boix et al. 2013, Kuebbing et al.
2014; Figure 2). Second, the Rocky Glades fish community, shifted from a random to an
aggregative assembly immediately following the invasion of the African Jewelfish, and
the aggregation appears to be maintained over 10 years post invasion. Finally, the
invasive micropiscivorous Jewelfish is now not only the second most abundant fish in
Rocky Glades solution hole communities, but also a driver of assembly patterns. We

discuss these findings below.

Invaded assembly

The introduction of an invasive species shifts the assembly rules of existing
metacommunities away from segregation. Such a consistent shift suggests that, while the
mechanistic effects of invasions may be context dependent (Ricciardi and Kipp 2007,
Habit et al. 2012, Benkwitt 2014), the introduction of a new invasive species will reduce
segregation. Segregation can be generated by several potential mechanisms, such as the
invader facilitating colonization of additional species such as through resource
mobilization (e.g., Schreiber et al. 2002), or by competitive exclusion forcing potential

colonists to aggregation in other sites (Stone and Roberts 1992).

As segregation within a community permits the co-existence of multiple
competitive species (Holyoak et al. 2005, Cottenie 2005, Kadowaki et al. 2011, Chmara
et al. 2013), a loss of segregated structure could have cascading effects on ecosystem
processes. The most extreme example of such a cascade would be the sequential loss of

poorly competitive species, and homogenization across the landscape resulting in
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substantially reduced biodiversity and abundances, as was the case with Africa’s Nile
Perch (Lates niloticus) invasion (Goudswaard et al. 2006). However, this extreme
scenario would be the result of a total loss of segregation and require that no
heterogeneity exist at the patch scale. The true effects of a loss of segregation are likely
to be more muted, as are many noted invasion’s impacts (Cucherousset and Olden 2011,
Ricciardi et al. 2013). Importantly, all studies to date have noted a reduction of
segregation within one sampling unit of the introduction of the invasive species,

suggesting null model analyses could be useful tools to invasion managers.

A major challenge of invasion management is the fact that many species go
undetected or unmanaged until they cause significant harm to the native ecosystem. Once
a species is established and causing harm it is often too difficult, expensive, or in some
cases damaging to remove the species (Simberloff et al. 2013, Dick et al. 2013). While
presence in the biodiversity matrices used by null model analyses necessitates detection,
which is probabilistically a function of density, the aggregative effect of invasive species
presence could be used as an early warning sign to manage a new species before changes
in native abundances or diversity take place, possibly before they’re too integrated in the
system to be removed. However, given the paucity of studies describing this response,
more work is needed to derive a robust understanding of the subject. Nonetheless, we
have shown here that available comparable evidence suggests invasive species increase
the number of species co-occurrences. The consequences of such restructuring to
assembling communities are, as discussed above, potentially dramatic (Gotelli and Arnett
2000, Sanders et al. 2003, Reshi et al. 2008, Richter-Boix et al. 2013, Kuebbing et al.

2014), but understudied. As this shift in assembly rules occurs relatively quickly, it may
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serve as a useful indicator for the identification of truly invasive species, before they

degrade native ecosystems.

How might invasions result in aggregation?

Directed mechanistic experiments, which are beyond the scope of the present
work and likely to be more context dependent than the overall pattern, are needed to
identify the mechanisms behind invasions apparent effect of increased aggregation on
assembly. As competition is generally assumed to generate segregation in a community
(Sanders et al. 2007), with competing species preferring not to cohabitate and therefore
avoid competition when possible, aggregation is considered a sign of a lack or loss of
competition. As such the aggregative effect of invasions may be the result of facilitating
mechanisms on the part of the invader. Native v. non-native interactions have been noted,
in some cases, to liberate resources which would otherwise be more limited (Brenneis et
al. 2011). Making resources more labile may facilitate a reduction in competition
between species, facilitate colonization of species otherwise too resource limited in the
patch or actively enhance the fitness and other species (Riley et al. 2008, Rogalski and
Skelly 2012). others to colonize a patch that would have otherwise been unable to collect
the resources themselves. However, it is worth noting that there is disagreement in the
literature as to if patterns of segregation/aggregation can be used to infer patterns beyond
‘non-neutral’. Specifically, Ulrich and Gotelli (2013) demonstrate that differentiation
between segregative and aggregative mechanisms via null model analyses is subjective to
matrix design resulting in potentially erroneous conclusions. As such, we would

encourage caution when interpreting our results from a mechanistic perspective. Rather,
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our key finding is that there is a consistent pattern observable via null-model analyses

which could be a useful signal of invasions to warrant further study.

African Jewelfish invasion

With respect to the African Jewelfish invasion itself, their impact on the Rocky
Glades metacommunity appears to be complex. The species exhibits a novel color for the
system, vibrant red, is exceptionally aggressive relative to the other species (Schofield et
al. 2007), has violent bi-parental brood care (Frimpong and Angermeier 2009) unlike all
native Everglades fishes, is capable of breeding successfully in the solution hole
environment (personal observation) and is the only small bodied benthopelagic piscivore
in the system (Rehage et al. 2014). This novelty opens the possibility of several
mechanisms for their observed influence. One would expect their aggressive and
predatory behaviors to result in reduced abundances and diversity in their presence, as
potential settlers should naturally avoid them (Stier et al. 2013, Takatsu and Kishida
2015). Rather, we note the opposite is true: sites with Jewelfish had higher abundances
and diversity (Figure 10), suggesting that Rocky Glades fishes, including the Jewelfish,
follow similar assembly rules. Indeed, the driving forces behind assembly in our data
were regional environmental factors; however, this was not the case prior to the invasion
(Kobza et al. 2004). Also, the global RDA could only explain approximately 17% of the
overall variance in the data, suggesting that the abundance of Jewelfish and the observed
environmental forces are not the strongest drivers of assembly in this fish
metacommunity (see chapter 1). Although, other taxa in the system do assemble
primarily according to the natural gradients in these regional factors (Sokol et al. 2014).

Recent works have suggested the behavior or functional traits of species may be more

68



influential in assembly than their abundances or environmental factors (Aiba et al. 2013,
Padial et al. 2014, Pavoine et al. 2014, Spasojevic et al. 2014). Following through with
the concept of trait-based assembly, another hypothesis is that the effect of Jewelfish is a
direct function of their novel traits. Further study is needed to evaluate the hypothesis of
trait-based metacommunity assembly in the Rocky Glades, as no traits were quantified
here, but it would provide a mechanism for the observed influence of African Jewelfish

on assembly.

A key part of this trait-based effect would be the fact that they are predators
which compete for space with their prey. Stier et al. (2013) describe the assembly of reef
communities in the presence and absence of predatory hawkfish. They note that the
timing of arrival and density of hawkfish have significant influences on the final total
patch abundance and between patch diversity (Stier et al. 2013). While the study notes
that abundance and diversity decline over time in the presence of the predator, ours was
designed to avoid this temporal effect by only observing first assembly. Regardless, it is
possible a similar mechanism is at work in the Rocky Glades. When a hawkfish settles on
a reef patch it can exclude new settlers and compete for space with existing settlers (Stier
et al. 2013), effectively stoping assembly at the point when the predator arrives. Other
similar priority effects of predators have been described, suggesting that the presence of a
predator can have disproportionately high influences on the assembly process (Stoks and
McPeek 2003, Shurin et al. 2004, Benkwitt 2014). Personal observation of Jewelfish in
solution holes would suggest that their aggression can also serve to prevent existing prey
or competitors from leaving the patch. On numerous occasions Jewelfish were observed

harassing Lepomis spp. when the sunfishes ventured beyond the structures along the
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periphery of the hole, forcing them to abandon the excursion. Jewelfish are slow to
invade the marsh surface in the wet season (Loftus et al. 2006), and therefore are likely to
settle in to solution holes later than other species. The observed higher abundance and
diversity of holes with Jewelfish may be a result of them settling in to high quality
patches which have been colonized by prey and competitors, then they behaviorally
prevent emigration. A controlled study of Rocky Glades metacommunity assembly over

time, within individual assembly events would be needed to evaluate this hypothesis.

Conclusion

Overall, we demonstrated there is a clear, repeating pattern of increasing numbers
of species co-occurrences, aggregation, following the introduction of a truly invasive
species. This pattern holds true across multiple taxa (insects-Gotelli and Arnett 2000,
Sanders et al. 2003; plants-Reshi et al. 2008, Kuebbing et al. 2014; amphibians-Richter-
Boix et al. 2013; fish-this study) and may represent a cost effective means of evaluating
the introduction of new species, before they cause irreparable harm to the native
community, using existing biodiversity monitoring data. Further, we have demonstrated
that this same effect took place in the Rocky Glades fish metacommunity in Everglades
National Park immediately following the African Jewelfish invasion. Jewelfish are now
the second most abundant fish in solution hole communities and are a driving force of
annual metacommunity re-assembly events. As the population appears to be
reproductively stable given their temporal persistence, is numerically dominant, is
unlikely to go extinct without human intervention and is significantly influencing native
communities in a protected wetland, we recommend the African Jewelfish be considered

officially invasive in the Everglades ecosystem. We also urge other researchers to
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evaluate the rigor of the pattern we described above with additional case studies and
suggest long-term monitoring programs consider using null model analyses as a first pass

to screen new introductions for signs of invasiveness.
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CHAPTER IlI

CAN INDIVIDUAL PERSONALITIES STRUCTURE DISPERSAL LIMITED
METAPOPULATIONS AT ECOLOGICALLY RELEVANT SPATIOTEMPORAL
SCALES?

7



ABSTRACT

The relative role of inter and intraspecific trait variation in metasystem (meta-
population, community, etc.) assembly has been of growing interest to ecologists over the
past decade. Concurrently, intraspecific variation of individual personalities, traits that
are not typically observable in field studies, have been shown to be influential to key
metapopulation parameters. Typically, the personality types studied in this context are
boldness and aggression, but less attention has been given to sociability despite empirical
support. Sociability is defined as an individuals’ propensity to associate with conspecifics
and has been demonstrated to influence not only the tendency of propagules to disperse,
but also their dispersal distance and final patch densities. However, this has only been
described at small spatiotemporal (mesocosm) scales. | used an individual based model,
designed and parameterized with data from a real metapopulation, to investigate the
metapopulation influences of sociability at ecologically relevant spatiotemporal scales. |
used this model to simulate dispersal and assembly of three separate populations with
differing sociability distributions and a no-personality (neutral) control, using two
different dispersal window lengths. My model demonstrates that sociability influences
the key metapopulation parameters of individual dispersal distance and patch density.
Both of these parameters were significantly influenced by an interaction with dispersal
window length. Sociability had no influence on landscape occupation rates. This model
also produces niche-based density-distance decays, which are indistinguishable from
neutral model predictions. This begs the question: are neutrally structured metasystems
following cryptic niche axes? Individuals with moderate sociabilities were also

indistinguishable from neutral models, suggesting that while sociability potentially plays
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a key role in the structuring of metasystems, it could add unnecessary complexity to
models not describing populations with skewed sociability distributions. I finish by
posing hypotheses, supported by this model and previous works, and recommend their

evaluation in a field-based study.

INTRODUCTION

Metapopulation structure emerges from the dispersal of propagules among
patches embedded in a low-quality matrix (Hanski and Gilpin 1991). The reason and rate
at which these propagules disperse (Gotelli 1991), the pathways they use (Baguette and
Van Dyck 2007, Altermatt et al. 2011), and their use of environmental information
(Proulx et al. 2013) as it relates to immigration and emigration have dominated the
metapopulation discussion. Typically, these individual propagules are considered
functional equivalents within a metapopulation. However, recent works have
demonstrated that intraspecific trait variation can influence emergent metapopulation
structure through dispersal mediation (e.g., Hawkes, 2009; Sutherland et al., 2014). Of
the traits influencing dispersal, personality-type (PT) is now recognized as a particularly
important behavioral trait mediating metapopulation structure (Conrad et al. 2011,

Spiegel et al. 2017).

A PT, also referred to as behavioral-type, is the consistent response of individuals
to given stimuli, relative to conspecifics, regardless of environmental context (Sih et al.
2004, 2012, Conrad et al. 2011, Wolf and Weissing 2012). Variation in PT has been
demonstrated to influence key features of metapopulation dynamics, such as propagule

dispersal tendencies (Duckworth and Badyaev 2007, Cote et al. 2010a, Myles-Gonzalez

79



et al. 2015), dispersal speed (Maes et al. 2013), dispersal distances (Cote et al. 2010b),
competitive abilities (Groen et al. 2012, Capelle et al. 2015), physiological states (Myles-
Gonzalez et al. 2015), parental abilities (Duckworth and Badyaev 2007), and colonization
behaviors (Duckworth 2008, Groen et al. 2012). To influence metapopulation structure
through dispersal, a single PT needs to, at minimum, affect both the spatial (e.g.,
distance) and temporal (e.g., speed) components of dispersal, at ecologically-relevant
scales. Typically, this is considered by way of the personality dependent dispersal (PDD)
concept, which relies on the idea that an individual’s personality is going to be a primary
determinant of their net dispersal behavior. Most often PDD is studied as a function of
boldness or life-history related personality traits. Work to date has shown that the
spatiotemporal distribution of animals can be influenced by their boldness and
aggression, with fitness consequences and related energetic tradeoffs, such that more bold
and aggressive individuals tend to travel first and furthest. Sociability, the propensity of
an individual to associate with conspecifics (Cote and Clobert 2007), has also been
suggested to affect both of these aspects of dispersal by mediating emigration and
immigration probabilities, as well as dispersal distances (Cote et al., 2010a; 2010b).

However, it has received far less experimental attention than other traits.

The potential for sociability to influence metapopulation structure stems from
density-dependent individual decisions influenced by patch conditions. As first
conceptualized by Cote et al. (2010b), asocial individuals or those that prefer low
conspecific densities, disperse away from high density source patches in search of
preferable conditions. In doing so, the patch may be sufficiently depleted as to encourage

emigration of social individuals in search of conspecifics. Multiple iterations of this result
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in a metapopulation being structured in both space and time, with the emergent structure
depending on the population’s sociability and the length of the dispersal-window (Cote et
al. 2010a). Some evidence exists for this, at small spatial scales. Cote et al (2010a)
demonstrated a negative relationship between sociability, and individual dispersal
distances in a fish mesocosm. Similarly, in a reptile macrocosm, dispersal from low
density patches was attributed to higher sociality, and visa-versa (Cote and Clobert 2007).
However, there is still a lack of information regarding how this translates to ecologically

relevant spatial scales (10s-100s of km), and how it interacts with time.

This knowledge gap is particularly pressing because, while many habitats are
temporally stable with functionally unlimited dispersal-windows, dispersal-window
lengths in ephemeral landscapes are often tied to climatic patterns via hydrology
(Lindenmayer and Hobbs 2007). As the global climate shifts, many ephemeral landscapes
may experience changes to the drivers of their dispersal-windows, resulting in currently
not understood changes to the spatiotemporal structures of metapopulations. To
understand these effects, we need to understand how changes in dispersal-windows
influence temporally-dependent dispersal mechanisms, such as sociability-dependent
dispersal (SDD). To begin filling this need, and to evaluate the effects of SDD at
ecologically relevant spatiotemporal scales, we used a simulation approach to test and
refine hypotheses of metapopulation structuring, at multiple scales (individual, local and

regional), which can be directly evaluated in future field-based studies.

For this simulation, our goal was to build an understanding of observable SDD

patterns in ephemeral metapopulations. To do this, we built a behavioral individual-based
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model (IBM), parameterized with information from an existing ephemeral wetland; short
hydroperiod wetlands in the Everglades. Using this IBM, we experimentally manipulated
the sociability of individuals (fishes) and dispersal-windows (relative to a no personality
control), to examine the effects of SDD on the dispersal distances of individuals, the
density of individuals within patches, and the proportion of the landscape colonized (see
Table 1 for detailed hypotheses). We also examined the interacting effects of sociability
and varying dispersal windows (long vs. short) on these three variables. Per results of the
model, we refine these hypotheses and suggest how each could be tested with a long-term
field study aimed at understanding the role of SDD in real-world metapopulation
structuring, and how this will interact with shifting climatic regimes to alter

contemporary patterns.
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Table 7 Hypotheses to be tested at each scale of interest. N.P. represents a no personality
(control) treatment.

Scale Hypothesis Dispersal window
mm | ONE === Short

Individual | N.P. individuals travel shorter
distances than those with
sociability.

Travel distance is negatively
related to sociability (Cote et al.
2010a).

Short dispersal-windows limit the
effect of sociability on individual Sociability
travel distances.

Individuals will travel further with
longer dispersal-windows.

Local Patch density positively associates
with population sociability.

The association between patch
density and sociability will be
unaffected by dispersal-window
length. 5 5|
N.P. populations will produce S :
similar patch densities to moderate Asocial Normal Social
sociability populations.

Longer dispersal-windows will
result in increased patch densities.
Regional | The proportion of the landscape
occupied negatively associates to
population sociability.

Landscape saturation limits the
influence of population sociability
during long, but not short,
dispersal-windows.

High sociability populations’ : -
landscape occupation resembles Asocial Normal Social 2
N.P. populations.

Distance
traveled

M P+ {Ih

HIH{I}

d

Patch
density

M.P| HIRHIh

)
[
(T

L

occupied

Landscape

Longer dispersal-windows will
result in increased landscape
occupation rates.
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MATERIALS AND METHODS

To address the questions of this study, a simple IBM was built to simulate the
structuring of a metapopulation based on intraspecific variation in sociability, in the
context of two different dispersal treatments, using NetLogo v. 5.3.1 (Wilensky 1999).
See conceptual flow chart and complete overview, design concepts and details (ODD,
Grimm et al., 2006) in Appendix 3 for full details. While we did not strive to accurately
represent the immense complexity of any real-world metapopulation with our IBM, our
goal was to simulate ecologically relevant spatial and temporal scales, as well as
movement rules and patch densities. To do this, we designed our model with parameters
from a simplified real-world metapopulation. Specifically, our model design and rules
were inspired by the Rocky Glades (RG) region of Everglades National Park. This was a
useful system to examine temporally-dependent dispersal as it has been studied enough to
design and parameterize model agents. However, it is important to note that this
landscape was used as a source of parameters and rules, but the model itself is not context
dependent and can be extrapolated to other systems. Specifically, this model simulates
the pattern of flooding and drying using discrete dispersal windows of relevant length
with a single large source population along the western edge, as in the RG. The most
abundant fish in this habitat, Eastern Mosquitofish (Gambusia holbrooki) has also been
studied sufficiently as to provide reasonable dispersal rules and distances within this

environment.

Modeled system
The RG is a short-hydroperiod karstic marsh located in peripheral wetlands of the

Everglades (McVoy et al. 2011). The region is characterized by a large number of

84



solution holes, or depressions in the exposed limestone matrix, distributed throughout a
seasonally- connected landscape (Loftus et al. 1992, McVoy et al. 2011). Under modern
hydrology, a typical wet season is approximately four to six months long, whereas severe
droughts can reduce this to less than one month (Loftus et al. 1992, McVoy et al. 2011,
Kotun and Renshaw 2014). Within a matter of hours of inundation at the start of the wet
season, fish disperse from long hydroperiod habitats (i.e., source habitats; Goss et al.,
2014) to colonize this landscape. Under current post-drainage hydrology; solution holes
are extirpated annually as the dry season progresses (Rehage et al. 2014), so each
dispersal and structuring event occurs largely in the absence of priority effects(effects of
existing colonists on potential new immigrants; i.e.; Dibble et al., 2014; Drake, 1990) and
prior knowledge (knowledge of the environment from previous dispersal bouts; i.e.

Clobert et al., 2009; Mueller and Fagan, 2008).

Scales of interest
We focused on three scales of interest to metapopulation ecology: individual,

local and regional scales (Revilla et al. 2004, Cadotte 2007). Here, the individual scale
represents consequences for the individual animals, which in this case consists of the total
distance individuals travel. At the local scale, we quantified the density of colonists
within patches or patch density, while the regional scale represents all viable patches in
the landscape. At this scale, our hypotheses (Table 7) focused on the proportion of the

landscape occupied.

Model environment
The model environment is a 200*100 cell bounded rectangle, with each cell

representing 100m?. Of the cells, 50 were assigned as viable patches. The locations of
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patches were randomly generated once and fixed to those coordinates (Figure 13) to
control for the effect of patch distribution, which is known to influence many ecological
properties (Tscharntke et al., 2012). This patch distribution was used because there is
currently no available information regarding the true spatial distribution or density of
solution holes in the RG landscape. The other important environmental parameter in the
model was the run time, which represented the time allowed for dispersal, or the dispersal
window, for fish to colonize the region, determined by the duration of the wet season. To
investigate the interaction of dispersal-limitation with SDD, high and low dispersal
window treatments were used. The run time was set to 200 days for the high dispersal
window treatment or longer wet season, and 20 days for the low dispersal window
treatment; a very short dry season. Modern hydrological conditions in the RG result in a
median dispersal-window length of 206.5 days and a standard deviation of 60.4 days over
the past 16 years (Blanchard et al. Chapter 2). A 200 days dispersal-window is common
under modern RG hydrology, whereas system wide 20-day dispersal-window is

exceptionally short, but plausible (Blanchard et al. Chapter 2).
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Figure 13 The top panel shows the model landscape based on a random allocation of
habitat patches (solution holes) in a 20 by 10 km matrix. Dots represent patches, gray is
the dispersal matrix and the black band to the left is the source area. Panels below show
example distributions of the four source population sociability treatments.

Model operation
The model simulated a single metapopulation moving through a non-interactive

landscape, dispersing from a single source area (Figure 13). Each agent uses an area-
restricted search procedure to find a patch to colonize, an empirically supported search

pattern commonly used in behavioral IBMs (e.g., Spiegel et al., 2017), coupled with a
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random walk (Fagan and Calabrese 2014), to move among patches in the landscape.
Once found, conspecific density is evaluated by the agent by comparing the density to
what it finds acceptable. The acceptable range is dependent on the sociability of the agent
and the density of the patch. For instance, asocial agents will depart a patch if density is
too high. For our model, this acceptable range is based on a maximum target value of 40
conspecifics, which is within one standard deviation of the mean observed density of
Eastern Mosquitofish in RG solution holes over three years of field sampling (Blanchard
unpublished data). Each agent’s target density, the mid-point of the acceptable range, is
defined as target density = individual sociability * 40. Any density within 25% of

the target was considered ‘acceptable’.

If local conspecific density is acceptable, the agent stays until conditions change.
If the density is unacceptable, then the agent will decide if it should wait for conditions to
improve or not. This parameter was included as an animal’s perception of local
conditions is not necessarily binary, and patch abandonment will not always occur
immediately upon the patch becoming unacceptable (Sih, 1992). This is done, at each
newly discovered patch upon arrival, by calculating the agent’s ‘hang-out-time’ (H) as
H = sociability * H, 4, Where Hmax is the maximum amount of time any individual will
stay in an unacceptable patch. If a randomly drawn real number between 0 and Hmax IS
>H, then the agent will leave the patch. If not, then the agent stays for another day.
Stayers experience a 10% daily reduction in H for each day with an unacceptable patch
density, which reduces their probability of staying. A sensitivity analysis was performed

to evaluate the impact of Hmax, as it was not empirically derived. Total distance traveled,
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and final patch densities were sensitive to Hmax at values less than 5 days but were
unaffected at longer times (maximum tested was 200 days). A fixed value of 5 days was
used for Hmax. Similarly, the model assumes each agent remembers the last patch it
evaluated and will not return to it until a new patch has been found and evaluated. The
core of this assumption is that animals are seeking different, more favorable conditions
when dispersing (Rehage et al. 2016), and therefore would not immediately return to a
previously unacceptable patch (e.g., with an undesirable conspecific density per the

personality type of the agent).

Agents lacking personalities, the control treatment, were functionally identical in
all search parameters. However, as they have no basis for evaluating the conspecific
density of patches, they settle in to any newly-detected patch. Their probability of staying
in the patch is purely random, drawing a random integer between -1 and 101. If this is
>50, they emigrate. If this value is <50, they stay for another day. This stochastic
emigration and distance dependent immigration with an adaptive random walk is
functionally similar to neutral dispersal. Last, at the end of the run (either 20 or 200
days), the model provided the following metrics: individual distance traveled, individual
location (cartesian plane coordinates), and individual sociability. These metrics were

exported for further analysis.

Model agents
Agent design was modeled after the Eastern Mosquitofish, Gambusia holbrooki.

This is the most common fish in the RG (Kobza et al., 2004, Blanchard UPD), and is a
congener of the Western Mosquitofish, Gambusia affinis, used in previous sociability

studies (e.g., Cote et al., 2013, 2010a, 2010b; Rehage et al., 2005). This globally invasive
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genus (Deacon et al. 2011) is also known to exhibit significant intra-population

behavioral heterogeneity and individual behavioral consistency (Rehage et al. 2016).

At the onset of each model run, which simulates one dispersal and assembly
event, 1000 fish were generated in the source area (the five western-most cell columns,
Figure 13) with a sociability randomly drawn from one of three distributions: asocially
skewed, normal, socially skewed; or from a no-personality control (Figure 13). For the
purposes of this model, sociability was bound between 0 and 1 with higher values
representing higher degrees of sociality. Each sociability distribution was derived from
beta distributions with the parameters: asocial a =2, B =10; social a =10, B =2; and
normal a =2, B =2. Each of these parameter combinations skews the distribution left,
normal, or right respectively. These three personality distributions were chosen as they
likely best represent distributions in natural or invading populations. In particular,
selective forces and genetic founders effects can cause a skewing of behavioral
distributions (Conrad et al. 2011, Sih et al. 2012, Cote et al. 2013). The normal
distribution however likely represents a natural population which is not subjected to
frequent selective disturbances. For example, we might expect an ephemeral marsh to
select for highly dispersive phenotypes if the source habitat is risky or also temporary,
resulting in a left skewed distribution, or non-dispersive phenotypes if the source is stable
and safe, as is the case in the RG, resulting in a right skewed distribution. Conversely,
stable landscapes, such as permanent ponds, would likely select for a normal distribution

as neither extreme is particularly disadvantageous.
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The distance an agent can move on any given time step, day, was randomly
chosen between 0 and 3 km, shown to be a reasonable maximum daily movement
distance for Eastern Mosquitofish, based on a maximum swimming speed of 4cm/s (J.
Gatto unpublished data) for 24 hours. Each agent was afforded complete knowledge of
the area within 750m (0.25*3000m) on a daily time step, based on the assumption that an
individual will explore the local area when choosing a place to settle. All agents moved in
ranked order of their sociability, such that lower scores move first, as per Cote et al.’s
(2010a) proposed mechanism. In the case that two agents have the same sociability, the

one their movement rank is decided by random selection.

Statistical analyses
As data at some scales were heteroscedastic, and medians provide more robust

measures of central tendency than means (Zar 1999), nearly all statistical methodologies
used were non-parametric. The only exception was linear regressions used on the

homoscedastic individual and regional scale data.

At the individual scale, differences between how far individuals moved in
personality and no personality treatments were evaluated with a Kruskal-Wallace test.
This test, and subsequent multiple comparison tests were performed via ‘Kruskal.test’
and ‘kruskalmc’, from the ‘stats’ and ‘pgirmess’ packages respectively, in R (R Core
2012). Associations between distance traveled and individual sociability for each low and
high treatment were evaluated with linear models, ‘lm’ from ‘stats’. The slopes of these
models were compared with a non-parametric analysis of covariance (NpANCOVA)

using ‘T.aov’ from the ‘fTANCOVA’ package.
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At the local scale, the association between patch density and sociability treatment
were evaluated we used a Kendall’s-tau correlation, using the mean treatment sociability
(Table 8) as the categorical ranked X values for each dispersal window. Mean patch
densities of all socially informed and uninformed populations were compared within and
across dispersal-window treatments using Kruskal-Wallace and associated multiple
comparisons tests. The slopes of these associations were compared using a NpANCOVA.

Correlations were performed using ‘cor.test” from the ‘stats’ package in R (R Core 2012).

Table 8 Mean sociability values used for each treatment in statistical analyses.

Treatment Mean sociability
No personality -
Asocial 0.16
Normal 0.5

Social 0.83

Last at the regional scale, the proportion of the landscape occupied in each
sociability and dispersal window treatment, as well as between dispersal treatments, were
compared with Kruskal-Wallace and subsequent multiple comparisons tests where
appropriate. As these were proportion data, we performed all analyses on arcsine square
root transformed data. Associations between sociability treatment and the proportion of
the landscape occupied were evaluated with a Kendall’s-tau correlation, using mean
treatment sociability (Table 8) as the ranked X categorical value. The slopes of these

associations were compared using a NpANCOVA.

To evaluate the relationship between mean patch sociability and distance from the

source, as well as mean patch density and distance from the source, we focused
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specifically on the normally distributed and no-personality treatments only. These
relationships were evaluated using linear models which were compared with
NpANCOVAs. Distance from the source area was calculated as the X coordinate on a
cartesian plane, as the source marked the western boundary (x=0-5). Mean patch
sociability was calculated as the mean sociability of individuals within occupied patches
at the end of the run. Similarly, mean patch density was calculated as the mean density of

occupied patches at the end of the run.

RESULTS

Individual scale
As we predicted, asocial agents in the model dispersed further, particularly with

the longer dispersal window of 200 days. The distance traveled by individuals was
negatively related to their sociability under both long (F=1.073*10*, R%;=0.7816,
P<0.001) and short (F=284.1, R%j.=0.09, P<0.001) dispersal windows, with a stronger
relationship and significantly greater median individual distances traveled for longer
dispersal-windows for both socially-informed (x>=4499.3, P<0.001) and no-personality
(x*=1499.3, P<0.001) treatments (Figure 14). The slope of these relationships was
significantly larger for the longer dispersal window (T=9.18*10°, P<0.005), resulting in

greater variation in dispersal distances for this treatment.

When comparing socially informed treatments, there were significant differences
in individual travel distances among treatments (x?=4499.3, P<0.001, Figure 14).
Treatments with normal sociability distributions closely resembled neutral (no-
personality) predictions, since at short dispersal windows, there was no significant

difference between the no-personality and normal individual distance traveled for the
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short dispersal windows, (0=0.05). However, there was a small, but significant difference
with a long dispersal window. The social treatment was also not significantly different
from the no-personality treatment under the short dispersal window but were significantly
different with the longer dispersal window. Aside from normal and asocial treatments not
significantly differing under short dispersal windows, all remaining treatments’ median

individual distances traveled significantly differed at a=0.05.
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Figure 14 The distance individuals traveled, in the unit of 100m? cells, was negatively
related to individual sociability and varied with dispersal window length. Panel a shows
the raw distance traveled by all socially informed individuals, with the line of best fits for
each dispersal window (black= long, gray=short), as well as boxplots of the distances no-
personality (N.P.) individuals traveled. Note sociability ranges from O=extremely asocial
to 1=extremely social. Panel b shows the means and standard errors of individual travel
distances for each of the treatments, demonstrating that asocials move further, socials
move the least the normal distribution resembles the N.P. control, and longer dispersal
windows result in longer dispersal distances.

Local scale
Patch density was consistently higher for the short dispersal window than the long

window. Each treatment with and without a personality produced significantly different
median patch densities within and between dispersal treatments at a=0.05 (y?=7464.1,
P<0.001), except for the no-personality and normally distributed treatments which did not

vary within dispersal window treatments. Patch density was positively associated with
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treatment sociability for both short (1=0.816, P<0.001) and long (t=0.819, P<0.001)
dispersal windows, with similar slopes (T=2.631, P=1; Figure 15) and socially informed

treatments consistently producing the highest densities.
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Figure 15 Median patch density from the four sociability treatments in the low (dark) and
high (light) dispersal window treatments positively associated with mean population
sociability, and the normal treatment was not significantly different from the no
personality control. Circles denote outliers.

Regional scale
There was a weak positive association between patch occupation and sociability

with long dispersal windows (t=0.303, P<0.001), but no such pattern was observed for
the short dispersal windows (1=0.005, P=0.741, Figure 16). The slopes for the two
dispersal treatments were different (T=0.030, P=0.005). Short dispersal windows,

regardless of sociability treatment, resulted in a median landscape occupation of
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approximately 52%, while for the long dispersal window treatment, the median landscape

occupation was 99%, with only minor differences among personality treatments.
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Figure 16 Boxplots showing the proportion of the patches which were occupied during
each of the four sociability treatments under low (dark) and high (light) dispersal
treatments. Circles are outliers.

Mean patch sociability significantly decreased as a function of distance from the
source for the short (F=1903, R%;=0.656, t=-43.62, P<0.001) and long (F=24.48,
RZ%j=0.023, t=-4.95, P<0.001) dispersal windows (Figure 17). There was also a negative
relationship between mean patch density and distance from the source for both dispersal
window treatments with socially informed (short: F=731.9, R?=0.423, t= -27.05,

P<0.001; long: F=157.6, R?=0.136, t=-12.55, P<0.001) and no-personality treatments
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(short: F=654, R?=0.395, t= -25.57, P<0.001; long: F=178, R?=0.151, t=-13.34, P<0.001).
The slopes of the relationship significantly varied with dispersal-window length for both
treatment types (with personality: T=43.36, P=0.005; no-personality: T=40.31, P=0.005),
with short windows resulting in the more negative relationship. This relationship did not
significantly differ between treatments with and without personalities within dispersal

window treatments (short: T=0.446, P=0.10; long dispersal: T=0.009, P=0.776).
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Figure 17 The top panel shows a linear model of the mean sociability of patches as a
function of distance from the source, in the unit of patches, and associated standard errors
for each level of dispersal. The bottom panel shows the mean patch density as a function
of distance from the source, and associated standard errors, for the with and without
personality treatments under each dispersal window treatment. Note that the with
personality treatment shown here is only the normal distribution treatment as other
sociability treatments violated parametric assumptions.
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DISCUSSION
The mechanisms structuring metapopulations have been, and still are, of central

interest to ecologists for several decades (e.g., Deans and Chalcraft, 2017; Gotelli, 1991,
Govindan et al., 2015; Harrison et al., 1988). While environmental factors and
interspecific interactions are known to be influential (Pringle 2003, Bond et al. 2015),
recent work has suggested individual personalities can also be significant structuring
forces by encouraging personality-dependent dispersal (PDD; e.g., Cote et al., 20103,
2010b; Cote and Clobert, 2007; Spiegel et al., 2015). However, few studies to date have
observed PDD at ecologically relevant spatiotemporal scales, and none have done so
using sociability. We have demonstrated here that individual sociability, can have
significant structuring influences on assembling ephemeral metapopulations at multiple
scales (individual, local and regional), and that these influences can vary depending on
the length of the dispersal window. In the following sections, we discuss five key
findings from this model: 1) the total distance a propagule dispersed was negatively
related to their sociability, a relationship which became stronger as the length of the
dispersal window increased. 2) Patch density was positively associated with the
sociability of the source population; and the strength of this relationship was unaffected
by dispersal window length, but mean patch densities decrease with longer dispersal
windows. 3) The proportion of the landscape occupied was unaffected by sociability
under the conditions tested, but was higher under the longer dispersal window. 4) Mean
patch sociability was negatively related to the distance from the source, mirroring patch

density distance decays typical of neutrally structured populations. Below, we discuss the
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implications of these results at each scale and refine hypotheses to be tested in future

field studies.

Individual scale- dispersal distance
With our model, we have shown that an individual’s sociability can be negatively

related to the distance they disperse at ecologically relevant spatiotemporal scales (e.g.,
beyond mesocosms scales), as hypothesized by Cote et al. (2010a), and that this
relationship is temporally-dependent (Figure 14). The temporal dependence is
conceptually simple, as longer dispersal windows allow more time for individual
differences to be accentuated. However, this finding is worth noting since it suggests that
short-dispersal windows may mask the relationship between sociability and dispersal.

A key consequence of the negative relationship between individual sociability and
travel distance is that it suggests there is a greater metabolic cost for being asocial in
metapopulations, as more energy will likely be spent on dispersal the more asocial an
individual is. This added metabolic cost could have fitness consequences. In Round
Gobies (Neogobius melanostomus) for example, the most dispersive, boldest, individuals
have higher resting metabolic rates and allocate less energy to reproductive efforts during
dispersal (Myles-Gonzalez et al. 2015). These gobies are able to offset the fitness
consequences of their dispersive phenotype by re-allocating energy back toward
reproductive pathways when not dispersing (Myles-Gonzalez et al. 2015); however, it is
unlikely that this compensation occurs in all species. In the absence of such
compensatory mechanisms, asociality would then be maladaptive in stable environments,

assuming no added benefits to dispersal such as inbreeding avoidance, territoriality or

100



reduced competition for resources (see Bonte et al., 2012 for a review of the ‘costs and
benefits' of dispersal).

Conversely, dynamic environments, such as ephemeral wetlands, may select for
more dispersive phenotypes through stochastic extirpations of high density areas.
Population resilience to such events requires satellite populations, likely consisting of
dispersive asocial individuals, to recolonize extirpated patches (i.e. the rescue effect, see
Gotelli, 1991). Depending on the frequency and severity of these selective events, this
could result in asocially skewed or normally distributed sociabilities. Therefore, we
hypothesize that metapopulations in stable environments will be socially skewed, while
those in dynamic environments will have asocially skewed or normally distributed
sociabilities. These hypothesized multigenerational patterns could be tested with an
extension of our IBM that incorporates individual fitness, multigenerational population

dynamics and different degrees of environmental stochasticity.

Effects of sociability at the patch scale
Our model demonstrated a positive association between patch density and

population sociability (Figure 15). While this is an empirically supported pattern,
observed in both fish (Cote et al. 2010b) and reptiles (Cote and Clobert 2007), it was an
imposed feature of the model and therefore is not an emergent property. The significantly
reduced densities under longer dispersal windows, however, are. This pattern was a
function of individuals searching longer and further for preferable densities, thereby
discovering and settling more patches when the dispersal window allowed. While
intuitive, this provides another avenue by which certain phenotypes may be maladaptive

in environments with short dispersal windows. The high densities caused by short

101



dispersal windows may cause increased stress levels in asocial individuals. Conversely,
the low densities typical of long dispersal windows may be stressful for social
individuals. When chronic, stress can have a wide array of physiological effects ranging
from increased aggression to reduced fitness and eventually degradation of organ systems
(McEwen and Wingfield 2003, Romero 2004, Baker et al. 2013). Therefore, we
hypothesize that long dispersal windows in ephemeral habitats will select for asociality,

whereas short windows select for sociality.

Regional scale effects
The role of personality types in landscape occupancy has particular interest to

invasion ecologists, as it is a key factor for assessing pest status (Ricciardi et al. 2013). It
has long been hypothesized that more dispersive personalities in invading populations
would result in faster landscape occupation (see Sih et al., 2012 for discussion).
However, we found no evidence for the hypothesized negative relationship between
population sociability and landscape occupancy. Rather, we found that all populations
occupied approximately the same proportion of the landscape within the same dispersal
window, regardless of personality. We also expected to see a flattening of the negative
relationship between landscape occupancy and sociability with the longer dispersal
windows due to landscape saturation. Contrary to these expectations, the only thing that

influenced landscape occupancy in our model was the length of the dispersal window.

Landscape saturation may explain the lack of a relationship for the longer
dispersal window, but not the short. Rather, this may be a function of short exploration
times interacting with the random-walks used by our agents. Random walks are widely

used in IBMs as they have been demonstrated to approximate animal movement patterns
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(Proulx et al. 2013, Fagan and Calabrese 2014). They do, however, assume a total lack of
directional bias and an absence of prior knowledge. This results in an tendency to heavily
explore an area before making random long dispersal movements, even with the area-
restricted search procedure used in this study and others (Spiegel et al. 2017). While the
addition of a directional bias would limit search intensity, and may produce the expected
patterns, there is currently no empirical evidence that it would accurately represent
Eastern Mosquitofish dispersal in the modeled system or others. Rather, our model
species is known to colonize the Rocky Glades immediately following re-flood (start of
the dispersal window), and has been observed moving in all directions (lacking a
directional bias) throughout most of the dispersal window (Goss et al. 2014). Future field
and simulation studies should further evaluate the hypothesis that landscape occupancy is

negatively related to population sociability.

In Cote et al.’s (2010a) hypothesis, asocial individuals traveled further in to the
landscape establishing low density patches at larger distances from source populations.
While not discussed as such, the net result of this mechanism would be negative
relationships between mean patch sociability and distance from the source, as well as
density and distance from the source. We find evidence for both such patterns resulting
from differences in individual sociability. This pattern of lower population densities at
greater distances from sources, or density-distance decay, is a typical emergent property
of neutral models (Hubbell 2001a). Here, we show that a population density-distance
decay relationship can emerge from variation in behavioral types. This suggests that the
sorting of individuals along cryptic behavioral gradients may produce neutral patterns,

raising the possibility that metasystems (e.g., metapopulations, metacommunities,
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metaecosystems) considered to be neutrally structured (e.g., Muneepeerakul et al., 2008)
may in fact be structured along some latent and unmeasured behavioral gradient. This
novel mechanism for a classic neutral pattern may shed additional light into one of
ecologies longest running debates: niche vs. neutrality (see Adler et al., 2007; Alonso et
al., 2006; Mutshinda and O’Hara, 2011). We suggest a behaviorally based re-evaluation
of seemingly neutrally structured metasystems, as there may be cryptic structuring
mechanisms at work. In the case of managed metasystems, such as our model system, it
is of particular interest to know how these cryptic niche mechanisms will interact with
shifting climatic parameters that may affect dispersal opportunities. However, our
findings also suggest that, while personalities likely do influence assembly mechanisms,
PDD may add unnecessary complexity if the target population does not have a skewed
personality distribution. At each scale observed, moderate sociabilities resulted in

patterns resembling those of the no personality, neutral, treatment.

We have uncovered two key considerations for sociabilities in the real-world.
First, individual personalities can structure metasystems as a form of cryptic niche
structuring and can be assimilated in to ecological theory via niche theories. Second,
when modeling a metapopulation; if the subject has a high proportion of moderate
sociabilities, then the emergent patterns can be approximated by simpler neutral models.
If the distribution of sociabilities is skewed, then neutral models will not be applicable,

and individual personalities should be considered.

Hypotheses for future studies
Our main goal with this study was to generate, refine and pose testable hypotheses,

using this simple IBM, for testing. In doing so, it is our hope to inspire field-based

104



evaluations of these hypotheses to facilitate mechanistic integration of sociability
dependent dispersal and metasystem theory. Specifically, these data support the following
hypotheses (Figure 18) that at the:
1) Individual scale
a) Individual travel distance is negatively related to sociability.
b) Short dispersal windows reduce the effect of PDD on individual dispersal (Figure
18a).
2) Local scale
a) Mean patch density is positively associated with mean population sociability,
regardless of dispersal window length.
3) Regional scale
a) Mean patch sociability decreases as a function of distance from a source with
limited, but not unlimited, dispersal window length (Figure 18c).
4) Multigenerational scale
a) Dynamic landscapes will select for normal or asocially skewed sociability
distributions (Figure 18d top).

b) Stable landscapes will select for socially skewed populations (Figure 18d bottom).
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Figure 18 Proposed hypotheses to be evaluated in natural metasystems. The left panel
shows relationships which our data suggest should emerge because of sociability
dependent dispersal. The right panel shows the two hypothesized population sociability
distributions for dynamic (top) and stable (bottom) landscapes.

Evaluating these predictions with field data
These hypotheses (Figure 18) now need to be rigorously evaluated with empirical

real-world data. The relationship between traveling distance and sociability has been
experimentally demonstrated (Cote et al. 2010b), though it has not yet been studied at
ecologically meaningful spatial scales (10°s-100’s km). Similarly, leading edges of range
expansions tend to have more dispersive phenotypes such as longer legs or higher
boldness (Maes et al. 2013, Myles-Gonzalez et al. 2015), though how this relates to patch
sociability over space has not been investigated. The remainder of these factors have yet

to be directly empirically addressed. Similarly, to our knowledge, the interaction of
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sociability and environmentally mediated dispersal, as it relates to metapopulation
dynamics, has yet to be studied in any explicit detail. While admittedly not a simple task,
these hypotheses could be tested empirically by observing the densities of a natural
closed metapopulation, with known source populations, along a transect from source to
the far edge of the system. A subsample of individuals from each patch would then need
to have their sociability assayed (see Cote et al., 2013, 2010a, 2010b for methodology).
To assess the effects of differing levels of dispersal, this study should span multiple years
to capture different natural conditions of dispersal-limitation (e.g., different hydroperiod
lengths). These data could then be analyzed via a trait-based variance partitioning
approach, such as used by Michelson et al. (2016), which would tease apart the relative
importance of behavioral types in the context of a natural metapopulation. Concurrently,
a passive-tracking system (e.g., telemetry array) would facilitate understanding individual
differences in movement behavior, and how those relate to individual sociability. In
doing so, such a study would generate the knowledge necessary for empirically
integrating individual personalities into macroecological theory, a necessary next step for

the field (Beekman and Jordan 2017, Pruitt 2017).

Conclusions
Overall, our results support the growing evidence that individual personalities are

particularly important in the field of metasystem ecology, as they influence dispersal
rates and density-dependent processes. It is also worth noting that one of the advantages
of metasystem theories, in general, is that they are hierarchical in nature and their
properties scale (Chesson et al. 2005, Holyoak et al. 2005, Holt and Chesson 2016). A

metaecosystem is little more than a group of metacommunities linked by some form of
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dispersal across a low-quality matrix (Gravel et al. 2010). The individual
metacommunities themselves comprise a group of co-occurring and interacting
metapopulations (Holyoak et al. 2005, Logue et al. 2011). We have shown here that
individual personalities can influence metapopulation properties. It follows then that
similar effects exist at other metasystem scales as well. Future works should seek to
evaluate the hypotheses we propose (Figure 18), as well as the broader influences of
individual personalities at each metasystem scale, for us to better understand how these

cryptic niche-determining traits form the patterns we observe in nature.
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CONCLUSIONS AND DISCUSSION

Metacommunity assembly is a complex process driven by a combination of
stochastic events, local and regional environmental factors as well as the interactions
between species (Holyoak et al. 2005, Adler et al. 2007, Mutshinda and O’Hara 2011,
Logue et al. 2011, Winegardner et al. 2012). Despite several decades of work on the
subject, ecologists still lack a clear understanding of the mechanisms driving it.
Interspecific interactions, local and regional environmental factors have each been
demonstrated to drive assembly (Logue et al. 2011), with the suggestion that the level of
dispersal during each event will determine which factor is of ultimate influence
(Winegardner et al. 2012). However, these factors typically explain a limited amount of
variance in metacommunity assembly (Soininen 2014). Interspecific trait differences
influence the way species differentially interact with the environment, and underlie the
influence of traditionally considered metacommunity drivers (Petchey and Gaston 2006,
Loughnan and Gilbert 2017), and explain more variance in assembly data than

environmental factors do alone (Gianuca et al. 2016).

In Chapter I, | provide evidence that the relative influence of traits, local and
regional factors shift along a dispersal-limitation gradient, in general agreement with
Winegardner et al. (2012). Overall, increasing levels of dispersal-limitation resulted in a
decreasing relative influence of species traits and local factors, with a corresponding
increase in the importance of regional factors. The most important traits interacting with
environmental factors were parental care and trophic level, but the most influential

independent trait was the dispersal related colonization tendency. In the ephemeral
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wetland metacommunity observed in this study, our findings suggest that when time and
dispersal-limitation permit, under low limitation, local habitat selectivity is particularly
influential, with competitive structuring and patch complexity interacting to drive the
process. This local selectivity is lost as limitation becomes more severe, being replaced
by regional hydrology and competitive traits, with dispersal traits having consistently
high influence regardless of changes in dispersal-limitation. This generally agrees with
previous work which suggests assembly needs be considered along a trait-based
dispersal-limitation gradient (Ellis et al. 2006, Winegardner et al. 2012, Kuglerova et al.
2014, Gianuca et al. 2016), but also suggest that greater thought be given to the
mechanisms driving observed patterns by incorporating traits in to assessments of

metacommunity assembly (Violle et al. 2007).

Chapter Il investigated the reasons behind some of the structuring described in
Chapter | by investigating the relative role of environmental factors and a recent invader,
the African Jewelfish (Hemichromis letourneuxi), as well as invasive species in general.
The observed metacommunity was neutrally structured before this invasion, and was
significantly less segregated in the sample immediately following the invasion. This
condition has persisted more than a decade later. The African Jewelfish is now the second
most abundant species in the system, and is functionally unique in many ways. As
described in chapter I, parental care and trophic level are key drivers of assembly.
African Jewelfish exhibit bi-parental brood care, which no native fish in the Everglades
do, and is a voracious piscivore despite its small body size. Predators are known to
increase preference for high patch complexity, which offers structural refugia (Arrington

et al. 2005, Hovel and Regan 2008, Bellmorea et al. 2014). | hypothesize that the
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predatory nature and novel aggressive bi-parental brood care of African Jewelfish causes
other species to seek patches with high structural refugia. However, this structuring will
be less influential during drier years, as regional factors become more important.
Comparing my results to previous literature, the same general pattern of reduced
segregation was found to be universal across all studies, regardless of taxa (insects:
Gotelli and Arnett 2000, Sanders et al. 2003; plants: Reshi et al. 2008, Kuebbing et al.
2014; amphibians: Richter-Boix et al. 2013; and fish: this study). As segregation permits
competitive co-existence and diversity (Amarasekare 2003), the implications of this
could be dramatic for invaded communities (e.g., reduced diversity, increased
competitive structuring, etc.) and may partially be responsible for the multi-scale effects
of some invasions (Cucherousset and Olden 2011). Interestingly, all studies found this
pattern within one sampling unit of the invasion. | submit that the use of null model
analyses (Stone and Roberts 1990, Ulrich and Gotelli 2013) with long term biodiversity
data may be a valuable tool for detecting the introduction of truly invasive species before
their densities achieve pest status, before it is too difficult or damaging to remove them.
Given the paucity of studies employing this technique so far however, this must be

rigorously evaluated before being widely implemented.

In the final chapter, | investigated another type of trait which I could not measure
within the scope of the field data. Using an individual based model, | demonstrate that
individual sociability can structure a metapopulation in both space and time at the
individual, local and regional scales with potential implications for multigeneration
dynamics. From the emergent properties of this model, and previous works, I hypothesize

that dispersal distance is negatively related so sociability, a relationship which becomes
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stronger with longer dispersal windows, patch density is positively associated to
population sociability regardless of dispersal window, and that the sociability of a
population can be directly influenced by the relative stability of the landscape overall.
Perhaps most interestingly is the hypothesis that community sociability at the patch level
negatively relates to distance from the source for short but not long dispersal windows.
The net result of this would be the generation of density distance decays, as patch density
negatively associates with sociability, via a cryptic trait that operates along a historically
unmeasured niche axis (sociability). This suggests that famously neutrally structured
metapopulations (e.g., Muneepeerakul et al. 2008) may actually be niche structured. |
also note however, that only populations with heavily skewed sociabilities which deviate
from these neutral predictions. As a result, when modeling metapopulations with high
proportions of moderate sociabilities, it is likely only necessary to account for sociability

when the population has a skewed distribution of this trait.

In conclusion, metasystem assembly is a complex multivariate process. | have
empirically demonstrated that the forces driving metacommunity assembly differentiate
along a dispersal-limitation gradient, species traits consistently explain more variance
than environmental factors regardless of dispersal-limitation, and invasive species
introductions can desegregate the metacommunity. | have also demonstrated that
individual personalities can have structuring influences on metapopulation assembly at all
scales investigated (individual, local and regional) with hypothesized multigenerational
implications. | suggest that future considerations of metasystem assembly be conducted
in a trait-based fashion, accounting for the personalities of propagules as traits where

applicable (animal metasystems with skewed personality distributions), and that changes
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in the dispersal-limitation of a system can significantly shift the relative influences of
each factor. | also submit that significant reductions in the level of segregation in a
metacommunity may be indicative of the introduction of a new invasive species, and such
a signal should trigger directed management actions against the most recent invader to

prevent them from achieving pest status.
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APPENDICES

Appendix 1 Total number of each taxa caught in all solution holes combined in each
year. Asterisk denotes non-native status.

Species Yearl Year2 Year3
Ameiurus natalis 333 16 0
Belonesox belizanus* 35 12 29
Cichlasoma bimaculatum* 74 8 2
Parachromis managuensis* 1 0 1
Mayaheros urophthalmus* 10 4 0
Clarias batrachus* 26 19 21
Fundulus chrysotus 15 65 40
Fundulus confluentus 174 78 38
Fundulus grandis 3 0 0
Fundulus seminolis 3 0 0
Gambusia holbrooki 343 684 973
Hemichromis letourneuxi* 363 363 305
Heterandria formosa 20 4 69
Hoplosternum littorale* 0 0 2
Jordanella floridae 10 203 21
Lepomis gulosus 42 9 20
Lepomis macrochirus 0 1 0
Lepomis marginatus 30 42 34
Lepomis punctatus 42 14 1
Lucania goodei 4 2 7
Macrognathus siamensis* 0 4 0
Monopterus albus* 2 7 13
Poecilia latipinna 22 122 64
Annual totals 1552 1657 1640
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Appendix 2 Trait values and references for each species for all traits derived by literature review. Primary literature was used
whenever possible. Secondary and gray literature were used only when no superior source was available.

Trait | Species Value Reference

Colonization tendency
Amerius natilis 7.36  (Loftus et al. 2005)
Belonesox belizanus 3.90 (Loftus et al. 2005)
Cichlasoma bimaculatum 4.88 (Loftus et al. 2005)
Clarias batrachus 3.67 (Loftus et al. 2005)
Fundulus chrysotus 3.22  (Loftus et al. 2005)
Fundulus confluentus 1.19 (Loftus et al. 2005)
Fundulus grandis 2.21  (Loftus et al. 2005)
Fundulus seminolis 2.21 (Loftus et al. 2005)
Gambusia holbrookii 1.04  (Loftus et al. 2005)
Hemichromis letourneuxi 8.17  (Loftus et al. 2005)
Heterandria formosa 1.94 (Loftus et al. 2005)
Hoplosternum littorale 3.67 (Loftus et al. 2005)
Jordanella floridae 1.59 (Loftus et al. 2005)
Lepomis gulosus 6.43 (Loftus et al. 2005)
Lepomis machrochirus 5.80 (Loftus et al. 2005)
Lepomis marginatus 1.86 (Loftus et al. 2005)
Lepomis punctatus 4.20 (Loftus et al. 2005)
Lucania goodei 5.69 (Loftus et al. 2005)
Macrognathis siamensis 4,00 (Loftus et al. 2005)
Mayaheros urophthalmus 7.08 (Loftus et al. 2005)
Monopterus albus 2.00 (Loftus et al. 2005)
Parachromis managuensis 8.00 (Loftus et al. 2005)
Poecillia latipinna 3.77  (Loftus et al. 2005)

Parental care
Amerius natilis 1 (Frimpong and Angermeier 2009)
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Relative fecundity

Belonesox belizanus
Cichlasoma bimaculatum
Clarias batrachus
Fundulus chrysotus
Fundulus confluentus
Fundulus grandis
Fundulus seminolis
Gambusia holbrookii
Hemichromis letourneuxi
Heterandria formosa
Hoplosternum littorale
Jordanella floridae
Lepomis gulosus
Lepomis machrochirus
Lepomis marginatus
Lepomis punctatus
Lucania goodei
Macrognathis siamensis
Mayaheros urophthalmus
Monopterus albus
Parachromis managuensis
Poecillia latipinna

WNNEFPNWWRFRPFRPRPPFPOWWNWWLWWWWEDNW

(Frimpong and Angermeier 2009)
(Frimpong and Angermeier 2009)
(Frimpong and Angermeier 2009)
(Frimpong and Angermeier 2009)
(Frimpong and Angermeier 2009)
(Frimpong and Angermeier 2009)
(Frimpong and Angermeier 2009)
(Frimpong and Angermeier 2009)
(Frimpong and Angermeier 2009)
(Frimpong and Angermeier 2009)
(Frimpong and Angermeier 2009)
(Frimpong and Angermeier 2009)
(Frimpong and Angermeier 2009)
(Frimpong and Angermeier 2009)
(Frimpong and Angermeier 2009)
(Frimpong and Angermeier 2009)
(Frimpong and Angermeier 2009)
(Frimpong and Angermeier 2009)
(Frimpong and Angermeier 2009)
(Frimpong and Angermeier 2009)
(Frimpong and Angermeier 2009)
(Frimpong and Angermeier 2009)

Ameiurus natalis
Belonesox belizanus
Cichlasoma bimaculatum
Parachromis managuensis
Mayaheros urophthalmus
Clarias batrachus
Fundulus chrysotus

NPDPWPR,WEFE W

(Froese and Pauly 2017)
(Froese and Pauly 2017)
(Mérona and Vigouroux 2012)
(Froese and Pauly 2017)
(Mérona and Vigouroux 2012)
(Froese and Pauly 2017)
(Froese and Pauly 2017)
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Trophic level

Fundulus confluentus
Fundulus grandis
Fundulus seminolis
Gambusia holbrooki
Hemichromis letourneuxi
Heterandria formosa
Hoplosternum littorale
Jordanella floridae
Lepomis gulosus
Lepomis macrochirus
Lepomis marginatus
Lepomis punctatus
Lucania goodei
Macrognathus siamensis
Monopterus albus
Poecilia latipinna

NOWODNNMNERERRRRRPRPWEDNNDNDNDDNDDND

(Froese and Pauly 2017)
(Froese and Pauly 2017)
(Froese and Pauly 2017)
(Froese and Pauly 2017)
(Froese and Pauly 2017)
(Froese and Pauly 2017)
(Froese and Pauly 2017)
(Froese and Pauly 2017)
(Cooke and Phillip 2009)
(Coyle et al. 1993)
(Cooke and Phillip 2009)
(Cooke and Phillip 2009)
(Froese and Pauly 2017)
(Froese and Pauly 2017)
(Froese and Pauly 2017)
(Froese and Pauly 2017)

Ameiurus natalis
Belonesox belizanus
Cichlasoma bimaculatum

Parachromis managuensis

Mayaheros urophthalmus
Clarias batrachus
Fundulus chrysotus
Fundulus confluentus
Fundulus grandis
Fundulus seminolis
Gambusia holbrooki
Hemichromis letourneuxi
Heterandria formosa

3.3
2.9
3.6
4.0
3.9
3.4
3.2
3.2
3.4
3.3
3.1
3.0
2.7

(Froese and Pauly 2017)
(Froese and Pauly 2017)
(Froese and Pauly 2017)
(Froese and Pauly 2017)
(Froese and Pauly 2017)
(Froese and Pauly 2017)
(Froese and Pauly 2017)
(Froese and Pauly 2017)
(Froese and Pauly 2017)
(Froese and Pauly 2017)
(Froese and Pauly 2017)
(Froese and Pauly 2017)
(Froese and Pauly 2017)
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Hoplosternum littorale
Jordanella floridae
Lepomis gulosus
Lepomis macrochirus
Lepomis marginatus
Lepomis punctatus
Lucania goodei
Macrognathus siamensis
Monopterus albus
Poecilia latipinna

2.7
2.9
3.4
3.2
3.3
3.4
3.2
3.3
2.9
2.0

(Froese and Pauly 2017)
(Froese and Pauly 2017)
(Froese and Pauly 2017)
(Froese and Pauly 2017)
(Froese and Pauly 2017)
(Froese and Pauly 2017)
(Froese and Pauly 2017)
(Froese and Pauly 2017)
(Froese and Pauly 2017)
(Froese and Pauly 2017)
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Appendix 3 Overview, Details and Design (ODD) for the model used in chapter 3.
OVERVIEW

Purpose

The primary purpose of this model was to demonstrate one mechanism by which
intraspecific variability of individual personalities, in this case sociability, can influence
key metapopulation parameters at multiple scales, via colonization mediation, during re-

assembly, and how this interacts with dispersal window length.

This model addressed the primary question: Can sociability structure a metapopulation in

space and time?

Specifically, it was designed to evaluate the hypotheses in Table 7.

Entities, state variables and scales

Entities:

This model is designed to simulate an ephemeral floodplain system where pools are
distributed along a landscape which is seasonally connected to a single source population.

This model had two entities: fish (turtles) and patches.

State variables:

Fish: Each fish had one state variable of sociability, which placed them in to one of four
categories based on the range of their sociability scores: social, asocial, normally
distributed, or neutral (a no personality control) which was selected by the user before
initialization. All personality scores were drawn randomly from a beta distribution and

bound to greater than 0.5 for social, less than 0.5 for asocial. This sociability score
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determined an individual’s preferred conspecific density, which they sought to achieve,

by

Preferred density = sociability score * maximum target density

where the acceptable local density range is set by

Preferred density * 0.75 < local density < Preferred density * 1.25

They were able to move a maximum of 3,000m in a single day (tick), which has been
estimated to be a reasonable maximum linear dispersal distance for Gambusia holbrooki,
a common small-bodied poeciliid fish which is a congener of the most commonly studied
fish in sociability studies, Gambusia affinis (Cote et al., 2011), in the Everglades (J Gatto
unpublished data). Fish were also characterized by their discrete location and a “hang
out” probability which reduces by 10% each day the fish was in a pool that did not
contain an acceptable local density and is dependent on their individual sociability. When
queried, each fish reported their local density and the total distance traveled during the

run.

Patches: Patches had one categorical state variable of depth, which in this model was
either 0 or -1 (an arbitrary negative value). When depth is less than 0 a patch is
considered viable, henceforth called pools. When it is not, then fish are able to cross the
patch, meta-system matrix, but will not consider staying there. At the end of the run, any

fish not in a patch with depth less than O died.

Spatial scale: This model used a generalized form of the Rocky Glades region of the

Everglades ecosystem as a model ephemeral floodplain with a single source (Figure 19).
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All fish start with an x coordinate less than 5 and a random y coordinate, to represent
starting in the source area. The world itself is bound as a box, and consists of 200 * 100
regular square patches each representing 100m of the model system. Therefore, when
scaled to reality this model simulated a 20,000 * 10,000m marsh with the source at the
western edge of the system. The real marsh is approximately 20km wide and previous
work has suggested that the primary source of colonists to this area are from the western
Shark River Slough. While the Rocky Glades themselves are taller than 10km, it is
reasonable to assume that few fish exhibit the rheotaxis necessary to move too distantly
North, while the southern edge can be used to represent the Main Park Road which likely

serves as a dispersal barrier for most fishes.
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Figure 19 Map of Everglades national park (outlined in white) with the model system, the
Rocky Glades, shown in red and the longest hydroperiod regions (Shark River Slough,
west, and Taylor Slough east) shown in blue. Previous work suggests that Shark River
Slough is the primary source community for fishes entering the Rocky Glades. Main Park
Road, shown in black likely inhibits most southerly dispersal. The shaded black box
approximates the area simulated in this model.

PROCESS, OVERVIEW AND SCHEDULING

When the model was initialized, pools were generated in a fixed arrangement, the
coordinates of which were generated once by randomly placing 50 pools in the marsh.
All pools were assigned a depth of -1. No environmental gradients were imposed in this
model. While this detracts from the reality of the model system, additional complexity
would distract from the purpose of this first model. 1000 fish were generated with one of

four sociability beta-distributions: social, asocial, normal or neutral (Figure 20), in the
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source area using the parameters found in Table 9. A beta distribution was chosen as it is
bound between 0 and 1, and the two input parameters allow for skewed sociability

distributions.

Table 9 Parameters used to generate random beta distributions from which sociability
scores were drawn for the population. Note that neutral populations had no personality.

Population |a B

Neutral - -
Social 10 2
Normal 2 2
Asocial 2 10
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Figure 20 The top panel shows the model landscape with black patches representing
pools, the dark western bar shows the source area and the gray area is the dispersal
matrix. Example distributions of sociability for each of the populations which contain
intraspecific variability.

On each tick, day, fish moved in the bottom-up ranked order of their sociability scores, in
accordance with the hypothesized mechanism put forth by Cote et al. (2010). Movement
was comprised of two sequential processes: pool searching and conspecific evaluation. If
a pool was determined to be unsatisfactory, then a sub-procedure of the conspecific
evaluation determined (with 10% daily reductions in probability) if the fish would remain

or leave.
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Pool searching: Every fish was required to find a pool before it could make any other
decisions. Fish did this by first checking if the patch it was on, or those within their
maximum search radius (0.25 * the maximum daily linear distance they can move), had a
depth less than 0. If so, then they centered themselves on that pool and evaluated the
conspecific density (except neutral fish, which simply stopped at the pool and emigration
was decided randomly with 50% probability each day). If they started the day in a pool,
then they observed the surrounding area. If there was a pool nearby they would go there
and evaluate the conspecific density. If no pools were nearby, then they began a circular
search procedure. If they had found a pool recently, but it lacked an acceptable density,
the fish would use a tight search procedure. However, if too long passed without finding
a new pool then the fish used a broader search pattern. When they found a pool, they
evaluated the conspecific density. A key feature of this search protocol is that the fish
remembered the last pool it evaluated and would not settle in to it again until it found a
different pool. This prevented the fish from getting ‘stuck’ continually returning to and

re-evaluating a single pool.

Conspecific density evaluation: A fish decided if it should stay in a pool by first
evaluating the conspecific density, considering any value between +£0.25 * Preferred
density as acceptable. If the density was acceptable, then the fish stayed where it was and
set the probability of remaining to maximum. If the pool was unacceptable then the fish
decided daily, with a daily 10% reduction in probability, if they should stay to wait for
conditions to improve. The initial value of the staying probability was calculated as the
maximum allowable wait time (five days) * their individual sociability scores such that

asocial fishes had a higher probability of leaving sooner than social fishes. If a fish
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decided to abandon the pool, it noted the location of the pool and on the following day it
would begin the pool search procedure anew. If it re-encountered that same pool before
finding a new one then the pool was ignored; however, the fish’s memory only extended

to the most recently evaluated pool.

DESIGN CONCEPTS

Basic principles: Metapopulation structure emerges from the dispersal of
propagules among patches embedded in a low-quality matrix (Hanski and Gilpin 1991).
The reason and rate at which these propagules disperse (Gotelli 1991), the pathways they
use (Baguette and VVan Dyck 2007, Altermatt et al. 2011), and their use of environmental
information (Proulx et al. 2013) as it relates to immigration and emigration have
dominated the metapopulation discussion. Typically, these individual propagules are
considered functional equivalents within a metapopulation. However, recent works have
demonstrated that intraspecific trait variation can influence emergent metapopulation
structure through dispersal mediation (e.g., Hawkes, 2009; Sutherland et al., 2014). Of
the traits influencing dispersal, personality-type (PT) is now recognized as a particularly
important behavioral trait mediating metapopulation structure (Conrad et al. 2011,

Spiegel et al. 2017).

A PT, also referred to as behavioral-type, is the consistent response of individuals
to given stimuli, relative to conspecifics, regardless of environmental context (Sih et al.
2004, 2012, Conrad et al. 2011, Wolf and Weissing 2012). Variation in PT has been
demonstrated to influence key features of metapopulation dynamics, such as propagule

dispersal tendencies (Duckworth and Badyaev 2007, Cote et al. 2010a, Myles-Gonzalez
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et al. 2015), dispersal speed (Maes et al. 2013), dispersal distances (Cote et al. 2010b),
competitive abilities (Groen et al. 2012, Capelle et al. 2015), physiological states (Myles-
Gonzalez et al. 2015), parental abilities (Duckworth and Badyaev 2007), and colonization
behaviors (Duckworth 2008, Groen et al. 2012). To influence metapopulation structure
through dispersal, a single PT needs to, at minimum, affect both the spatial (e.g.,
distance) and temporal (e.g., speed) components of dispersal, at ecologically-relevant
scales. Typically, this is considered by way of the personality dependent dispersal (PDD)
concept, which relies on the idea that an individual’s personality is going to be a primary
determinant of their net dispersal behavior. Most often PDD is studied as a function of
boldness or life-history related personality traits. Work to date has shown that the
spatiotemporal distribution of animals can be influenced by their boldness and
aggression, with fitness consequences and related energetic tradeoffs, such that more bold
and aggressive individuals tend to travel first and furthest. Sociability, the propensity of
an individual to associate with conspecifics (Cote and Clobert 2007), has also been
suggested to affect both of these aspects of dispersal by mediating emigration and
immigration probabilities, as well as dispersal distances (Cote et al., 2010a; 2010b).

However, it has received far less experimental attention than other traits.

The potential for sociability to influence metapopulation structure stems from
density-dependent individual decisions influenced by patch conditions. As first
conceptualized by Cote et al. (2010b), asocial individuals or those that prefer low
conspecific densities, disperse away from high density source patches in search of
preferable conditions. In doing so, the patch may be sufficiently depleted as to encourage

emigration of social individuals in search of conspecifics. Multiple iterations of this result
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in a metapopulation being structured in both space and time, with the emergent structure
depending on the population’s sociability and the length of the dispersal-window (Cote et
al. 2010a). Some evidence exists for this, at small spatial scales. Cote et al (2010a)
demonstrated a negative relationship between sociability, and individual dispersal
distances in a fish mesocosm. Similarly, in a reptile macrocosm, dispersal from low
density patches was attributed to higher sociality, and visa-versa (Cote and Clobert 2007).
However, there is still a lack of information regarding how this translates to ecologically

relevant spatial scales (10s-100s of km), and how it interacts with time.

This knowledge gap is particularly pressing because, while many habitats are
temporally stable with functionally unlimited dispersal-windows, dispersal-window
lengths in ephemeral landscapes are often tied to climatic patterns via hydrology
(Lindenmayer and Hobbs 2007). As the global climate shifts, many ephemeral landscapes
may experience changes to the drivers of their dispersal-windows, resulting in currently
not understood changes to the spatiotemporal structures of metapopulations. To
understand these effects, we need to understand how changes in dispersal-windows
influence temporally-dependent dispersal mechanisms, such as sociability-dependent
dispersal (SDD). To begin filling this need, and to evaluate the effects of SDD at
ecologically relevant spatiotemporal scales, we used a simulation approach to test and
refine hypotheses of metapopulation structuring, at multiple scales (individual, local and

regional), which can be directly evaluated in future field-based studies.

For this simulation, our goal was to build an understanding of observable SDD

patterns in ephemeral metapopulations. To do this, we built a behavioral individual-based
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model (IBM), parameterized with information from an existing ephemeral wetland; short
hydroperiod wetlands in the Everglades. Using this IBM, we experimentally manipulated
the sociability of individuals (fishes) and dispersal-windows (relative to a no personality,
neutral, control), to examine the effects of SDD on the dispersal distances of individuals,
the density of individuals within patches, and the proportion of the landscape colonized
(see Table 1 for detailed hypotheses). We also examined the interacting effects of
sociability and varying dispersal windows (long vs. short) on these three variables. Per
results of the model, we refine these hypotheses and suggest how each could be tested
with a long-term field study aimed at understanding the role of SDD in real-world
metapopulation structuring, and how this will interact with shifting climatic regimes to

alter contemporary patterns.

Emergence: This model demonstrated how spatiotemporal patterns of metapopulation

structure can emerge from individual variation in personality. Specifically, it showed a
relationship between dispersal distance and individual sociability, a lack of association
between landscape occupation and population sociability, and a relationship between

mean population sociability and distance from the source.

Adaptation: At each time step, each individual decided whether or not to move based on
the depth of their current patch, and if in a pool then the decision was based on their own

sociability as it related to local and regional conspecific densities over time.

Objectives: Agents had only a sociability-based objective to optimize local conspecific
density by abandoning found pools which did not contain an acceptable conspecific

density. However, to account for the possibility of an unacceptable pool becoming
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acceptable, the fish waited for a short time before abandoning the pool to search for a
new one. The length of time they will was dependent on their individual sociability, with
asocials waiting the least amount of time, and the probability of remaining in an

unsuitable pool decreases by 10% each day.

Learning: The only learning fish were capable of was the ability to remember the last
pool they evaluated by refusing to spend time evaluating/settling in to that pool, and to
keep track of how long it had been since they settled in to an unacceptable pool as well as
how long they spend dispersing after abandoning a pool. They forgot the pool after

another was found. No prior knowledge of the system was inherent at the start of the run.

Sensing: Each individual fish had total knowledge of their maximum search radius, which
was 25% of the maximum linear distance it could move. This was assumed to be the area
a fish could intensively search in a single day; however, future works should evaluate this

assumption.

Interaction: The only interaction between fish was mediated through pool density.

Stochasticity: When no specific direction was determined by objective seeking,
movement direction and distance were determined using random number generators
under various constraints. Individual sociability was also drawn randomly from a beta

distribution, except for the neutral (no personality) control populations.

Collectives: The formation of population collectives emerges from individual fish’s

decisions regarding settlement and emigration, as part of their sociability-based objective.

Observation: To evaluate if the model was operating properly, the model output:
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e The percentage of fish which survived.
e The percentage of survivors which successfully attained their target conspecific
density.

e Mean, median, modes and standard deviation of the density of occupied pools.

e Mean, median, modes and standard deviation of the target density of fish.

e Raw density of all pools over space.

e Mean total distance traveled by all surviving fish.
Additionally, for better visualization of a single agents actions and verification of model
performance, an option was included via toggle switch to shrinks all fish except one
random fish which was then inspected, watched, asked to draw its path and highlight its

total search radius each day.

To demonstrate that individual personalities can increase the spatial structuring of a
metapopulation, the model output: the mean density of occupied pools and their
associated x coordinate, the total distance traveled by each individual, and the sociability
score of all agents paired with their x and y coordinates on the Cartesian plane. These
values were compared between all four sociability distributions and two dispersal

window lengths.
DETAILS

Initialization: The model was initialized with pools arranged in fixed arrangement with a
corner origin (Figure 20). This western 5 columns were the source area, within which
1000 fish were randomly distributed. Individual fish receive a sociability score from one

of four distributions, depending on the treatment being tested (Figure 20, Table 9). The
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maximum daily traversable distance was set to 30 patches, which represented 3km and
has been found in recent studies to be a reasonable maximum potential daily movement
limit for Gambusia holbrooki (J Gatto, unpublished data), the most common fish in the

model system (Kobza et al. 2004, Kline et al. 2014).

Input data: The landscape required input of a depth matrix, which was generated by
randomly placing 50 pools in the matrix. This allowed for a random distribution of pools
in the landscape, while controlling for any effect of pool location stochasticity on the

model. No other aspects of the model required input data.

Sub-models: A complete flow diagram of all sub-models and decision trees is provided in

Figure 21.

Control_pool_search: If a neutral (control) population was called, this procedure told the
population to first make note of where they were with reference to where they have been
in the past. If a fish started the day in a pool, it determined if it should stay or leave by
generating a random number between -1 and 101. If the number generated was greater
than 50, it stopped, if not, it left the pool. If a fish started outside a pool it first evaluated
if the local depth was greater than any of the other patches in the searchable radius, and if
any of those other patches are pools. If they were, then the fish moved to one of the
patches in the searchable radius with the minimum depth of the area and stopped. If the
local patch and surrounding patches were not pools, then it engaged in the

new_pool_search procedure.

New_pool_search: If the time since the last new pool was found was less than 10% of the

total run time, then the fish turned to the right at a random real angle less than 181°. If
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not, then the fish turned right at a random real angle less than 361°. After turning the fish
moved at a random real distance less than the maximum distance a single fish can move

in a single day.

Pool_search: For all non-neutral distributions, this procedure told the population to first
make note of where they were with reference to where they had been in the recent past,
and if they were in a pool then it told them to decide if they should stay using the
should_1_hang_out procedure. If the fish was not in a pool it looked to see if there was

one nearby, if so the it went there. If not, then it ran new_pool_search.

Should_I_hang_out: This procedure decided if a fish found the pool acceptable. In this
context, acceptable was defined as having a local density within 25% of the individual’s
target density (sociability * maximum target density). If the pool was acceptable, the fish
stayed. If not, then it randomly decided if it should stay or not. The maximum probability
of staying in a pool was determined by the global MAX_HANG_OUT_TIME *
SOCIABILITY, with a daily 10% decrease. This counter was compared to a randomly
drawn real number. If the randomly drawn number was greater than the current value of
the counter, the fish abandoned the patch on the following day.
MAX_HANG_OUT_TIME was set to five days, as a sensitivity analysis indicated the

model was sensitive to values below, but not above five days.
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Figure 21 Conceptual flow diagram of the model. Grey represents user interface buttons, green shows initialization procedures,
orange shows patch processes yellow represents fish (turtle) processes. Lighter colors indicate features of the preceding
process. Words in all capitals are model parameters.
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