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Abstract

Coral reef fish communities can be affected by natural disturbances such as cyclones and
coral bleaching. It is not yet understood how long it takes these communities to recover from
such extreme events, particularly when they occur repeatedly. To investigate this, we
conducted fish surveys repeatedly between 2011 and 2022 at Lizard Idand on the Great
Barrier Reef in Australia. We focused on two reef sites, Mermaid Cove and Northern
Horseshoe, both of which were damaged by a large-scale coral bleaching event in 2016 and
2017, as well as two cyclones that occurred in 2014 and 2015 (the cyclones hit Mermaid Cove
but not Northern Horseshoe). Between 2016 and 2017, both reef sites saw a decrease in the
total fish abundance of about 68 % and across most functional groups (carnivores,
corallivores, herbivores, and omnivores). Despite the two sites showing different decline and
recovery patterns, they both showed an improvement in fish abundance and across the
majority of functional groups at both sites by 2022. The recovery reached similar numbers as
those documented in the fish census data collected before the disturbances occurred. Our
findings provide a case study highlighting how fish community resilience can vary on small
local scales, with potential recovery if conditions are favourable over several years.
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I ntroduction

Although coral reefs cover a limited surface area, they are crucial ecosystems that harbour
over 25 % of all fish species. Seventy-five per cent of these fish rely on corals for food,
shelter, and settlement (Coker et a., 2014; Jones et al., 2004; Tarbuk et a., 1992; Spalding &
Grenfell, 1997). According to estimates, the extinction of all coral reefs could lead to the loss
of around 50 % of fish species due to their association with the reefs (Strona et al., 2021b).
Extreme climatic events are threatening cora reefs (Hughes et a., 2017), and as a
conseguence, they also threaten coral reef fish communitiesin terms of density, diversity, and
functionality (Jones et al., 2004; Pratchett et a., 2011; Richardson et al., 2018; Triki &
Bshary, 2019; Wilson et al., 2006). One of the major threats to coral reefs is the prolonged El-
Nifio, a natural climatic event that brings warm water towards the Indo-Pacific Ocean. This
increase in sea temperature can over-stress the corals and disrupt their symbiotic relationship
with the photosynthetic Zooxanthella, which provides the corals with their pigmentation.
When the Zooxanthella are expelled, they cause the corals to become bleached (Ca et al.,
2014; Hoegh-Guldberg & Ridgway, 2016). If corals are not recolonised by Zooxanthella, they
are predicted to die within approximately six months (McCook, 2002). In addition to extreme
climatic events causing bleaching, cyclones are also an imminent threat to corals and can
cause significant coral cover loss in exposed areas (Cheal et al., 2017; Dixon et al., 2022).

Depending on the type, frequency, and intensity of disturbances, the extent of coral loss and
resulting impacts on coral reef fish communities may vary (Jones et al., 2004; Pratchett et al.,
2011; Wilson et al., 2006). In the short term, biological disturbances (e.g. coral bleaching)
reduce the live coral cover while leaving the structural complexity of the affected location
intact since the underlying skeletons of the corals are unaffected by this type of disturbance.
In contrast, physical disturbances (e.g. cyclones) immediately reduce the live coral cover and
the structural complexity of the affected location (Wilson et a., 2006; Pratchett et al., 2011).
Therefore, it appears that in the short term, physical disturbances have a greater impact on fish
biodiversity than biological disturbances (Pratchett et al., 2011). However, over the long term
(e.g., 4-5 years), biologica disturbances impact the fish similarly to physical disturbances
since the structural complexity of the reef is aso reduced by the erosion of the underlying
coral skeletons (Pratchett et al., 2008). The intensity of the disturbances also contributes to the
extent of the impact on the fish community (Pratchett et al., 2011). Large disturbances that
cause extensive coral loss can significantly reduce the density and diversity of fish in the area.
On the other hand, minor or moderate disturbances that result in moderate coral loss can lead
to a short-term increase in the local fish diversity, potentialy caused by the rise in overall
heterogeneity of the habitat (Triki & Bshary, 2019; Wilson et al., 2006; Jones et al., 2004,
Pratchett et al., 2011).

The health and recovery of coral reefs and their associated fish communities are influenced
not only by the frequency of disturbances (Osborne et al., 2017; Ortiz et al., 2018) but also by
severa other factors. The complexity of coral structure and compoasition, geographic location,
and water depth can all impact the degree of resistance of reef fish to disturbances (Graham et
a., 2015; Richardson et al., 2018; Strona et a., 2021a). After environmental disturbances, the
corals can take up to 15 years to recover depending on the frequency, the intensity of
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disturbances and the exposition of the locations (Morri et al., 2015; Ortiz et a., 2018; Osborne
et al., 2017; Tebbett et a., 2022). Long-term surveys are powerful tools for identifying coral
recovery stages and monitoring fish communities. For example, in Thailand, between 2013
and 2019, a study was conducted to evaluate fish recovery after a mgjor 2010 coral bleaching
event (Jaroensutasinee et a., 2020). They found that fish diversity and density increased over
the years as the coral reef recovered.

A recent study at Lizard Island on the Great Barrier Reef in Australia looked into how
environmental disturbances such as cyclones and coral bleaching affect fish abundance and
densities of different functional groups (Triki & Bshary, 2019). Triki and Bshary looked into
fish survey data collected before and after major environmental disturbances that hit Lizard
Island coral reefs between 2014 and 2016. They categorised fish species into 11 functional
groups based on their diet to explore density changes within each group. The numbers
indicated a 68 % total decline in fish densities after the disturbance, with a notable density
decrease in nine of the 11 trophic groups. The trophic group of piscivores emerged as the only
group with increased density after the disturbances, likely caused by the reduction of shelters
for their prey (Triki & Bshary, 2019). Here, we continued surveying the two reef locations at
Lizard Island, previously studied by Triki and Bshary (2019) (Figure 1). Our aim was to
monitor the resilience and recovery of coral reef fish in the years after repeated disturbances
(Figure 2). In the span of three years, Lizard Island experienced three extreme environmental
disruptions. In 2014 and 2015, the location was hit by cyclones Ita and Nathan, respectively
(Puotinen et a., 2016; Pizarro et al., 2017). A prolonged El-Nifio in February and March 2016
caused a massive coral bleaching event that also impacted the Island (Hughes et al., 2017).
The 2016 coral bleaching event was devastating which resulted in 60% of the coral being
bleached and a loss of 51% of coral cover (Hughes et al., 2017; Stuart-Smith et a., 2018). In
2017 and 2020, the Island experienced other coral bleaching events, but they were less severe
than the 2016 bleaching and more localised (Hughes et al., 2021; Tebbett et al., 2022).

In our study, we collected fish census data using methods similar to those used by Triki and
Bshary (2019). This alowed us to track changes over time and investigate how the
abundance, density, richness, and evenness of fish (that is, the abundance of each species)
fluctuated before and after disturbances occurred (see timeline in Figure 2).

M ethods

Field sites and timeline

The study was conducted on the reef around Lizard Island, Great Barrier Reef, Australia
(14.6688° S, 145.4594° E). The two study locations were Mermaid Cove and Northern
Horseshoe. Mermaid Cove (14.6478° S, 145.4542° E) is located in a small bay on the
northern side of Lizard Island (Figure 1). It forms a continuous fringing reef of approximately
35,000m? with a 1-7 meter depth. Northern Horseshoe (14.6856° S, 145.4438° E) is located
on the western side of the island (Figure 1). It is a continuous reef that consists of a coral
garden of approximately 17,000 m2, with a 1-4 meter depth.
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We have combined our data with previously published data from Triki and Bshary (2019).
The published data from the two sites, Mermaid Cove and Northern Horseshoe, were
collected in 2011, 2014, 2016, and 2017. Our data collection took place between July and
August in 2018 and 2019 and in December 2022 (Figure 2). Unfortunately, due to the Covid-
19 pandemic lockdown, we were unable to collect data for 2020 and 2021.

Fish census data collection

We conducted an underwater visual fish census using the same methods as Triki and Bshary
(2019). In each location, the observer swam ten replicates of a 30-meter transect line on the
reef. During the survey, an observer swam along each 30-meter transect line and counted the
number of large visible fish, which are the species with a total body length of 10 cm or more
within a 5-meter wide area. On the way back, the observer recorded the number of small
visible fish, which are the species with a total body length of less than 10 cm, within a 1-
meter wide area (it was done on a 2-meter wide area in 2022 unintentionally). It is important
to note that only adult fish were surveyed.

The size of the species (i.e. large or small) was based on the classification by Triki et al.
(2018). Each of the ten transect replicates was sampled at least 10 meters apart to minimise
possible resampling of the same individuals. Fish species were identified using the Lizard
Island field guide (http:/lifg.australianmuseum.net.au/) and the fish guidebook by Allen et al.
(2005). Overall, we identified 206 species in our surveys. All fish counts for large and small
fish species were scaled per 100 m?.

Fish census analyses

We estimated fish densities at each study location and period of data collection as the total
number of fish per 100 m?. Afterwards, we categorised fish speciesinto 11 functional groups
based on their trophic level, following the methods by Triki and Bshary (2019). To simplify
this step further, we opted for grouping the functional groups into four primary functional
groups following the classification of Pratchett et al. (2011): (1) carnivores, which are fish
that feed on other animals, this category includes invertivores (micro and macro), pisci-
invertivores and piscivores, (2) corallivores, which are fish that feed on corals, (3) herbivores,
which are fish that feed on plant material, this category includes browsers, grazers,
detritivores, excavator and scrapers, and (4) omnivores, which are fish that feed on plant and
animal material, this category includes spongivores, planktivores, and fish species with mixed
diet.

Considering the various concepts and methods used to estimate diversity (Tuomisto, 2010 and
2011; Hoffmann and Hoffmann, 2008), we have focused on three aspects: (i) richness, (ii)
evenness, and (iii) composition. (i) We calculated richness using the number of species per
transect. (ii) We used Pielou's evenness index to estimate the evenness of species distribution
in a community. The Pielou index ranges between 0 and 1, where 1 indicates perfect
evenness, and the value decreases towards O as the relative abundances of the species become
more unevenly distributed. The Pielou index builds on the Shannon index that estimates
species diversity (Pielou, 1966). We used the formula (1) to calculate first the Shannon index
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(H) by fitting the number of individuals for species (ni), total number of individuals (N), and
number of species (S). Then, we fitted the Shannon index (H) in the formula (2) to calculate
Pielou’s evenness index (E), with (S) being the number of species.

% NN
H

1=1

NG @

(iii) For fish composition analyses, we performed a non-metric multidimensional scaling
(NMDS). The purpose of NMDS is to accurately display the position of objects (i.e., fish
communities) in multidimensional space using a limited number of dimensions that can be
easily visualized. This method is similar to principal component analyses, although the axes
are more arbitrary. The NMDS analysis uses a strength coefficient (stress level) to estimate
the goodness of fit, wherein astress level of < 0.2 indicates certainty, < 0.1 isagood fit, and <
0.05isan excellent fit (Yang et a. 2021).

For the diversity calculations (i.e. richness, evenness and composition), the data from 2022
were not used since the small fish number was unintentionally sampled on a 2 meter wide
areainstead of 1 meter.

Satistical analyses

All data and figures were generated using the open-source software R, version 4.2.3 (R Core
Team, 2022). The transect line was the statistical unit for the fish census data. All the
statistical models had the year of data collection and location as predictors with a general
syntax of: response.~ year * location. We fitted General Least Square (GLS) models for fish
density and Pielou’s index analyses. We transformed the data to fit normality model
assumptions by using the function boxcox() in R language, where we applied cube root
transformation on fish density data and arcsine transformation on Pielou’s index data We
used a General Linear Model (GLM) with a negative binomia distribution to analyse the
richness data. For the functional group analyses, we used a set of models that were best suited
to the data distribution of each functional group. That is, we fitted Linear Models (LM) for the
functional groups carnivores and herbivores. Data needed log-transformation to fit the model
normality assumption. For corallivores and omnivores, we fitted GLS models also with log-
transformation.

For the post hoc analyses, we run emmeans() tests (from the package “emmeans’). Given the
considerable large number of pairwise comparisons among years of data collection and
locations, we opted for compact letters (a, b, c, ...) display in the corresponding plots (see
Figures). We provide, however, a detailed statistical table in the Supplementary Material
(Table S1) with estimates, standard errors and p-values. The emmeans() tests take into
account and correct for multiple hypothesis testing.
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All fitted models met their corresponding assumptions, such as residuals’ normality and
homoscedasticity. We used a set of visual plots and statistical tests, Shapiro-Wilk, Lilliefors
(Kolmogorov-Smirnov) and Bartlett’s tests, to confirm that there were no violations of the
assumptions.

For the composition analysis, we ran an NMDS with a Bray-Curtis dissimilarity index using
the function metaM DS from the R package vegan. We selected the number of dimensions
such that the stress value is equal to or lower than 0.2 (Clarke, 1993; Yan et al. 2021). For the
overall comparison, we used a Permutational multivariate analysis of variance
(PERMANOVA; function adonis2() in R language; number of permutations: 999). For the
post-hoc analyses, we ran multiple pairwise comparisons with the p-value adjusted with the
Holm method using the function pairwise.adonis() in R language. More information is
available in a detailed step-by-step R code that enables the replication of the findings.

Results

Fish density

We found that fish density, as the number of fish per 100 m? varied across the years (GLS: N
= 120, X? = 469.054, p < 0.001) and locations (GLS: N = 120, X* = 32.724, p < 0.001). In
Northern Horseshoe, the posthoc analyses revealed that fish densities significantly declined in
2017 (p < 0.001). However, in the following years, the density started returning to levels
documented before the disturbances, reaching the highest values in 2022 (p < 0.001) (Figure
3A). After the disturbances, fish density in Mermaid Cove immediately declined (p < 0.001).
The decline continued in 2017 (p < 0.001). Similar to Northern Horseshoe, the fish density
gradually started to recover, and in 2022, it returned to the documented densities before the
disturbances (Figure 3B).

Fish functional groups

All four magjor functional groups showed statistically significant density fluctuations across
years of data collection and locations: carnivores (LM: N = 120, year, F-value = 17.821, p <
0.001; location, F-value = 4.08, p = 0.046); corallivores (GLS: N = 120, year, X? = 48.101, p
< 0.001; location, X?= 4.174, p = 0.04); herbivores (LM: N = 120, year, F-value = 30.561, p <
0.001; location, F-value = 25.567, p < 0.001), and omnivores (GLS: N = 120, year, X% =
616.96, p < 0.001; location, X? = 99.029, p < 0.001). The posthoc analyses showed a sharp
decline in carnivore, herbivore, and omnivore species in Northern Horseshoe in 2017, while
corallivores remained unaffected (Figure 4). In the following years, especially in 2022, the
analyses indicated a recovery in these functional groups (Figure 4A, E & G). After the
perturbations, all four functional groups at Mermaid Cove underwent a significant decline by
2017 but eventually recovered by 2022 (Figure B, D, F & H).

Fish Diversity

a. Richness
Analyses on the number of species indicated a significant variation across years of data
collection (negative binomial GLM: N = 100, X?= 28.248, p < 0.001) and locations (negative
binomial GLM: N = 100, X? = 33.830, p < 0.001). In Northern Horseshoe, posthoc tests
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revealed atransient increase in species richness in 2016 (p = 0.04) that eventually returned to
the pre-perturbations levels by 2019 (Figure 5A). In Mermaid Cove, the analyses indicated a
significant decline in species richness in 2016 (p < 0.001) after the perturbations that did not
necessarily recover in the following years (Figure 5B). Furthermore, we used the species
accumulation curve to visualise the accumulation of species surveyed as a function of
collection effort (transects) (see Supplementary Figure S1).

b. Evenness

Data analyses on Pielou’s evenness index (higher values indicate a more even distribution of
species, while lower values towards O indicate increased unevenness) showed significant
differences across the years (GLS: N =100, X?= 109.871, p < 0.001), but not across locations
(GLS: N = 100, X?=2.0979, p = 0.71). The post hoc analyses revealed significant differences
between the years in Northern Horseshoe but not in Mermaid Cove (Figure C&D). For
instance, in Northern Horseshoe, there was an increase in Pielou's index after the
perturbations in 2016 (p = 0.04), increasing further in 2017 (p < 0.001) and eventualy
declining in 2018 and 2019 (p > 0.05) (Figure 5C).

c. Composition

Analyses of fish composition showed significant differences across years (PERMANOVA: N
=100, F-value = 8.042, p = 0.001), explaining about 22 % of composition variation. The fish
composition was also statistically different across the two locations (PERMANOVA: N =
100, F-value = 8.897, p = 0.001), explaining 6 % of the composition variability. From the
visual NMDS plotting of fish composition by year and location (Figure 6), fish compasition
from before the perturbation clusters together, while the data from the following years can
show more overlap among the years and higher dissimilarity (Figure 6).

Discussion

The main goal of this study was to gain a comprehensive understanding of how coral reef fish
communities recover after repeated environmental disturbances. To achieve this, we used a
long-term monitoring approach of the same two locations at Lizard Island between 2011 and
2022. This allowed us to track changes in both fish diversity and abundance following major
disturbances.

The results showed significant fluctuation in the recovery of fish communities across the
years following the disturbances. Additionally, we observed some differences between the
two locations not only after the perturbations but also before, including differences in fish
richness and the number of herbivorous fish. The observed pattern differences across the
locations after perturbations may be explained by the varying exposure of the two sites to
Cyclones Ita and Nathan in 2014 and 2015. For instance, Mermaid Cove, but not Northern
Horseshoe, was heavily damaged by the two cyclones (Puctinen et al., 2016; Pizarro et al.,
2017). It is, hence, possible that the decrease in fish density and diversity (except for
evenness) in Mermaid Cove was caused by this physical disturbance that destroyed the live
coral cover and the structural complexity of the location, resulting in fish loss (Wilson et al.,
2006; Pratchett et al., 2011). In this case, the coral bleaching had limited impact since the site
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was already destroyed. While Ceccarelli et al. (2016) did not notice any changes in overal
fish density and species richness after cyclone Itaon Lizard Island, even at exposed sites, data
collection for that study ended in 2015, and Mermaid Cove was not part of the surveyed
locations.

Despite being located in a sheltered area, the Northern Horseshoe reef experienced a
significant reduction in fish population by 2017. Although the reef was not physicaly
damaged by the cyclones, it was greatly affected by coral bleaching in 2016. Interestingly,
despite the bleaching, there was an increase in species richness and evenness, but this did not
translate to a rise in the abundance of fish in fish census data from 2016. A possible
explanation is that the data was collected only a few months after the onset of the bleaching
(Triki et al. 2018) when the corals were still alive but bleached (survival up to six months
without zooxanthella (M cCook, 2002; Pratchett et a., 2008)), which might have increased the
heterogeneity of the habitat making it easier for the observer to detect and count cryptic fish
species. This remains difficult to confirm without information about the benthic habitat
structure and benthic communities to clearly assess how they may contribute to fish census
data collection. Due to the erosion and death of coral skeletons, the reef's structural
complexity decreased over time, which may have resulted in the significant decline in fish
abundance in 2017. It is also possible that the shallow depth of the site (< 5m) accelerated the
erosion (Sheppard et al., 2002). The increase in evenness in 2017 and the fact that the fish
density of all functional groups decreased, except corallivores, possibly due to their general
low density, indicated that the fish loss was even and resulted in similar densities across
species. It suggests that disturbances affecting corals can affect all reef fish, regardless of their
direct dependence on them (Triki & Bshary, 2019).

Fish census data from 2022 showed a remarkable recovery in fish abundance five years after
the last magjor disturbance event. In both locations, fish density reached similar levels as
before the perturbations. Thisis in line with previous findings at Lizard Island across 14 reef
sites showing a significant recovery in fish abundance between the years 2017 and 2020
(Richardson et a. 2021). Thisis possibly linked to evidence suggesting coral reef recovery at
Lizard Island (see Tebbett et al., 2022). Researchers have estimated that corals might take
about 6 to 15 years to recover (Morri et a., 2015; Ortiz et a., 2018; Osborne et al., 2017
Tebbett et al., 2022). However, some coral reefs might take longer to recover (Jaroensutasinee
et al., 2020), and it can be challenging to recover when the time interval between extreme
disturbancesis short (Hughes et al. 2018).

In Northern Horseshoe, fish populations recovered quicker than in Mermaid Cove. The total
abundance and functional group abundances, as well as richness and evenness, returned to
pre-disruption levels by 2018 in Northern Horseshoe and by 2022 in Mermaid Cove. The
recovery speed differences might be again explained by the fact that Mermaid Cove suffered
severe physical damage that would take longer to recover compared to bleached corals. Also,
bleached corals can experience a shift in coral-algal growth where algae start to proliferate
while corals undergo erosion, like in the Caribbean (e.g. Hughes, 1994). While the shift from
coral to algae may explain the increase in herbivore population that feeds on agae, it is not
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the only reason behind the rise in omnivore and carnivore densities. It is possible that
omnivores adapted their dietary habits to include more plant material as a result of the shift,
while the surge in fish prey populations may have contributed to the increase in carnivore
density.

We hypothesise that the recovery of coral isthe main factor that has led to the recovery of fish
abundance between 2019 and 2022. However, we cannot overlook the potential impact of the
COVID-19 lockdown. Human activities have been known to have a significant impact on the
dynamic of reefs (Schipper et a., 2008). The pandemic lockdown has significantly reduced
human activities from 2020 to 2022, which has already shown a positive effect on the
environment and wild animals (Arora et a., 2020; Bertucci et a., 2021). Therefore, it is
possible that the prolonged lockdown at Lizard Island led to a general increase in fish density
due to the large reduction in human activities. Recent studies have shown a significant
increase in cora reef fish densities during the lockdown period (Feeney et a., 2022; Bertucci
et al., 2023). However, it is aso possible that the lockdown affected the fish assemblage,
which resulted in higher numbers during surveys, but this could lead to a decline in fish
numbers once the lockdown is lifted and human activities resume (Lecchini et al., 2021). In
our case, continuous surveys in the years after 2022 will help to clarify thisissue.

In conclusion, our research presents a case study that sheds light on how fish density and
diversity fluctuate in response to repeated disturbances. This study offers new insights into the
recovery of fish populations in terms of density, richness, evenness and composition in areas
that have been disturbed. It also underscores the complexity and variability of ecosystem
responses to disturbances and highlights the importance of long-term monitoring surveys.

Ethics statement
The University of Queensland Animal Ethics Committee (AEC) approved the study under
permits: CA 2017-05-1063, CA 2019-06-1285 and CA 2022-04-1601.

Data availability

The data and code will be available upon peer review publication.

Conflict of | nterest

All authors declare that they have no conflict of interest.

Acknowledgements

We thank the LIRS directors and staff for their support and friendship. We sincerely thank
Sergio Rasmann and Radu Slobodeanu for their assistance and advice on the statistical
analyses. Financial support was from the Swiss National Science Foundation (grant numbers
310030B_173334/1 to RB and PZ00P3_209020 to ZT).


https://doi.org/10.1101/2024.01.27.577527
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2024.01.27.577527; this version posted January 27, 2024. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC-ND 4.0 International license.

Author contribution

ZT and RB designed the study. RB, ZT and LP collected the data. SL ran the statistical
analyses, generated the figures, and wrote the manuscript with input from RB and ZT. All
authors gave final approval for publication and agreed to be held accountable for the work
performed therein. A preprint version of this article is available on bioRxiv (Levy et a. 2024).

References

Allen, G., Steene, R., Humann, P., & Deloach, N. (2005). Reef fish identification: tropical
Pacific. Singapore: D2Print Pte Ltd; ISBN 1-878348-36-1.

Arora, S., Bhaukhandi, K. D., & Mishra, P. K. (2020). Coronavirus lockdown helped the
environment to bounce back. Science of the Total Environment, 742, 140573.

Bergenius, M. A., McCormick, M. |., Meekan, M. G., & Robertson, D. R. (2005).
Environmental influences on larval duration, growth and magnitude of settlement of a coral
reef fish. Marine Biology, 147, 291-300.

Bertucci, F., Lecchini, D., Greeven, C., Brooker, R. M., Minier, L., Cordonnier, S,, ... &
Parmentier, E. (2021). Changes to an urban marina soundscape associated with COVID-19
lockdown in Guadeloupe. Environmental Pollution, 289, 117898.

Bertucci, F., Feeney, W. E., Cowan, Z. L., Gache, C., Madi Moussa, R., Berthe, C., ... &
Lecchini, D. (2023). Effects of COVID-19 lockdown on the observed density of coral reef
fish along coastal habitats of Moorea, French Polynesia. Regional Environmental Change,
23(1), 16.

Brandl, S. J,, & Bellwood, D. R. (2014). Individual [1based analyses revea limited functional
overlap in acoral reef fish community. Journal of Animal Ecology, 83(3), 661-670.

Branconi, R., Wong, M. Y., & Buston, P. M. (2019). Comparison of efficiency of direct
observations by scuba diver and indirect observations via video camera for measuring
reef” fish behaviour. Journal of Fish Biology, 94(3), 489-497.

Cai, W., Borlace, S, Lengaigne, M., Van Rensch, P., Collins, M., Vecchi, G, ... & Jin, F. F.
(2014). Increasing frequency of extreme El Nifio events due to greenhouse warming. Nature
climate change, 4(2), 111-116.

Ceccarelli, D. M., Emslie, M. J., & Richards, Z. T. (2016). Post-disturbance stability of fish
assemblages measured at coarse taxonomic resolution masks change at finer scales. PLoS
One, 11(6), e0156232.


https://doi.org/10.1101/2024.01.27.577527
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2024.01.27.577527; this version posted January 27, 2024. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC-ND 4.0 International license.

Chedl, A. J., MacNeil, M. A., Emdlie, M. J., & Sweatman, H. (2017). The threat to coral reefs
from more intense cyclones under climate change. Global change biology, 23(4), 1511-1524.
Clarke, K. R. (1993). Nonllparametric multivariate analyses of changes in community
structure. Australian journal of ecology, 18(1), 117-143.

Coker, D. J.,, Wilson, S. K., & Pratchett, M. S. (2014). Importance of live coral habitat for reef
fishes. Reviewsin Fish Biology and Fisheries, 24, 89-126.

De Ath, G., Fabricius, K. E., Sweatman, H., & Puctinen, M. (2012). The 27—year decline of
coral cover on the Great Barrier Reef and its causes. Proceedings of the National Academy of
Sciences, 109(44), 17995-17999.

Dixon, A. M., Puotinen, M., Ramsay, H. A., & Beger, M. (2022). Cora reef exposure to
damaging tropica cyclone waves in a warming climate. Earth's Future, 10(8),
€2021EF002600.

Emdlie, M. J.,, Chedl, A. J, MacNeil, M. A., Miller, I. R., & Sweatman, H. P. (2018). Reef
fish communities are spooked by scuba surveys and may take hours to recover. PeerJ, 6,
e4886.

Feeney, W. E., Cowan, Z. L., Bertucci, F., Brooker, R. M., Siu, G., Jossinet, F., ... &
Lecchini, D. (2022). COVID-19 lockdown highlights impact of recreational activities on the
behaviour of coral reef fishes. Royal Society Open Science, 9(11), 220047.

Froehlich, C. Y., Klanten, O. S, Hing, M. L., Dowton, M., & Wong, M. Y. (2021). Uneven
declines between corals and cryptobenthic fish symbionts from multiple
disturbances. Scientific Reports, 11(1), 16420.

Furla, P., Allemand, D., & Orsenigo, M. N. (2000). Involvement of H+-ATPase and carbonic
anhydrase in inorganic carbon uptake for endosymbiont photosynthesis. American Journal of
Physiol ogy-Regulatory, Integrative and Compar ative Physiology, 278(4), R870-R88L1.

Galzin, R. (1987). Structure of fish communities of French Polynesian coral reefs. 11.
Temporal scales. Mar. Ecol. Prog. Ser, 41, 137-145.

Graham, N. A. J,, Nash, K. L., & Kool, J. T. (2011). Coral reef recovery dynamics in a
changing world. Coral Reefs, 30, 283-294.

Graham, N. A., Jennings, S., MacNeil, M. A., Mouillot, D., & Wilson, S. K. (2015).
Predicting climate-driven regime shifts versus rebound potential in cora
reefs. Nature, 518(7537), 94-97.

Hoegh-Guldberg, O., & Ridgway, T. (2016). Coral bleaching hits great barrier reef as global
temperatures soar. Green Left Weekly, (1090), 10.

10


https://doi.org/10.1101/2024.01.27.577527
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2024.01.27.577527; this version posted January 27, 2024. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC-ND 4.0 International license.

Hoffmann, S., & Hoffmann, A. (2008). Is there a “true’ diversity?. Ecological
Economics, 65(2), 213-215.

Hughes, T. P. (1994). Catastrophes, phase shifts, and large-scale degradation of a Caribbean
coral reef. Science, 265(5178), 1547-1551.

Hughes, T. P., Graham, N. A., Jackson, J. B., Mumby, P. J., & Steneck, R. S. (2010). Rising
to the challenge of sustaining coral reef resilience. Trends in ecology & evolution, 25(11),
633-642.

Hughes, T. P., Kerry, J. T, AIvarez-Noriega, M., Alvarez-Romero, J. G., Anderson, K. D.,
Baird, A. H., ... & Wilson, S. K. (2017). Global warming and recurrent mass bleaching of
corals. Nature, 543(7645), 373-377.

Hughes, T. P., Kerry, J. T., Connolly, S. R., Alvarez-Romero, J. G., Eakin, C. M., Heron, S.
F., ... & Moneghetti, J. (2021). Emergent properties in the responses of tropical corals to
recurrent climate extremes. Current Biology, 31(23), 5393-5399.

Jaroensutasinee, K., Somchuea, S., & Jaroensutasinee, M. (2020). Coral and reef fish
community recovery following the 2010 extreme ocean warming event (mass bleaching
event) at Thailand. Journal of Animal Behaviour and Biometeorology, 9(1), 0-0.

Jessen, C., & Wild, C. (2013). Herbivory effects on benthic algal composition and growth on
acoral reef flat in the Egyptian Red Sea. Marine Ecology Progress Series, 476, 9-21.

Jones, G. P., McCormick, M. I., Srinivasan, M., & Eagle, J. V. (2004). Coral decline threatens
fish biodiversity in marine reserves. Proceedings of the National Academy of
Sciences, 101(21), 8251-8253.

Lecchini, D., Brooker, R. M., Wagalevu, V., Gairin, E., Minier, L., Berthe, C,, ... & Bertucci,
F. (2021). Effects of COVID-19 pandemic restrictions on coral reef fishes at eco-tourism sites
in Bora-Bora, French Polynesia. Marine Environmental Research, 170, 105451.

Letourneur, Y., Gaertner, J. C., Durbec, J. P., & Jessu, M. E. (2008). Effects of
geomorphological zones, reefs and seasons on coral reef fish communities of Réunion Island,
Mascarene Archipelago, SW Indian Ocean. Estuarine, Coastal and Shelf Science, 77(4), 697-
709.

Levy, S, Pessing, L., Bshary, R., & Triki, Z. (2024). Cora reef fish resilience and recovery
following major environmental disturbances caused by cyclones and coral bleaching: A case

study at Lizard Island. Preprint at bioRxiv.

McCook, G. D. P. L. J. (2002). The fate of bleached corals: patterns and dynamics of algal
recruitment. Marine Ecology Progress Series, 232, 115-128.

11


https://doi.org/10.1101/2024.01.27.577527
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2024.01.27.577527; this version posted January 27, 2024. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC-ND 4.0 International license.

Morais, J., Morais, R. A., Tebbett, S. B., Pratchett, M. S, & Bellwood, D. R. (2021).
Dangerous demographics in post-bleach corals reveal boom-bust versus protracted
declines. Scientific Reports, 11(1), 18787.

Morri, C., Montefalcone, M., Lasagna, R., Gatti, G., Rovere, A., Parravicini, V., ... & Bianchi,
C. N. (2015). Through bleaching and tsunami: Coral reef recovery in the Maldives. Marine
Pollution Bulletin, 98(1-2), 188-200.

Neuheimer, A. B., Thresher, R. E., Lyle, J. M., & Semmens, J. M. (2011). Tolerance limit for
fish growth exceeded by warming waters. Nature Climate Change, 1(2), 110-113.

Ortiz, J. C., Wolff, N. H., Anthony, K. R., Devlin, M., Lewis, S., & Mumby, P. J. (2018).
Impaired recovery of the Great Barrier Reef under cumulative stress. Science advances, 4(7),
eaar6127.

Osborne, K., Thompson, A. A., Chedl, A. J., Emdlie, M. J., Johns, K. A., Jonker, M. J,, ... &
Sweatman, H. P. (2017). Delayed coral recovery in a warming ocean. Global change
biology, 23(9), 3869-3881.

Pielou, E. C. (1966). The measurement of diversity in different types of biological
collections. Journal of theoretical biology, 13, 131-144.

Pizarro, O., Friedman, A., Bryson, M., Williams, S. B., & Madin, J. (2017). A simple, fast,
and repeatable survey method for underwater visual 3D benthic mapping and monitoring.
Ecology and Evolution, 7(6), 1770-1782.

Pratchett, M. S,, Hoey, A. S., Wilson, S. K., Messmer, V., & Graham, N. A. (2011). Changes
in biodiversity and functioning of reef fish assemblages following coral bleaching and coral
loss. Diversity, 3(3), 424-452.

Pratchett, M. S., Munday, P. L., Wilson, S. K., Graham, N. A., Cinner, J. E., Bellwood, D. R.,
... & McClanahan, T. R. (2008). Effects of climate-induced coral bleaching on coral-reef
fishes—ecological and economic consequences. In Oceanography and marine biology (pp.
257-302). CRC Press.

Puotinen, M., Maynard, J. A., Beeden, R., Radford, B., & Williams, G. J. (2016). A robust
operational model for predicting where tropical cyclone waves damage coral reefs. Scientific
Reports, 6(1), 26009.

R Core Team. 2022. A language and environment for statistical computing.

Richards, Z. T., Juszkiewicz, D. J., & Hoggett, A. (2021). Spatio-tempora persistence of
scleractinian coral species at Lizard Island, Great Barrier Reef. Coral Reefs, 40(4), 1369-
1378.

12


https://doi.org/10.1101/2024.01.27.577527
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2024.01.27.577527; this version posted January 27, 2024. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC-ND 4.0 International license.

Richardson, L. E., Graham, N. A., Pratchett, M. S., Eurich, J. G., & Hoey, A. S. (2018). Mass
coral bleaching causes biotic homogenization of reef fish assemblages. Global Change
Biology, 24(7), 3117-3129.

Schipper, J., Chanson, J. S., Chiozza, F., Cox, N. A., Hoffmann, M., Katariya, V., ... &
Young, B. E. (2008). The status of the world's land and marine mammals: diversity, threat,
and knowledge. Science, 322(5899), 225-230.

Sheppard, C. R., Spalding, M., Bradshaw, C., & Wilson, S. (2002). Erosion vs. recovery of
coral reefs after 1998 El Nifo: Chagos reefs, Indian Ocean. AMBIO: A Journal of the human
environment, 31(1), 40-48.

Spalding, M. D., & Grenfell, A. M. (1997). New estimates of global and regional cora reef
areas. Coral reefs, 16, 225-230.

Strona, G., Beck, P. S., Cabeza, M., Fattorini, S, Guilhaumon, F., Micheli, F., ... &
Parravicini, V. (2021a). Ecological dependencies make remote reef fish communities most
vulnerable to coral loss. Nature Communications, 12(1), 7282.

Strona, G., Lafferty, K. D., Fattorini, S., Beck, P. S., Guilhaumon, F., Arrigoni, R., ... &
Parravicini, V. (2021b). Global tropical reef fish richness could decline by around half if
corals are lost. Proceedings of the Royal Society B, 288(1953), 20210274.

Stuart-Smith, R. D., Brown, C. J,, Ceccarelli, D. M., & Edgar, G. J. (2018). Ecosystem
restructuring along the Great Barrier Reef following mass coral bleaching. Nature, 560(7716),
92-96.

Tarbuck, E. J, Lutgens, F. K., & Tasa, D. G. (1992). Essentials of geology. Macmillan
Publishing Company.

Tebbett, S. B., Morais, J, & Bellwood, D. R. (2022). Spatial patchiness in change,
recruitment, and recovery on cora reefs at Lizard Island following consecutive bleaching
events. Marine Environmental Research, 173, 105537.

Trench, R. K. (1979). The cell biology of plant-animal symbiosis. Annual Review of Plant
Physiology, 30(1), 485-531.

Triki, Z., & Bshary, R. (2019). Fuctuations in coral reef fish densities after environmental
disturbances on the northern Great Barrier Reef. PeerJ, 7, e6720.

Triki, Z., Wismer, S., Levorato, E., & Bshary, R. (2018). A decrease in the abundance and

strategic sophistication of cleaner fish after environmental perturbations. Global Change
Biology, 24(1), 481-489.

13


https://doi.org/10.1101/2024.01.27.577527
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2024.01.27.577527; this version posted January 27, 2024. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC-ND 4.0 International license.

Tuomisto, H. (2010). A consistent terminology for quantifying species diversity? Yes, it does
exist. Oecologia, 164(4), 853-860.

Tuomisto, H. (2011). Do we have a consistent terminology for species diversity? Yes, if we
chooseto useit. Oecologia, 167(4), 903-911.

Wernberg, T., Smale, D. A., Tuya, F., Thomsen, M. S, Langlois, T. J., De Bettignies, T., ... &
Rousseaux, C. S. (2013). An extreme climatic event alters marine ecosystem structure in a
global biodiversity hotspot. Nature Climate Change, 3(1), 78-82.

Wilson, S. K., Graham, N. A., Pratchett, M. S., Jones, G. P., & Polunin, N. V. (2006).
Multiple disturbances and the globa degradation of coral reefs. are reef fishes at risk or
resilient?. Global Change Biology, 12(11), 2220-2234.

Wismer, S, Pinto, A. |, Vail, A. L., Grutter, A. S., & Bshary, R. (2014). Variation in cleaner
wrasse cooperation and cognition: influence of the developmental environment?. Ethology,
120(6), 519-531.

Yang, J., Yan, D., Yang, Q., Gong, S, Shi, Z., Qiu, Q., ... & Hu, M. (2021). Fish species

composition, distribution and community structure in the Fuhe River Basin, Jiangxi Province,
China. Global Ecology and Conservation, 27, e€01559.

14


https://doi.org/10.1101/2024.01.27.577527
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2024.01.27.577527; this version posted January 27, 2024. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC-ND 4.0 International license.

Mermaid Cove

q—

Maps Data : Google ©2023 CNES/Airbus, Maxar Technologies

Figure 1. Map of Lizard Island (QLD, Australia). The map is showing the two study sites:
Mermaid Cove (red) and Northern Horseshoe reef (blue). The Lizard Island research station
(LIRS) and the resort are also indicated in this map.
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Figure 2. A schematic representation of the data collection timeline between the year 2011 to
2022 at the two study locations, Mermaid Cove and Northern Horseshoe.
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Figure 3. Fish density at the two study locations, Mermaid Cove and Northern
Hor seshoe. Boxplots of median and interquartile range of fish counts per 100 m* before and
in the years after the major perturbation events (see Figure 2 for timeline). Dissimilar letters
above the boxplots indicate statisticaly significant differences (p < 0.05). The year labelled
“Before” corresponds to the data from 2011 for Mermaid Cove and 2014 for Northern
Horseshoe.
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Figure 4. Fish density per primary functional groups at Mermaid Cove and Northern
Hor seshoe. Boxplots of median and interquartile range of fish densities in the functional
groups (A-B) carnivores, (C-D) coralivores, (E-F) herbivores, and (G-H) omnivores.
Dissimilar letters above the boxplots indicate statistically significant differences (p < 0.05).
The year labelled “Before” corresponds to the datafrom 2011 for Mermaid Cove and 2014 for
Northern Horseshoe.
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Figure 5. Fish species richness and evenness at Mermaid Cove and Northern Hor seshoe.
Boxplots of median and interquartile range of (A-B) total number of fish species and (C-D)
Pielou’s evenness index. Dissimilar letters above the boxplots indicate statistically significant
differences (p < 0.05). The year labelled “Before” corresponds to the data from 2011 for
Mermaid Cove and 2014 for Northern Horseshoe. Data from 2022 was not included (see
Methods).
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Figure 6. Non-metric multidimensional scaling (NM DS) visualisation of variation in fish
composition at Mermaid Cove and Northern Horseshoe. NMDS scatterplot for (A) both
locations combined and (B) each location separately. The year labelled “Before” corresponds
to the data from 2011 for Mermaid Cove and 2014 for Northern Horseshoe. Each dot
represents fish census data from one transect line. Data points that are more similar to one
another are ordinated closer together. The further apart the dots, the more dissimilar they are.
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Figure S1. Species accumulation curves at [Mérmaid Cove and Northern Horseshoe between

2011 arid 2019. Each curve répreents theayetage’of 10,000 permutatiohs of sarhpliffy order.
The year labelled “Before” corresponds to the data collected in 2011 from Mermaid Cove and
2014 from Northern Horseshoe before the disturbances. The x-axis corresponds to the number
of sampled transects (10 transects per location and period of data collection).

Table S1. Post-hoc analyses outcomes for the tested response variables. The location
labelled “Horseshoe” corresponds to Northern Horseshoe and “Mermaid” to Mermaid Cove.
The year labelled “Before” corresponds to the 2011 data from Mermaid Cove and 2014 from
Northern Horseshoe.
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Density Horseshoe Before vs 2016 0.349 0.347 32.662 | 1.008 | NA 0.912
Horseshoe Before vs 2017 2.063 0.324 28564 | 6.364 | NA <0.001
Horseshoe Before vs 2018 0.078 0.322 28.056 | 0.243 | NA 1.000
Horseshoe Before vs 2019 0.598 0.363 34549 | 1.647 | NA 0.574
Horseshoe Before vs 2022 -0.887 0.307 24569 | -2.889 | NA 0.076
Horseshoe 2016 vs 2017 1714 0.257 34251 | 6.662 | NA <0.001
Horseshoe 2016 vs 2018 -0.271 0.254 33.814 | -1.066 | NA 0.891
Horseshoe 2016 vs 2019 0.249 0.305 35462 | 0.816 NA 0.963
Horseshoe 2016 vs 2022 -1.237 0.236 29.647 | -5.252 | NA <0.001
Horseshoe 2017 vs 2018 -1.985 0.223 35.979 | -8.909 | NA <0.001
Horseshoe 2017 vs 2019 -1.465 0.279 32.240 | -5.246 | NA <0.001
Horseshoe 2017 vs 2022 -2.950 0.201 33.656 | - NA <0.001
14.673
Horseshoe 2018 vs 2019 0.520 0.276 31.685 | 1.881 NA 0.432
Horseshoe 2018 vs 2022 -0.966 0.197 34114 | -4.895 | NA <0.001
Horseshoe 2019 vs 2022 -1.486 0.259 27505 | -5.729 | NA <0.001
Mermaid Before vs 2016 2.187 0.347 32.662 | 6.309 | NA <0.001
Mermaid Before vs 2017 3.025 0.324 28.564 | 9.332 NA <0.001
Mermaid Before vs 2018 2.183 0.322 28.056 | 6.784 | NA <0.001
Mermaid Before vs 2019 1.992 0.363 34549 | 5485 | NA <0.001
Mermaid Before vs 2022 0.126 0.307 24569 | 0410 NA 0.998
Mermaid 2016 vs 2017 0.839 0.257 34251 | 3.261 NA 0.028
Mermaid 2016 vs 2018 -0.003 0.254 33.814 | -0.013 | NA 1.000
Mermaid 2016 vs 2019 -0.194 0.305 35462 | -0.637 | NA 0.987
Mermaid 2016 vs 2022 -2.061 0.236 29.647 | -8.749 | NA <0.001
Mermaid 2017 vs 2018 -0.842 0.223 35.979 | -3.779 | NA 0.007
Mermaid 2017 vs 2019 -1.033 0.279 32.240 | -3.700 | NA 0.010
Mermaid 2017 vs 2022 -2.899 0.201 33.656 | - NA <0.001
14.418
Mermaid 2018 vs 2019 -0.191 0.276 31685 | -0.691 | NA 0.982
Mermaid 2018 vs 2022 -2.057 0.197 34114 | - NA <0.001
10.427
Mermaid 2019 vs 2022 -1.866 0.259 27505 | -7.196 | NA <0.001
Carnivore Horseshoe Before vs 2016 -0.515 0.227 108.00 | -2.265 | NA 0.218
density 0
Horseshoe Before vs 2017 0.819 0.227 108.00 | 3.601 NA 0.006
0
Horseshoe Before vs 2018 -0.077 0.227 108.00 | -0.338 | NA 0.999
0
Horseshoe Before vs 2019 0.370 0.227 108.00 | 1.627 NA 0.583
0
Horseshoe Before vs 2022 -0.520 0.227 108.00 | -2.287 | NA 0.209
0
Horseshoe 2016 vs 2017 1334 0.227 108.00 | 5.866 NA <0.001
0
Horseshoe 2016 vs 2018 0.438 0.227 108.00 | 1.927 NA 0.392
0
Horseshoe 2016 vs 2019 0.885 0.227 108.00 | 3.891 NA 0.002
0
Horseshoe 2016 vs 2022 -0.005 0.227 108.00 | -0.022 | NA 1.000
0
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Horseshoe 2017 vs 2018 -0.896 0.227 108.00 | -3.939 | NA 0.002
0
Horseshoe 2017 vs 2019 -0.449 0.227 108.00 | -1.975 | NA 0.364
0
Horseshoe 2017 vs 2022 -1.339 0.227 108.00 | -5.888 | NA <0.001
0
Horseshoe 2018 vs 2019 0.447 0.227 108.00 | 1.964 | NA 0.370
0
Horseshoe 2018 vs 2022 -0.443 0.227 108.00 | -1.949 | NA 0.379
0
Horseshoe 2019 vs 2022 -0.890 0.227 108.00 | -3.913 | NA 0.002
0
Mermaid Before vs 2016 0.744 0.227 108.00 | 3.273 NA 0.017
0
Mermaid Before vs 2017 1.003 0.227 108.00 | 4412 | NA <0.001
0
Mermaid Before vs 2018 1.024 0.227 108.00 | 4504 | NA <0.001
0
Mermaid Before vs 2019 0.902 0.227 108.00 | 3.968 | NA 0.002
0
Mermaid Before vs 2022 -0.311 0.227 108.00 | -1.369 | NA 0.745
0
Mermaid 2016 vs 2017 0.259 0.227 108.00 | 1.139 | NA 0.864
0
Mermaid 2016 vs 2018 0.280 0.227 108.00 | 1.231 | NA 0.821
0
Mermaid 2016 vs 2019 0.158 0.227 108.00 | 0.695 | NA 0.982
0
Mermaid 2016 vs 2022 -1.056 0.227 108.00 | -4.642 | NA <0.001
0
Mermaid 2017 vs 2018 0.021 0.227 108.00 | 0.092 | NA 1.000
0
Mermaid 2017 vs 2019 -0.101 0.227 108.00 | -0.444 | NA 0.998
0
Mermaid 2017 vs 2022 -1.315 0.227 108.00 | -5.781 | NA <0.001
0
Mermaid 2018 vs 2019 -0.122 0.227 108.00 | -0.536 | NA 0.995
0
Mermaid 2018 vs 2022 -1.336 0.227 108.00 | -5.873 | NA <0.001
0
Mermaid 2019 vs 2022 -1.214 0.227 108.00 | -5.337 | NA <0.001
0
Corallivore | Horseshoe Before vs 2016 0.198 0.431 53.819 | 0460 | NA 0.997
density Horseshoe Before vs 2017 0.669 0.431 53.819 | 1.551 | NA 0.633
Horseshoe Before vs 2018 0.458 0.431 53.819 | 1.061 NA 0.894
Horseshoe Before vs 2019 0.542 0.431 53.819 | 1.257 NA 0.807
Horseshoe Before vs 2022 0.228 0.431 53.819 | 0.529 NA 0.995
Horseshoe 2016 vs 2017 0.471 0.431 53.819 | 1.092 | NA 0.883
Horseshoe 2016 vs 2018 0.259 0.431 53.819 | 0.601 | NA 0.990
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Horseshoe 2016 vs 2019 0.344 0.431 53.819 | 0.797 NA 0.967
Horseshoe 2016 vs 2022 0.030 0.431 53.819 | 0.069 NA 1.000
Horseshoe 2017 vs 2018 -0.211 0.431 53.819 | -0.490 | NA 0.996
Horseshoe 2017 vs 2019 -0.127 0.431 53.819 | -0.295 | NA 1.000
Horseshoe 2017 vs 2022 -0.441 0.431 53.819 | -1.023 | NA 0.908
Horseshoe 2018 vs 2019 0.084 0.431 53.819 | 0.195 NA 1.000
Horseshoe 2018 vs 2022 -0.230 0.431 53.819 | -0.533 | NA 0.995
Horseshoe 2019 vs 2022 -0.314 0.431 53.819 | -0.728 | NA 0.978
Mermaid Before vs 2016 0.613 0.344 54.026 | 1.783 NA 0.485
Mermaid Before vs 2017 1.597 0.344 54.026 | 4.645 NA <0.001
Mermaid Before vs 2018 1514 0.344 54.026 | 4.404 NA <0.001
Mermaid Before vs 2019 1.683 0.344 54.026 | 4.897 NA <0.001
Mermaid Before vs 2022 -0.093 0.344 54.026 | -0.272 | NA 1.000
Mermaid 2016 vs 2017 0.984 0.344 54.026 | 2.862 NA 0.063
Mermaid 2016 vs 2018 0.901 0.344 54.026 | 2.621 NA 0.110
Mermaid 2016 vs 2019 1.070 0.344 54.026 | 3.114 NA 0.033
Mermaid 2016 vs 2022 -0.706 0.344 54.026 | -2.055 | NA 0.326
Mermaid 2017 vs 2018 -0.083 0.344 54.026 | -0.241 | NA 1.000
Mermaid 2017 vs 2019 0.087 0.344 54.026 | 0.252 NA 1.000
Mermaid 2017 vs 2022 -1.690 0.344 54.026 | -4.917 | NA <0.001
Mermaid 2018 vs 2019 0.169 0.344 54.026 | 0.493 NA 0.996
Mermaid 2018 vs 2022 -1.607 0.344 54.026 | -4.676 | NA <0.001
Mermaid 2019 vs 2022 -1.777 0.344 54.026 | -5.169 | NA <0.001
Herbivore Horseshoe Before vs 2016 -0.207 0.112 108.00 | -1.840 | NA 0.445
density 0
Horseshoe Before vs 2017 0.425 0.112 108.00 | 3.791 NA 0.003
0
Horseshoe Before vs 2018 -0.050 0.112 108.00 | -0.450 | NA 0.998
0
Horseshoe Before vs 2019 -0.210 0.112 108.00 | -1.872 | NA 0.425
0
Horseshoe Before vs 2022 -0.471 0.112 108.00 | -4.194 | NA <0.001
0
Horseshoe 2016 vs 2017 0.632 0.112 108.00 | 5.631 NA <0.001
0
Horseshoe 2016 vs 2018 0.156 0.112 108.00 | 1.391 NA 0.733
0
Horseshoe 2016 vs 2019 -0.004 0.112 108.00 | -0.032 | NA 1.000
0
Horseshoe 2016 vs 2022 -0.264 0.112 108.00 | -2.353 | NA 0.182
0
Horseshoe 2017 vs 2018 -0.476 0.112 108.00 | -4.241 | NA <0.001
0
Horseshoe 2017 vs 2019 -0.636 0.112 108.00 | -5.663 | NA <0.001
0
Horseshoe 2017 vs 2022 -0.896 0.112 108.00 | -7.984 | NA <0.001
0
Horseshoe 2018 vs 2019 -0.160 0.112 108.00 | -1.423 | NA 0.713
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0
Horseshoe 2018 vs 2022 -0.420 0.112 108.00 | -3.744 | NA 0.004
0
Horseshoe 2019 vs 2022 -0.261 0.112 108.00 | -2.321 | NA 0.195
0
Mermaid Before vs 2016 0.726 0.112 108.00 | 6.469 NA <0.001
0
Mermaid Before vs 2017 1.140 0.112 108.00 | 10.156 | NA <0.001
0
Mermaid Before vs 2018 0.878 0.112 108.00 | 7.825 NA <0.001
0
Mermaid Before vs 2019 0.862 0.112 108.00 | 7.683 NA <0.001
0
Mermaid Before vs 2022 0.310 0.112 108.00 | 2.764 NA 0.071
0
Mermaid 2016 vs 2017 0.414 0.112 108.00 | 3.686 NA 0.005
0
Mermaid 2016 vs 2018 0.152 0.112 108.00 | 1.356 NA 0.753
0
Mermaid 2016 vs 2019 0.136 0.112 108.00 | 1.213 NA 0.829
0
Mermaid 2016 vs 2022 -0.416 0.112 108.00 | -3.705 | NA 0.004
0
Mermaid 2017 vs 2018 -0.262 0.112 108.00 | -2.330 | NA 0.191
0
Mermaid 2017 vs 2019 -0.278 0.112 108.00 | -2.473 | NA 0.141
0
Mermaid 2017 vs 2022 -0.830 0.112 108.00 | -7.392 | NA <0.001
0
Mermaid 2018 vs 2019 -0.016 0.112 108.00 | -0.143 | NA 1.000
0
Mermaid 2018 vs 2022 -0.568 0.112 108.00 | -5.062 | NA <0.001
0
Mermaid 2019 vs 2022 -0.552 0.112 108.00 | -4.919 | NA <0.001
0
Omnivore Horseshoe Before vs 2016 0.407 0.267 31.344 | 1.525 NA 0.651
density Horseshoe Before vs 2017 1.294 0.235 22127 | 5502 | NA <0.001
Horseshoe Before vs 2018 -0.075 0.250 26.844 | -0.300 | NA 1.000
Horseshoe Before vs 2019 0.352 0.275 32.926 | 1.281 NA 0.793
Horseshoe Before vs 2022 -0.557 0.238 22.940 | -2.343 | NA 0.218
Horseshoe 2016 vs 2017 0.886 0.166 27.463 | 5.344 NA <0.001
Horseshoe 2016 vs 2018 -0.482 0.186 34.376 | -2.588 | NA 0.128
Horseshoe 2016 vs 2019 -0.055 0.218 35.663 | -0.254 | NA 1.000
Horseshoe 2016 vs 2022 -0.964 0.169 28.994 | -5.693 | NA <0.001
Horseshoe 2017 vs 2018 -1.369 0.137 31.323 | - NA <0.001
10.001
Horseshoe 2017 vs 2019 -0.942 0.178 25.878 | -5.292 | NA <0.001
Horseshoe 2017 vs 2022 -1.850 0.113 35.711 | - NA <0.001
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16.444
Horseshoe 2018 vs 2019 0.427 0.197 32777 | 2164 | NA 0.281
Horseshoe 2018 vs 2022 -0.482 0.141 32.920 | -3415 | NA 0.019
Horseshoe 2019 vs 2022 -0.909 0.181 27.278 | -5.014 | NA <0.001
Mermaid Before vs 2016 1.554 0.267 31.344 | 5819 | NA <0.001
Mermaid Before vs 2017 2.034 0.235 22127 | 8.652 | NA <0.001
Mermaid Before vs 2018 1.219 0.250 26.844 | 4873 | NA <0.001
Mermaid Before vs 2019 1.078 0.275 32926 | 3.924 | NA 0.005
Mermaid Before vs 2022 0.042 0.238 22940 | 0176 | NA 1.000
Mermaid 2016 vs 2017 0.480 0.166 27463 | 2.897 | NA 0.071
Mermaid 2016 vs 2018 -0.335 0.186 34376 | -1.799 | NA 0.480
Mermaid 2016 vs 2019 -0.476 0.218 35.663 | -2.180 | NA 0.272
Mermaid 2016 vs 2022 -1.512 0.169 28.994 | -8.928 | NA <0.001
Mermaid 2017 vs 2018 -0.816 0.137 31.323 | -5.961 | NA <0.001
Mermaid 2017 vs 2019 -0.956 0.178 25.878 | -5.374 | NA <0.001
Mermaid 2017 vs 2022 -1.992 0.113 35711 | - NA <0.001
17.705
Mermaid 2018 vs 2019 -0.141 0.197 32.777 | -0.713 | NA 0.979
Mermaid 2018 vs 2022 -1.177 0.141 32.920 | -8.340 | NA <0.001
Mermaid 2019 vs 2022 -1.036 0.181 27.278 | -5.716 | NA <0.001
Richness Horseshoe Before vs 2016 -0.296 0.108 Inf NA - 0.048
2.744
Horseshoe Before vs 2017 -0.019 0.113 Inf NA - 1.000
0.168
Horseshoe Before vs 2018 -0.211 0.109 Inf NA - 0.303
1.927
Horseshoe Before vs 2019 0.074 0.115 Inf NA 0.647 | 0.967
Horseshoe 2016 vs 2017 0.277 0.107 Inf NA 2579 | 0.074
Horseshoe 2016 vs 2018 0.085 0.104 Inf NA 0.825 | 0.923
Horseshoe 2016 vs 2019 0.370 0.110 Inf NA 3.381 | 0.006
Horseshoe 2017 vs 2018 -0.192 0.109 Inf NA - 0.397
1.760
Horseshoe 2017 vs 2019 0.093 0.115 Inf NA 0.815 | 0.926
Horseshoe 2018 vs 2019 0.285 0.111 Inf NA 2.568 | 0.076
Mermaid Before vs 2016 0.417 0.107 Inf NA 3.906 | <0.001
Mermaid Before vs 2017 0.684 0.113 Inf NA 6.024 | <0.001
Mermaid Before vs 2018 0.519 0.109 Inf NA 4,759 | <0.001
Mermaid Before vs 2019 0.498 0.109 Inf NA 4585 | <0.001
Mermaid 2016 vs 2017 0.267 0.121 Inf NA 2212 | 0.175
Mermaid 2016 vs 2018 0.103 0.117 Inf NA 0.881 | 0.904
Mermaid 2016 vs 2019 0.081 0.116 Inf NA 0.700 | 0.956
Mermaid 2017 vs 2018 -0.164 0.123 Inf NA - 0.668
1.337
Mermaid 2017 vs 2019 -0.186 0.122 Inf NA - 0.551
1517
Mermaid 2018 vs 2019 -0.021 0.118 Inf NA - 1.000
0.181
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Evenness

Horseshoe Before vs 2016 -0.084 0.027 17.233 | -3.082 | NA 0.046
Horseshoe Before vs 2017 -0.207 0.027 16.551 | -7.805 | NA <0.001
Horseshoe Before vs 2018 -0.045 0.029 17.705 | -1.559 | NA 0.541
Horseshoe Before vs 2019 -0.031 0.024 13.009 | -1.312 | NA 0.689
Horseshoe 2016 vs 2017 -0.123 0.023 17.830 | -5.222 | NA <0.001
Horseshoe 2016 vs 2018 0.039 0.026 17.606 | 1.503 | NA 0.574
Horseshoe 2016 vs 2019 0.053 0.020 14.709 | 2.649 | NA 0.111
Horseshoe 2017 vs 2018 0.162 0.025 17.123 | 6411 | NA <0.001
Horseshoe 2017 vs 2019 0.176 0.019 15465 | 9.281 | NA <0.001
Horseshoe 2018 vs 2019 0.014 0.022 13555 | 0.634 | NA 0.967
Mermaid Before vs 2016 -0.109 0.043 15.277 | -2522 | NA 0.137
Mermaid Before vs 2017 -0.153 0.069 11.339 | -2.226 | NA 0.238
Mermaid Before vs 2018 -0.032 0.036 17.481 | -0.904 | NA 0.892
Mermaid Before vs 2019 -0.073 0.048 14.194 | -1.537 | NA 0.557
Mermaid 2016 vs 2017 -0.044 0.074 14.135 | -0.598 | NA 0.973
Mermaid 2016 vs 2018 0.076 0.045 16.651 | 1.696 | NA 0.462
Mermaid 2016 vs 2019 0.035 0.055 17.658 | 0.642 | NA 0.966
Mermaid 2017 vs 2018 0.121 0.070 12.041 | 1.725 | NA 0.456
Mermaid 2017 vs 2019 0.079 0.077 15.368 | 1.036 | NA 0.835
Mermaid 2018 vs 2019 -0.041 0.049 15.390 | -0.830 | NA 0.917
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