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Abstract

Multiple drivers of fish community change on Bahamian coral reefs

Iris George, MSc

Coral reef fish communities are essential for ecosystem health but are threatened by
many of the same environmental stressors as coral. Marine heatwaves and hurricanes are
intensifying with climate change and can adversely affect reef fish via physiological stress or
coral loss. Additionally, Caribbean reef fish are threatened by invasive Indo-Pacific lionfish
predation. Here, I determine the impacts of invasive lionfish, marine heatwaves, and hurricane
passage on patch reef fish communities from 2009-2024 in The Bahamas. Using a
metacommunity framework, I also analyze shifts in fish community composition spatially via
network analysis to determine whether reef connectivity reduces fish species turnover through
time and following hurricanes. Lionfish biomass was positively related to native fish biomass
and species richness, possibly driven by attraction of lionfish to reefs with abundant prey.
Although marine heatwaves negatively affected fish biomass, they had a consistent, positive
effect on species richness, suggesting a complex, possibly non-linear relationship of temperature
to diversity. Hurricane passage negatively affected fish biomass but had no clear impacts on
species richness or turnover. Over the timeseries, beta diversity significantly increased in the
metacommunity with more central, connected reefs experiencing lower species turnover, likely
driven by dispersal. My findings show predictable changes in reef fish biomass to multiple
stressors but demonstrate more complex responses of species richness, supporting the use of
multiple metrics to more fully understand drivers of environmental change. Further, by using a
metacommunity framework, my findings reinforce the prominent paradigm of a dynamic nature
of reef fish assemblages over time.
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Figure 1. Map of 20 coral patch reef sites around Southern Eleuthera, The Bahamas. Each site is
represented by a red circle and text labels are site names. Site 104 NF27 is shortened to 104 and
site 112_NF25 is shortened to 112. The inset map shows the broader region, with the
approximate location of the sites marked with the black square.

Figure 2. Coefficient plots of top fish biomass GLMMs. Y-axis labels indicate the stressors
present in the top model and plot titles indicate the response variable used in the model. All
models utilized log-transformed biomass as the response variable. Points indicate the estimated
effect size of each stressor with tails representing the 95% confidence interval around this
estimate. All stressor effects shown were significant in top models at an alpha value of 0.05.
Values in brackets to the right of each effect show the sample size per model, calculated as the
total number of surveys conducted. A. total fish biomass, B. grouper biomass, C. prey fish
biomass (any fish <5 cm TL, excluding lionfish and grouper), D. non-prey fish biomass (any fish
>5 cm TL, excluding lionfish and grouper), E. corallivorous fish biomass and F. herbivorous fish
biomass.

Figure 3. Coefficient plots of top fish species richness GLMMs. Y-axis labels indicate the
stressors present in the top model and plot titles indicate the response variable used in the model.
Points indicate the estimated effect size of each stressor with tails representing the 95%
confidence interval around this estimate. All stressor effects shown were significant in top
models at an alpha value of 0.05. Values in brackets to the right of each effect show the sample
size per model, calculated as total number of surveys conducted. A. total fish species richness, B.
prey fish species richness (any fish <5 cm TL, excluding lionfish and grouper) and C. non-prey
fish species richness (any fish >5 cm TL, excluding lionfish and grouper).

Figure 4. Changes in fish species composition of Bahamian patch reef sites between 2011 and
2024. A. the metacommunity network of patch reefs at a connectivity threshold of 0.02 decimal
degrees with nodes (sites) coloured by Jaccard dissimilarity index values comparing community
assemblages from belt transect surveys performed in 2011 and 2024. B. PCoA ordination plot
showing the community composition of each site in 2011 compared to 2024. The distance
between site points in 2011 compared to 2024 indicates their relative dissimilarity in species
composition. Points are coloured by site, with circular points showing 2011 compositions and
triangles showing 2024 compositions. Ellipses denote the confidence region around the centroid
of each survey period based on a multivariate t-distribution and are patterned by survey period,
with the solid ellipse showing 2011 surveys and the dashed ellipse showing 2024 surveys.

Figure 5. Changes in fish species composition of Bahamian patch reef sites between pre- and
post-hurricane surveys. A. the metacommunity network of patch reefs at a connectivity threshold
0f 0.02 decimal degrees with nodes (sites) coloured by Jaccard dissimilarity index values
comparing community assemblages from belt transect surveys performed in the year prior to
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Hurricane Irene in August 2011 and the year following Hurricane Sandy in 2012. B. PCoA
ordination plot showing the community composition of each site in pre-hurricane surveys
compared to post-hurricane. The distance between site points pre-hurricane compared to post-
hurricane indicates their relative dissimilarity in species composition. Points are coloured by site,
with circular points showing pre-hurricane compositions and triangles showing post-hurricane
compositions. Ellipses denote the confidence region around the centroid of each survey period
based on a multivariate t-distribution and are patterned by survey period, with the solid ellipse
showing pre-hurricane surveys and the dashed ellipse showing post-hurricane surveys.

Figure 6. Correlation between patch reef metacommunity network metrics and Jaccard
dissimilarity for fish species composition in 2011 compared to 2024 belt transect surveys. The
network contains 20 total nodes, one per patch reef site surveyed. A connectivity threshold of
0.02 was utilized to calculate all network metrics. A. Jaccard dissimilarity vs. betweenness
centrality of each node and B. Jaccard dissimilarity vs. closeness centrality of each node. The rho
and p-value of the corresponding rank Spearman correlation test are reported in the figure boxes.

Figure 7. Relationship between betweenness centrality and closeness centrality of each network
node at a connectivity threshold value of 0.02. The network contains 20 total nodes, one per
patch reef site surveyed. The rho and p-value of the corresponding rank Spearman correlation
test are reported in the figure box.
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Figure S1. Average per transect biomass of total fish observed per site per year of the belt
transect time series. Values in brackets above each year indicate the total number of patch reef
sites surveyed that year. Dotted blue lines indicate years where hurricanes passed near survey
sites, with Hurricane Irene passing in August of 2011 and Hurricane Sandy passing in October of
2012.

Figure S2. Average per transect biomass of lionfish per site per year of the belt transect time
series. Values in brackets above each year indicate the total number of patch reef sites surveyed
that year that recorded lionfish. Dotted blue lines indicate years where hurricanes passed near
survey sites, with Hurricane Irene passing in August of 2011 and Hurricane Sandy passing in
October of 2012.

Figure S3. Average per transect fish species richness of total fish observed per site per year of
the belt transect time series. Values in brackets above each year indicate the total number of
patch reef sites surveyed that year. Dotted blue lines indicate years where hurricanes passed near
survey sites, with Hurricane Irene passing in August of 2011 and Hurricane Sandy passing in
October of 2012.

Figure S4. Comparison of the impact of varying connectivity thresholds on patch reef network
structure and connectance. Thresholds for comparison were chosen to bound connectance
between 0.05-0.3. Each connectivity threshold is in units of decimal degrees. Each patch reef site
is represented by a light blue circle with the site name labelled. Sites 104 NF27 and 112 NF25
were shortened to 104 and 112, respectively, to fit within site nodes. Grey lines denote edges
between nodes, indicating that species dispersal between these reefs is possible. A. network with
a connectivity threshold of 0.01 decimal degrees (connects sites within ~1.11km), B. network
with a connectivity threshold of 0.015 decimal degrees (connects sites within ~1.167 km), C.
network with a connectivity threshold of 0.02 decimal degrees (connects sites within ~2.22 km)
and D. network with a connectivity threshold of 0.025 decimal degrees (connects sites within
~2.78 km).

Figure S5. Changes in fish species composition of Bahamian patch reef sites between pre-
Hurricane Irene (August 2011) belt transect surveys and surveys performed during the first year
of the time series (2009-2010). A. the metacommunity network of patch reefs at a connectivity
threshold of 0.02 decimal degrees with nodes (sites) coloured by Jaccard dissimilarity index
values comparing community assemblages from belt transect surveys performed in the year prior
to Hurricane Irene in August 2011 and the first year belt transect surveys were conducted at sites
from 2009-2010. Grey nodes indicate sites with no Jaccard dissimilarity value calculated, as
these patches were not surveyed in the first year of the time series. B. PCoA ordination plot
showing the community composition of each site in pre-hurricane surveys compared to first year
surveys. The distance between site points pre-hurricane compared to first year indicates their
relative dissimilarity in species composition. Points are coloured by site, with circular points
showing first year (2009-2010) compositions and triangles showing pre-hurricane compositions.
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Ellipses denote the confidence region around the centroid of each survey period based on a
multivariate t-distribution and are patterned by survey period, with the solid ellipse showing first
year surveys and the dashed ellipse showing pre-hurricane surveys.

Figure S6. Changes in fish species composition of Bahamian patch reef sites between post-
Hurricane Sandy (October 2012) belt transect surveys performed in 2014 and 2015. A. the
metacommunity network of patch reefs at a connectivity threshold of 0.02 decimal degrees with
nodes (sites) coloured by Jaccard dissimilarity index values comparing community assemblages
from belt transect surveys performed in 2014 to those performed in 2015. Grey nodes indicate
sites with no Jaccard dissimilarity value calculated, as these patches were not surveyed during
these years. B. PCoA ordination plot showing the community composition of each site in 2014
compared to 2015. The distance between site points in each year indicates their relative
dissimilarity in species composition. Points are coloured by site, with circular points showing
2014 compositions and triangles showing 2015 compositions. Ellipses denote the confidence
region around the centroid of each survey period based on a multivariate t-distribution and are
patterned by survey period, with the solid ellipse showing 2014 surveys and the dashed ellipse
showing 2015 surveys.

Figure S7. Relationship between betweenness centrality and Jaccard dissimilarity of fish species
composition from belt transect surveys performed in 2011 compared to 2024 on 20 patch reefs.
A. connectivity threshold = 0.015 decimal degrees, B. connectivity threshold = 0.02 and C.
connectivity threshold = 0.025. A Spearman correlation test was performed using each threshold.
Corresponding rho and p-values are reported in boxes.

Figure S8. Relationship between closeness centrality and Jaccard dissimilarity of fish species
composition from belt transect surveys performed in 2011 compared to 2024 on 20 patch reefs.
A. connectivity threshold = 0.015 decimal degrees, B. connectivity threshold = 0.02 and C.
connectivity threshold = 0.025. A Spearman correlation test was performed using each threshold.
Corresponding rho and p-values are reported in boxes.

Figure S9. Relationship between betweenness centrality and Jaccard dissimilarity of fish species
composition from belt transect surveys performed before the passage of Hurricane Irene in
August 2011 and after the passage of Hurricane Sandy in October 2012 on 20 patch reefs. A.
connectivity threshold = 0.015 decimal degrees, B. connectivity threshold = 0.02 and C.
connectivity threshold = 0.025. A Spearman correlation test was performed using each threshold.
Corresponding rho and p-values are reported in boxes.

Figure S10. Relationship between closeness centrality and Jaccard dissimilarity of fish species
composition from belt transect surveys performed before the passage of Hurricane Irene in
August 2011 and after the passage of Hurricane Sandy in October 2012 on 20 patch reefs. A.
connectivity threshold = 0.015 decimal degrees, B. connectivity threshold = 0.02 and C.
connectivity threshold = 0.025. A Spearman correlation test was performed using each threshold.
Corresponding rho and p-values are reported in boxes.
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Figure S11. Correlation between patch reef metacommunity network metrics and Jaccard
dissimilarity for fish species composition on pre-Hurricane Irene (August 2011) compared to
post-Hurricane Sandy (October 2012) belt transect surveys. The network contains 20 total nodes,
one per patch reef site surveyed. A connectivity threshold of 0.02 was utilized to calculate all
network metrics. A. Jaccard dissimilarity vs. betweenness centrality for pre-Hurricane Irene
(August 2011) compared to post-Hurricane Sandy (October 2012) belt transect surveys, B.
Jaccard dissimilarity vs. closeness centrality for pre-hurricane compared to post-hurricane belt
transect surveys, C. Jaccard dissimilarity vs. betweenness centrality for two pre-Hurricane Irene
belt transect surveys, D. Jaccard dissimilarity vs. closeness centrality for two pre-Hurricane Irene
belt transect surveys, E. Jaccard dissimilarity vs. betweenness centrality for two post-Hurricane
Sandy belt transect surveys and F. Jaccard dissimilarity vs. closeness centrality for two post-
Hurricane Sandy belt transect surveys. The rho and p-value of the corresponding rank Spearman
correlation test are reported in the figure boxes.

Figure S12. Correlation between Jaccard dissimilarities of each network node for the
comparison of 2011 vs. 2024 belt transect surveys and pre-Hurricane Irene (August 2011) and
post-Hurricane Sandy (October 2012) belt transect survey fish species composition at a
connectivity threshold value of 0.02. The network contains 20 total nodes, one per patch reef site
surveyed. The rho and p-value of the corresponding rank Spearman correlation test are reported
in the figure box.
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Introduction

Coral reefs are biodiversity hubs vital to coastal economies but are increasingly
threatened by multiple stressors (Moberg and Folke 1999; Burke et al. 2011). Globally, coral
reefs support the most biodiversity by unit area of any marine habitat and generate approximately
$36 billion USD annually from tourism (Burke et al. 2011; Spalding et al. 2017). The physical
structure of reefs provides shoreline protection to adjacent communities from storm surge and
coastal erosion, and they hold immense cultural value for many groups (Moberg and Folke
1999). In addition to these functions, the health of coral reefs and the services they provide are
closely tied to the diverse community of species they support.

Reefs provide habitat for vibrant communities of thousands of fish species. Many coastal
communities rely on these coral reef fish to fuel commercial, recreational and subsistence
fisheries and provide residents with an essential source of protein and micronutrients (Moberg
and Folke 1999; Burke et al. 2011). Reef fish also provide coral with a key source of nutrient
deposition via their excrement, which contributes to coral health and growth (Meyer et al. 1983;
Allgeier et al. 2014; Francis and Coté 2018). Reef fish that closely associate with coral, such as
butterflyfish (Chaetodontidae) also act as key indicator species for overall reef health, as their
abundances decrease with declining healthy coral cover (Hourigan et al. 1988; Graham et al.
2009). Because of this, monitoring reef fish community composition over time and in relation to
environmental stressors can provide insights to overall reef health.

A prominent threat to global biodiversity is the spread of invasive species (Mainka and
Howard 2010). Invasive species are species introduced to ecosystems outside of their natural
range, often via human mediation, that successfully establish viable populations, spread, and
cause negative impacts to the local community (Roy et al. 2023). Their ability to successfully
spread within their invaded range is due to a variety of shared traits, including a wide range of
physiological tolerance, high fecundity, a lack of natural predators in their invaded range, or high
competitive ability (Lockwood et al. 2013). The presence of invasive species can have
devastating consequences for the invaded system, as the invader may dramatically alter food
webs via competition with native species and consumption of naive prey (Lockwood et al. 2013).
This can permanently alter ecosystem functions and reduce the abundance of native species,
potentially driving them to extinction (Roy et al. 2023). The impacts of invasive species may act
in conjunction with climate change to cause increased damage to ecosystems, as climate change
has the potential to alter the distribution of invasive species, impact their behaviours, and assist
in the establishment of new invaders (Hellmann et al. 2008; Mainka and Howard 2010; Roy et al.
2023). In recent years more than 200 new invasive species have been recorded annually,
indicating the highest global rate of invasion ever observed (Roy et al. 2023).

A particularly ecologically destructive invasive species on coral reefs are the Indo-Pacific
lionfish (Pterois volitans and P. miles). Lionfish initially established off the coast of Florida in
the mid-1980s, likely following aquarium releases, and have since spread throughout the



Caribbean and western Atlantic, with the first reports of presence in The Bahamas in 2004
(Whitfield et al. 2002; Schofield 2009; Mainka and Howard 2010; Co6té and Smith 2018).
Lionfish possess life history traits ideal for a successful invader: they mature early, grow quickly,
and produce approximately 2 million eggs annually (Morris and Whitfield 2009; C6té and Smith
2018). These eggs drift via ocean currents to colonize new habitats, allowing for fast and
extensive spread (Betancur-R. et al. 2011). Once established lionfish act as generalist
opportunistic predators, feeding on a diversity of small-bodied fishes and invertebrates, and have
reduced native prey fish biomass by 65% on natural reefs (Morris and Whitfield 2009; Green et
al. 2012; Coté et al. 2013). Under climate change, lionfish are expected to spread into warming
regions that were previously too cold for them to occupy and increase their consumption rates of
prey, thereby further increasing their invaded range and impacts to natural ecosystems (Coté and
Green 2012; Grieve et al. 2016). Thus far, culling efforts have been the primary method of
managing invasive lionfish populations, but the labour and cost required to remove lionfish at the
necessary frequency is difficult to sustain long-term (Smith et al. 2017). Continually monitoring
lionfish populations and their impact on reef communities over time is imperative to better
understand their long-term effects and population trends.

In addition to affecting the spread and impact of invasive species, climate change is
causing major shifts to ocean conditions globally. Atmospheric changes are modifying ocean
currents and weather patterns, carbonic acid created from dissolved carbon dioxide is leading to
ocean acidification, and greenhouse gases trapped in the atmosphere are causing rapid warming
of ocean waters (Reid et al. 2009). On Bahamian coral reefs, water temperatures have increased
0.17 °C on average per decade since 1988 (Bove et al. 2022). Warming ocean temperatures can
impact a range of organismal processes, including survival, life history, metabolism, and immune
responses (Yao and Somero 2014). Ocean warming may induce range shifts in mobile marine
species attempting to remain within their optimal thermal range or create intense physiological
stress for those that cannot move, ultimately leading to shifts in reef community composition
(Yao and Somero 2014; Sunday et al. 2015).

In addition to increasing mean ocean temperatures globally, climate change is affecting
the prevalence of extreme ocean temperature events known as marine heatwaves (MHWs;
Frolicher et al. 2018). MHW:s are extended periods of anomalously high ocean temperatures that
can be especially damaging to marine ecosystems (Hobday et al. 2016). They create short-term
but especially intense thermal stress for marine organisms which can be seen at the individual,
population, and community level (Smith et al. 2023). Under climate change, the intensity,
duration and frequency of MHWs is increasing globally (Oliver et al. 2018). Regionally in the
Caribbean, MHW frequency has increased more than fivefold, and the duration of each heatwave
event has approximately doubled since the 1980s (Bove et al. 2022).

Increasing ocean temperatures and more frequent marine heatwaves due to climate
change can trigger mass coral bleaching events on reefs, ultimately causing widespread coral
mortality on affected reefs (Hoegh-Guldberg 1999; Shlesinger and van Woesik 2023). Under



normal conditions, corals derive much of their energy and colour via symbiotic zooxanthellae
algae, which are single-celled dinoflagellates that produce nutrients via photosynthesis and live
within coral tissue (Muscatine and Porter 1977; Hoegh-Guldberg 1999). However, in extreme
environmental conditions zooxanthellae photosynthetic cells can be damaged, causing them to
increase production of oxygen radicals which damage coral (Lesser 2006). Corals subsequently
expel their zooxanthellae counterparts and lose this key source of nutrients and colour, hence the
term “coral bleaching” (Hoegh-Guldberg 1999; Baker et al. 2008). If conditions improve, it is
possible for coral to re-establish their zooxanthellae and reverse the bleaching process, but if
bleaching occurs regularly or for longer periods it can result in coral death (Schoepf et al. 2015).
Coral bleaching induced by MHWs has been found to be particularly detrimental, as the extreme
heat can cause immediate mortality of coral colonies and more rapid damage to their skeletal
structure (Leggat et al. 2019). Due to the increase in ocean temperatures and MHWs caused by
climate change, coral bleaching events are an annual occurrence on most reefs globally (Oliver et
al. 2018).

In addition to coral, increased ocean temperatures and MHWSs will also directly impact
the broader reef community (Magel et al. 2020). Reef fish, for example, are thought to possess
narrow thermal ranges characteristic of the stable, low-latitude thermal ranges they are adapted
to (Tewksbury et al. 2008; Vaughan et al. 2025). As climate change continues to alter the thermal
seascape of reefs via increased ocean temperatures and MHWs, reef fish are more regularly
exposed to thermal conditions outside of their preferred range, which can result in physiological
stress, behavioural modifications and developmental changes (Spinks et al. 2019; Van Wert et al.
2024). Additionally, fish species pushed outside of their thermal range may migrate to reefs in
cooler waters, resulting in range shifts and alterations to coral reef community composition
(Feary et al. 2010).

Tropical coral reefs experience additional disturbance from passing hurricanes and
tropical storms. Hurricanes are low-pressure storm cells that form over warm water and are
characterised by high wind speeds (>32 m/s) and heavy rainfall (Rakhecha and Singh 2009).
This generates increased wave and current action adjacent to the storm and additional changes to
the turbidity and salinity of the water (Harmelin-Vivien 1994). Hurricanes damage coral reefs
mainly via structural damage to coral itself, which can be observed up to 250 km away from the
storm (Beeden et al. 2015). Increased wave action from storms has the potential to break off
pieces of coral colonies, resulting in a decrease in coral cover and structural complexity of
affected reefs (Harmelin-Vivien 1994; Gleason et al. 2007). The extent of reef damage depends
on the size and intensity of the storm itself as well as the location of the reef, as shallow reefs are
more susceptible to damage and surrounding topography may reduce hurricane force before it
reaches reefs (Harmelin-Vivien 1994; Beeden et al. 2015; Puotinen et al. 2020). Recovery of
coral following a hurricane can take decades and may never occur for some species (Harmelin-
Vivien 1994; Gardner et al. 2005; Madden et al. 2023).



The relative intensity of hurricanes is increasing globally in response to climate change,
thereby increasing the potential of these storms to damage marine habitats (Gardner et al. 2005;
Holland and Bruyere 2014). There is evidence of wider community effects of hurricanes on coral
reefs at least in the short term, where reef fish have been observed to temporarily migrate to
deeper waters during intense storms for shelter from waves (Walsh 1983; Letourneur et al. 1993).
Hurricanes have also been found to affect juvenile fish to a greater extent than adults, with higher
levels of mortality and re-distribution observed in sub-adult individuals (Lassig 1983). Fish
species richness on coral reefs has been observed to increase in the months following hurricane
passage, with an increase in herbivorous and omnivorous fishes post-storm, indicating alterations
to community structure induced by hurricanes (Letourneur et al. 1993). Longer-term community
effects are also likely due to the loss of coral hurricanes cause.

Stressors to coral reefs such as increased ocean temperatures and hurricane intensity
indirectly impact reef fish via reductions in coral cover. Coral colonies are key contributors to the
structural complexity of reefs (Graham and Nash 2013; Darling et al. 2017). High structural
complexity on coral reefs is closely tied to community richness, with high structure reefs able to
support a greater density and biomass of fish due to the increased habitat and refuge from
predators that they provide (Graham and Nash 2013; Darling et al. 2017). Environmental
stressors such as hurricanes and MHWs cause increased coral mortality on reefs, which has been
found to reduce structural complexity (Magel et al. 2019; Yuval et al. 2023). Coral loss of over
10% on reefs reduces reef fish abundances up to 75%, and the 8% of reef fish who utilize
specific species of live coral as habitat (e.g., gobies [Gobiidae] and damselfish [Pomacentridae])
as well the many species who associate with coral as juveniles, may be impacted to an even
higher degree (Jones et al. 2004; Pratchett et al. 2011; Coker et al. 2014).

The impact of coral loss on reefs due to MHWs and hurricanes may also impact fish
trophic groups differently. Corallivores such as butterflyfish (Chaetodontidae) directly utilize
coral as a food source and may suffer reductions to their populations or be forced to shift to
alternate food sources if coral cover declines (Rotjan and Lewis 2008; Graham et al. 2009;
Pratchett et al. 2011). Additionally, when coral is lost on reefs it is often replaced by macroalgae,
which is a food source for many herbivorous fish such as parrotfish (Scaridae; McManus and
Polsenberg 2004; Rotjan and Lewis 2008; Bruno et al. 2009). If benthic communities shift
towards macroalgae, populations of herbivorous fishes may increase on reefs due to increased
food availability (Pratchett et al. 2018). Selectively examining the impact of stressors on specific
functional groups and their impact on functional diversity as a whole is essential to provide a
more complete understanding of community change.

The spatial configuration of reefs is also critical in shaping the diversity and resilience of the
fish community. Patch reefs are relatively small, discrete reef units often aggregated together and
connected via the dispersal of organisms, thereby forming a metacommunity (Leibold et al.
2004). In reef fish, dispersal is species-specific. The larvae of fish may travel large distances via
ocean currents, but once juveniles settle many species have limited dispersal, leading to high



adult site fidelity (Jones et al. 2009; Green et al. 2015). Exceptions include pelagic groups such
as jacks (Carangidae) which continue to travel as adults, and species such as grouper
(Serranidae) which perform seasonal spawning migrations (Green et al. 2015; Dahlgren et al.
2016). However, dispersal distances for most smaller reef fish, such as those found mainly on
patch reefs, are relatively short (0.1-3 km; Green et al. 2015).

The ease by which individuals move between patches in the network defines the
connectivity of the fish metacommunity (Leibold et al. 2004). The spatial connectivity of patch
reefs can influence their fish species composition, as well as how that composition changes
through time and in relation to environmental stressors such as increasing SST, hurricane passage
and species invasion. For example, high site connectivity has been linked to lower fish species
turnover and higher resilience to disturbance, due to the “rescue effect” whereby species
recolonize the site from surrounding patches (Eriksson et al. 2014; White et al. 2021).
Conversely, isolated reefs may be more susceptible to community shifts and biodiversity loss in
response to stressors (McLaughlin et al. 2013; Thompson et al. 2017; Chase et al. 2020; White et
al. 2021). At the metacommunity scale, disturbance can lead to biotic differentiation in which
beta diversity (i.e., differences in species composition between sites) increases due to variation in
the response of local communities (Socolar et al. 2016; Chase et al. 2020). This can be caused by
dispersal limitation leading to local extirpation at some sites (Hubbell 2011; Chase et al. 2020).
Identifying shifts in beta diversity within a reef fish metacommunity and potential drivers of this
change are necessary to predict the resilience of the metacommunity and locate where
conservation resources may be most effective.

Here, I aim to quantify changes in coral reef fish communities in South Eleuthera, The
Bahamas, in relation to key reef stressors. To do this, I compare historical fish community time
series survey data from 2009-2018 to present-day community data collected at the same sites via
the same survey methods in the summer of 2024. Specifically, I examine how the reef fish
community has changed over time and in relation to invasive lionfish biomass, rising sea surface
temperatures and marine heatwaves, and hurricane passage. I explore the impact of these
stressors on reef fish biomass and species richness. A priori hypotheses are summarized in Table
1.

Additionally, I explore the spatial structure of patch reefs using network analysis, treating
each reef as a node in the reef fish metacommunity. I examine the relationship between network
structure and the fish community composition of each reef over time and in relation to
environmental disturbance caused by hurricane passage. I expect that reefs will show changes in
fish community composition over time and in relation to hurricane passage. Additionally, |
expect that highly connected reefs will maintain similar fish community composition over time,
indicating resilience to stressors (McLaughlin et al. 2013).



Methods

Sites

Twenty coral patch reefs were selected in 2024 and were resurveyed between August 29
and September 9, 2024. I selected for patches with the maximum number of years of historical
survey data available while also aiming to maximize the area covered by the network of patches
to account for spatial variation in fish and benthic community composition. All patches were
between 2.39 and 5.37 km off the coast of Southern Eleuthera, The Bahamas (Figure 1). Patches
ranged in size from 43-385 m? (mean = 124.5 m?) and 2.7-3.8 m in depth (mean = 3.2 m).
Maximum vertical relief of patches ranged from 0.8-2.3 m (mean = 1.6 m) and reef rugosity
ranged from 1.1-1.6 (mean = 1.4). Both these metrics describe the structural complexity of coral
reefs, with larger values indicating higher complexity.

Belt Transect Surveys

Present-Day Belt Transect Surveys

Two to three belt transect surveys per patch reef, depending on reef size, were performed
using SCUBA in summer 2024 to determine present-day fish community composition on each
reef. In cases of single, discrete reef patches, transects were consistently oriented and spaced to
avoid spatial overlap in survey area. In cases of dispersed reef patches comprising multiple
smaller patches, transects were placed running across individual patches, covering multiple
patches with one transect wherever possible.

During belt transect surveys, a diver swam to the start of each transect and hovered,
immobile, at least 1m from the start of the transect line for 3 minutes to allow fish to resettle on
the reef after the disturbance caused by placing the transect line. The diver then swam at a slow,
fixed speed along the transect line at a consistent height. The diver recorded species identity,
abundance, and approximate total length (TL, rounded to the nearest 0.5 cm) of all fish observed
within a 1 m width on either side of the transect line, for a total surveyed area of 16 m? per
transect. Divers scanned the benthos and water column continuously along the transect line in
order to record all species present. Belt transect surveys ranged from 2-7 minutes in duration.

Historic Belt Transect Surveys

From 2009-2018, belt transect surveys were performed regularly at all 20 patch reefs (at
variable times of year, between 0-12 times annually; Table S1). All historic belt transect surveys



were performed using the methodology outlined above (see Present-Day Belt Transect Surveys)
and between 1-6 transects per patch reef were performed per survey.

Biomass Calculation

All fish lengths recorded on belt transect surveys were converted to biomass using the
allometric function:

B = al?

where B = biomass (g), L = fish length (cm), and @ and b are species-specific scaling parameters
(Smith and Coté 2021). Conversion parameters were obtained from FishBase (Froese and Pauly
2025). When multiple parameters were available for a species, I selected those obtained
geographically closest to the study site. However, if the sample size at a location identified on
FishBase was < 5 individuals, I selected parameters with a larger sample size for the next closest
location to the study site. If no parameters were available for a species, I selected parameters for
a closely related species with similar diet and shape in the same genus (22.8% of species). If no
conversion parameters were available for any species in the genus, Bayesian-estimated
parameters for TL, calculated by Froese et al. (2014) and obtained via FishBase, were used
(6.3% of species; Froese and Pauly 2025). Large, transient reef species (e.g., nurse shark
[Ginglymostoma cirratum] and great barracuda [Sphyraena barracuda)) were not included in
biomass calculations as they were not considered to be ‘true’ reef residents.

Environmental Stressor Data Collection

Invasive Lionfish & Grouper Biomass

Invasive lionfish and native grouper species biomass were obtained based on belt transect
data.

Sea Surface Temperature (SST)

Daily SST values (°C) were obtained from NOAA Coral Reef Watch (2025) via the
Environmental Research Division’s Data Access Program. Each SST is a nighttime temperature
value obtained from satellite data for a 5 km x 5 km grid cell. SST values for each survey were
obtained from the 5 km cell encompassing the location of the patch reef on the date of the
survey. For some historical surveys, a specific survey date was not recorded, only the month and
year that the survey was conducted (5.4% of all surveys). In this latter instance, the average
monthly SST was calculated and used as the SST value for these surveys.



Hurricane Passage

The historical path of hurricanes in a 300 km radius around the midpoint of all survey sites
was examined from one year prior to the start of the time series (2008) to the end of the time
series (2024) using NOAA’s Historical Hurricane Tracks program (NOAA Office for Coastal
Management 2025). A 300 km radius was chosen because severe damage from large, strong
cyclones is restricted to this maximum distance away from the storm track (Puotinen et al. 2020).
Fourteen hurricanes and tropical storms passed through the study area during the survey period.
For each of these storms, their start and end dates were recorded (as the date on which the storm
entered and exited the 300 km radius around survey sites) as well as their category (if they were
hurricanes) which was defined as the category assigned to the storm at the time of its nearest
passage to survey sites. The distance to survey sites was measured in Google Maps as the
distance in km from the storm track to the approximate midpoint of all survey sites at the time of
nearest passage to the sites (Google 2025). R64 values were gathered for each quadrant of every
storm at the time of nearest passage to sites, which provide a measure of the maximum distance
from the centre of the storm at which 64 knot winds (i.e. hurricane-speed winds) are felt in each
hurricane quadrant (NOAA Office for Coastal Management 2025). R64 values per hurricane
quadrant were cross-referenced with the minimum site distance from the storm to determine
whether hurricane-speed winds were likely to have reached survey sites.

Based on the above method, I retained two hurricanes in my stressor dataset: Hurricane Irene
(which entered the 300 km radius around sites on August 26, 2011 and passed 16 km away from
sites at an R64 value of 96.56 km) and Hurricane Sandy (which entered the 300 km radius
around sites on October 27, 2012 and passed 37 km away from sites at an R64 value of 48.28
km). I acknowledge the potential effects of water depth, currents, and surrounding topography on
hurricane behaviour, which my current method does not account for, but I think that the ultimate
impact of these features on the variability of hurricane intensity at the sites was diminished due
to the uniformly shallow depth of all survey sites (maximum depth of 3.2 m) and the flat, narrow
profile of Eleuthera, the only land that the storms would have passed over prior to reaching sites
(Wu et al. 2002; Cangialosi and Chen 2004; Oey et al. 2007).

The time taken for reef fish communities to recover from hurricane passage is variable
with no consensus in the literature (Harmelin-Vivien 1994). Based on past observed eftects of
hurricanes on reef fish communities, I chose to use a hurricane effect period of 6 months to
examine relatively short-term impacts to the fish community. I dummy coded hurricane passage
with value of 1 for six months from the date the hurricane entered the 300 km radius around
survey sites, indicating potential hurricane effects, and a value of 0 on all other dates. In cases
where a specific survey date was not recorded and only the month and year that the survey was
completed were available, a hurricane effect was coded as present if the 6-month hurricane effect
occurred at any time during that month and was coded as absent if not.



Statistical Analyses

Generalized Linear Mixed Effect Models (GLMMs)

All analyses were conducted using R v4.4.1 (R Core Team 2025; Table S2). I performed a
series of GLMMs with the glmmTMB package (Brooks et al. 2017) to assess the impact of
various environmental stressors on reef fish communities from 2009-2024. Models were
estimated using maximum log likelihood. In all models, year and site were coded as random
intercepts while environmental stressors were fixed effects. Reef rugosity was initially included
as a fixed effect in all models, but its impact was found to be non-significant in all cases, and it
was therefore removed prior to model selection. All models used a gaussian distribution except
for lionfish prey and non-prey richness models, which used a Poisson distribution (Table S3).
Fish biomass was log transformed in all models to improve model fit while continuous fixed
effects (e.g., lionfish biomass and SST) were standardized by subtracting the mean and dividing
by one standard deviation (Schielzeth 2010). I assessed for collinearity among fixed effects in
models via a Variance Inflation Factor (VIF) with a threshold of 5 using the car package (Petrie
2016; Fox and Weisberg 2019). Temporal autocorrelation was also assessed via Autocorrelation
Function (ACF) plots and a lag 1 threshold of 0.3. All models met the assumptions of normality
of residuals and homogeneity of residual variance.

Model Selection

I created a series of candidate models based on my a priori hypotheses (Table S3). Model
selection was then carried out using information theory. Specifically, I calculated Akaike
Information Criterion corrected for small sample sizes (AICc), where smaller AICc values
indicate higher support in the data for a model. The model with the lowest AICc value was
considered to be the top model. Candidate models with an AICc difference <2 were assumed to
be similarly supported by the data (Burnham and Anderson 2004; Symonds and Moussalli 2011).
If multiple models were considered to be a top model based on AAICc values <2, the most
parsimonious model was selected as the top model (i.e. the model with the fewest parameters).
Additionally, I calculated conditional R? values for each top model to determine the amount of
variance in the data explained by the top model (Liidecke et al. 2021). Statistical significance of
stressor effects was determined using an alpha value of 0.05.

Network Analysis

I created a network of the patch reef system surveyed in the time series using each reef
site as a node in the metacommunity. Specifically, the Euclidean distance between each node was
calculated in decimal degrees using the latitude and longitude coordinates of each patch. I then
created a binary adjacency matrix of all nodes using a logical comparison and a connectivity



threshold of 0.02 decimal degrees, which represents the maximum Euclidean distance between
two nodes at which dispersal of species is considered likely (Urban and Keitt 2001). Two nodes
within this distance from each other will therefore be connected by an edge in the network
structure. A threshold of 0.02 decimal degrees corresponds to ~2.22 km between sites at the
study latitude. All self-connections between nodes were removed from the adjacency matrix.
Using an unweighted and undirected graph of the network, I then calculated several metrics for
the patch reef network using the igraph package (Csardi et al. 2025; Table 2).

Alternate network structures were generated using other connectivity threshold values
from 0.01-0.025 decimal degrees to determine the impact this had on network structure (Figure
S4; Tables S16-S20; Figures S7-S10). 0.02 decimal degrees was ultimately chosen as the final
connectivity threshold as it did not create separate network clusters and produced the most
reliable small-world network based on the small-world metric and small-world-ness values,
showing a balance between high clustering and short average path lengths (Watts and Strogatz
1998; Humphries and Gurney 2008).

Jaccard Dissimilarity

Four comparisons of Jaccard dissimilarity index values were conducted to determine how
fish species composition within patch reef sites changed over survey periods. Firstly, the species
composition of each reef community was compared between the years 2011 and 2024 to capture
how reef fish communities have changed from early in the time series to present-day. The year
2011 was selected as the “early” year because it was the first year in the time series during which
all 20 patch reef sites was surveyed. Only one survey of each reef was conducted in 2024, so
these surveys were selected as the 2024 dates for the comparison. To reduce the potential impact
of seasonal variation in species composition, a corresponding 2011 survey for comparison was
selected that most closely matched the month and day that the 2024 survey was conducted at the
corresponding site.

I also compared pre- and post-hurricane surveys to determine if the passage of major
storms impacted fish community composition on reefs. During the time series, Hurricane Irene
passed near the patch reef sites in August of 2011 followed by Hurricane Sandy, which passed in
October of 2012. To compare community composition before and after these storms, I selected
the first survey conducted on each reef after the passage of Hurricane Sandy as the post-
hurricane surveys. I then selected a survey performed in the year prior to the passage of
Hurricane Irene which most closely matched the month and day of the post-hurricane survey at
the same site to reduce the impact of any seasonal differences in species composition.

Finally, I compared two pre-hurricane surveys and two-post hurricane surveys to
determine if similar community changes were observed over these periods (thus suggesting no
‘true effect’ of hurricane passage on community composition). The pre-Hurricane Irene survey
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dates selected for the pre- and post-hurricane comparison were paired with the most seasonally
similar surveys conducted during the first year of the time series, from 2009-2010. Only 17 of
the 20 total patch reef sites were utilized in this comparison (with sites 119, 99 and E3 excluded),
as only these reefs were surveyed in the first year of the time series. To determine fish
community composition changes post-hurricane, I selected the most seasonally similar surveys
conducted in 2014 and 2015, more than one year after the passage of Hurricane Sandy. Only 10
of the 20 patch reefs were surveyed in these years (sites 101, 104 NF27, 106, 112 NF25, 55, 70,
74,76, 79 and 93 were excluded from the comparison).

For each survey (i.e., 2011, 2024, pre-hurricane and post-hurricane, two pre-hurricane
and two post-hurricane) a presence/absence species matrix was created. The pairwise Jaccard
dissimilarity for each survey period was then calculated using the vegan package as:

4 dissimilarity = _BFC€
]accar lSSlmlaT'ly—A+B+C

where A4 = the number of species present in both survey periods (e.g., present in both the 2011
and 2024 survey), B = the number of species present in only the first survey period (e.g., only
2011) and C = the number of species present in only the second survey period (e.g., only 2024;
Jaccard 1900; Oksanen et al. 2001). This provides a value from 0-1, where 0 = identical species
compositions between survey periods and 1 = no shared species between survey periods.

Changes in species composition across reef sites over survey periods (i.e., 2011 vs. 2024,
pre- vs. post-hurricane, two pre-hurricane and two post-hurricane surveys) were assessed using
one-way permutational multidimensional analyses of variance (PERMANOVAs) on the Jaccard
dissimilarity matrices generated. Statistical significance was assessed with 10,000 permutations
of residuals with a reduced model using a type III sum of squares. Differences in beta diversity
between survey periods were additionally assessed with tests of homogeneity of multivariate
dispersions (PERMDISPs) and it’s a posteriori test on the Jaccard dissimilarity matrices using
10,000 permutations of residuals (Anderson et al. 2006; Alonso-Dominguez et al. 2025). The
PERMDISP allowed us to determine whether a significant difference in the variance of species
composition was present between survey periods by assessing the deviation in the group from the
centroid. PERMANOVA and PERMDISP analyses were performed using the vegan package
(Oksanen et al. 2001). A Principal Coordinates Analysis (PCoA) was conducted on the Jaccard
dissimilarity matrix to visualize the dissimilarity between each site in each survey period by
plotting the first two ordination axes.

Finally, I investigated the correlation between Jaccard dissimilarity and two
metacommunity network metrics, betweenness centrality and closeness centrality, between the
two primary survey periods of interest: 2011 vs. 2024 and pre- vs. post-hurricane. This allowed
me to determine whether reefs that played an important role in network connectivity were also
more likely to have high or low similarity in community composition over time. Jaccard
dissimilarity, betweenness centrality and closeness centrality were not normally distributed in
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either survey period comparison. Hence, I used Spearman rank correlation tests to assess the
relationship between Jaccard dissimilarity and network metrics across survey periods, as well as
the correlation between network metrics.

Results

Survey data spanned 14 years, 9 months, and 17 days starting on November 23, 2009,
and ending on September 9, 2024. Patch reef surveys were conducted on 184 days, with a total of
1,755 individual transects. In total, 127 reef fish species were recorded from 38 Families.

Model Selection

Model predicting total fish biomass

The top model on the log-transformed biomass for all fish recorded on belt transect surveys from
2009-2024 contained all three stressors (lionfish biomass, SST and hurricane passage) and
explained 7.5% of variance in fish biomass over fourteen years (Table 3; Table S4). Lionfish
biomass was found to have a significant positive effect on fish biomass (p < 0.001), whereas SST
and hurricane passage each had significant negative effects on biomass (p < 0.001 for both
stressors; Figure 2A).

Model predicting total fish species richness

The top model for fish species richness for surveys from 2009-2024 contained lionfish biomass
and SST as stressors, but excluded hurricane passage, and explained 29.3% of variance in
richness (Table 3; Table S5). Lionfish biomass had a significant, positive effect on species
richness (p < 0.001). However, contrary to the negative effect of SST on fish biomass, SST was
also found to positively affect richness (p < 0.001; Figure 3A).

Models predicting lionfish, grouper & total mesopredator biomass

Top models on changes in total lionfish biomass recorded from 2009-2024 included the null
model, suggesting that none of the examined factors explained changes in lionfish biomass over
time (Table 3, Table S6). In contrast, the top model predicting total grouper biomass from 2009-
2024 contained lionfish biomass as a significant predictor (p < 0.001), explaining 15.4% of
variance in grouper biomass (Table 3; Table S7; Figure 2B). Model selection on total
mesopredator biomass on reefs (i.e., lionfish and grouper biomass combined) also contained the
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null model, suggesting that none of the factors that I examined could explain variance in total
mesopredator biomass over the survey period (Table 3; Table S8).

Models predicting total mesopredator prey & non-prey fish biomass

The top model predicting log-transformed mesopredator prey biomass (any fish <5 cm TL)
contained three stressors (lionfish biomass, SST, and hurricane passage) and explained 9.0% of
variance (Table 3; Table S9). Lionfish biomass had a significant positive effect (p = 0.016) while
SST and hurricane passage had significant, negative effects (p < 0.001 and = 0.001, respectively;
Figure 2C) on prey biomass. In terms of non-prey biomass (any fish >5 cm TL), the top model
contained grouper biomass and hurricane passage as significant predictors and explained 5.0% of
variance (Table 3; Table S11). Specifically, hurricane passage had a significant negative effect on
non-prey biomass while grouper biomass had a significant positive effect (p = 0.009 and < 0.001,
for hurricane passage and grouper biomass, respectively; Figure 2D).

Models predicting total mesopredator prey and non-prey fish species richness

Model selection performed on mesopredator prey and non-prey species richness from 2009-2024
revealed similar top models, with SST present as the only stressor in both cases. The top prey
species richness model explained 38.7% of variance while the top non-prey species richness
model explained 25.0% of variance in the data (Table 3; Table S10; Table S12). In both
instances, SST was found to have a significant, positive effect on species richness (p < 0.001 and
=0.007, respectively; Figure 3B-C).

Models predicting corallivorous & herbivorous fish biomass

The top models predicting the log biomass of corallivorous and herbivorous fish species
recorded from 2009-2024 contained SST and hurricane passage and explained 15.9% and 15.3%
of variance in corallivore and herbivore biomass, respectively (Table 3; Table S13; Table S14).
SST had a significant negative effect on both corallivore and herbivore biomass (p = 0.010 and <
0.001, respectively). Likewise, hurricane passage significantly, negatively affected corallivore
and herbivore biomass (p < 0.001 for both corallivores and herbivores; Figure 2E-F).

Metacommunity Structure

Network Structure

Network analysis on the patch reef fish metacommunity using a connectivity threshold
value of 0.02 revealed a network of 20 nodes (one per patch reef) with 88 edges connecting
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nodes to one another (Figure S15). The network had a connectance of 0.220, indicating that
22.0% of all possible connections between nodes were realized in the network. The network had
a clustering coefficient of 0.707, meaning that if two reefs were connected to a common third
reef, there was a 70.7% probability that they were also connected to one another. The network
had a diameter of 3 and an average distance between nodes of 1.668, indicating that the network
was compact with high local clustering. The network had an intermediate small-world metric of
0.424 and an average small-world-ness value of 1.475 when compared to three randomly
generated networks with the same number of nodes and edges, indicating sufficient support for
small-world behaviour of the network. The betweenness centrality of nodes ranged from 0 at
sites 108, 74, 78 and 89 to 26.603 at site 55 (Table 4). Closeness centrality of nodes ranged from
0.026 at site 108 to 0.040 at site 55 (Table 4). Sites 93 and 55 had the highest degree, with 13
connections each, compared to site 70 which had the lowest degree value of 5 connections (Table
4). This indicates a range in the connectivity of reef patches, with some sites more highly
connected in the network than others.

Changes in the fish metacommunity between 2011 vs. 2024

The comparison of fish species composition at sites in 2011 and 2024 showed a range in
Jaccard dissimilarity from 0.469 at site 93 to 0.816 at site 104 NF27 (Figure 4A, Table S21). The
results of the PERMANOVA revealed that survey period (2011 vs. 2024) explained 14.4% of the
variation in site species composition (p < 0.001), indicating a significant shift in beta diversity
across the metacommunity from the early years to end of the time series (Table 5). The
PERMDISP revealed significant differences in the dispersion of species composition across sites
between each survey period (p = 0.0021), with 2024 belt transect surveys showing higher
variation in species composition compared to 2011 surveys (Table 5; Figure 4B). Together, the
PERMANOVA and PERMDISP results indicate significant changes in reef fish community
composition and variability from 2011 to 2024.

The relationship between the Jaccard dissimilarity of fish species composition on reefs in
2011 compared to 2024 and the betweenness and closeness centrality of sites at a connectivity
threshold value of 0.02 was analyzed using a rank Spearman correlation test. This produced rho
values of -0.442 and -0.389 for the relationship between Jaccard dissimilarity and betweenness
and closeness centrality, respectively, though both relationships were marginally non-significant
(» = 0.051 for Jaccard vs. betweenness centrality and 0.090 for Jaccard vs. closeness centrality;
Figure 6).

Pre- vs. post-hurricane changes in the fish metacommunity

Pre-Hurricane Irene (August 2011) and post-Hurricane Sandy (October 2012) fish species
composition on patch reefs was compared to assess the potential impact of hurricanes on reef
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fish community assemblages. Jaccard dissimilarity pre- and post-hurricane ranged from 0.481 at
site 90 to 0.692 at site 106 (Figure 5A, Table S22). The PERMANOVA performed on reef
Jaccard dissimilarity pre- and post-hurricane revealed a significant effect of survey period on
metacommunity beta diversity, with pre- or post-hurricane explaining 6.9% of total variation in
species composition on reefs (p < 0.001). However, the PERMDISP revealed no significant
difference in the dispersion of community composition across sites pre- and post-hurricane (p =
0.573; Table 6, Figure 5B). Together, the PERMANOVA and PERMDISP suggest a significant
shift in fish community composition between pre- and post-hurricane surveys but not driven by a
change in variability.

To determine whether a ‘true’ pre/post-hurricane effect was present, I assessed changes in
species composition between reefs in two pre-Hurricane Irene surveys and two post-Hurricane
Sandy surveys. Pre-Hurricane Irene differences in species composition ranged from a Jaccard
dissimilarity value of 0.316 at site 74 to 0.667 at site 94 (Table S23). A PERMANOVA
performed on the Jaccard dissimilarity values of each site between surveys indicated a significant
effect of survey period on beta diversity, with early pre-hurricane compared to later pre-hurricane
explaining 6.6% of variation in species composition (p = 0.001). The corresponding PERMDISP
test was not statistically significant, indicating no difference in variability in species composition
across sites between survey periods (p = 0.148; Table 6; Figure S5). Similarly to the pre- vs.
post-hurricane comparison, this suggests a significant shift in community composition between
survey periods but no change in patch variability. In post-Hurricane Sandy surveys, Jaccard
dissimilarity values for reef community composition ranged from 0.385 for site E3 to 0.632 for
site 102 (Table S24). There was no significant difference in fish community composition
between survey periods and no change in the variability of species composition across reefs
(PERMANOVA p = 0.977 and PERMDISP p = 0.483; Table 6; Figure S6). Together, this
suggests no significant change in patch community composition between the post-hurricane
survey periods.

There was no relationship between the Jaccard dissimilarity of fish species composition
in pre- and post-hurricane surveys compared to the betweenness and closeness centrality of the
reef network. Similarly, no correlation was found between the Jaccard dissimilarity of species
composition in the two pre-hurricane and two post-hurricane survey periods (Figure S11).

The correlation between dissimilarity in reef fish community composition between
2011/2024 surveys and pre/post-hurricane surveys was also examined. I found no relationship
between dissimilarity over the two periods (Figure S12). Finally, the correlation between reef
betweenness and closeness centrality was analyzed with a rank Spearman correlation test,
revealing a significant, positive relationship between the metrics (rho = 0.983, p < 0.001; Figure
7).
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Discussion

This study explored the impacts of environmental stressors and the network structure on
patch reef fish assemblages from 2009 to 2024. I found that over a 15-year period, rising sea
surface temperatures and hurricane passage negatively affected the total biomass of reef fish
communities as well as specific trophic groups (corallivores and herbivores) and size classes (<5
cm TL, i.e., mesopredator prey fish). Contrary to expectations, I found a positive relationship
between invasive lionfish biomass and native reef fish biomass and species richness, as well as a
positive effect of SST on species richness. In terms of the structure of the patch reef fish
metacommunity, my analyses suggested a well-connected network with high dispersal capacity
between reefs. | saw a significant shift in community composition from 2011 to 2024, with an
increase in beta diversity in 2024 fish surveys. I also found a weak, negative relationship
between reef connectivity and dissimilarity in fish community composition, indicating lower
species turnover on highly connected reefs. Although there was a change in reef fish species
composition within the metacommunity with the passage of hurricanes, significant species
turnover also occurred between years when hurricanes did not occur, making it difficult to
discern the effect, if any, of hurricanes on the metacommunity.

Effects of Environmental Stressors on Reef Fish Assemblages

Opposite to my expectation, invasive lionfish biomass was consistently positively
associated with reef fish community metrics (e.g., native prey fish species biomass, grouper
competitor biomass, total fish biomass and total fish species richness; Figure 2 A,C, Figure 3A).
These findings contrast with previous experimental and observational studies that revealed
adverse effects of lionfish on prey fish communities (Green et al. 2012; Green and Coté 2014;
Albins 2015) and grouper competitors in The Bahamas (Green et al. 2012; Curtis et al. 2017; but
see Hackerott et al. 2013). A possible explanation for these findings is that lionfish are simply
attracted to reefs that already possess high abundances and diversity of reef fish due either to
specific habitat features of reefs (e.g., reef structural complexity [Beets and Hixon 1994]) or high
prey availability. The former explanation also holds for my finding that grouper biomass was
positively associated with non-prey fish biomass (Figure 2D). In contrast, grouper biomass was
not linked to prey fish biomass, suggesting that other factors that I did not measure (e.g., grouper
fishing pressure) may be more important (Figure 2C).

Sea surface temperature was a significant predictor of fish community metrics in most
top models. This result reinforces the central role of temperature in marine ectotherm
communities through its influence on individual metabolism, growth, reproduction, and
behaviour (Munday et al. 2008; Spinks et al. 2019; Van Wert et al. 2024). Specifically, consistent
with my expectations, SST acted as a significant, negative predictor of fish biomass and was
present in total fish, prey fish and corallivore top models (Figure 2 A,C,E,F). However, a similar,
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negative effect of SST was found in the herbivorous fish top model, which contradicts my
hypothesis (Table 1; Figure 2F). This negative effect may be because the adverse consequences
of increased temperature (e.g., thermal stress) outweigh any benefits of subsequent increases in
macroalgae (Pratchett et al. 2011; Shlesinger and van Woesik 2023).

Unlike its effect on biomass, and contrary to my prediction, SST was positively
associated with fish species richness in all top models (Figure 3). This result contrasts with
previous studies that showed negative impacts of SST on fish biomass and richness (e.g.,
Pratchett et al. 2011; Chaudhary et al. 2021; Shlesinger and van Woesik 2023). Although
increased ocean temperatures have been linked to increases in species richness, these effects
occurred on much larger spatial scales due to species range shifts caused by individuals trying to
remain within their thermal optima, which is unlikely in this study of small, Bahamian patch
reefs (Hiddink and Ter Hofstede 2008; Lloyd et al. 2012; Chaudhary et al. 2021). Instead, the
positive association with SST found here with a simple, linear model may possibly mask a more
complex relationship that is non-linear and beyond the scope of this study.

Hurricane passage had a large and consistently negative effect on reef fish biomass, being
selected as a major stressor in five of the six top biomass models (Table 3). Further, when
present, the hurricane effect size was greater than every other stressor present in top biomass
models (Figure 2 A,C-F). This finding supports my hypothesis that hurricanes would negatively
impact reef fish (Walsh 1983; Yuval et al. 2023; Table 1). In contrast to expectations, there was a
negative impact of hurricanes on herbivore abundances which may, in part, be due to a time lag
effect in which a period greater than 6-months post-storm may be necessary to detect increases in
macroalgae sufficiently large to benefit herbivorous fishes. Examining a longer time scale may
reveal a positive effect of hurricanes on herbivores, or a reduced negative effect. However, it is
also possible that the negative impacts of hurricanes on coral cover and subsequent decreases in
suitable habitat may outweigh any benefits accrued from increased macroalgae.

In the specific case of mesopredator biomass, which in these reef ecosystems refers to
lionfish and grouper species, I found no support for my hypotheses. Model selection predicting
lionfish biomass and total mesopredator biomass (i.e., lionfish and grouper biomass) in relation
to all environmental stressors (excluding lionfish biomass) included the null model as a top
model, indicating no effect of the stressors (Table 3). As discussed previously, the grouper
biomass top model included lionfish biomass as a positive predictor, which was the only
mesopredator top model to contain a stressor. The lack of a measurable impact of SST and
hurricane passage on lionfish biomass and total mesopredator biomass may be because of the
overriding effect of fishing pressure, which was not measured in this study. Both lionfish and
groupers are heavily fished in The Bahamas (Cheung et al. 2013), including in the study area
where there is a haphazard but ongoing lionfish culling program by the Cape Eleuthera Institute
as well as the presence of subsistence fishers, who regularly fish on the patch reef network.
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To better understand environmental influences on lionfish and their impact on reef fish
communities, models could incorporate additional factors. The inclusion of reef-specific features
such as rugosity or wave exposure may reveal patterns in their abundance (Coté & Smith 2018;
Anton et al. 2014). As well, including lionfish size or body condition as response variables rather
than biomass may better capture how their populations shift through time and in relation to
stressors (Aguilar-Perera & Hernandez-Landa 2022). Finally, exploring the relationship between
lionfish biomass and fish species with functional traits selected for by lionfish, such as shallow
bodies, solitary behaviour, or near-benthic habitat preference, could provide further insight into
their role in shaping fish communities (Green & Coté 2014).

All top stressor models were found to have generally low to moderate conditional R?
values, ranging from 0.05 for the top non-prey fish biomass model to 0.387 for the prey fish
richness model (Table 3). Though large R? values are often a goal in model fitting, these results
were not surprising given the nature of my dataset being a long time series collected across
multiple sites (Nakagawa & Schielzeth 2012, Lin & Wiegand 2023). Additional predictors
unrelated to my hypotheses may be needed to explain greater variance in my models, such as
reef-specific habitat variables. Top models predicting species richness as a metric were also
found to have higher conditional R? values than models predicting fish biomass (Table 3), and
biomass top models generally contained more predictors (2-3 fixed effects; Fig 2) than species
richness models (1-2 fixed effects; Fig 3). The generally lower R? values in biomass models
might be due to greater error surrounding biomass estimates, which depended on length
estimates in the field as well as species-specific parameters, which were not always available. In
contrast, the observation that biomass models often contained more predictors than richness
suggests that biomass may be a more sensitive metric than richness to a variety of stressors.

The Reef Fish Metacommunity

Network analysis on the patch reef metacommunity revealed a relatively connected
network with high dispersal capacity, based on the moderate connectance and clustering
coefficient values (Watts and Strogatz 1998; Dunne et al. 2002). The patch reef network was
compact with generally short dispersal pathways linking reefs together, allowing many avenues
for potential species dispersal between patches (Patonai et al. 2023). Together, the small-world
metric and small-world-ness value indicated strong small-world behaviour of the network,
characteristic of a sufficiently random and clustered network (Watts and Strogatz 1998;
Humphries and Gurney 2008; Patonai et al. 2023). This agrees with past studies on reef
metacommunities which found high connectivity (e.g., MacNeil et al. 2009). The avenues
available for efficient dispersal of reef fish in the patch reef network suggest that the
metacommunity may possess high resilience to disturbance.

Individual patch reefs varied in their connectivity and consequent dispersal capacity. The
range in betweenness and closeness centrality values for reefs in the network suggest that some
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patches act as bridges in the network, allowing for increased connectivity and species dispersal
(Bodin and Norberg 2007; Zhang and Luo 2017; Patonai et al. 2023; Table 4). This was partially
supported by the comparison of 2011 compared to 2024 species composition on reefs, which
found a weak negative relationship between reef connectivity and species turnover (Figure 6).
Visually in the network structure, central reefs also appeared to have lower species turnover
(Figure 4A). As hypothesized, this suggests that more central, highly connected reefs may
experience lower species turnover through time due to consistent immigration of fish from
surrounding patches (Mouquet and Loreau 2003; Leibold et al. 2004; Hillebrand et al. 2018).
However, these connected patches may also act as source reefs by maintaining stable populations
of fish that can then disperse to peripheral sink reefs, facilitating persistence of the
metacommunity through rescue effects (Pulliam 1988; Chase et al. 2020). These findings align
with studies that identify highly connected reefs as conservation priorities due to their high
dispersal capacity (e.g., Hock et al. 2014; Schill et al. 2015).

Other studies report no correlation between reef connectivity and fish abundance (e.g.,
MacNeil et al. 2009). Similarly, in my reef network not all patches showed decreasing species
turnover with increasing connectivity. For example, site 104 NF27 had the largest dissimilarity
value of all reefs (dissimilarity = 0.816), indicating the highest level of species turnover from
2011 to 2024 (Table S21, Figure 6). However, this reef also had large betweenness and closeness
centrality values, indicating high connectivity (betweenness centrality = 12.935, closeness
centrality = 0.038; Table 4, Figure 6). Site 79 showed a similar pattern, with both large
dissimilarity and connectivity values (Table S21, Table 4, Figure 6). This suggests that in some
cases, factors other than connectivity may drive species turnover on reefs, such as patch-specific
demographic parameters including habitat quality and survival rates (MacNeil et al. 2009;
Figueira 2009; Hill et al. 2017). Thus, while connectivity can buffer against species turnover via
dispersal and rescue effects, it may be overridden by local processes in some cases.

Some resilience of the reef metacommunity to local disturbance was suggested by the
analysis of hurricane impacts, though the results are not definitive. A significant change in
community composition was seen from the year before hurricanes Irene and Sandy passed
compared to the year after, but no corresponding shift in beta diversity was observed (Figure 5).
As well, the control comparison of two pre-hurricane surveys revealed similar results, indicating
that differences in pre- and post-hurricane composition may not be driven by storm disturbance
(Table 6). These findings may indicate some ability of well-connected source reefs to buffer
against disturbance via rescue dispersal to sink reefs, providing some stability to the
metacommunity in the face of discrete disturbance (Eriksson et al. 2014; White et al. 2021).
Previous studies have identified a key role of dispersal in the recovery of metacommunities
following a local disturbance (e.g., Altermatt et al. 2011; Mausbach and Dzialowski 2019),
which may be a mechanism at play in this reef network. However, it is important to note that
these results do not rule out any impact of hurricanes or other local disturbances on fish
metacommunities and warrant further exploration.
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Synthesis

My analyses revealed varying impacts of environmental stressors on the reef fish
metacommunity depending on the response variable examined. Hurricane passage consistently
had a strong, negative effect on fish biomass, but no clear effect was seen on species richness or
species turnover (Figure 2A, Figure 3A, Table 6). As well, increased SST had conflicting effects
on fish biomass versus species richness (Figure 2A, Figure 3A). These findings support previous
work showing biomass to be a more sensitive indicator of community change compared to
species richness (e.g., Hillebrand et al. 2018; Maureaud et al. 2019) and indicate the importance
of exploring multiple community response metrics to gain a more complete understanding of the
complexity of community change.

These findings also highlight the dynamic nature of reef fish communities. Community
composition shifted over time and in relation to reef spatial position, and fish biomass was
influenced by environmental stressors including SST, hurricane passage and mesopredator
biomass (Figure 4, Figure 2). Since the 1990s, coral reefs have been thought to exist in multiple
stable states, switching between coral and macroalgae-dominated forms (Knowlton 1992).
However, little empirical evidence supports this paradigm (Dudgeon et al. 2010). Rather, more
recent studies have shown support for phase shifts on reefs, in which the community changes
continuously with environmental conditions until a threshold is reached (Dudgeon et al. 2010;
Spinks et al. 2019). The results of this study support this phase shift hypothesis, with changing
fish community composition and biomass through time, in response to environmental factors,
and 1in relation to reef connectivity, and no evidence of prolonged assemblage stability.

This study uses a long-term monitoring dataset to explore the effects of multiple stressors
on reef fish assemblages and integrates network analysis to further investigate the ecological
dynamics of reef fish communities. Despite discussion of potential interactions between multiple
environmental stressors, we remain uncertain of their relative effects on coral reef communities
(Crain et al. 2008; Ban et al. 2014; Muthukrishnan and Fong 2014). Moreover, few studies have
examined the impact of hurricane passage on fish rather than benthic communities (e.g., Wulff
1995; Gleason et al. 2007; Beeden et al. 2015; but see Lassig 1983 and Adams 2001). Studying
the relative impacts of invasive lionfish biomass, SST, and hurricane passage on reef fish
communities over a nearly 15-year time period provides novel insights into the dynamics
shaping reef fish assemblages in the intermediate-term. These results reveal varying or opposite
effects of stressors on some community response metrics (e.g., the response of fish biomass vs.
richness to SST and the response of fish biomass vs. richness and species turnover to hurricane
passage). This adds to a growing body of work highlighting that community responses are not
uniform across metrics, which reinforces the need to consider multiple dimensions of
biodiversity when evaluating ecological impacts (Santini et al. 2017; Maureaud et al. 2019).

Additionally, the use of network analysis on a coral reef metacommunity to examine the
impact of environmental stressors on beta diversity is an analysis that to my knowledge has not
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previously been performed. While it can be difficult to explore coral reef metacommunity
dynamics due to a general lack of discrete habitat patch structure, this patch reef system in
southern Eleuthera provides an ideal network due to the proximity of many small, discrete reef
units (Leibold et al. 2004). The analysis performed here uncovered possible evidence of reef
connectivity buffering against species turnover in fish metacommunities, despite connectivity
being typically unaccounted for in studies of reef community change unless exploring larval
dispersal or reserve design (Mumby and Hastings 2008; Munday et al. 2009; Schill et al. 2015).

Future additions to this, or any, long-term dataset of reef fishes could benefit from several
improvements. Firstly, many different surveyors with varying levels of expertise collected data
over the course of the time series, leading to potential surveyor bias (Thompson and Mapstone
1997; Bernard et al. 2013). In future, surveying with two independent divers as recommended by
Bernard et al. (2013) could be employed, and/or the adoption of standardized training practices
across monitoring frameworks to help reduce bias (Thompson and Mapstone 1997).
Additionally, in this dataset belt transect surveys were conducted around midday when
crepuscular and nocturnal fish species, such as lionfish and grouper, have limited activity and
generally shelter within reef structure (Green and Coté 2014; Khan et al. 2017; Harmelin-Vivien
and Harmelin 2022). Green et al. (2013) found that >50% of lionfish detections were missed
when using belt transect surveys as a monitoring technique. To avoid underestimation of
important mesopredator species in future, I recommend the incorporation of roving predator
surveys into monitoring practices, which cover the exterior and interior of the reef in greater
detail (adapted from REEF [2025]; see Wartenberg 2012). Finally, benthic community change on
reefs should be monitored in addition to shifts in fish communities to gain more detailed
information on coral reef ecosystem shifts and the mechanisms behind change (Chong-Seng et
al. 2012; Donovan et al. 2018). Reef fish and benthic communities are interconnected, with
benthic structure providing habitat structure, refuge, and food for fish, and fish providing the
benthos with a key source of nutrient deposition (Graham and Nash 2013; Allgeier et al. 2014).
Looking at changes to both these groups simultaneously would greatly improve our
understanding of community change in relation to stressors.

Reef fish communities are incredibly complex and sensitive to direct and indirect effects
from environmental stressors. This study points to fish biomass as a key indicator of reef fish
community change and highlights the role of the spatial structure of reefs as an additional factor
important for assessing reef resilience. These findings demonstrate the importance of
incorporating multiple community response metrics into analyses (in this case biomass, species
richness, and community composition) to ensure that opposing effects and differences in metric
sensitivities are accounted for. Additionally, these results emphasize the dynamic nature of reef
fish communities, with temporal shifts in community composition and changes to fish biomass
linked to environmental stressors. Recognizing that reef communities may not be as stable as
previously thought and understanding how this is impacted by reef connectivity and exposure to

21



environmental stressors is essential for explaining and predicting community change through
time.
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Tables and Figures

Table 1. Summary of hypotheses for each stressor: invasive species, sea surface temperature (SST), and hurricane passage. The

community metrics tested for each hypothesis (fish biomass and/or species richness) are indicated.

Stressor Hypothesis References Metric
Biomass Species
Richness
Invasive species Invasive lionfish biomass will decrease Green et al. 2012 v NA
native prey.
Invasive species Invasive lionfish biomass will reduce Albins 2015; Green & Coté
. . . NA v
native prey diversity. 2014
Invasive species Invasive lionfish biomass will decrease Green et al. 2012 v NA
native predators.
Native predators Native grouper biomass will decrease Harmelin-Vivien & Harmelin
) v NA
native prey. 2022
Native predators Native grouper biomass will reduce native ~ Harmelin-Vivien & Harmelin
: ] NA N
prey diversity. 2022
SST Increased SST will decrease corallivorous ~ Shlesinger & Van Woesik v NA
fishes. 2023; Pratchett et al. 2011
SST Increased SST will increase herbivorous Shlesinger & Van Woesik v NA
fishes. 2023; Pratchett et al. 2018
SST Increased SST will decrease non- Shlesinger & Van Woesik v v
herbivorous fishes. 2023; Pratchett et al. 2011
Hurricanes Hurricanes will decrease corallivorous Gleason et al. 2007; Pratchett
v NA
fishes. etal. 2011
Hurricanes Hurricanes will increase herbivorous Gleason et al. 2007; Pratchett
N NA
fishes. etal. 2018
Hurricanes Hurricanes will decrease non-herbivorous ~ Walsh 1983; Yuval eta 1. 2023 v v
fishes.
Hurricanes Hurricanes will decrease juvenile fishes. Lassig 1983 v v




Table 2. Description of network metrics calculated to describe the patch reef metacommunity.

Metric Definition Equation References
Number of The number of patch reefs present in the network. NA Csardi et al.
nodes 2025
Number of The number of connections between nodes NA Csardi et al.
edges present in the network. 2025
Connectivity ~ The maximum Euclidean distance between two NA Urban and Keitt
Threshold nodes, in decimal degrees, at which dispersal of 2001
species is considered likely. Two nodes within
this distance from each other will therefore be
connected by an edge in the network structure.
Connectance  The proportion of possible edges present in the Number of Edges Dunne et al.
Connectance =
network. (Number of Nodes)? 2002
Clustering A global measure of node clustering tendency CL = 3 x Number of Triangles Humphries and
coefficient calculated as the probability that two nodes both ~ Number of Connected Triples Gurney 2008;
connected to a third node are also connected to Csardi et al.
each other. where triangles = a set of three vertices 2025
where each vertex is connected to the other
two and connected triples = a set of three
vertices where at least two edges connect
them in a path length of two.
Diameter Among the shortest path lengths connecting each  NA Csardi et al.

pair of nodes in the network, the path with the
greatest number of edges (i.e. the maximum
number of edges required to get from one node to
another in the network).
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Average
distance

Small world
metric

Small-world-

ness

Betweenness
centrality

The average distance between each node in the
network, measured in edges.

Characterizes the structure of a network based on
how ordered or random it is. Small CL and d
values indicate a random network while large CL
and d values indicate a regular or lattice-like
network. High CL and small d values indicate a
small-world, more natural structure.

Compares the network to randomly generated
networks with the same number of nodes and
edges to determine how small-world the network
behaves. Values > 1 indicate small-world
behaviour.

A per-node measure of how often a node lies on
the shortest path between all other nodes. A high
betweenness value indicates that the node acts as
a “bridge” between other nodes.
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where N = the number of nodes in the
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where CL = the clustering coefficient of the
network and d = the average distance of the
network.
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where CL,pserveq = the clustering
coefficient of your network, CL,4nq0m = the
mean clustering coefficient of the randomly
generated networks, d,,gerveq = the average
distance of your network and d,4y,40m = the
mean average distance of your randomly
generated networks.
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West 1996
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Closeness
centrality

Degree

A per-node measurement of the inverse of the
average shortest path length from the node to all
other nodes in the network. A high closeness
centrality indicates fast possible dispersal from
the node throughout the network.

A per-node measurement of the total number of
connections each node has to other nodes in the
network.

number of those shortest paths from s to t
that pass through node v. This is summed
over all pairs of nodes in the network,
excluding v.
) Freeman 1978
Ziiv dvi
where CC (v) = the closeness centrality of
node v and d,,;= the shortest path distance
from node v to i. This is summed over all
other nodes in the network, excluding v.

CC(v) =

NA Csardi et al.
2025
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Table 3. Summary of top models obtained for each reef fish community response metric

following AICc model comparison. All fixed effects were found to be statistically significant.

Marginal R? corresponds to the proportion of variance explained by the model when accounting

for only fixed effects while conditional R? corresponds to the percentage of variance explained
when accounting for both fixed and random effects.

Response Variable  Fixed Effect Model Structure Marginal R?  Conditional R?

Total fish biomass Lionfish biomass, SST, hurricane 0.009 0.075
passage

Total fish richness Lionfish biomass, SST 0.040 0.293

Lionfish biomass NA 0.000 0.161

Grouper biomass Lionfish biomass 0.025 0.154

Mesopredator NA 0.000 0.125

biomass

Prey fish biomass Lionfish biomass, SST, hurricane 0.014 0.090
passage

Prey fish richness SST 0.033 0.387

Non-prey fish Grouper biomass, hurricane passage 0.005 0.050

biomass

Non-prey fish SST 0.005 0.250

richness

Corallivore biomass  SST, hurricane passage 0.008 0.159

Herbivore biomass SST, hurricane passage 0.008 0.153
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Table 4. Network metrics for each site in the patch reef metacommunity using a connectivity

threshold of 0.02. Each site acts as a node in the network. Betweenness centrality measures how
often a node lies on the shortest path between all other nodes, closeness centrality measures the

inverse of the average shortest path length from the node to all other nodes in the network, and

degree is equal to the total number of connections each node has to other nodes in the network.

Site Betweenness Centrality Closeness Centrality Degree
108 0 0.0263 6
74 0 0.0270 7
78 0 0.0270 7
90 1.395 0.0303 8
93 24.472 0.0400 13
71 2.063 0.0323 7
104 NF27 12.935 0.0385 12
112_NF25 4.028 0.0323 10
102 9.659 0.0357 10
94 4.028 0.0323 10
119 1.747 0.0294 7
76 1.395 0.0303 8
55 26.603 0.0400 13
70 0.583 0.0294 5
101 16.621 0.0370 11
106 0.226 0.0278 7
E3 1.268 0.0286 8
89 0 0.0271 7
79 5.356 0.0345 9
99 14.624 0.0370 11
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Table 5. PERMANOVA & PERMDISP results for 2011 vs. 2024.

Source of PERMANOVA PERMDISP
Variation F p-value R’ F p-value
Time period 6.468 <0.001 0.144 9.947 0.0021
Residuals 0.855
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Table 6. PERMANOVA & PERMDISP results for pre vs. post hurricane, pre-hurricane, and post-

hurricane.

Source of Variation PERMANOVA PERMDISP
F p-value R’ F p-value

Time period (pre vs. post 2.827 <0.001 0.0693 0.328 0.573
hurricane)
Residuals (pre vs. post 0.931
hurricane)
Time periods (pre hurricane)  2.254 0.0014 0.0658 2.124 0.148
Residuals (pre hurricane) 0.934
Time period (post-hurricane)  0.438 0.977 0.0238 0.517 0.483
Residuals (post-hurricane) 0.976
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Figure 1. Map of 20 coral patch reef sites around Southern Eleuthera, The Bahamas. Each site is
represented by a red circle and text labels are site names. Site 104 NF27 is shortened to 104 and

site 112_NF25 is shortened to 112. The inset map shows the broader region, with the
approximate location of the sites marked with the black square.
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Figure 2. Coefficient plots of top fish biomass GLMMSs. Y-axis labels indicate the stressors
present in the top model and plot titles indicate the response variable used in the model. All
models utilized log-transformed biomass as the response variable. Points indicate the estimated
effect size of each stressor with tails representing the 95% confidence interval around this
estimate. All stressor effects shown were significant in top models at an alpha value of 0.05.
Values in brackets to the right of each effect show the sample size per model, calculated as the
total number of surveys conducted. A. total fish biomass, B. grouper biomass, C. prey fish
biomass (any fish <5 cm TL, excluding lionfish and grouper), D. non-prey fish biomass (any fish
>5 cm TL, excluding lionfish and grouper), E. corallivorous fish biomass and F. herbivorous fish

biomass.
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Figure 3. Coefficient plots of top fish species richness GLMMs. Y-axis labels indicate the
stressors present in the top model and plot titles indicate the response variable used in the model.
Points indicate the estimated effect size of each stressor with tails representing the 95%
confidence interval around this estimate. All stressor effects shown were significant in top
models at an alpha value of 0.05. Values in brackets to the right of each effect show the sample
size per model, calculated as total number of surveys conducted. A. total fish species richness, B.
prey fish species richness (any fish <5 cm TL, excluding lionfish and grouper) and C. non-prey
fish species richness (any fish >5 cm TL, excluding lionfish and grouper).
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Figure 4. Changes in fish species composition of Bahamian patch reef sites between 2011 and
2024. A. the metacommunity network of patch reefs at a connectivity threshold of 0.02 decimal
degrees with nodes (sites) coloured by Jaccard dissimilarity index values comparing community
assemblages from belt transect surveys performed in 2011 and 2024. B. PCoA ordination plot
showing the community composition of each site in 2011 compared to 2024. The distance
between site points in 2011 compared to 2024 indicates their relative dissimilarity in species
composition. Points are coloured by site, with circular points showing 2011 compositions and
triangles showing 2024 compositions. Ellipses denote the confidence region around the centroid
of each survey period based on a multivariate t-distribution and are patterned by survey period,
with the solid ellipse showing 2011 surveys and the dashed ellipse showing 2024 surveys.
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Figure 5. Changes in fish species composition of Bahamian patch reef sites between pre- and
post-hurricane surveys. A. the metacommunity network of patch reefs at a connectivity threshold
of 0.02 decimal degrees with nodes (sites) coloured by Jaccard dissimilarity index values
comparing community assemblages from belt transect surveys performed in the year prior to
Hurricane Irene in August 2011 and the year following Hurricane Sandy in 2012. B. PCoA
ordination plot showing the community composition of each site in pre-hurricane surveys
compared to post-hurricane. The distance between site points pre-hurricane compared to post-
hurricane indicates their relative dissimilarity in species composition. Points are coloured by site,
with circular points showing pre-hurricane compositions and triangles showing post-hurricane
compositions. Ellipses denote the confidence region around the centroid of each survey period
based on a multivariate t-distribution and are patterned by survey period, with the solid ellipse
showing pre-hurricane surveys and the dashed ellipse showing post-hurricane surveys.

@)
QQ

1 (High Dissimilarity)

@@ @ @ 0 (Low Dissimilarity)
(E3

Group

= pre-hurricane
- = post-hurricane

Survey Period
® pre-hurricane
A post-hurricane

104_NF27

112_NF25

PCoA Axis 2

PCOA Axis 1

35



Figure 6. Correlation between patch reef metacommunity network metrics and Jaccard
dissimilarity for fish species composition in 2011 compared to 2024 belt transect surveys. The
network contains 20 total nodes, one per patch reef site surveyed. A connectivity threshold of
0.02 was utilized to calculate all network metrics. A. Jaccard dissimilarity vs. betweenness
centrality of each node and B. Jaccard dissimilarity vs. closeness centrality of each node. The rho
and p-value of the corresponding rank Spearman correlation test are reported in the figure boxes.
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Figure 7. Relationship between betweenness centrality and closeness centrality of each network node at a connectivity threshold value
0f 0.02. The network contains 20 total nodes, one per patch reef site surveyed. The rho and p-value of the corresponding rank
Spearman correlation test are reported in the figure box.
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Supplementary Material

Summary of Belt Transect Survey Data

Table S1. Summary of belt transect survey data used in “Multiple drivers of change on Bahamian coral reefs”. Each year with survey

data is provided along with the number of surveys performed that year in brackets. Four survey data sources are provided: Present-

Day Data collected in 2024, CEI Data collected by the Cape Eleuthera Institute, Green Data collected by Dr. Stephanie Green at CEI,
Green December Data collected by Dr. Stephanie Green at CEI in December of several years, and Coté Data collected by Dr. Isabelle
Coté at CEI The Data Summary column shows the total number of surveys each year contained.

Site Present- CEI Data Green Green Coté Data Data Summary
Day Data Data December
Data

71 2024 (1) 2011 (3), 2012 (10), 2009 (2), 2011(1), 2011 (1),2012 (1), 2009 (2),2010 (2), 2011 (5),
2013 (5), 2014 (3), 2015 2010 (2) 2012 (1) 2013 (2),2014 (2) 2012 (12),2013 (7), 2014 (5),
(4),2016 (1) 2015 (4), 2016 (1), 2024 (1)

102 2024 (1) 2011 (3), 2012 (10), 2009 (2), 2011 (1) 2011 (1),2013 (2), 2009 (2), 2010 (2), 2011 (6),
2013 (5), 2014 (4), 2015 2010 (2), 2014 (2) 2012 (10), 2013 (7), 2014 (6),
(4),2016 (1) 2011 (1) 2015 (4), 2016 (1), 2024 (1)

78 2024 (1) 2011 (3), 2012 (10), 2009 (2), 2011 (1), 2011 (2),2013 (2), 2009 (2),2010 (2), 2011 (7),
2013 (4),2014 (3), 2015 2010(2), 2014 (1) 2014 (2) 2012 (10), 2013 (6), 2014 (6),
(4),2016 (1), 2018 (1) 2011 (1) 2015 (4), 2016 (1), 2018 (1),

2024 (1)

90 2024 (1) 2011 (3), 2012 (10), 2009 (2), 2011 (1) 2011 (2),2013 (2) 2009 (2), 2010 (2), 2011 (7),
2013 (5),2014 (4), 2015 2010 (2), 2012 (10), 2013 (7), 2014 (4),
(4),2016 (1) 2011 (1) 2015 (4), 2016 (1), 2024 (1)

94 2024 (1) 2011 (4), 2012 (10), 2009 (2), 2011 (1), 2011 (1),2012 (1), 2009 (2), 2010 (2), 2011 (7),
2013 (5),2014 (4), 2015 2010(2), 2012(1) 2013 (2) 2012 (12), 2013 (7), 2014 (4),
(4),2016 (1) 2011 (1) 2015 (4), 2016 (1), 2024 (1)
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104 NF27

112 NF25
74

93

108

119

E3

&9

70

79

55

76

2024 (1)

2024 (1)
2024 (1)

2024 (1)

2024 (1)

2024 (1)

2024 (1)

2024 (1)

2024 (1)

2024 (1)

2024 (1)

2024 (1)

2011 (4), 2012 (10),
2013 (1)

2011 (4), 2012 (10),
2013 (1)
2011 (4), 2012 (10),
2013 (1)
2011 (3), 2012 (10),
2013 (1)

2011 (2), 2012 (10),
2013 (5), 2014 (4), 2015
(4)

2011 (4), 2012 (4), 2014
(4), 2014 (3), 2015 (4),
2016 (1)

2011 (3), 2012 (3), 2013
(4), 2014 (3), 2015 (4),
2016 (1), 2018 (1)

2011 (3), 2012 (10),
2013 (2), 2014 (3), 2015
(4), 2016 (1), 2018 (1)

2011 (2), 2012 (10),
2013 (1)

2011 (3), 2012 (10),
2013 (1)
2011 (1), 2012 (10),
2013 (1)

2011 (5), 2012 (11),
2013 (2)

2009 (2),
2010 (2),

2011 (1)

2009 (2),

2010 (2)

2009 (2),

2010 (2)

2009 (2),
2010 (2),

2011 (1)

2009 (2),
2010 (2),

2011 (1)
NA

NA

2009 (2),
2010 (3),

2011 (1)

2009 (2),
2010 (2),

2011 (1)

2009 (2),

2010 (2)

2009 (2),
2010 (2),

2011 (1)

2009 (2),

2010 (2)

2011 (1),

2012 (1)
2011 (1)
2011 (1)

2011 (1)

2011 (1)

2011 (1),

2012 (1)

2014 (1)

2011 (1),
2012 (1),

2014 (1)

2011 (1),

2012 (1)
2011 (1)

2011 (1)

2011 (1)
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2011 (1), 2012 (1)

2011 (1)
2011 (2)

2011 (1)

2011 (1), 2013 (2),

2015 (1), 2016 (1)

2011 (1), 2012 (2),

2013 (2), 2014 (2)

2013 (2), 2014 (3)

2011 (2), 2012 (1),

2014 (2)

2011 (1), 2012 (1)

2011 (1)

2011 (1)

2011 (1)

2009 (2), 2010 (2), 2011 (7),
2012 (12), 2013 (1), 2024 (1)

2009 (2), 2010 (2), 2011 (6),
2012 (10), 2013 (1), 2024 (1)
2009 (2), 2010 (2), 2011 (7),
2012 (10), 2013 (1), 2024 (1)
2009 (2), 2010 (2), 2011 (6),
2012 (10), 2013 (1), 2024 (1)

2009 (2), 2010 (2), 2011 (5),
2012 (10), 2013 (7), 2014 (4),
2015 (5), 2016 (1), 2024 (1)
2011 (6), 2012 (7), 2013 (2),
2014 (6), 2015 (4), 2016 (1),
2024 (1)

2011 (3), 2012 (3), 2013 (6),
2014 (7), 2015 (4), 2016 (1),
2018 (1), 2024 (1)

2009 (2), 2010 (3), 2011 (7),
2012 (12), 2013 (2), 2014 (6),
2015 (4), 2016 (1), 2018 (1),
2024 (1)

2009 (2), 2010 (2), 2011 (6),
2012 (12), 2013 (1), 2024 (1)

2009 (2), 2010 (2), 2011 (5),
2012 (10), 2013 (1), 2024 (1)
2009 (2), 2010 (2), 2011 (4),
2012 (10), 2013 (1), 2024 (1)

2009 (2), 2010 (2), 2011 (7),
2012 (11), 2013 (2), 2024 (1)



106 2024 (1) 2011 (2), 2012 (10), 2009 (2), 2011(1)  2011(1),2012(1) 2009 (2), 2010 (2), 2011 (5),
2013 (2) 2010 (2), 2012 (11), 2013 (2), 2024 (1)
2011 (1)
99 2024 (1) 2011 (3),2012 (4),2013 NA 2011 (1)  2011(1),2013(2), 2011 (5), 2012 (4), 2013 (6),
(4), 2014 (4), 2015 (4), 2014 (1), 2015 (1) 2014 (5), 2015 (5), 2016 (1),
2016 (1) 2024 (1)
101 2024 (1) 2011 (3), 2012 (10), 2009 (2), 2011(1) 2011 (1) 2009 (2), 2010 (2), 2011 (6),
2013 (1) 2010 (2), 2012 (10), 2013 (1), 2024 (1)
2011 (1)
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Summary of R Packages

Table S2. R packages used in study.

Package Version Reference

glmmTMB 1.1.11 Brooks et al. 2017

car 3.1.3 Fox and Weisberg 2019
performance 0.13.0 Liidecke et al. 2021
AlCcmodavg 234 Mazerolle 2023
Broom.mixed 0.2.9.6 Bolker and Robinson 2018
MuMIn 1.48.4 Barton 2010

igraph 2.14 Csardi et al. 2025

vegan 2.6.8 Oksanen et al. 2025
ggplot2 3.5.1 Wickham 2016

leaflet 2.2.2 Cheng et al. 2025
lubridate 1.94 Grolemund and Wickham 2011
Reshape2 1.4.4 Wickham 2007
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Belt Transect Time Series Data Summary

Figure S1. Average per transect biomass of total fish observed per site per year of the belt transect time series. Values in brackets
above each year indicate the total number of patch reef sites surveyed that year. Dotted blue lines indicate years where hurricanes
passed near survey sites, with Hurricane Irene passing in August of 2011 and Hurricane Sandy passing in October of 2012.
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Figure S2. Average per transect biomass of lionfish per site per year of the belt transect time series. Values in brackets above each year
indicate the total number of patch reef sites surveyed that year that recorded lionfish. Dotted blue lines indicate years where hurricanes
passed near survey sites, with Hurricane Irene passing in August of 2011 and Hurricane Sandy passing in October of 2012.
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Figure S3. Average per transect fish species richness of total fish observed per site per year of the belt transect time series. Values in
brackets above each year indicate the total number of patch reef sites surveyed that year. Dotted blue lines indicate years where
hurricanes passed near survey sites, with Hurricane Irene passing in August of 2011 and Hurricane Sandy passing in October of 2012.
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Model Selection Summary

Global Model Summary

Table S3. Details of generalized linear mixed effect models (GLMMs) used to test a priori
hypotheses on the effect of environmental stressors on patch reef fish communities. Fixed effect
codes: LF = lionfish biomass, GR = grouper biomass, SST = sea surface temperature and H =
hurricane passage. All models contained survey year, survey site, and survey season as random

intercepts.

Model Response variable Fixed effects Transformation of Residuals

number response distribution

1 Total fish biomass LF, SST, H Log Gaussian

2 Total fish richness LF, SST, H None Gaussian

3 Lionfish biomass SST,H Log Gaussian

4 Grouper biomass LF, SST, H Log Gaussian

5 Mesopredator biomass SST, H Log Gaussian

6 Prey fish biomass LF, GR, SST, Log Gaussian
H

7 Prey fish richness LF, GR, SST, None Poisson
H

8 Non-prey fish biomass LF, GR,SST, Log Gaussian
H

9 Non-prey fish richness LF, GR, SST, @ None Poisson
H

10 Corallivore biomass SST, H Log Gaussian

11 Herbivore biomass SST, H Log Gaussian
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Total Fish Biomass Model

Table S4. Summary of model selection results for total fish biomass obtained via AICc
comparison. LF = lionfish biomass, SST = sea surface temperature and H = hurricane passage. A
AAICc <2 was assumed to indicate no difference between models. If multiple top models had

AAIC values <2, the most parsimonious model was selected as the top model. The top model is
in bold.

Fixed Effects Season K AICc AAICc Weight Cum. LL

included Weight

(Y/N)
LF, SST, H Y 8 79157.82 0.00 0.97 0.97 -39569.63
LF, SST, H N 7 7916495 7.13 0.03 1.00 -39574.49
LF, SST Y 7 79171.92 14.09  0.00 1.00 -39577.98
LF, SST N 6 79181.75 2393  0.00 1.00 -39584.15
LF,H Y 7 79185.73 27.90 0.00 1.00 -39584.88
LF Y 6 79189.00 31.17 0.00 1.00 -39587.78
SST,H Y 7 79210.62 52.79  0.00 1.00 -39597.33
LF,H N 6 79217.88 60.06 0.00 1.00 -39602.22
LF N 5 79218.65 60.83 0.00 1.00 -39603.82
SST, H N 6 7922129 6347 0.00 1.00 -39603.92
SST Y 6 79222.60 64.78 0.00 1.00 -39604.58
SST N 5 79235.75 77.92  0.00 1.00 -39612.37
H Y 6 79238.83 81.00 0.00 1.00 -39612.69
Null Y 5 79240.82 83.00 0.00 1.00 -39614.90
Null N 4 79278.82 121.00 0.00 1.00 -39635.08
H N 5 79279.39 121.56 0.00 1.00 -39634.19
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Total Fish Species Richness Model

Table S5. Summary of model selection results for all models on total fish species richness
obtained via AICc comparison. LF = lionfish biomass, SST = sea surface temperature and H =
hurricane passage. A AAICc <2 was assumed to indicate no difference between models. If
multiple top models had AAIC values <2, the most parsimonious model was selected as the top
model. The top model is in bold.

Fixed Effects Season K AICc AAICec  Weight Cum. LL

included Weight

(Y/N)
LF, SST Y 7 7701.31  0.00 0.75 0.75 -3842.67
LF, SST, H Y 8 7703.57 2.26 0.24 1.00 -3842.50
SST Y 6 771541 14.10 0.00 1.00 -3850.98
SST, H Y 7 771746  16.15 0.00 1.00 -3850.75
LF, H Y 7 772342  22.11 0.00 1.00 -3853.73
LF, SST, H N 7 7733.50  32.19 0.00 1.00 -3858.77
H Y 6 7736.84 35.53 0.00 1.00 -3861.70
LF, SST N 6 773776  36.45 0.00 1.00 -3862.16
SST, H N 6 774480 43.49 0.00 1.00 -3865.68
SST N 5 7749.34  48.03 0.00 1.00 -3869.16
LF, H N 6 7753.50 52.19 0.00 1.00 -3870.03
H N 5 776401 62.70 0.00 1.00 -3876.50
LF Y 6 8683.00 981.69 0.00 1.00 -4334.77
Null Y 5 869890 997.59  0.00 1.00 -4343.94
LF N 5 8730.66 1029.35 0.00 1.00 -4359.82
Null N 4 8743.58 1042.27 0.00 1.00 -4367.46
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Lionfish Biomass Model

Table S6. Summary of model selection results for all lionfish biomass models obtained via AICc
comparison. SST = sea surface temperature and H = hurricane passage. A AAICc <2 was
assumed to indicate no difference between models. If multiple top models existed with AAIC
values <2, the most parsimonious model was selected as the top model. The top model is in bold.

Fixed effects Season K AICe AAICec Weight Cum. LL
included Weight
(Y/N)
Null Y 5 245242  0.00 0.33 0.33 -1220.70
Null N 4 2453.75 1.33 0.17 0.50 -1222.54
SST Y 6 2453.82 140 0.16 0.67 -1220.18
H Y 6 245474 2.32 0.10 0.77 -1220.65
SST N 5 2455.06 2.64 0.09 0.86 -1222.02
SST,H Y 7 245577  3.35 0.06 0.92 -1219.90
H N 5 2456.09  3.67 0.05 0.97 -1222.54
SST, H N 6 245743 5.01 0.03 1.00 -1221.99
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Grouper Biomass Model

Table S7. Summary of model selection results for all grouper biomass models obtained via AICc
comparison. LF = lionfish biomass, SST = sea surface temperature and H = hurricane passage. A
AAICc <2 was assumed to indicate no difference between models. If multiple top models existed
with AAIC values <2, the most parsimonious model was selected as the top model. The top
model is in bold.

Fixed effects Season K AICe AAICe Weight Cum. LL

included Weight

(Y/N)
LF, SST, H N 7 2248.68  0.00 0.25 0.25 -1116.36
LF Y 6 2248.79 0.10 0.24 0.49 -1117.67
LF, H Y 7 2249.01 0.33 0.21 0.70 -1116.52
LF, SST, H Y 8 2249.08 0.40 0.20 0.90 -1115.26
LF, SST Y 7 225075  2.07 0.09 0.99 -1117.39
LF, H N 6 2255.67 6.99 0.01 1.00 -1121.11
LF, SST N 6 2261.23 12.55  0.00 1.00 -1123.89
LF N 5 2261.70 13.02 0.00 1.00 -1125.34
SST, H Y 7 226397 1529 0.00 1.00 -1124.00
Null Y 5 226437 15.69 0.00 1.00 -1126.68
SST, H N 6 226442 1573 0.00 1.00 -1125.49
H Y 6 226479 16.11  0.00 1.00 -1125.67
SST Y 6 2265.77 17.08 0.00 1.00 -1126.16
H N 5 227400 2532 0.00 1.00 -1131.49
SST N 5 227773  29.05 0.00 1.00 -1133.36
Null N 4 2279.73 31.05 0.00 1.00 -1135.53

60



Mesopredator Biomass Model

Table S8. Summary of model selection results for all mesopredator biomass models containing
all lionfish and grouper species obtained via AICc comparison. SST = sea surface temperature
and H = hurricane passage. A AAICc <2 was assumed to indicate no difference between models.
If multiple top models existed with AAIC values <2, the most parsimonious model was selected
as the top model. The top model is in bold.

Fixed effects Season K AICc AAICec Weight Cum. LL
included Weight
(Y/N)
SST, H Y 7 474644  0.00 0.29 0.29 -2365.24
Null Y 5 4746.55 0.10 0.28 0.57 -2367.76
SST Y 6 4746.85 0.40 0.24 0.81 -2366.70
H Y 6 4747.94 1.49 0.14 0.94 -2367.24
SST, H N 6 4750.01 3.56 0.05 0.99 -2368.28
SST N 5 475523 8.78 0.00 1.00 -2372.10
H N 5 475585 9.40 0.00 1.00 -2372.41
Null N 4  4756.90 1046  0.00 1.00 -2374.12
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Prey Fish Biomass Model

Table S9. Summary of model selection results for all prey fish biomass models for all fish <5 cm
TL obtained via AICc comparison. LF = lionfish biomass, GR = grouper biomass, SST = sea
surface temperature and H = hurricane passage. A AAICc <2 was assumed to indicate no
difference between models. If multiple top models existed with AAIC values <2, the most
parsimonious model was selected as the top model. The top model is in bold.

Fixed effects Season K AICe AAICe¢ Weight Cum. LL
included Weight
(Y/N)

LF, SST, H Y 8 24960.79 0.00 0.82 0.82 -12471.11
LF, GR, SST, H Y 9 2496193 1.14 0.29 0.79 -12470.33
SST, H Y 7 2496395 3.16 0.17 0.98 -12473.99
GR, SST,H Y 8 2496425 3.46 0.09 0.99 -12472.84
LF, SST Y 7 24969.06 8.26 0.01 1.00 -12476.55
SST Y 6 2497190 11.11  0.00 1.00 -12479.23
GR, SST Y 7 2497226 11.47  0.00 1.00 -12478.15
LF, H Y 7 24989.27 2848  0.00 1.00 -12486.65
LF Y 6 24989.80 29.01 0.00 1.00 -12488.18
LF, GR Y 7 24990.76 29.96  0.00 1.00 -12487.40
H Y 6 2499261 31.82 0.00 1.00 -12489.58
GR, H Y 7 2499275 3196 0.00 1.00 -12488.39
Null Y 5 2499299 3220 0.00 1.00 -12490.99
GR Y 6 24993.13 32.34  0.00 1.00 -12489.84
LF, SST N 6 25011.81 51.02 0.00 1.00 -12499.18
LF, SST,H N 7 25014.33 53,53  0.00 1.00 -12499.18
SST N 5 25015.52 5472  0.00 1.00 -12502.25
LF, GR, SST, H N 8 25016.19 5540 0.00 1.00 -12498.81
GR, SST N 6 25016.64 55.85 0.00 1.00 -12501.60
SST,H N 6 25017.94 57.15 0.00 1.00 -12502.25
GR, SST, H N 7 25019.15 5836  0.00 1.00 -12501.59
LF, H N 6 25061.55 100.75 0.00 1.00 -12524.05
LF N 5 25062.53 101.74 0.00 1.00 -12525.76
LF, GR N 6 25063.59 102.80 0.00 1.00 -12525.07
H N 5 25066.44 105.65 0.00 1.00 -12527.71
GR, H N 6 25066.58 105.79 0.00 1.00 -12526.57
Null N 4 25067.76 106.96 0.00 1.00 -12529.54
GR N 5 25067.89 107.09 0.00 1.00 -12528.43
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Prey Fish Richness Model

Table S10. Summary of model selection results for all prey fish species richness models for all
fish <5 cm TL obtained via AICc comparison. LF = lionfish biomass, GR = grouper biomass,
SST = sea surface temperature and H = hurricane passage. A AAICc <2 was assumed to indicate
no difference between models. If multiple top models existed with AAIC values <2, the most
parsimonious model was selected as the top model. The top model is in bold.

Fixed effects Season K AICc AAICec Weight Cum. LL
included Weight
(Y/N)

SST Y 5 6488.17 0.0 0.30 0.30 -3238.58
GR, SST Y 6 6488.95 0.78 0.20 0.50 -3237.75
SST, H Y 6 6489.52 1.36 0.15 0.65 -3238.04
LF, SST Y 6 6489.75 1.58 0.14 0.79 -3238.15
GR, SST, H Y 7 6490.39 222 0.10 0.89 -3237.21
LF, SST, H Y 7 6491.23 3.06 0.06 0.95 -3237.63
LF, GR, SST, H Y 8 6491.92 3.76 0.05 1.00 -3236.68
Null Y 4  6509.01 10.85  0.00 1.00 -3250.17
GR Y 5 6509.38 21.21 0.00 1.00 -3249.18
LF Y 5 6510.63 2246  0.00 1.00 -3249.81
LF, GR Y 6 6510.80 22.63 0.00 1.00 -3248.67
H Y 5 6511.26 23.10  0.00 1.00 -3250.12
GR,H Y 6 6511.71 23.54  0.00 1.00 -3249.13
LE, H Y 6 651295 2478  0.00 1.00 -3249.75
SST, H N 5 652299 3482 0.00 1.00 -3255.99
GR, SST,H N 6 6523.37 35.21 0.00 1.00 -3254.96
LF, SST, H N 6 6525.07 36.90 0.00 1.00 -3255.81
LF, GR, SST, H N 7 652534  37.18 0.00 1.00 -3254.69
GR, SST N 5 6534.21 46.04  0.00 1.00 -3261.59
SST N 4 653428  46.11 0.00 1.00 -3262.81
LF, SST N 5 6536.27 48.10 0.00 1.00 -3262.62
GR,H N 5 654484  56.67 0.00 1.00 -3266.91
H N 4 654570  57.53  0.00 1.00 -3268.52
LE H N 5 654780 59.63 0.00 1.00 -3268.39
GR N 4  6548.13 59.97  0.00 1.00 -3269.73
Null N 3 6549.21 61.05 0.00 1.00 -3271.41
LF, GR N 5 6549.97 61.80 0.00 1.00 -3269.48
LF N 4  6551.22 63.05 0.00 1.00 -3271.28
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Non-Prey Fish Biomass Model

Table S11. Summary of model selection results for all non-prey fish biomass models on all fish
>5 cm TL obtained via AICc comparison. LF = lionfish biomass, GR = grouper biomass, SST =
sea surface temperature and H = hurricane passage. A AAICc <2 was assumed to indicate no
difference between models. If multiple top models existed with AAIC values <2, the most
parsimonious model was selected as the top model. The top model is in bold.

Fixed effects Season K AICe AAICe¢ Weight Cum. LL
included Weight
(Y/N)

GR, SST,H N 7 47328.65 0.00 0.43 0.43 -23656.34
GR,H N 6 47330.33 1.68 0.19 0.62 -23658.44
LF, GR, SST, H N 8 47331.02 2.38 0.13 0.75 -23656.23
GR, SST, H Y 8 47331.25 2.6l 0.12 0.87 -23656.34
GR, H Y 7 47332.85 4.20 0.05 0.92 -23658.44
LF, GR, SST, H Y 9 47333.73 5.08 0.03 0.95 -23656.23
GR N 5 4733477 6.12 0.02 0.97 -23661.87
GR, SST N 6 47336.23 7.59 0.01 0.98 -23661.39
LF, GR N 6 47336.92 8.27 0.01 0.99 -23661.73
GR Y 6 47337.16 8.52 0.01 1.00 -23661.86
GR, SST Y 7 47338.75 10.10  0.00 1.00 -23661.39
LF, GR Y 7 4733940 10.75  0.00 1.00 -23661.72
SST,H N 6 4737222 4358 0.00 1.00 -23679.39
LF, SST, H N 7 47374.68 46.04  0.00 1.00 -23679.36
SST, H Y 7 4737474 46.09  0.00 1.00 -23679.39
H N 5 47376.65 48.00 0.00 1.00 -23682.82
LF, SST, H Y 8 4737729 48.64 0.00 1.00 -23679.36
H Y 6 47378.74 50.09 0.00 1.00 -23682.64
LF, H N 6 4737896 50.31 0.00 1.00 -23682.76
LF, H Y 7 47381.15 52.50  0.00 1.00 -23682.59
Null N 4 47381.62 5297  0.00 1.00 -23686.48
SST N 5 47381.75 53.10 0.00 1.00 -23685.37
LF Y 5 47382.84 54.19 0.00 1.00 -23685.91
LF, SST Y 6 47383.86 5521 0.00 1.00 -23685.21
LF N 5 47383.92 5527 0.00 1.00 -23686.45
LF, SST N 6 47384.16 55.51 0.00 1.00 -23685.36
LF Y 6 4738522 56.58 0.00 1.00 -23685.89
LF, SST Y 7 47386.35 57.70  0.00 1.00 -23685.19
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Non-Prey Fish Richness Model

Table S12. Summary of model selection results for all non-prey fish species richness models for
all fish >5 cm TL obtained via AICc comparison. LF = lionfish biomass, GR = grouper biomass,
SST = sea surface temperature and H = hurricane passage. A AAICc <2 was assumed to indicate
no difference between models. If multiple top models existed with AAIC values <2, the most
parsimonious model was selected as the top model. The top model is in bold.

Fixed effects Season K AICe AAICe Weight Cum. LL
included Weight
(Y/N)

LF, SST N 5 735830  0.00 0.16 0.16 -3673.64
SST N 4 7359.05 0.76 0.11 0.27 -3675.19
GR, SST N 5 735920 0.90 0.10 0.37 -3674.09
LF, SST,H N 6 7359.82 1.52 0.07 0.44 -3673.18
LF, SST Y 6 7360.46 2.16 0.05 0.49 -3673.50
LF, SST, H Y 7 7360.53  2.24 0.05 0.55 -3672.28
SST,H N 5 736055  2.25 0.05 0.60 -3674.77
LF, GR, SST, H N 7 7360.76  2.46 0.05 0.64 -3672.40
GR, SST, H N 6 7360.88  2.58 0.04 0.69 -3673.72
SST Y 5 7361.20 291 0.04 0.72 -3675.09
GR, SST Y 6 736132 3.02 0.03 0.76 -3673.93
LF, GR, SST, H Y 8 7361.37 3.08 0.03 0.79 -3671.40
SST, H Y 6 736142  3.12 0.03 0.82 -3673.98
GR, SST, H Y 7 7361.60 3.31 0.03 0.85 -3672.82
LF, H Y 6 7362.03 3.73 0.02 0.88 -3674.29
LF, H N 5 736252 423 0.02 0.90 -3675.75
H Y 5 736290 4.6l 0.02 0.91 -3675.94
H N 4 7363.13 4.83 0.01 0.93 -3677.23
GR,H Y 6 7363.16 4.86 0.01 0.94 -3674.85
LF N 4 7363.56 5.26 0.01 0.95 -3677.44
GR, H N 5 7363.74 5.44 0.01 0.96 -3676.36
Null N 3 7364.06 @ 5.77 0.01 0.97 -3678.84
GR N 4 736449 6.20 0.01 0.98 -3677.91
LF, GR N 5 736453 6.23 0.01 0.99 -3676.76
LF Y 5 736549  7.20 0.00 0.99 -3677.24
Null Y 4 7366.04  7.75 0.00 0.99 -3678.69
GR Y 5 736636  8.06 0.00 1.00 -3677.67
LF, GR Y 6 7366.37 8.08 0.00 1.00 -3676.46
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Corallivore Biomass Model

Table S13. Summary of model selection results for all corallivorous fish biomass models
obtained via AICc comparison. SST = sea surface temperature and H = hurricane passage. A
AAICc <2 was assumed to indicate no difference between models. If multiple top models existed
with AAIC values <2, the most parsimonious model was selected as the top model. The top
model is in bold.

Fixed effects Season K AICe AAICe Weight Cum. LL
included Weight
(Y/N)
SST, H Y 7 13414.22 0.00 0.68 0.68 -6699.13
SST, H N 6 13416.62 2.40 0.20 0.88 -6701.58
H Y 6 13417.76 3.55 0.12 1.00 -6702.16
Null Y 5 13426.73 12.51  0.00 1.00 -6707.86
SST Y 6 13428.02 13.81 0.00 1.00 -6707.29
H N 5 1342923 15.01 0.00 1.00 -6709.10
SST N 5 13438.35 24.13  0.00 1.00 -6713.67
Null N 4 13441.02 26.80 0.00 1.00 -6716.17

Herbivore Biomass Model

Table S14. Summary of model selection results for all herbivorous fish biomass models obtained
via AICc comparison. SST = sea surface temperature and H = hurricane passage. A AAICc <2
was assumed to indicate no difference between models. If multiple top models existed with

AAIC values <2, the most parsimonious model was selected as the top model. The top model is
in bold.

Fixed effects Season K AICc AAICc Weight Cum. LL
included Weight
(Y/N)
SST, H Y 7 27735.75 0.00 1.00 1.00 -13859.89
SST Y 6 27747.18 1143  0.00 1.00 -13866.87
SST, H N 6 27752.17 16.41 0.00 1.00 -13869.36
H Y 6 2775537 19.62 0.00 1.00 -13870.96
Null Y 5 2775797 2222  0.00 1.00 -13873.48
SST N 5 27793.02 57.27  0.00 1.00 -13891.00
H N 5 2781854 8278  0.00 1.00 -13903.76
Null N 4 27830.56 94.81 0.00 1.00 -13910.95
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Community Response Variables Over Time

Table S15. Summary of GLMMSs exploring the effect of survey year on each community

response variable to determine trends in reef fish community change over time. All models

include survey site as a random intercept but exclude survey season, as it was found to have a
near zero variance that impacted convergence in some models. All biomass models utilized log-

transformed biomass values to adhere to normality assumptions. All models were found to have
sufficient fit based on diagnostic plots (residual scatterplots, residual histograms, QQ plots, and

ACF plots).
Response Estimated SE Z-Value P-Value
Variable Effect
Total fish 0.00717 0.000714 10.052 <0.001
biomass
Total fish -0.247 0.0354 -6.972 <0.001
richness
LF -0.101 0.0274 -3.692 <0.001
GR -0.0523 0.0236 -2.213 0.0269
Mesopredator -0.0648 0.0183 -3.533 0.000411
biomass
Prey biomass -0.0124 0.00794 -1.562 0.118
Prey richness -0.262 0.0272 -9.634 <0.001
Non-prey 0.00715 0.000661 10.82 <0.001
biomass
Non-prey -0.0752 0.0322 -2.334 0.0196
richness
Corallivore 0.0626 0.0115 5.422 <0.001
biomass
Herbivore 0.00651 0.000804 8.105 <0.001
biomass
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Network Connectivity Threshold Comparison

Various network connectivity threshold values were compared to determine which
produced the best performing and most realistic network structure. We began by selecting
standard threshold values that produced connectance values ranging from 0.05-0.3, similar to
Dunne et al. (2002). Based on this, we compared threshold values of 0.01, 0.015, 0.02, and 0.025
decimal degrees (Table S16). Next, we examined the network structure that each threshold
produced (Figure S4). The threshold of 0.01 decimal degrees produced a network structure that
was disconnected and composed of two separate clusters of nodes (Figure S4 A). For further
analyses, we wanted a fully connected network structure, so the threshold of 0.01 was removed
from consideration.

We then examined the impact that each threshold value had on network metrics (Table
S16). We were specifically interested in the effect of threshold on the small-world metric value,
which calculates the ratio between network clustering coefficient and average distance. Smaller
values indicate a more randomly behaving network, moderate to large values indicate a small-
world structure, which is characteristic of natural networks, and high values indicate regular
networks (Watts & Strogatz 1998). The threshold of 0.025 produced the largest small-world
metric of 0.529 (Table S16).

For our final threshold comparison, we created three randomly generated networks at
each threshold value with the same number of nodes and edges as in the natural patch reef
network. We compared the structure of these random networks to the natural network by
calculating the small-world-ness value for each threshold. This index also assesses the small-
world behaviour of the network, with larger values indicating a more small-world network
(Humphries & Gurney 2008). Based on the small-world-ness values, the network created with a
threshold value of 0.015 had the highest small-world performance with an index of 1.796 (Table
S20).

Overall, our comparison revealed contrasting results, with the small-world metric
indicating the best network structure using a threshold of 0.025 and the small-world-ness value
suggesting a threshold of 0.015. Because of this, we selected an intermediate connectivity
threshold value of 0.02 decimal degrees as our final threshold to use in the main-text analyses.
Though 0.02 was not the best performing metric in any of our comparisons, it consistently
performed well and balanced network connectivity with high small-world network performance,
producing a small-world metric value of 0.424 and a small-world-ness value of 1.409 (Figure S4,
Table S16, and Table S20).
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Figure S4. Comparison of the impact of varying connectivity thresholds on patch reef network
structure and connectance. Thresholds for comparison were chosen to bound connectance
between 0.05-0.3. Each connectivity threshold is in units of decimal degrees. Each patch reef site
is represented by a light blue circle with the site name labelled. Sites 104 NF27 and 112 _NF25
were shortened to 104 and 112, respectively, to fit within site nodes. Grey lines denote edges
between nodes, indicating that species dispersal between these reefs is possible. A. network with
a connectivity threshold of 0.01 decimal degrees (connects sites within ~1.11 km), B. network
with a connectivity threshold of 0.015 decimal degrees (connects sites within ~1.167 km), C.
network with a connectivity threshold of 0.02 decimal degrees (connects sites within ~2.22 km)
and D. network with a connectivity threshold of 0.025 decimal degrees (connects sites within
~2.78 km).
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Table S16. Metacommunity network metrics at connectivity threshold values of 0.01, 0.015,
0.02, and 0.025 decimal degrees.

Metric 0.01 0.015 0.02 0.025
Number of edges 29 55 88 116
Connectance 0.073 0.138 0.220 0.290
Clustering coefficient 0.493 0.664 0.707 0.744
Diameter 6 4 3 3
Average distance 2.308 2.384 1.668 1.405
Small-world metric 0.213 0.279 0.424 0.529

Table S17. Betweenness centrality of each patch reef site at connectivity threshold values of
0.01, 0.015, 0.02 and 0.025 decimal degrees.

Site 0.01 0.015 0.02 0.025
108 0 0 0 0

74 0 0 0 0

78 1.833 1.417 0 0

90 15.33 34.500 1.395 4.583
93 0 89.433 24.472 17.342
71 9.000 9.000 2.063 3.158
104 NF27 21.000 29.550 12.935 4.753
112 NF25 7.333 4.850 4.028 2.102
102 12.000 50.783 9.659 5.651
94 24.833 8.617 4.028 3.469
119 0 2.350 1.747 1.043
76 7.000 1.417 1.395 1.567
55 1.833 8.000 26.603 10.394
70 0 0 0.583 1.084
101 2.167 0.417 16.621 6.929
106 6.667 1.000 0.226 1.068
E3 0 0 1.268 1.184
89 0 0 0 0.616
79 5.000 0.833 5.356 1.465
99 5.000 20.833 14.624 10.757
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Table S18. Closeness centrality of each patch reef site at connectivity threshold values of 0.01,
0.015, 0.02 and 0.025 decimal degrees.

Site 0.01 0.015 0.02 0.025

108 0.0313 0.0200 0.0263 0.0294
74 0.0435 0.0185 0.0270 0.0323
78 0.0667 0.0196 0.0270 0.0323
90 0.0909 0.0263 0.0303 0.0400
93 0.0526 0.0313 0.0400 0.0500
71 0.0370 0.0233 0.0323 0.0385
104 NF27 0.0476 0.0278 0.0385 0.0416
112 NF25 0.0500 0.0227 0.0323 0.0385
102 0.0500 0.0286 0.0357 0.0417
94 0.0556 0.0227 0.0323 0.0400
119 0.0357 0.0208 0.0294 0.0357
76 0.0625 0.0196 0.0303 0.0345
55 0.0667 0.0244 0.0400 0.0455
70 0.0278 0.0192 0.0294 0.0345
101 0.0385 0.0208 0.0370 0.0400
106 0.0417 0.0213 0.0278 0.0357
E3 0.0417 0.0204 0.0286 0.0357
89 0.0526 0.0189 0.0271 0.0345
79 0.0769 0.0196 0.0345 0.0357
99 0.0769 0.0256 0.0370 0.0455
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Table S19. Degree of each patch reef site at connectivity threshold values of 0.01, 0.015, 0.02
and 0.025 decimal degrees.

Site 0.01 0.015 0.02 0.025
108 2 4 6 7
74 1 3 7 8
78 3 6 7 8
90 5 8 8 13
93 2 6 13 18
71 3 4 7 12
104 NF27 3 7 12 14
112 NF25 4 7 10 12
102 4 8 10 14
94 4 7 10 13
119 2 4 7 10
76 2 6 8 10
55 3 5 13 16
70 1 3 5 9
101 3 5 11 13
106 4 6 7 10
E3 2 4 8 10
89 2 4 7 9
79 4 6 9 10
99 4 7 11 16
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Table S20. Summary of small world index (SWI) calculation values for three randomly created
networks at four connectivity thresholds: 0.01, 0.015, 0.02, and 0.025 decimal degrees. Random
networks were created with the same number of nodes and edges as the natural patch reef
network at the corresponding connectivity threshold value. Network metrics were averages to
calculate the average SWI across all random networks.

Random Metric 0.01 0.015 0.02 0.025

Network

1 CL 0.043 0.238 0.454 0.612
d 2.621 1.816 1.542 1.389
SWI 13.053 1.231 1.439 1.201

2 CL 0.188 0.330 0.474 0.616
d 2.668 1.889 1.537 1.389
SWI 3.037 1.596 1.374 1.194

3 CL 0.080 0.296 0.462 0.564
d 2.731 1.863 1.542 1.389
SWI 7.286 1.756 1.416 1.303

Average SWI Average  5.516 1.796 1.409 1.231
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Jaccard Dissimilarity

Table S21. Jaccard dissimilarity per patch reef site of fish species composition between 2011 and
2024 belt transect surveys.

Site Jaccard Dissimilarity
101 0.571
102 0.667
104 NF27 0.816
106 0.645
108 0.690
112 NF25 0.656
119 0.706
55 0.500
70 0.758
71 0.645
74 0.656
76 0.677
78 0.667
79 0.788
89 0.730
90 0.720
93 0.469
94 0.581
99 0.567
E3 0.714
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Table S22. Jaccard dissimilarity per patch reef site of fish species composition between belt
transect surveys performed one year prior to the passage of Hurricane Irene in August of 2011 to
the first survey performed following Hurricane Sandy in October of 2012.

Site Jaccard Dissimilarity
101 0.515
102 0.519
104 NF27 0.640
106 0.692
108 0.577
112 NF25 0.667
119 0.625
55 0.467
70 0.613
71 0.519
74 0.457
76 0.639
78 0.556
79 0.552
89 0.615
90 0.481
93 0.517
94 0.667
99 0.600
E3 0.652
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Table S23. Jaccard dissimilarity per patch reef site of fish species composition between two
surveys prior to the passage of Hurricane Irene near sites in August of 2011 and Hurricane Sandy
in October of 2012. Surveys conducted in the year prior to the passage of Hurricane Irene were
compared to surveys conducted in the first year of the survey time series, between 2009 and
2010. Only 17 of the 20 patch reef sites are compared, as only 17 sites were surveyed during the
first year of the time series. Sites 119, 99 and E3 are excluded.

Site Jaccard Dissimilarity
101 0.568
102 0.538
104 NF27 0.440
106 0.618
108 0.433
112 NF25 0.513
55 0.571
70 0.472
71 0.524
74 0.316
76 0.639
78 0.634
79 0.414
89 0.375
90 0.515
93 0.364
94 0.667
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Figure S5. Changes in fish species composition of Bahamian patch reef sites between pre-
Hurricane Irene (August 2011) belt transect surveys and surveys performed during the first year
of the time series (2009-2010). A. the metacommunity network of patch reefs at a connectivity
threshold of 0.02 decimal degrees with nodes (sites) coloured by Jaccard dissimilarity index
values comparing community assemblages from belt transect surveys performed in the year prior
to Hurricane Irene in August 2011 and the first year belt transect surveys were conducted at sites
from 2009-2010. Grey nodes indicate sites with no Jaccard dissimilarity value calculated, as
these patches were not surveyed in the first year of the time series. B. PCoA ordination plot
showing the community composition of each site in pre-hurricane surveys compared to first year
surveys. The distance between site points pre-hurricane compared to first year indicates their
relative dissimilarity in species composition. Points are coloured by site, with circular points
showing first year (2009-2010) compositions and triangles showing pre-hurricane compositions.
Ellipses denote the confidence region around the centroid of each survey period based on a
multivariate t-distribution and are patterned by survey period, with the solid ellipse showing first
year surveys and the dashed ellipse showing pre-hurricane surveys.
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Table S24. Jaccard dissimilarity per patch reef site of fish species composition between two
surveys after the passage of Hurricane Irene near sites in August of 2011 and Hurricane Sandy in
October of 2012. Surveys conducted in 2014 were compared to surveys conducted 2015. Only 10
of the 20 patch reef sites are compared, as only these sites were surveyed in both 2014 and 2015.
Sites 101, 104 NF27, 106, 112_NF25, 55, 70, 74, 76, 79 and 93 are excluded.

Site Jaccard Dissimilarity
102 0.632
108 0.464
119 0.519
71 0.593
78 0.618
89 0.593
90 0.516
94 0.581
99 0.423
E3 0.381
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Figure S6. Changes in fish species composition of Bahamian patch reef sites between post-
Hurricane Sandy (October 2012) belt transect surveys performed in 2014 and 2015. A. the
metacommunity network of patch reefs at a connectivity threshold of 0.02 decimal degrees with
nodes (sites) coloured by Jaccard dissimilarity index values comparing community assemblages
from belt transect surveys performed in 2014 to those performed in 2015. Grey nodes indicate
sites with no Jaccard dissimilarity value calculated, as these patches were not surveyed during
these years. B. PCoA ordination plot showing the community composition of each site in 2014
compared to 2015. The distance between site points in each year indicates their relative
dissimilarity in species composition. Points are coloured by site, with circular points showing
2014 compositions and triangles showing 2015 compositions. Ellipses denote the confidence
region around the centroid of each survey period based on a multivariate t-distribution and are
patterned by survey period, with the solid ellipse showing 2014 surveys and the dashed ellipse
showing 2015 surveys.

1 (High Dissimilarity)

0 (Low Dissimilarity)

PCoA Axis 2

PCoA Axis 1

79



Dissimilarity and Connectivity Correlation: Connectivity Threshold Comparison

2011 vs. 2024

Figure S7. Relationship between betweenness centrality and Jaccard dissimilarity of fish species
composition from belt transect surveys performed in 2011 compared to 2024 on 20 patch reefs.
A. connectivity threshold = 0.015 decimal degrees, B. connectivity threshold = 0.02 and C.
connectivity threshold = 0.025. A Spearman correlation test was performed using each threshold.
Corresponding rho and p-values are reported in boxes.
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Figure S8. Relationship between closeness centrality and Jaccard dissimilarity of fish species
composition from belt transect surveys performed in 2011 compared to 2024 on 20 patch reefs.
A. connectivity threshold = 0.015 decimal degrees, B. connectivity threshold = 0.02 and C.
connectivity threshold = 0.025. A Spearman correlation test was performed using each threshold.
Corresponding rho and p-values are reported in boxes.
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Pre vs. Post-Hurricane

Figure S9. Relationship between betweenness centrality and Jaccard dissimilarity of fish species
composition from belt transect surveys performed before the passage of Hurricane Irene in
August 2011 and after the passage of Hurricane Sandy in October 2012 on 20 patch reefs. A.
connectivity threshold = 0.015 decimal degrees, B. connectivity threshold = 0.02 and C.
connectivity threshold = 0.025. A Spearman correlation test was performed using each threshold.
Corresponding rho and p-values are reported in boxes.
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Figure S10. Relationship between closeness centrality and Jaccard dissimilarity of fish species
composition from belt transect surveys performed before the passage of Hurricane Irene in
August 2011 and after the passage of Hurricane Sandy in October 2012 on 20 patch reefs. A.
connectivity threshold = 0.015 decimal degrees, B. connectivity threshold = 0.02 and C.
connectivity threshold = 0.025. A Spearman correlation test was performed using each threshold.
Corresponding rho and p-values are reported in boxes.
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Pre- and Post-Hurricane Network Metric Correlation

Figure S11. Correlation between patch reef metacommunity network metrics and Jaccard
dissimilarity for fish species composition on pre-Hurricane Irene (August 2011) compared to
post-Hurricane Sandy (October 2012) belt transect surveys. The network contains 20 total nodes,
one per patch reef site surveyed. A connectivity threshold of 0.02 was utilized to calculate all
network metrics. A. Jaccard dissimilarity vs. betweenness centrality for pre-Hurricane Irene
(August 2011) compared to post-Hurricane Sandy (October 2012) belt transect surveys, B.
Jaccard dissimilarity vs. closeness centrality for pre-hurricane compared to post-hurricane belt
transect surveys, C. Jaccard dissimilarity vs. betweenness centrality for two pre-Hurricane Irene
belt transect surveys, D. Jaccard dissimilarity vs. closeness centrality for two pre-Hurricane Irene
belt transect surveys, E. Jaccard dissimilarity vs. betweenness centrality for two post-Hurricane
Sandy belt transect surveys and F. Jaccard dissimilarity vs. closeness centrality for two post-
Hurricane Sandy belt transect surveys. The rho and p-value of the corresponding rank Spearman
correlation test are reported in the figure boxes.
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Survey Period Dissimilarity Correlation

Figure S12. Correlation between Jaccard dissimilarities of each network node for the comparison of 2011 vs. 2024 belt transect
surveys and pre-Hurricane Irene (August 2011) and post-Hurricane Sandy (October 2012) belt transect survey fish species
composition at a connectivity threshold value of 0.02. The network contains 20 total nodes, one per patch reef site surveyed. The rho
and p-value of the corresponding rank Spearman correlation test are reported in the figure box.
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