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Abstract

1.

Extreme climatic events (ECEs) and predator removal represent some of the most
widespread stressors to ecosystems. Though species interactions can alter eco-
logical effects of climate change (and vice versa), it is less understood whether,
when and how predator removal can interact with ECEs to exacerbate their ef-
fects. Understanding the circumstances under which such interactions might
occur is critical because predator loss is widespread and ECEs can generate rapid

phase shifts in ecosystems which can ultimately lead to tropicalization.

. Our goal was to determine whether loss of predation risk may be an important

mechanism governing ecosystem responses to extreme events, and whether the
effects of such events, such as tropicalization, can occur even when species range
shifts do not. Specifically, our goal was to experimentally simulate the loss of an
apex predator, the tiger shark Galeocerdo cuvier effects on a recently damaged
seagrass ecosystem of Shark Bay, Australia by applying documented changes to

risk-sensitive grazing of dugong Dugong dugon herbivores.

. Using a 16-month-field experiment established in recently disturbed seagrass

meadows, we used previous estimates of risk-sensitive dugong foraging behaviour
to simulate altered risk-sensitive foraging densities and strategies of dugongs con-
sistent with apex predator loss, and tracked seagrass responses to the simulated

grazing.

. Grazing treatments targeted and removed tropical seagrasses, which declined.

However, like in other mixed-bed habitats where dugongs forage, treatments also
incidentally accelerated temperate seagrass losses, revealing that herbivore be-
havioural changes in response to predator loss can exacerbate ECE and promote

tropicalization, even without range expansions or introductions of novel species.

. Our results suggest that changes to herbivore behaviours triggered by loss of pre-

dation risk can undermine ecological resilience to ECEs, particularly where long-
lived herbivores are abundant. By implication, ongoing losses of apex predators
may combine with increasingly frequent ECEs to amplify climate change impacts

across diverse ecosystems and large spatial scales.
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1 | INTRODUCTION

Extreme climatic events (ECEs sensu Jentsch et al., 2007) associated
with anthropogenic climate change are becoming more frequent and
intense (IPCC, 2019; Oliver et al., 2018). These ECEs alter ecosys-
tems globally and can drive rapid ecosystem tropicalization that is
difficult to reverse (e.g. Bennett et al., 2015; IPCC, 2019; Wernberg
et al., 2013). As a result, the need to assess the ecosystem effects
of ECEs is now critical. It is becoming increasingly clear that spe-
cies interactions can play major roles in mediating the effects of cli-
mate change (i.e. as ‘biotic multipliers of climate change’, Zarnetske
etal., 2012), including in marine ecosystems (Vergés et al., 2014) and
in response to ECEs (e.g., Bennett et al., 2015). It is vital, therefore,
to understand the role of multiple stressors (Mineur et al., 2015) and
species interactions (Zarnetske et al., 2012) in mediating ecological
responses to both gradual climate change and ECEs.

Apex predators may be particularly important biotic multipliers
of climate change because they interact with many species, have low
functional redundancy and are disproportionately vulnerable to ex-
ploitation (Heithaus et al., 2008; Ritchie & Johnson, 2009; Zarnetske
et al.,, 2012). Indeed, though not universal, trophic cascades induced
by the loss of top predators have been widely documented in terres-
trial, aquatic and marine ecosystems (e.g. Estes et al., 2011; Heithaus
etal., 2008; Ripple et al., 2014). Disruption of these top-down effects
can alter ecosystem function and services (e.g. Atwood et al., 2015;
Estes et al., 2011) as well as risk of climate-driven phase shifts (Ling
et al., 2009). Maintenance of trophic cascades, particularly those
that suppress herbivores, may therefore be crucial to promoting eco-
system recovery and resilience following large climatic disturbances
by moderating the effects of consumers which can inhibit ecosystem
recovery (e.g. Bennett et al., 2015). This, in some cases, may slow
tropicalization.

Like climate change effects, human-driven loss of apex predators
is widespread globally (e.g. Estes et al., 2011; Ferretti et al., 2010;
Ripple et al., 2014). There is growing evidence that climate change and
predators interact to structure ecosystems (e.g. Kirby & Beaugrand,
2009; Kratina et al., 2012), including evidence that predators can
mediate the ecological impacts of climate change and climate vari-
ability (e.g. Estes et al., 2011; Harley, 2011; Ling et al., 2009; Ripple
et al., 2014; Wilmers & Getz, 2005; Wilmers et al., 2006). However,
despite widespread co-occurrence of marine predator losses and
climate-related disturbances (Halpern et al., 2008), the potential
for these stressors to interact remains poorly studied, especially
in the field (Crain et al., 2008). If predator loss can exacerbate the
ecological impacts of ECEs, apex predator conservation may be an
effective strategy to impart resilience from ECEs (sensu Unsworth
et al., 2015) by facilitating disturbance recovery until the drivers of

climate change can be addressed directly.

One of many ways in which climate change is altering ecosystems
is through widespread ‘tropicalization’, whereby species assemblages
in a location shift to resemble those in warmer, more equatorial cli-
mates (Vergés et al., 2014). Tropicalization can be driven not only by
abiotic forcing brought about by climate change, but also by changes
to biotic interactions such as when tropical herbivores expand their
ranges into formerly temperate ecosystems and generate novel
species interactions (e.g. Bennett et al., 2015; Vergés et al., 2014).
These novel biotic interactions can act as biotic multipliers of cli-
mate change, altering not only the likelihood of tropicalization, but
also how easy or difficult it is to reverse (e.g. Bennett et al., 2015).
In addition to gradual warming, recent work has shown that ECEs,
particularly marine heatwaves, can drive rapid tropicalization of ma-
rine ecosystems (Bennett et al., 2015; Wernberg et al., 2013), and
there is some evidence that predator loss can exacerbate phase
shifts driven by climate-driven range expansion of herbivores (e.g.
Ling et al., 2009). However, it is unclear whether predator loss inter-
acts with the effects of ECEs themselves, particularly in the absence
of species range expansions, the most commonly reported driver of
biotic tropicalization.

Seagrass meadows provide diverse ecosystem functions (Nordlund
et al., 2016 and references therein), including hosting megaherbivores
like sea turtles and sirenians that can exert considerable control over
seagrass community structure (Jackson, 2001; Nowicki et al., 2018).
Despite their importance, seagrass habitats are rapidly disappearing
globally because of a variety of stressors, including ECEs (e.g. Fraser
et al., 2014; IPCC, 2019; Thomson et al., 2015; Waycott et al., 2009).
Seagrass habitats that have large herbivores and are impacted by ECEs
therefore represent a valuable chance to determine whether and how
changes to top-down control alter ecosystem responses to extreme cli-
mate events.

With its abundant populations of both megaherbivores and large
tiger sharks, the subtropical seagrass ecosystem of Shark Bay, Western
Australia has been a model system in which to study top-down con-
trol in the marine environment for more than two decades (Heithaus
et al., 2012). The well-studied species interactions in Shark Bay, com-
bined with massive seagrass loss following the most extreme marine
heatwave on Western Australian record in 2011 (Fraser et al., 2014;
Hobday et al., 2018; Thomson et al., 2015), offer a unique opportunity
to assess whether the loss of apex predators can exacerbate the ef-

fects of an ECE and promote tropicalization of this subtropical system.
1.1 | Site description and background
Shark Bay (25°45'S, 113°44'E) is a shallow (<15 m), 13,000 km?

semi-enclosed subtropical embayment approximately 800 km north

of Perth, Western Australia. The bay's seagrass community contains



NOWICKI ET AL.

Journal of Animal Ecology 3

12 tropical and temperate species but is overwhelmingly dominated
(3,700 km? of 4,000 km?) by temperate seagrass Amphibolis antarc-
tica, which is at the tropical limit of its range in Shark Bay (Walker
et al., 1988). Amphibolis antarctica is a long-lived ecosystem engineer
(sensu Jones et al., 1994) with critical and often irreplaceable ecosys-
tem functions; specifically, A. antarctica greatly increases structural
complexity and habitat in the bay through its dense meadows which
can be more than 100 cm thick (Walker, 1985), provides food to fauna
through primary production and the creation of substrate for epi-
phytes (Smit et al., 2005) and stabilizes sediment with thick, interlock-
ing rhizome mats (Borowitzka et al., 2006; Burkholder et al., 2013;
Smit et al., 2005Walker, 1985; Walker et al., 1988). The most common
tropical seagrass in the bay is the much smaller Halodule uninervis
(Burkholder, Fourqurean, et al., 2013). While H. uninervis is preferred
forage for many herbivores, its biomass, rhizome bed and bed com-
plexity are orders of magnitude lower than that of Amphibolis antarc-
tica, even where both are abundant.

In the Austral summer of 2011, strong La Nifia conditions
strengthened the Leeuwin Current, increasing the transport of trop-
ical water along the Western Australia coast (Pearce & Feng, 2013)
and generating an extreme, category IV marine heatwave (sensu
Hobday et al., 2018) known as the ‘Ningaloo Nifio’ (Feng et al., 2013;
Pearce & Feng, 2013). This extreme marine heatwave increased
water temperatures along Western Australia by 2-5°C for 2 months
(Feng et al., 2013; Hobday et al., 2018; Pearce & Feng, 2013), includ-
ing in Shark Bay (Nowicki et al., 2017). This resulted in catastrophic
(>90%) loss of temperate Amphibolis antarctica within the study area
(Fraser et al., 2014; Thomson et al., 2015) and opened canopy and
substrate to establishment and expansion of the early successional
tropical seagrass Halodule uninervis (Nowicki et al., 2017), creating
mixed species beds that had been historically rare in the study sys-
tem (Figures 1 and 2). At larger bay-wide scales, this event triggers
the largest known acute loss of dense seagrass (>1,300 km?), though
severity of loss was spatially heterogeneous (Strydom et al., 2020).
Local water temperature measurements were otherwise relatively
normal within the study system, though temperature was elevated
by 2.3°C above average in February 2014 (Nowicki et al., 2017).

In other seagrass ecosystems, such mixed species beds are vulner-
able to phase shifts driven by dugong and green turtle grazing (Kelkar

et al., 2013; Preen, 1995). Dugongs in particular can alter seagrass

Before ECE

community composition through destructive excavation foraging,
which usually targets tropical seagrasses but can destroy nearby,
less disturbance tolerant climax seagrasses incidentally (Masini
etal., 2001; Preen, 1995; Wirsing et al., 2007a). This form of top-down
control is not thought to be normally dominant in temperate/tropical
mixed seagrass beds of Shark Bay for two reasons: first, A. antarctica,
which is itself not a preferred food source or target of excavation graz-
ing (Burkholder et al., 2012; Wirsing et al., 2007a), establishes dense
canopies that limit excavation grazers' access to tropical seagrasses.
This makes it difficult for dugongs to find sufficient tropical seagrasses
to excavate in full A. antarctica meadows (Figure 2a,c). Second, ex-

cavation grazing is a dangerous foraging tactic that dugongs rarely
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FIGURE 2 Conceptual diagram of the role of trophic cascades
and physical feedbacks in determining the stability and structure of
Amphibolis antarctica beds in Shark Bay. (a) Intact shark populations
with normal temperature regimes. (b) Shark populations depleted,
but normal temperature regimes keep A. antarctica canopy thick and
keep dugongs from accessing and excavating tropical seagrasses.

(c) An extreme climate event causes A. antarctica canopy loss, making
tropical seagrasses accessible, but predation risk from abundant
tiger sharks keeps excavation by dugongs to a minimum, allowing for
stabilization. (d) In a hypothetical scenario where tiger sharks (and the
predation risk they generate) were removed, extreme-driven canopy
loss is exacerbated by dugong excavation foraging. (a) and (b) have
been documented elsewhere (see Heithaus et al., 2012); this study
tests scenarios (c) and (d). Photographs: SBERP

FIGURE 1 Representative states of the study area's Amphibolis antarctica beds before and after the 2011 marine heatwave. Notice
abundance of tropical early successional seagrass Halodule uninervis (right panel, small shoots with white arrow) growing in between the
larger shoots of Amphibolis antarctica. Photograph credit: J. Thomson, R. Nowicki
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undertake in Shark Bay because of predation risk from tiger sharks
Galeocerdo cuvier, which are abundant and play an important role in
shaping seagrass ecosystem structure and function in Shark Bay
(Burkholder et al., 2013; Heithaus et al., 2012; Wirsing et al., 2007a,
2007b, 2007c; Figure 2a,b). However, ECE-mediated loss of A. antarc-
tica has made sparse seagrass beds more common (Bayliss et al., 2019)
and has promoted the expansion, density and accessibility of tropical
seagrasses to excavators (Nowicki et al., 2017), increasing the poten-
tial for excavation grazing to reinforce tropicalization by exacerbating
a phase shift to a tropical seagrass community (Figure 2c). If apex pred-
ators (in this case, tiger sharks) were extirpated and predation risk was
lowered, as occurs in ecosystems globally (Estes et al., 2011; Ferretti
et al., 2010; Ripple et al., 2014), then the ensuing combination could
result in a permanent tropicalization, typified by a low biomass or even
seagrass depauperate state (Figure 2d).

We used this 2011 ECE as a natural experiment to experimen-
tally simulate changes in dugong foraging behaviour consistent with
tiger shark extirpation. In doing so, we sought to determine whether a
combination of simulated predator loss and climatic disturbance could
destabilize remaining A. antarctica beds and reinforce a phase shift
towards tropicalization of the seagrass community. More generally,
our aim was to evaluate whether predation risk from apex predators
can act as a resilience mechanism for ecosystems that include large
herbivores and suffer a large disturbance to their primary producer
communities. To determine this, we performed a 16-month-field
experiment in which divers applied risk-sensitive foraging tactics to
disturbed seagrass beds at rates consistent with complete tiger shark
extirpation and loss of predation risk to Shark Bay's dominant mega-
herbivore, the dugong Dugong dugon. Our specific goals were to de-
termine a priori (a) if emulated tiger shark Galeocerdo cuvier removal
would drive habitat tropicalization by reducing A. antarctica cover
through incidental removal during dugong excavation while allowing
H. uninervis to proliferate, and post hoc (b) whether such effects are

dependent on the strength of initial seagrass loss.

2 | MATERIALS AND METHODS
2.1 | Site establishment

In April-May 2013, 30 experimental plots, each measuring
3 m x 3 m, were placed at 2-3 m depth in the interiors of two

seagrass banks located 7-8 km ENE of Monkey Mia in Shark Bay's
Eastern Gulf (Figure 3). This series of banks has been the subject
of over two decades of work investigating the role that predator-
prey dynamics play in structuring marine benthic ecosystems
(Heithaus et al., 2012). Shark Bay is a hypersaline environment,
and salinity in the study area averages 45 ppt (Walker, 1985). Each
plot was placed in a degraded A. antarctica bed that was charac-
terized by reduced A. antarctica cover (10%-60%), prevalence of
exposed, dying A. antarctica rhizome tissue, presence of the early
successional tropical seagrass H. uninervis and generally low mac-
roalgae cover (Figure 1, third panel). Plots were placed in a blocked
design on two banks; 18 plots were placed on a heavily impacted
bank (mean initial A. antarctica cover = 17.3%, SD = 5.2%), and
12 on a moderately impacted bank (mean initial A. antarctica
cover = 33.1%, SD = 11.3%, Figure 3) to represent the heterogene-
ity of seagrass loss. For reference, healthy A. antarctica beds typi-
cally approach or meet 100% cover. Each treatment level (control,
moderate herbivory, intense herbivory) was equally represented
within each block, and plots near each other were grouped into
trios of similar initial seagrass cover before being randomly as-
signed a treatment. Plots were marked with a post at each cor-
ner and were generally farther than 2 m from each other. The
mean H. uninervis cover was similar on both banks (mean 46.7%,
SD = 21.4%, Welch's t test: t,, , = 0.09, p = 0.93). Macroalgae
cover was slightly higher on the heavily impacted bank (median of
5.8% vs. 2.4%, Mann-Whitney test, W = 118, p = 0.0015) but was
generally very low (mean = 4.8%, median 3.8%, SD = 3.8%).

2.2 | Estimation of dugong foraging rates

Because experimental manipulation of tiger shark predation risk
is not feasible, we simulated dugong foraging impacts manually.
To determine appropriate foraging rates, we used published data
on predation risk-sensitive foraging by dugongs in the study area
(Wirsing et al., 2007a, 2007b, 2007c) to estimate the magnitude of
changes to dugong habitat, foraging and thus foraging density/pres-
sure that should occur in high-risk shallow seagrass bank habitats if
tiger sharks were extirpated and these habitats became low risk (see
Heithaus et al., 2012 for an overview).

Dugong foraging effort, expressed in number of seconds of for-
aging effort per plot per month (1), was calculated by scaling down

(a) ' (b)
N
Western Eastern
Gulf *Gulf
20 km 1km
— MM —

* FIGURE 3 Location of experiment in
relation to Shark Bay generally (asterisk)
(a) and within the long-term study area
specifically (b). Tan denotes land, blue
denotes deep water (4-15 m) and green
denotes shallow banks (<4 m depth).
Banks were historically heavily covered
in seagrass, though cover is now greatly
reduced within the study area




NOWICKI ET AL.

Journal of Animal Ecology | 5

bank-scale estimates of foraging dugong density calculated for this
system (Wirsing et al., 2007b) to the scale of individual plots. Dugong
abundances and activity levels vary seasonally and with changes to
water temperature and shark abundance (Wirsing et al., 2007b), so
2 was calculated monthly to reflect larger regional scale seasonal
shifts in dugong abundance. Focal follows of dugongs in the study
area suggest that trails are excavated at the rate of ¢. 10 cm of hor-
izontal progress x sec (Nowicki, pers. obs.; Wirsing et al., 2007a),
so A was divided by 10 to determine the number of 1-m feeding
trails applied per plot for each month (rounded to nearest integer). A
15 cm x 100 cm rebar grazing frame was used to ensure a constant
area and shape of grazing treatments.

Dugongs can forage via two tactics: shoot cropping and rhi-
zome excavation (Wirsing et al., 2007a). Because excavation forag-
ing is more profitable to dugongs than cropping the tops of shoots
(Anderson, 1982, 1998; Wirsing et al., 2007a), we simulated excavation
as long as dense stands of tropical seagrass were present in the plot (i.e.
if at least three of five panels of grazing frame contained H. uninervis).
We always targeted the densest stands of H. uninervis and avoided A.
antarctica if possible, both to mimic the most adaptive dugong grazing
behaviour, and to ensure any rates of incidental A. antarctica removal
were conservative. When A. antarctica was present in the excavation
frame, however, it was removed to mimic the incidental removal of
non-target seagrasses that occur during excavation foraging, which
can have critical impacts to mixed species seagrass beds (Preen, 1995).

Excavation trails measured 15 cm W x 100 cm L x 4 cm D and
were created with hand trowels to generate feeding scars consistent
with dugong excavation foraging. Excavation removed all above-
ground and below-ground biomass within the scar depth, similar
to actual dugong excavation trails (De longh et al., 1995; Masini
et al., 2001; Nakaoka et al., 2002; Preen, 1995). Seagrass recov-
ery from artificial dugong excavation trails is not significantly dif-
ferent from natural feeding trails (De longh et al., 1995; Nakaoka &
Aioi, 1999), so we are confident our treatments accurately reflected
natural dugong excavation. In very rare (<5%) cases where sufficient
H. uninervis was sparse, an equal area was grazed by cropping A. ant-
arctica shoots with a knife where the leaf bundle meets the stem to
mimic the dugong ‘cropping’ feeding strategy.

2.3 | Data collection and application of grazing
treatments

Our experiment included three treatment levels: control, moderate
herbivory and intense herbivory. Grazing treatments were applied
every 30-60 days from May 2013 to August 2014. Control plots
were visited to collect data but did not undergo simulated grazing
to reflect the current, high-risk landscape of Shark Bay, because
tiger shark abundance did not change following the ECE (Nowicki
et al., 2019). The moderate herbivory treatment (1 grazing per visit)
simulated the grazing effort that would be expected if dugong abun-
dance remained constant but dugong habitat use shifted entirely to-

wards shallow seagrass banks where the experiment was established,

as would be expected if predation risk was eliminated (Wirsing
et al., 2007c). These shallow seagrass beds yield both the highest
food availability and highest risk of tiger shark predation for dugongs
(Wirsing et al., 2007b). Intense grazing treatments (1.51 grazing per
visit) acted as an upper bound for potential herbivore effects and to
emulate both a behavioural and numerical response of dugong popu-
lations to shark loss. Multiple lines of evidence suggest the dugong
densities upon which 1 is based are robust (see Section 4).

At 0, 7, 12 and 16 months into the experiment, we estimated
cover of A. antarctica, H. uninervis and macroalgae species in each
plot using a 60 cm x 60 cm quadrat placed 25 times ina 5 x 5 grid
pattern within the plot. These cover estimates were then averaged.
Plots that were destroyed from sudden widespread seagrass defo-
liation or storm action were excluded from analysis from that time
point forward as studying effects of storm blowouts were outside

the scope of this experiment.

2.4 | Statistical analyses

We applied mixed effects models and model selection using the
GLMMTMB package (Brooks et al., 2017) in RStudio version 1.2.1335
(RStudio Team, 2019) to determine the influences of grazing treat-
ment, time since start, bank and their interactions on cover esti-
mates of A. antarctica, H. uninervis and macroalgae. Five individual a
priori models were run for each macrophyte group (Table 1). In each,
plot ID was retained as a random effect to account for repeated
measures. Percent cover data were converted to proportion data,
and models were run using the beta distribution (Zeileis et al., 2010).

Data were analysed using a model selection approach (Anderson,
2007; Anderson & Burnham, 2004). Specifically, we applied multi-
model inference and model averaging to evaluate whether parameters

TABLE 1 Models applied to macrophyte data, along with the
hypotheses they support if the model performs well relative to
other models. Month since start (Month), bank identity (Bank), and
grazing treatment (Treat) were fixed effects. Plot ID was included
as a random effect to account for temporal autocorrelation of

the repeated measures. Asterisks indicate main effects and their
interactions; colons indicate interaction effects only

Model Fixed effects Hypothesis
1 Month Seagrass cover changes over
time only
2 Month x Bank Cover change differs by bank
only
3 Month x Treat Cover change differs by
treatment only
4 Month + Bank + Cover change differs by bank
Treat + Month: and treatment, but the effects
Treat + Month:Bank of treatment do not differ by
bank
5 Month x Bank x Treat ~ Cover change differs by bank

and treatment, and the effect
of treatment differs by bank



6 Journal of Animal Ecology

NOWICKI ET AL.

significantly contributed to model fit (Anderson, 2007; Anderson &
Burnham, 2004). Model selection, model averaging and multi-model
inference differ from traditional frequentist statistics that rely on p-
values (which are problematic in their binary treatment of ‘significant’
and ‘non-significant’, Halsey, 2019; Hurlbert et al., 2019). Instead,
this increasingly popular information-theoretic approach to infer-
ence compares competing models which represent ‘multiple working

TABLE 2 Initial cover and absolute and relative changes
in percent cover of Amphibolis antarctica, Halodule uninervis
and benthic macroalgae over the course of the experiment.
SE = standard error

hypotheses’ (Chamberlin, 1890) using Akaike's information criterion,
or AIC (Anderson, 2007), and allows for information to be integrated
between competing models to make inferences with gradients of ev-
idence rather than a hard threshold (model averaging). This approach
is particularly useful when several models perform similarly well and is
useful because it recognizes that even suboptimal models may include
valuable information about parameters (in this case, month since start,
treatment and bank).

3 | RESULTS

Of the 30 plots established, 29 remained intact for at least 12 months

Initial Final % relative and were retained for analysis; 23 remained intact until the experi-
cover SE cover SE change X
ment's end. Destroyed plots were compromised mostly by small-

Amphibolis antarctica scale physical erosion (blowout) events, and were evenly distributed
Control (all banks) ~ 21.2% 4.3% 16.3% 4.8% -23.1% between treatments (two each in control and intense grazing treat-
Standard (all banks) 24.5% 3.5% 17.3% 4.9% -29.4% ments, three in moderate treatments). All plot losses occurred exclu-
Intense (all banks) 239% 3.2% 124% 3.0% -48.1% sively on the moderately impacted eastern bank.

Halodule uninervis Macrophyte cover declined for all species in all treatments,
Control (all banks) 45.6% 7.0% 35.4% 7.7% -22.4% though the level of decline varied with treatment level. Cover of H.
Standard (all banks) 42.2% 54% 23.3% 6.0% -44.8% uninervis declined fastest under intense simulated herbivory (from

0, 0, H
Intense (all banks) 529% 8.3% 14.4% 17% —72.4% 52.2% to 14.4% over 16 months), followed by moderate herbivory
(42.4% to 23.3%) and slowest under control conditions (45.6% to
Macroalgae
35.4%, Table 2, Figure 4). Interestingly, A. antarctica displayed the
Control (all banks)  5.5% 2.1%  2.5% 1.2% -54.5% ) ; ; )
dard Gl bank same patterns despite not being targeted by grazing; cover declined
Standard (all banks 4.8% 1.1% 29% 09% -39.6% L. .
( ) ? ? ? ? ? from 23.9% to 12.4% in intense grazing treatments, 24.5% to 17.3%
0, 0, 0, [ —_ 0,
Intense (all banks) 4.2% 09% 2.5% 0.5% 40.5% in moderate grazing treatments, and 21.2% to 16.3% in control
A. antarctica H. uninervis Macroalgae
70 70 70
M Moderately impacted bank
60 60 L 60 W Heavily impacted bank

5 50 5 50 5 50

§4o ‘____!—-—l’—" §4o §4o 8

g s0f T gso é 30 ?r—"-
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TABLE 3 Results of model construction and multi-model inference for each macrophyte group. M = month, B = bank, T = treatment.
An interaction of treatment and month (i.e. T:M; bold) indicates an effect of treatment on percent cover over time. Cumulative weight of
all a priori models is included to the right, while below are combined weights of all models including that parameter across the five a priori
models (i.e. the total weight of each model divided by the cumulative weight of all a priori models)

Model parameters

Species M B T B:M M
Amphibolis X X X

Amphibolis X X X X X
Amphibolis X X X X X
Amphibolis X

Amphibolis X X X
Total weights 100.0%  100.0% 62.9% 100.0% 62.9%
Halodule X X X
Halodule X

Halodule X X X X X
Halodule X X X X X
Halodule X X X

Total weights 100.0%  21.9% 76.7% 21.9% 76.7%
Macroalgae X X X

Macroalgae X X X X X
Macroalgae X X X X X
Macroalgae X

Macroalgae X X X
Total weights 100.0%  99.9% 5.6% 99.9% 5.6%

treatments (Table 2, Figure 4). Macroalgae cover remained low and
displayed no sensitivity to grazing treatment (Table 2, Figure 4).

The suite of a priori models performed well as measured by cu-
mulative Akaike weights (Table 3). Indeed, out of all possible model
iterations, the a priori model suite for A. antarctica accounted for
95% of model weight (i.e. all other possible models only received
5% of weights when combined), whereas the H. uninervis and mac-
roalgae model suites received 77% and 83% of all model weights
respectively (Table 3). Among the five a priori models for H. unin-
ervis, an interaction of month and treatment received high support
with 76.7% of total weights, suggesting a real treatment effect of
simulated herbivory on H. uninervis cover over time. Similarly, most
of the weight (62.9%) in the A. antarctica model suite went to mod-
els that included an interaction of month and treatment (Table 3).
Interestingly, though only one of five models included an interac-
tion of month, bank and treatment (indicating that treatment effects
differ by bank), this model was assigned a disproportionately large
amount of weight (33.2%) given to the A. antarctica model suite,
suggesting that treatment effects on A. antarctica may differ by
bank or initial A. antarctica cover (which differed by bank). Indeed,
whereas general seagrass recovery did not occur over the course of
the experiment, A. antarctica cover remained stable in control and
moderate grazing treatments on the moderately impacted eastern
bank where initial cover was higher (Figure 4). Month and bank were
both extremely strong predictors of A. antarctica cover, being repre-

sented in 100% of model weights. Month was similarly important for

Log Cumulative
B:T:M df likelihood AAICc Weight weight
6 171.863 0 35.4% 35.4%
X 12 178.948 0.2 31.5% 66.9%
10 176.348 0.4 28.4% 95.3%
4 140.929 57.4 0.0% 95.3%
143.79 60.8 0.0% 95.3%
33.2%
61.586 0 44.0% 44.0%
4 56.049 2 16.0% 60.0%
X 12 65.014 2.93 10.1% 70.1%
10 61.773 4.42 4.8% 74.9%
6 56.118 6.32 1.9% 76.8%
13.2%
6 245.173 0 78.0% 78.0%
10 246.424 7 2.4% 80.4%
X 12 248.89 7.13 2.2% 82.6%
4 235.629 14.6 0.1% 82.7%
236.37 223 0.0% 82.7%
2.7%

H. uninervis but bank alone was less important, representing 21.9%
of model weights. Models including a treatment:month interaction
on macroalgae received little support, with 5.6% of model weights
(Table 3). Generally, herbivory treatments resulted in declines of
both tropical H. uninervis and the temperate A. antarctica, even
though treatments overwhelming targeted H. uninervis (Figure 4,
Table 2).

4 | DISCUSSION

Our results suggest: (a) predator loss can reduce resilience to ex-
treme climatic events through reducing predation risk to herbivores
and inhibiting recovery from disturbance (treatment effect); (b)
this effect may be mediated by the intensity of initial disturbance
or quantity of plant cover remaining (treatment:bank interaction);
and (c) in transition zones (like subtropical ecosystems), this may
result in behaviourally mediated tropicalization without range ex-
pansions of producers or consumers. By implication, apex predator
loss may in some cases be an important mechanism in governing
the resilience of ecosystems to ECEs by facilitating recovery, one
of the components of resilience (sensu Unsworth et al., 2015).
Indeed, widespread co-occurrence of predator loss and climate
change may provide many opportunities for these two stressors to
interact to exacerbate the impact of climate extremes and to drive

tropicalization.
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4.1 | Impact to climax seagrass

Amphibolis antarctica cover declined generally, but this species'
decline was accelerated under herbivory treatments even though
it was not being targeted by these treatments (Figure 4). With the
exception of anomalously high temperatures (2.3°C) in February
2014, the temperature regime in the study area was similar to long-
term averages over the experimental duration (Nowicki et al., 2017),
suggesting that subsequent heatwaves play at most a minor role in
the continued seagrass loss. Importantly, declines in the control and
moderate herbivory treatments were driven mostly by declines in
the already heavily impacted western bank (Figure 4), suggesting
that these beds are likely more vulnerable not only to top-down con-
trol, but also to general collapse. This also suggests that the strength
of top-down control may be influenced by initial post-disturbance
seagrass cover. Indeed, the A. antarctica beds most heavily affected
by the initial disturbance continued to break up over the course
of this experiment across the study system (Nowicki et al., 2017),
which would explain the loss of A. antarctica in those control plots.
Unfortunately, we cannot unequivocally attribute this potential in-
teraction between treatment effect and bank to initial seagrass den-
sity alone. Nonetheless, these results suggest that the vulnerability
of plant communities to post-disturbance herbivory (and therefore
predator loss) likely interact with disturbance severity. This has im-
plications for the spatial component of seagrass recovery, since sea-
grass loss was spatially heterogeneous (Strydom et al., 2020).

Amphibolis antarctica is a late successional seagrass species with
recovery rates that span years to decades following large losses,
and recovery of dense seagrass habitats has been slow both in the
study area and in Shark Bay generally (Bayliss et al., 2019; Nowicki
et al.,, 2017). The pace of A. antarctica decline in our treatments
(i.e. 30%-50% relative losses over 16 months) implies that loss of
tiger shark predation risk could quickly drive reinforce tropical-
ization towards a structurally simplified tropical seagrass commu-
nity. The capability for dugong excavation to generate such shifts
has been demonstrated elsewhere (e.g. Aragones & Marsh, 1999;
Preen, 1995). The mechanism for such decline hinges on the estab-
lishment of mixed species plant assemblages that differ in distur-
bance tolerance, as well as destructive herbivore feeding methods
(i.e. incidental destruction during foraging). As such, recovery of
A. antarctica via seedling establishment may result in a high rate of
recruitment failure if such seedlings establish in tropical or mixed
seagrass beds, further inhibiting recovery in the absence of preda-
tion risk.

4.2 | Impact to pioneer seagrass and benthic
macroalgae

Whereas macroalgae do not play a dominant role in the post-
disturbance macrophyte community of Shark Bay, tropical sea-
grasses are becoming more common across the study system since

the heatwave (Nowicki et al., 2017). Herbivory treatments had

strong effects on H. uninervis cover (Figure 4), but this is unlikely to
facilitate A. antarctica recovery for several reasons. First, H. unin-
ervis is a disturbance tolerant seagrass with a dormant seed bank
and fast expansion rates (Larkum et al., 2007) that can recolonize
rapidly following grazing (weeks to months, Preen, 1995, Nakaoka &
Aioi, 1999, Aragones & Marsh, 1999, also see dynamics in Figure 4).
Second, many herbivores (including dugongs) revisit sites to feed
after vegetation recolonization occurs (e.g. Bjorndal, 1980; De
longh et al., 2007; Preen, 1995), which would spur additional inci-
dental loss of A. antarctica. Finally, H. uninervis declined in all plots,
including control plots, despite expanding systemwide (Nowicki
et al., 2017), suggesting that declines were at least partially driven
by patch migration (Walker et al., 2007) out of plots. Indeed, plots
were established non-randomly in areas of initially high H. uninervis
cover, and a prior herbivore exclosure experiment performed near
our own noted high variability in H. uninervis shoot densities within
plots over 600 days (Burkholder, Heithaus, et al., 2013). Importantly,
patch migration may actually accelerate dugong-mediated loss of
remaining sparse A. antarctica if H. uninervis migrates through dam-
aged A. antarctica beds and attracts dugong excavation grazing to
them. Thus, early successional seagrasses are likely to persist and
continue to attract destructive excavation grazing to degraded
beds of A. antarctica.

Because we used a naturally occuring extreme event opportu-
nistically to perform our experiment, estimates of predation risk
and dugong density had to be parameterized with pre-heatwave
data. Fortunately, six lines of evidence suggest that the funda-
mental mechanisms responsible for the pre-decline behaviourally
mediated trophic cascade that typifies the study system (Heithaus
et al., 2012) remain robust. First, the abundance of tiger sharks and
the risk-sensitive habitat use patterns of remaining dugongs remain
the same as before 2011 (Nowicki et al., 2019), indicating predation
risk remains an important structuring mechanism to enhance post-
disturbance stability of A. antarctica beds. Second, while dugong
abundances declined by two thirds in the study system between the
pre-disturbance period and 2014 (Nowicki et al., 2019), this trend
the product of temporary emigration and reduced calf fecundity im-
mediately after the event, rather than mass mortality, and is there-
fore fairly quickly reversible. Indeed, mass dugong mortality results
in widespread dugong strandings (e.g. Great Barrier Reef Marine
Park Authority, 2014; Preen & Marsh, 1995), neither of which were
observed nor reported in Shark Bay, including by fisheries staff and
wildlife tour operators that spend hundreds to thousands of hours
per year navigating the bay (B. Francis of Department of Primary
Industries and Regional Development [DPIRD], and Monkey Mia
Wildsights [MMW], pers. comm. Oct 2019). Instead, a lack of dugong
calves were reported following the heatwave both from operators
on the water and from aerial surveys (Bayliss et al., 2019; DPIRD
and MMW pers. comm. Oct. 2019), indicating that population-level
effects were likely most caused by emigration and reproductive failure.
Indeed, dugongs regularly move hundreds of kilometres and immi-
grate to alternative foraging locations following seagrass loss, includ-

ing between Shark Bay and Ningaloo Reef several hundred kilometres
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to the North (Gales et al., 2004; Hodgson, 2007; Holley et al., 2006;
Sheppard et al., 2006). Third, dugongs retain a spatial memory of
productive seagrass habitat and return to disturbed habitats once
tropical seagrasses recover (Gales et al., 2004; Hodgson, 2007;
Holley et al., 2006; Marsh & Lawler, 2001; Preen & Marsh, 1995;
Sheppard et al., 2006). Such recovery has been underway in Shark
Bay since 2014 (Bayliss et al., 2019; Kendrick et al., 2019; Nowicki
et al., 2017) and both fisheries officers and wildlife tour operators
have reported returns to pre-heatwave dugong densities since 2016
(DPIRD and MMW, pers. comm. Oct. 2019). Fourth, aerial surveys
undertaken in 2018 indicate that dugong densities within Shark Bay
are once again similar to pre-heatwave levels both in Shark Bay and
Ningaloo reef (Bayliss et al., 2019), even though A. antarctica recov-
ery has not kept pace. Fifth, the strongest predictor of dugong abun-
dance from the 2018 surveys was the presence of sparse seagrass
beds (Bayliss et al., 2019), which are the exact habitats of relevance
to the present study. All of this evidence supports our inferences
that dugong population recovery has occurred before A. antarctica
recovery and that the density estimates used in this experiment are
robust. Finally, dugongs can exert strong top-down control quickly
upon their return, denuding even dense seagrass beds in a matter of
weeks (e.g. Masini et al., 2001; Preen, 1995). Because A. antarctica
will take years to decades to recover (Bayliss et al., 2019; Kendrick
et al., 2019; Nowicki et al., 2017), we are confident that our results
are relevant to Shark Bay's current state, and that predation risk is
likely to remain a relevant driving mechanism in the recovery or trop-

icalization of this system.

4.3 | Implications for the loss of resilience and
tropicalization

Extreme climatic events can cause dramatic and abrupt changes
to ecosystems, including tropicalization (e.g. Vergés et al., 2014;
Wernberg et al., 2013). Most studies of marine tropicalization, how-
ever, have focused either partially or entirely on range expansions
of primary producers or consumers, which can generate novel spe-
cies interactions (e.g. Bennettetal., 2015; Heck et al., 2015; Hyndes
et al., 2016; Ling et al., 2009; Pecl et al., 2017; Vergés et al., 2014,
Zarco-Perello et al.,, 2017). This is also true among studies that
focus on the role of predator-prey interactions in tropicalization
(e.g. Ling et al., 2009, but see Bonaviri et al., 2017). Here, we show
evidence that climate change can promote tropicalization without
range expansions of novel species. Instead, the tropicalization of
Shark Bay would be amplified by a combination of loss of predation
risk and differential climate vulnerability of already co-occurring
foundation species (i.e. response diversity). Such conditions would
be expected in areas where biome ranges overlap (e.g. subtropical
ecosystems), and where predator populations have been reduced.
This mechanism of tropicalization should be explored elsewhere
and incorporated into a more general framework to predict ecosys-
tem responses to ECEs, and how predator loss may mediate those

responses.

Whereas predator loss and climate change are both global threats
to the functional integrity and resilience of ecosystems, the temporal
and spatial scales at which these two stressors can be functionally
addressed differ greatly. Management at local and regional levels for
ecological resilience may be key to preventing catastrophic phase shifts
and tropicalization while long-term action is taken on climate change
(e.g. DeYoung et al., 2008). Conservation and restoration of top pred-
ators and the ecological resilience they can impart may be a critical
(if ambitious) short-term strategy to reduce the impacts of ECEs as
governments move to address climate change directly. Though it re-
mains unclear how widely predation risk may grant such resilience, the
widespread co-occurrence of apex predator loss and climate change
suggests broad potential for interaction. More work is needed to deter-
mine the ecological conditions under which predator restoration is most
likely to yield measurable increases in resilience to ECEs generally. This
strategy of climate resilience through predator restoration is likely to be
most effective in systems with highly iteroparous herbivores (such as
Shark Bay), which are likely to invest highly in anti-predator behaviour
(Clark, 1994) and thus propagate behaviourally mediated trophic cas-
cades. Indeed, such a strategy for local resilience to climate extremes
may become increasingly important as megafauna restoration efforts
such as those for the herbivorous green turtle Chelonia mydas continue
to succeed (Heithaus et al., 2014). Without a concomitant effort to also
restore the predators of these herbivores, the resilience of communi-
ties to future climate disturbances and ensuing tropicalization may be
reduced. Identifying the conditions under which predator effects are
most likely to yield increased resilience to ECEs and tropicalization will
be critical to determining the potential effectiveness of predator res-
toration as a technique to increase ecological resilience and maintain

ecological function in an increasingly extreme world.
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