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John C. Strohman’ and Megan M. Wallen’
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As demands for wildlife tourism increase, provisioning has become a popular means of
providing up-close viewing to the public. At Monkey Mia, Shark Bay, Australia, up to five
adult female Indo-Pacific bottlenose dolphins (Tursiops aduncus) visit a 100 m stretch
of beach daily to receive fish handouts. In 2011, a severe marine heatwave (MHW)
devastated seagrass and fish populations in Shark Bay. Offspring survival declined
precipitously among seagrass specialists (dolphins that forage disproportionately in
seagrass habitat). As all provisioned dolphins at the site are seagrass specialists, we
examined how provisioned and non-provisioned seagrass specialists responded to the
MHW. Using 27 years of data we compare habitat use, home range size, calf mortality,
and predation risk between provisioned and non-provisioned females and their offspring
before and after the MHW. Our results show that provisioned females have extremely
small home ranges compared to non-provisioned females, a pattern attributable to their
efforts to remain near the site of fish handouts. However, weaned offspring (juveniles)
born to provisioned females who are not provisioned themselves also had much smaller
home ranges, suggesting a persistent maternal effect on their behavior. After the MHW,
adult females increased their use of seagrass habitats, but not their home range size.
Provisioned females had significantly lower calf mortality than non-provisioned females,
a pattern most evident pre-MHW, and, in the first 5 years after the MHW (peri-MHW,
2011-2015), calf mortality did not significantly increase for either group. However, the
ecosystem did not recover, and post-MHW (2016-2020), calf mortality was substantially
higher, regardless of provisioning status. With few survivors, the impact of the MHW
on juvenile mortality post-weaning is not known. However, over three decades, juvenile
mortality among offspring of provisioned vs. non-provisioned females did not statistically
differ. Thus, the survival benefits accrued to calves in the provisioned group likely cease
after weaning. Finally, although shark attack rates on seagrass specialists did not change
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over time, elevated predation on calves cannot be ruled out as a cause of death post-
MHW. We discuss our results as they relate to anthropogenic influences on dolphin
behavioral plasticity and responses to extreme climate events.

Keywords: wildlife provisioning, bottlenose dolphins, plasticity, marine heat wave, extreme climate events,

specialization

INTRODUCTION

Anthropogenic impacts on wildlife are exacerbated indirectly
by climate change and extreme climate events (Harris et al.,
2018), and directly through noise, chemical pollution, habitat
destruction and loss, direct harvesting - and by tourism
(Shannon et al., 2016; Johnson et al., 2017; Trave et al., 2017).
At the same time that human disturbance is becoming more
pervasive, interest in close viewing of and contact with wildlife
continues to rise. Nature-based tourism and recreation accounts
for 11% of global GDP and 10% global employment (World
Tourism Organisation, 2018), at least before the COVID-19
pandemic which has placed 100-120 million jobs at risk (World
Tourism Organisation, 2020).

One way wildlife tourism can virtually guarantee up-close
experiences is through provisioning. However, provisioning
has well-documented costs to wildlife including increased
intraspecific and human-directed aggression, decreased home
ranges (Orams, 2002), altered community compositions (Brena
et al., 2015), altered behavioral budgets (Samuels and Bejder,
2004; Foroughirad and Mann, 2013), increased risks of injury
and entanglement (Christiansen et al., 2016), and increased
stress, disease, and health risks (Becker et al, 2015; Murray
et al., 2016; Cox and Gaston, 2018; Strandin et al., 2018; Nelson
et al., 2019). Benefits to wildlife from provisioning, particularly
increased survival and reproduction, have also been documented,
but such benefits are less common when provisioning occurs for
tourism rather than for conservation (Murray et al., 2016). One
cost shared by humans and wildlife is that with elevated contact
comes accelerated risk of zoonotic and anthroponotic infectious
diseases (Ahmad et al., 2020; Everard et al., 2020). But, human
benefits such as enhanced nature experiences and economic
benefits are well documented (e.g., Cox and Gaston, 2018).
Wildlife tourism, strengthened by provisioning, can also protect
areas by reducing pressure on local communities to engage in
development, resource extraction or other types of exploitation
in favor of supporting the tourism industry (Yamagiwa, 2010;
Maréchal et al., 2016).

While nature-based tourism spans all ecosystems, coastal
marine areas are arguably among the most threatened by
such activities (Lusseau and Mancini, 2018). Furthermore,
marine wildlife tourism has additional challenges given the
unpredictability of wildlife encounters at sea, especially when
targeting highly desirable charismatic megafauna (marine
mammals, turtles, rays, and sharks), objectives which incentivize
provisioning when possible (Brena et al., 2015). In addition to
dolphins, sea turtles (Smulders et al., 2021), sharks and rays
(Brena et al., 2015) are commonly provisioned to promote
interactions with tourists. Wild dolphins are provisioned at

four sites in Australia through special permit (Environment
Protection and Biodiversity Conservation Act, 1999), most
famously, at Monkey Mia, Shark Bay in Western Australia, where
up to five female adult Indo-Pacific bottlenose dolphins (Tursiops
aduncus) visit a 100 m stretch of beach daily to receive fish
handouts. Here we explicitly examine the interaction between
direct anthropogenic activities (i.e., provisioning) and indirect
anthropogenic effects (i.e., climate change and extreme heat
events) on wild bottlenose dolphins at Monkey Mia, Shark Bay.

Specifically, we argue that although provisioning, when
carefully managed, can benefit humans and dolphins alike, it
also has marked impacts on dolphin activity, ranging behavior
and habitat use, with long-lasting maternal effects, thereby
constraining the provisioned dolphin’s ability to respond to
dramatic ecological changes caused by extreme climate events.
This is particularly evident when their primary foraging habitat
is severely damaged.

In the early years (<1994) of provisioning at Monkey Mia,
deleterious impacts in terms of female calving success were
well documented (Mann et al., 2000; Mann and Kemps, 2003).
Following management changes in feeding protocols, calving
success increased, although behavioral differences between
provisioned females and their offspring and non-provisioned
counterparts persisted (Foroughirad and Mann, 2013). Most
prominently, calves born to provisioned females rested less,
had less nursing access, and foraged and separated more
from their mothers than calves of non-provisioned females.
However, provisioned adult females had similar behavioral
activity budgets to non-provisioned females when they were away
from the human interaction area. At another provisioning site,
in Bunbury, Western Australia, female calving success was also
negatively impacted by provisioning (Senigaglia et al., 2019),
presumably from harmful interactions with humans (such as
boat begging), rarely engaged in by non-provisioned dolphins
(Mann et al., 2018). At the third bottlenose dolphin site, in
Tangalooma, Australia, calf survival was reported to be 100% with
few deleterious impacts of provisioning (Neil and Holmes, 2008)
other than aggressive behavior toward humans (Orams et al.,
1996). Yet, some mortality in Tangalooma has occurred since
the 2008 paper was published, and the non-provisioned dolphins
have not been closely monitored for comparison. Finally, at
Tin Can Bay in Queensland, where a different species, the
Australian humpback dolphin (Sousa sahulensis) is provisioned,
few empirical studies on the effects of provisioning are published
(Barber, 2016). As demonstrated by studies at Monkey Mia,
long-term data can inform best practices for provisioning; the
successes of Monkey Mia resulted in changed protocols at
Tangalooma and Bunbury. Our current study utilizes this long-
term data to examine whether provisioned animals and their
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offspring are more resilient or vulnerable to environmental
perturbations caused by climate change.

Extreme climate events, such as marine heat waves (MHW3s),
have increased in recent years as predicted by global climate
change models (Oliver et al., 2018). In 2011, a catastrophic MHW
with sustained temperatures 2-5°C above average devastated
seagrass communities in Shark Bay, Australia, constituting the
single largest acute loss of seagrass biomass in recorded history
(Strydom et al., 2020). With profound loss of foundational
species, other fauna suffered, including fish, invertebrates, green
turtles, sea snakes, dugongs and bottlenose dolphins (Wernberg
et al.,, 2013; Miketa, 2018; Caputi et al., 2019; Nowicki et al.,
2019; Wild et al., 2019). Apex predators in particular might
be both diagnostic and biotic multipliers of the impacts of
extreme climate events due to the extent of their interactions and
effects on other species (Nowicki et al.,, 2019). However, tiger
shark abundance was not affected by the MHW, even though
their primary prey, sea snakes, green turtles and dugongs, were
severely impacted (Nowicki et al., 2019). As tiger sharks are the
only predator known to threaten bottlenose dolphins in Shark
Bay (Heithaus, 2001a,b), we hypothesized that the reduction in
preferred prey of tiger sharks could result in an increase in
the attack rate on bottlenose dolphins, as evidenced by fresh
wounds and scars.

Although entire populations may be impacted by catastrophic
events and climate change, individuals can also be affected
differently depending on their ecological niche, behavioral
phenotype, and plasticity. But, the longitudinal data that are
necessary for studying such intraspecific responses are scarce
(Canale and Henry, 2010; Jenouvrier, 2013; Boutin and Lane,
2014; Lescroél et al., 2014; Merrick and Koprowski, 2017).
Bottlenose dolphins, which we have studied in Shark Bay since
1984, show diverse foraging tactics that are socially inherited,
primarily from the mother to offspring (Mann and Sargeant,
2003; Sargeant et al., 2007; Mann et al., 2008; Sargeant and Mann,
2009). Given such heterogeneous phenotypes, longitudinal data
on Shark Bay dolphins can demonstrate how individuals are
differentially affected by extreme climate events. To date,
evidence suggests that dolphins specializing in seagrass habitats
were more heavily impacted by the MHW. Research (Miketa,
2018) in the eastern gulf of Shark Bay compared responses of
dolphins to the MHW among dolphins classified by 3 foraging
types: (1) seagrass specialists (those that use seagrasses for
foraging more than expected based on seagrass availability);
(2) dolphins that specialize in foraging with sponge-tools and
are restricted to deeper channel habitats with little seagrass
(Mann et al., 2008); and (3) those that do not specialize in
seagrass habitats nor sponge tool-use. Initially, following the
MHW, most dolphins spent more time in seagrass habitat
and appeared to have higher foraging success, possibly taking
advantage of less-dense seagrass where locating and capturing
fish might be easier (Miketa, 2018). In the western gulf of
Shark Bay (Wild et al, 2019), dolphins that used shallower
habitats (<10 m) had elevated mortality, although this study
did not focus on seagrass specialists per se. Wild et al
(2019) suggested that sponge-tool-users, which use deeper
waters, averaging >10 m, might have been protected from

the negative impacts from the MHW because they rarely use
seagrass habitat.

Despite extensive literature on the impacts of provisioning
on wildlife, little or no research is available on how provisioned
animals respond to extreme environmental change. Delphinids
in particular, which have slow life histories, are known for their
diverse behavior and plasticity (Patterson and Mann, 2015);
longitudinal research is particularly critical for understanding
impacts in such systems. Our 37-year study of Shark Bay
bottlenose dolphins (Tursiops aduncus, hereafter “dolphins”)
provides an ideal means to investigate how behaviorally
plastic animals, provisioned by humans, respond to extreme
environmental perturbations.

Goals of the Current Study

Given that all of the dolphins provisioned at Monkey Mia
are seagrass specialists, we investigated whether provisioning
provided a protective buffer to these dolphins from the
environmental impacts of the MHW or if it constrained their
ability to respond to the cascading environmental impacts caused
by the MHW. To do this, we compare home range size, degree
of foraging specialization, and offspring survival and spatial
ecology of provisioned and non-provisioned dolphins to examine
how they responded to the catastrophic MHW events and the
resulting habitat devastation. We focused heavily on home range
and habitat use as these are critical elements of a species’ ecology,
and determinative of resources that individuals have access to.
We restricted our comparisons to provisioned dolphins and non-
provisioned dolphins that have the same foraging specialization
(foraging in shallow seagrass habitat) and overlapping home
ranges. We also examined the long-term impacts of provisioning
on the foraging and spatial ecology of their offspring because
our previous work demonstrates strong vertical transmission of
foraging behavior and ecology (Mann et al., 2008; Sargeant and
Mann, 2009), which has implications for individual plasticity in
response to environmental change.

Here we are explicitly interested in provisioned and non-
provisioned seagrass specialists, and how the MHW differentially
impacted them. We ask the following questions: (1) What impact
does provisioning have on dolphins’ spatial ecology, including
that of their non-provisioned offspring? (2) How were seagrass-
specialist dolphins impacted by the MHW and were provisioned
dolphins, a subgroup of seagrass specialists, differently affected?
(3) What was the nature of these impacts on provisioned and
non-provisioned dolphins in terms of survival, reproduction, and
spatial ecology? (4) Were the impacts cumulative during the
10 years post-MHW or was there evidence of recovery? (5) What
other ecological factors likely contributed to these impacts (e.g.,
prey and predation)?

MATERIALS AND METHODS

Study Site

Since 1984, The Shark Bay Dolphin Research Project has collected
behavioral, demographic, genetic, and ecological data on over
1,700 wild Indo-Pacific bottlenose dolphins (T. aduncus) in
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Shark Bay, Western Australia (25°47’S, 113°43'E). Shark Bay is
a UNESCO World Heritage Site with extensive seagrass beds and
a stable dolphin population (Manlik et al., 2016), characterized
by bisexual philopatry (Tsai and Mann, 2013). Our study site
is located within the Faure Sill region of Shark Bay, which
experienced a 20% total reduction in seagrass cover from 2010
to 2014, with even higher losses in localized regions based on
the fine-scale duration and extent of heat stress experienced
(Strydom et al., 2020). The area has shown little recovery to date
(Strydom et al., 2020).

Surveys

Surveys are opportunistic boat-based observations of dolphins in
which group membership, predominant activity, and ecological
data (habitat type, sea surface temperature, and water depth) are
recorded via scan sampling (Karniski et al., 2015). Individual
dolphins are identified by dorsal fin shape, nicks, and other
markings (Photo ID, Wiirsig and Jefferson, 1990; Bichell et al.,
2018). Ages are determined by known birth date (Mann et al,
2000), degree of ventral speckling (Krzyszczyk and Mann, 2012),
or body size. Dolphin sex is determined by sightings of the
genitals, persistent close association with a dependent calf, and/or
genetically (Mann et al., 2000; Kriitzen et al., 2002). Age, sex,
and maternal kinship are known for all dolphins in the current
study. Surveys are the primary means of determining home
range, habitat use, life history traits, and predation risk, but
other observational data from focal follows (Karniski et al., 2015)
also contribute.

Description of Provisioning Site

Monkey Mia is the longest-running provisioning site for wild
bottlenose dolphins in the world. Dating as far back as the 1960s,
at least 14 adult dolphins have regularly visited the shores of
Monkey Mia, Shark Bay, to accept fish hand-outs and touching
from fishers and tourists standing in knee-deep water (Mann
et al., 2000; Mann and Kemps, 2003; Foroughirad and Mann,
2013). Several adult males were fed until their deaths in 1989,
after which the Department of Parks and Wildlife (Division of
the Department of Biodiversity and Attractions, DBCA) changed
this policy to prohibit male feeding because of elevated aggression
toward humans and other dolphins. Since 1994, dolphins are
limited to 2 kg of fish per day (typically less to keep the amount to
<10% of their predicted daily intake), touching is prohibited, and
no more than five adult females from the same three matrilines
are part of the program at any given time.

The current provisioning practices at Monkey Mia are strict
and involve detailed protocols. The area where provisioning
takes place (the dolphin experience area) is approximately
100 m x 40 m with a jetty adjacent to the provisioning site. Each
morning, when the provisioned dolphins typically come into the
experience area, DBCA rangers give a ~20 min presentation
before the feeding. Each provisioned female lines up at a different
bucket, managed by DBCA volunteers (Figure 1). Most feeding
sessions provide 2-3 fish per female and finish in less than 5 min.
Feedings are restricted to three per day and cannot occur after
noon (Mann et al.,, 2018). Non-provisioned dolphins, including
nursing and weaned offspring of the provisioned dolphins also

visit the area, but are not fed and typically socialize, rest, or forage
nearby. During the course of this study (1994-2020), three adult
females, all born to provisioned females, were newly recruited to
the provisioning program. Two were introduced to the program
and began taking fish regularly when they had their first offspring
(both pre-MHW). One female, the 18-year-old daughter of a
provisioned female, was recruited to the provisioning program
in 2016 after she had three offspring (two died pre-weaning, one
survived). She is the only female who was not provisioned for a
substantial portion of her adult years. She is included in the non-
provisioned adult sample prior to 2016 and in the provisioned
sample after 2016. No juvenile dolphins (4-10 years of age) were
provisioned during the course of the study.

Adult Females for Analysis

Because all six provisioned adult females in our sample are
seagrass specialists (defined as those that use seagrass greater than
expected based on the availability of seagrass habitat) and seagrass
specialists were presumably most impacted by the MHW, our
non-provisioned comparison group includes adult females that
met three criteria: (1) they were observed on at least 35 days
before the MHW; (2) they overlapped in home range with the
provisioned group by 50% or more; and (3) they were also
seagrass specialists before the MHW (see home range section
for details). Out of 165 potential females who met our sighting
requirement, 21 non-provisioned adult (>11 year-old) female
seagrass specialists met all three criteria.

Marine Heat Wave Time Periods

Our analyses were divided into three time periods: before the
heat wave, pre-MHW (1994-2010); the first 5 years after
the heat wave, peri-MHW (2011-2015); and 6-10 years after the
heat wave, post-MHW (2016-2020). These time periods were
delineated based on the change in feeding protocols at Monkey
Mia in 1994 (Foroughirad and Mann, 2013) and the expectation
that the impact of the MHW might not be immediate given
this species slow life history (e.g., the average weaning age is
4 years; Mann et al., 2000; Karniski et al., 2018). Previous work
did not find higher calf mortality in the immediate aftermath of
the MHW, but reported a lower calving rate (Wild et al., 2019)
which can reflect a combination of reproductive or demographic
changes including calf mortality, prenatal loss, conception rate,
or weaning age. Calves who were under 1 year of age when the
MHW hit were considered to be in the peri-MHW group.

Home Range

Home ranges were constructed for all females that had a
minimum of 35 sightings before the MHW (Supplementary
Figure 1) using the R package adehabitatHR (Calenge, 2006).
Location data were filtered to include only the last point per
day per individual to increase independence between points
and reduce biases associated with sighting individuals near
our boat launching location (near the dolphin interaction
area). Home ranges were measured using kernel utilization
distributions (UDs) across 250 m x 250 m grid cells. The
smoothing parameters were set to the default ad hoc reference
bandwidth values (Worton, 1989, 1995) calculated independently
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FIGURE 1 | The location of the study site and provisioning scene. (A) Landsat-8 imagery of the study site from June 2015 courtesy of United States Geological
Survey. (B) Map of the study area showing the extent of seagrass beds before and after the MHW. The boundaries of the study area represent the intersection of the
minimum convex hulls around all survey effort during each time period (ore-MHW, 1994-2010; peri-MHW, 2011-2015; post-MHVV, 2016-2019). The dotted black
line represents the area of available habitat for dolphins in our study. The provisioning site is shown by the yellow circle located at S 25° 47’ 52.4", E 113° 43’ 12.9".

(C) Image from a feed in 2015, Photo Credit: Ewa Krzyszczyk.
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for each individual [h,f median (interquartile range) = 1,018 m
(435-1,311 m)]. A simplified boundary derived from a portion
of the coastline was included as a barrier (Benhamou and
Cornélis, 2010). Any remaining land area was removed from
all final UDs and the probability densities of each UD were
restandardized to 1. We then used 95% kernel density estimates
to calculate Bhattacharyya’s affinity index between each non-
provisioned female and each of the six provisioned females to
measure home range similarity (Fieberg and Kochanny, 2005).
We then selected only those non-provisioned females that had
an average overlap coefficient with the provisioned females of
0.5 or greater as our comparison group. This ensured that
the comparison group experienced the same habitats damaged
by the MHW as the provisioned dolphins. Seagrass habitats
experienced varying degrees of damage depending on the
location (Strydom et al., 2020).

To compare home range sizes before, during, and after the
MHW, we recalculated home range size for these individuals

with a minimum of 35 sightings as adults per time period,
so not all females were included in every time period. For
the pre-MHW period, we only used data from the 5 years
immediately prior to the heatwave (2005-2010) so that the size
of the total ranging area would not be biased upward by the
longer time period. Because home range size measurements are
sensitive to sample size (Noonan et al., 2019), for individuals
with greater than 35 sightings, we estimated home range
size by averaging the size of home ranges created from
randomly sampling 35 sightings, 100 times, per dolphin. Land
was removed from all final home range estimates. We also
removed sightings of females when they were in consortships
with adult males. During these events, males tend to escort
females away from their core home range (Wallen et al,
2016). We compared home range sizes between females using
a linear model in R (R Core Team, 2020) including time
frame (pre, peri, and post), provisioning status, and their
interaction as predictors.
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Until 2018, we did not conduct surveys within 800-1,000 m
of the dolphin experience area and bordering waters as we would
end up sampling the provisioned dolphins nearly every morning
when they are near the experience area. As such, given that they
spent much of their day in and around that area, our habitat
analyses likely overestimate the amount of time the dolphins
spend away from the provisioning area prior to 2018.

To examine the long-term impacts of provisioning on
offspring spatial ecology, we compared the home range sizes
of juvenile offspring of the provisioned and non-provisioned
females using the 35 sightings threshold per individual. We
compared range size between all juvenile offspring using a linear
model including sex, provisioning status of the mother, whether
the juvenile was weaned before or after the MHW, and whether
the juvenile survived to age 10.

While we did not have enough data to simultaneously
investigate the interacting effects of age, time period, and
provisioning status on home range sizes throughout the lifespan,
we conducted an additional analysis in which we expanded our
study subjects to include all females in our study site who had at
least 35 sightings both in their juvenile period and in the adult
period (n = 25) to look at the individually-specific patterns of
home range size change with age. Change in home range size was
compared between juvenile and adult non-provisioned females
using a two-sided paired permutation test implemented in the R
package coin (Hothorn et al., 2008).

Selection Ratios for Habitat Use

The core area of the Shark Bay study site is comprised of
embayment plains (5-13 m), shallow sand flats (0.5-4 m),
seagrass beds (0.5-4 m), and bisecting deep channels (7-13 m).
Substrate cover for the shallow water habitats is typically visually
assigned during boat-based surveys, and supplemented with
remote sensing data when visual data is absent due to turbidity,
cloud cover, etc. Total seagrass availability in the study area was
determined using supervised classification of satellite imagery
and bathymetry trained on validation points collected during
boat-based surveys (see Supplementary Material for details). For
this study, individual sightings within the study bounds were
assigned to either seagrass habitat or other based on intersecting
sighting coordinates with habitat spatial layers, and these data
were then compared to total seagrass availability within the study
site by calculating resource selection ratios using Manly’s type II
design (Manly et al., 2002). Habitat use was defined using only
sightings in which the female was observed foraging. Available
habitat can be difficult to delineate, especially for highly mobile
animals such as bottlenose dolphins, since the area over which
they regularly range also represents a form of habitat selection
(O’Brien et al., 2020). Since we were primarily interested in the
area accessible to the provisioned dolphins and those with similar
space use, we first delineated a subsection of our study site as
available by drawing a boundary around all the home ranges
of animals that met our overlap threshold with the provisioned
females, and then adding a small 1 km buffer (Figure 1). As
with the ranging data, selection ratios calculated over the period
of 1994-2010 were used to designate candidate animals for the
comparison group, and then data were subset to only sightings

of those animals as adults from 2005 to 2010 to make all time
periods comparable in length for comparison. Seagrass selection
ratios were calculated for each of the provisioned females and
their comparison group in each time period, and then compared
between these groups using a linear model including time frame
(pre, peri, and post), provisioning status, and their interaction.

Survival Analyses

We examined calf and juvenile survival using Cox proportional
hazards mixed effects models in the package coxme (Therneau,
2015), and plotted Kaplan—-Meier survival curves in the survival
(Therneau and Lumley, 2015) and survminer (Kassambara et al.,
2017) packages in R. Cox PH models are commonly used to
model the effects of multiple covariates on time to event (i.e.,
time to death) data with right-censored observations. Cox PH
mixed effects models allow for the incorporation of random
factors, or “frailty terms,” to control for differences in baseline
mortality hazard between groups (Austin, 2017); here, we used
a random factor to control for differences in baseline hazard due
to maternal ID. We tested the proportional hazards assumption
for each model in the survival package and found no violations.
Offspring of provisioned females and non-provisioned seagrass
specialists born from 1994 to 2019 were included. We excluded
births before 1994 because feeding protocols changed in 1994,
resulting in much higher calf survival; before 1994, significantly
higher calf mortality among provisioned dolphins compared
to non-provisioned is well documented (Mann et al., 2000;
Foroughirad and Mann, 2013).

Individuals were right-censored at the age of interest (age 3
for calf analyses, age 10 for juvenile analyses), or at their age
on January 01, 2020. Survival was analyzed for 79 offspring
(26 born to six provisioned females and 53 born to 18 non-
provisioned females). The offspring of females whose mothers
were provisioned, but are/were not provisioned themselves when
the offspring were born and dependent (nursing), were included
in the non-provisioned sample. One female, who was provisioned
as an adult in 2016, has calves in both the non-provisioned
and provisioned sample. None of the calves in our sample were
provisioned in their juvenile period.

For the calf survival analysis, calves born from January 01,
1994 to July 01, 2010 were considered pre-MHW (N = 16
provisioned; N = 32 non-provisioned), calves born from July
02, 2010 to July 01, 2015 were considered peri-MHW (N =5
provisioned; N = 10 non-provisioned) and calves born after July
01, 2015 were considered post-MHW (N = 5 provisioned, N = 11
non-provisioned).

We constructed a Cox PH model of survival to age three with
MHW category (pre, peri, and post), and mother’s provisioning
status as fixed factors. To evaluate if provisioned and non-
provisioned females were differentially affected by the MHW,
we included an interaction term between MHW category and
provisioning status. Maternal ID was included as a random factor.

Survival to age 10 was analyzed for the same 79 offspring
born to seagrass specialists. Due to high calf mortality, sample
sizes were too limited to analyze juvenile survival across all
three MHW categories. Consequently calves born to provisioned
mothers (N = 26) and to non-provisioned mothers (N = 53) from
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1994 to 2019 were pooled across time periods for analysis. We
constructed a Cox proportional hazards mixed effect model with
provisioning status of mother as a fixed factor and maternal ID as
a random factor.

Birth Rate

We examined calving rate as the number of calves born per year
to females of reproductive age who were sighted in that year. This
allowed us to directly compare our results with previous work by
Wild et al. (2019), which found a decline in calving rate in the
western gulf of Shark Bay after the MHW (2011-2017). Calving
rate is affected by weaning age and prenatal/calf mortality, in
addition to physical condition, and therefore is not necessarily
a good proxy for reproductive success [i.e., when calf mortality is
high, the calving rate increases because females become pregnant
more quickly than if the calf survives to weaning (Mann et al,,
2000)]. We included all females who met our home range overlap
and seagrass selection ratio cutoffs and who were over the age
of 11, regardless of if they had reproduced yet. This resulted
in a sample of six provisioned females and 21 non-provisioned
females, with one female who was provisioned in 2016 included
in both groups. Females entered the sample at the age of 11 or at
their age of first birth, whichever occurred first. We calculated the
number of calves born to all provisioned and all non-provisioned
females in the sample each year in the pre (July 01, 1994 - July
01, 2010), peri (July 02, 2010 - July 01, 2015), and post (July 02,
2015 - July 01, 2020) MHW time periods. All of the females in
this sample have high sighting rates (see “Home Range” section
above). While it is possible that we missed some stillbirths or
calves who died extremely young, we do not expect that to
significantly impact our results. We used a Poisson generalized
linear model to model the number of calves born each year with
MHW time period and provisioning status of the mother as fixed
effects. We included an interaction term between provisioning
status and time period, and the log of the number of females from
our sample who were seen in the year as an offset term to control
for the number of available reproductive females. We calculated
variance inflation factors in the car package (Fox et al., 2012); all
VIF values were below 4, indicating there are no substantial issues
of collinearity. We visually evaluated the model residuals and
formally tested for overdispersion in the AER package (Kleiber
etal., 2020); we found no evidence of overdispersion (p = 0.9).

Shark Bite Rate

The primary threat to Shark Bay dolphins is the tiger shark
(Galeocerdo cuvier), based on lethal attacks (Mann and Barnett,
1999), scarring patterns and prevalence on dolphins (Heithaus,
2001a), and that 94% of large sharks caught during shark fishing
research were tiger sharks (Heithaus, 2001b). Though we cannot
accurately measure lethal predation events due to insufficient
carcass recovery, prior work in Shark Bay suggests that non-lethal
attacks are common; over 74% of non-calf individuals bear scars
from non-fatal shark attacks (Heithaus, 2001a). We therefore
used scarring rates as a proxy for shark predation pressure, which
we hypothesized may have increased following the reduction in
other shark prey species (Nowicki et al., 2019). To investigate
whether shark attack risk had changed following the heatwave,

we estimated the annual probability of non-lethal shark attacks
by documenting fresh shark bites from the appearance of new
scars or open wounds.

Using photographs and written records from 2002 to 2019,
we calculated the rate of non-lethal shark attack per dolphin
per year as a proxy for predation risk. We left-censored the
available records to 2002 to match the beginning of consistent
usage of digital photography. We compared the probability of
observing a fresh shark attack wound each year for each of the
six provisioned dolphins and their offspring up until age 10,
as well as for the non-provisioned seagrass specialists and their
offspring. We compared these probabilities relative to the MHW
using two binomial generalized linear models, one for adults, and
one for offspring which included offspring age as a covariate in
addition to time period and provisioning status. This included 6
provisioned and 18 non-provisioned adult females, with 18 and
21 of their offspring, respectively.

All analyses were conducted
(R Core Team, 2020).

in R version 4.0.3

RESULTS

Home Range Size

Provisioned dolphins had far smaller home ranges
(197 4+ 72 km?) than non-provisioned dolphins

(62.3 £ 29.2 km?) across all time frames (Figure 2 and Table 1).
Juvenile offspring of provisioned dolphins also had much smaller
home ranges than the offspring of non-provisioned counterparts
even though they range independently post-weaning (Figure 3
and Table 2). A paired comparison of non-provisioned female
home range size between the juvenile and adult life stage
showed that individual home range sizes persist into adulthood
(z=1.367, p-value = 0.172, n = 25) (Figure 4). Another indication
that provisioning has pervasive impacts on home range size is
illustrated by the one adult female, Kiya, who was provisioned
at age 18. Her tiny home range from the ages of 10-17 shrunk
to an even smaller size post-provisioning (Figure 5). This is
particularly evident by comparing her to her paternal half-sister,
born the same year, who is also a seagrass specialist, but whose
matriline was never provisioned and who has maintained
a consistent home range approximately 3 times the size of
Kiya’s (Figure 5).

Habitat Use

By definition, all seagrass specialists, including the provisioned
dolphins, had seagrass selection ratios >1.0 before the MHW
(1994-2010), and the degree of seagrass specialization actually
increased over the 3 time periods. Seagrass specialists used
seagrass more both during the peri- and post-MHW periods than
before the MHW (Figure 2 and Table 1). Increased seagrass
selection ratios can be both a function of individuals spending
more time in seagrass, and the total area of seagrass available
being substantially lower following the heatwave. Interestingly,
no female in our sample reduced their seagrass use below the level
required for specialization following the heatwave.
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FIGURE 2 | Home range sizes and seagrass selection ratios for provisioned (n = 6) and non-provisioned (1 = 11) animals in the pre (2005-2010), peri (2010-2015),
and post (2015-2019) seagrass die-off periods. Home ranges and seagrass usage were estimated from averaging the results from 100 iterations of 35 randomly
selected locations per animal. Home range area was derived from 95% contours of kernel utilization distributions, and seagrass selection ratios were determined
using Manly’s type Il design, adjusted for availability post-MHW. Provisioned animals had significantly smaller home ranges than non-provisioned (g = -55.07,
p =0.001). All animals had higher seagrass selection ratios in the peri and post eras relative to pre-MHW (§ = 1.11, p < 0.024).

TABLE 1 | Home range size and seagrass selection ratios for provisioned and non-provisioned females in the pre-MHW (2005-2010), peri-MHW (2010-2015), and

post-MHW (2015-2019) time frames.

Home range size

Seagrass selection ratio

Predictors Estimate Std. error t-value p-value Estimate Std. error t-value p-value
(Intercept) 7718 10.38 7.44 < 0.001 2.53 0.37 6.92 < 0.001
Provisioned —55.07 14.67 -3.75 0.001 -0.28 0.52 —0.54 0.596
Time frame [Peri] —16.69 13.23 —1.26 0.217 0.89 0.47 1.92 0.065
Time frame [post] —22.36 13.23 —1.69 0.101 1.1 0.47 2.38 0.024
Provisioned [Y] * Time frame [peri] 13.84 19.76 0.7 0.489 1.48 0.7 2.12 0.042
Provisioned [Y] * Time frame [post] 18.14 19.76 0.92 0.366 1.38 0.7 1.98 0.057
R? adjusted 0.440 0.499

Statistically significant values are indicated in bold.

TABLE 2 | Juvenile home range size is significantly correlated with maternal
provisioning status, indicated in bold.

Juvenile home range size (km?)

Predictors Estimate Std. error t-value p-value
(Intercept) 28.33 22.67 1.25 0.221
Mother provisioned —28.69 11.15 —2.57 0.015
Sex [Male] 13.32 11.43 1.16 0.253
Survived [Y] 25.23 18.15 1.39 0.174
Weaned [pre-MHW] 19.56 12.58 1.55 0.13
R? adjusted 0.195

Survival

Calves

Overall, calves born to provisioned mothers had higher
survival than calves born to non-provisioned mothers (hazard
ratio = 0.20, p = 0.031) (Figure 6A and Table 3). Regardless of
provisioning status, there was a decline in survival post-MHW
(HR = 3.72, 0 = 0.003), but not in the immediate aftermath

of the MHW (peri-MHW, p = 0.640). That is, it was several
years before the ecological effects of the MHW impacted female
reproduction. We did not find evidence of an interaction effect
between MHW time period and provisioning status. Calving rate
did not differ across time periods (Poisson GLM; peri-MHW:
p = 0.875, post-MHW: p = 0.843) or by provisioning status
(p = 0.737; Supplementary material).

Juveniles

Across the whole study period, survival to age 10 did not differ
between those born to provisioned and non-provisioned females
(p = 0.09, Figure 6B and Table 3). This result holds when
analyzing the effect of maternal provisioning on calves who were
atleast 3 years old, and likely weaned (i.e., likely juveniles), before
the MHW (calves born between January 01, 1994 and July 01,
2007, p = 0.29, Supplementary Table 1). As survival to age three
was higher for provisioned animals in the same time period, these
results suggest that the benefits of provisioning do not persist
after weaning. Due to low calf survival post-MHW, and the fact
that the few surviving calves born in the post-MHW period are
currently under 3 years of age, we did not have sufficient sample
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FIGURE 3 | Home range sizes for juvenile offspring (weaning to age 10) of
provisioned (Norrspring = 15) and non-provisioned (Noffspring = 21) females who
were also seagrass specialists. Offspring of provisioned mothers had
significantly smaller home ranges (8 = -28.69, p = 0.015). There were no
significant effects of sex, survival status, or whether the offspring was weaned
before or after the MHW.

size or time frame to examine the effects of MHW time period on
juvenile survival.

Shark Bite Rates

We documented 89 unique shark injuries sustained by seagrass
specialists and their offspring between 2002 and 2019. Mean
annual probability of receiving a non-lethal wound was slightly
higher among adults (provisioned = 0.247 bites/year, non-
provisioned = 0.213 bites/year), than among their calves
and juvenile offspring (provisioned = 0.180 bites/year, non-
provisioned = 0.141 bites/year) likely because attacks may have
been more lethal to younger dolphins. We found no significant
differences in the probability of sustaining a shark injury
between provisioned and non-provisioned adults (Table 4),
or their offspring (Table 5), and no significant changes
associated with the MHW.

DISCUSSION

To our knowledge, this is the first study to compare how
provisioned and non-provisioned wildlife respond to extreme
climate events and habitat devastation. Given individual variation
within a population, longitudinal studies are the best way to
document the social, ecological, and demographic impacts of
climate events and individual resilience. As these events become

more frequent, research such as that presented here can help
guide management practices and mitigation. This is particularly
important for marine taxa, which are more threatened than
terrestrial species in this rapidly changing climate (Munday, 2004;
Thomas et al., 2004; Brierley and Kingsford, 2009; Maclean and
Wilson, 2011).

Bottlenose dolphins have slow life histories, high learning and
innovative ability (Patterson and Mann, 2015) and like humans,
might be better equipped to adapt to dramatic environmental
change than less behaviorally plastic species (Pearson et al., 2014).
However, Shark Bay bottlenose dolphins exhibit diverse foraging
tactics that are individually-specific (Mann and Sargeant, 2003;
Sargeant and Mann, 2009). Some of these involve specializations,
such as beaching to catch fish (Sargeant et al., 2005) or tool
use with marine sponges (Mann et al., 2008). Specialization
could constrain how animals adapt to environmental change
(e.g., Warren et al,, 2001; Jiguet et al., 2007), but this depends
on how their primary resources were impacted. Nowicki et al.
(2019) found that generalist species, tiger sharks and loggerhead
turtles, fared well after the 2011 MHW, but more specialized
vertebrates such as dugongs, sea snakes, and green turtles, that
rely heavily on seagrass habitat did not. Although Shark Bay
dolphins do exhibit specialization in habitat use and foraging
behavior, they feed on diverse fish species within a given habitat
and, with few exceptions, use more than one habitat. That said,
seagrass foragers were clearly devastated by the 2011 MHW
and they responded by becoming more, not less, specialized. In
fact, provisioned dolphins became even more specialized than
other seagrass foragers, which likely exacerbated the impact
of the MHW. Our findings are consistent with the view that
specialists are more vulnerable to environmental damage and
climate change (e.g., Davey et al., 2012; Lurgi et al., 2012), as they
are unlikely to change strategy, but it depends on which resources
are affected, not specialization per se (Bridle et al., 2014). The
Shark Bay dolphin population, which has been studied for nearly
four decades, provides a relatively clear picture of how individuals
respond to extreme climate events and colossal habitat loss.

Our results show that most dolphins spent more time in
seagrass habitats after the MHW, and this, combined with a
higher prey chase rate (Miketa, 2018), suggests that dolphins
found prey catches easier in the less dense seagrasses. Nowicki
et al. (2019) found that although total fish abundance declined,
fish aggregated more in small seagrass patches post-MHW,
making them predictable targets. Even dolphins that were
not seagrass specialists spent more time in seagrass habitats
post-MHW (Miketa, 2018), suggesting that there were, in the
immediate aftermath of the MHW, benefits to hunting in
those damaged habitats, even for those presumably less-skilled
at exploiting this niche. The benefit was short-lived, perhaps
hampered by increased intra-specific competition, evidenced
by elevated calf mortality among dolphins that specialized in
seagrass habitats. Furthermore, the fact that female dolphins
who specialize in seagrass habitats did not increase their home
ranges suggests that dolphins focused on hunting areas that they
knew well. This strategy might have also worked in the first
few years after the MHW, but was not sustainable over longer
periods of time.
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FIGURE 4 | Change in home range size across life history stage for non-provisioned (n = 25) and provisioned (n = 3) females in our study site. Non-provisioned
females on average increased their home range sizes by about 9.8 km? from the juvenile to adult period, though this was not a significant effect (Z = 1.367,

p-value = 0.172).

For the provisioned dolphins, the picture is arguably more
complex because they had both the benefit of a reliable
food source, but also an array of costs from human activity.
With the boat launch area adjacent to the provisioning area,
provisioned dolphins are exposed to constant boat traffic
(recreational, commercial fisheries, and dolphin-watch tourism),
which can have deleterious consequences (Bejder et al., 2006;
New et al,, 2020). In addition to direct human contact near
shore, altered activity budgets, enhanced risk of injury and
disease (Foroughirad and Mann, 2013; Nelson et al., 2019),
and as we show here, contracted and static home ranges with
age when compared to non-provisioned dolphins, likely have
adverse consequences for female foraging ecology as well as
social behavior. This, combined with the finding that offspring
of provisioned dolphins had significantly higher calf survival,
but did not have higher juvenile survival than non-provisioned,
suggests that the benefits of provisioning stop at weaning.

Furthermore, provisioned dolphins limited ranges also put
them at risk of limited social contact with other females. Poor

social integration has fitness consequences among adult females
(Frere et al., 2010) and juvenile males in this population (Stanton
and Mann, 2012). Offspring of provisioned dolphins begin to
show multiple behavioral differences as calves (Foroughirad and
Mann, 2013) and, as shown here, socially inherit the small home
ranges of their mothers. These maternal effects appear to be long-
lasting. Prior to the MHW, provisioned dolphins had higher
offspring survival than their non-provisioned counterparts,
consistent with studies of supplemental feeding for research
and conservation (Murray et al, 2016). Both pre and post-
weaning, significant and long-lasting behavioral changes are
evident (Foroughirad and Mann, 2013; this study). Furthermore,
provisioning did not appear to buffer dolphins from the impact
of the 2011 MHW. Collectively, these findings suggest long-term
costs to provisioned dolphins and their offspring.

All seagrass specialists suffered reproductive decline post-
MHW, but this impact was not immediate. From 2011 to
2015, calf survival and birthrates for seagrass specialists were
unchanged; this contrasts with findings by Wild et al. (2019)
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FIGURE 5 | An example of the effects of provisioning on the ranging patterns of an adult female. Kiya (top) is the offspring of a provisioned female and began
accepting fish herself in 2016 when she was 18 years old, well into adulthood. This is contrasted with her paternal half-sister, Rhombus (bottom), who was born the
same year and is also a seagrass specialist, but who is neither provisioned nor the offspring of a provisioned female. Using all available adult sightings excluding
consortships (range 33-228 per panel) the size of Kiya's 95% kernel contour decreased from 14.8 km? before (A) to 11.3 km? after (B) the start of provisioning,
while her 50% kernel contour decreased from 2.8 km? to only 1.3 km?2. During the same time periods, her sister Rhombus had 95% kernel contour areas of

44.8 km? (C) and 43.8 km? (D) and 50% kernel contour areas of 7.7 and 12.9 km?,

in the western gulf of Shark Bay, but this is likely due to the
different methods and time periods. Wild et al. (2019) used data
from 2007 to 2017 and documented fewer calf births post-MHW,
but did not examine calf survival. We did not find a decline
in the birth rate (Supplementary Material), only a decline in
calf survival, post-MHW. Birth rate is difficult to interpret in
bottlenose dolphins because females nurse their offspring for
such variable periods (2.6-8.5 years, Karniski et al.,, 2018). If
calves die (typically in the first year) the birth rate would increase
(Mann et al., 2000). When calf survival is high, annual birth rates
decline. Under stressful conditions, females might be faced with
higher calf loss, but might also wean offspring later, similar to
our findings on reproductive senescence (Karniski et al., 2018).

Although the discrepancy between gulfs can likely be attributed
to methodological differences, it is clear that dolphins, despite
their life history traits, are vulnerable, even in a relatively pristine
area with stable vital rates prior to the MHW (Manlik et al,
2016). It is also clear that the impact of extreme climate events
and habitat loss critically depend on the individual’s ecology
and specialization.

Seagrass areas adjacent to Monkey Mia were severely impacted
by the MHW (Strydom et al, 2020), affecting all of the
provisioned animals and many non-provisioned animals that
shared this range. These areas, close to shore, are also heavily used
by recreational and dolphin-watch boats, which could exacerbate
the impact of habitat degradation on the dolphins. In an extensive
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FIGURE 6 | (A) Calf survival for offspring of provisioned and non-provisioned seagrass specialists born in the pre (1994-2010), peri (2010-2015), and post
(2015-2019) MHW periods and (B) juvenile survival for offspring of provisioned and non-provisioned seagrass specialists born throughout the study period
(1994-2019). Across the whole study period, offspring of provisioned mothers had higher survival to age three than offspring of non-provisioned mothers (p = 0.031).
For offspring of both provisioned and non-provisioned females, survival to age three declined in the post-MHW period (o = 0.003). Across the total study period, there
is no significant effect of provisioning on survival to age 10 (p = 0.09), suggesting that the benefits of provisioning to offspring do not persist after weaning. The black
dotted line denotes age 3, the end of the calf period, after which the difference in survival between offspring of provisioned and non-provisioned females weakens.

review of wildlife provisioning studies worldwide, deleterious
impacts were most acute when provisioning was associated with
tourism, rather than for conservation efforts (Murray et al., 2016).
Provisioning by tourists involves more contact with people and
human activity and Monkey Mia is no exception. It is not unusual
for several hundred people to be simultaneously standing in the
water to get a close view of the dolphins, even though only
a few people are allowed to hand feed them. Additionally, the
nearshore waters are the hunting grounds for the provisioned
dolphins, placing them in close proximity to people outside of
the morning provisioning hours. It is clear that provisioning
causes a reduced home range, consistent with a large body of
research (Orams, 2002; Thomson et al., 2017; Hansen et al., 2020).
With depleted seagrass habitat and a small range, even with
the extra fish provisioned dolphins receive, they were severely
impacted by the MHW.

Our research also shows a maternal effect on home range, in
that offspring of provisioned dolphins had much smaller ranges
than non-provisioned dolphins during the juvenile period, when
they are independent, but still occasionally associate with their
maternal kin (Tsai and Mann, 2013). Notably, the maternal effect

was apparent for both males and females even though males
spend very little time with their mothers post-weaning (Tsai and
Mann, 2013; Krzyszczyk et al., 2017). Juveniles, typically between
4 and 10 years of age, likely continue to use foraging areas
they know well. In adulthood, non-provisioned females largely
maintained their juvenile home range size; female offspring
of provisioned dolphins also appear to maintain their smaller
inherited ranges into adulthood. Small home ranges are likely to
exact ecological (and potentially social) costs in that they might
further limit a dolphin’s ability to respond to environmental
events. This study is the first to show long-term ecological
impacts of provisioning on weaned offspring, even though the
offspring are not provisioned themselves.

We did not find a difference in non-lethal shark attack rate
in the peri- or post-MHW period relative to before, which did
not support our hypothesis that tiger sharks might have targeted
bottlenose dolphins more often as their preferred prey species
declined (Nowicki et al., 2019). Similar to our findings, Nowicki
et al. (2019) found that dolphins were in seagrass habitats more
often after the MHW, suggesting they are taking greater risks
to find food because tiger sharks remained more abundant in
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these habitats (Heithaus et al., 2002). Our data on fresh shark
bite rates do not suggest that dolphins were targeted more often
after the MHW, but it is possible that higher calf mortality
in the post-MHW period stems from elevated shark predation.
Shark attacks on calves are more likely to be lethal, and we
would thus not be able to document them. But when calves
disappear, mothers sometimes exhibit fresh wounds, suggesting
that shark attack was the cause of death of her calf. Poor
physiological condition of the mother and/or calf, would increase
calf vulnerability (Mann and Watson-Capps, 2005). We did not
find differences in shark attack rate when comparing provisioned
with non-provisioned seagrass foragers. Because we relied on

TABLE 3 | Cox proportional hazards mixed effect models for calf and
juvenile survival.

Model Parameter Coefficient Hazard ratio p-value

Mother
provisioned [Y]

Calf survival —-1.62 0.20 0.031

Time frame -0.26 0.77 0.640
[peri]

Time frame 1.31
[post]

Mother
provisioned [Y]
*Time frame
[peri]

Mother
provisioned [Y]
*Time frame
[post]

Mother

provisioned [Y]

0.003

1.56 0.170

0.240

Juvenile —0.57 0.56 0.09

survival

Statistically significant values are indlicated in bold.

TABLE 4 | Annual probability of receiving a shark bite wound for non-provisioned
and provisioned seagrass specialists before, during, and after the MHW.

Adult shark bite rate

Predictors Odds ratio Std. error z-value p-value
(Intercept) 0.23 0.29 —5.1 <0.001
Time frame [peri] 1.11 0.4 0.26 0.791
Time frame [post] 1.63 0.39 1.24 0.213
Provisioned 1.22 0.33 0.6 0.55

TABLE 5 | Annual probability of receiving a shark wound for offspring of
non-provisioned and provisioned seagrass specialists up to age 10, before,
during, and after the MHW.

Calf and Juvenile shark bite rate

Predictors Odds ratio Std. error z-value p-value
(Intercept) 0.32 0.43 —2.65 0.008
Time frame [peri] 0.89 0.38 -0.32 0.751
Time frame [post] 0.77 0.52 —0.51 0.61
Provisioned 1.34 0.35 0.84 0.403
Age (years) 0.89 0.07 -1.72 0.085

documented attacks (fresh bite marks), we likely underestimated
the rate of attack on non-provisioned females and their offspring,
because they and their body parts are observed less often than
provisioned females and their offspring. This would explain the
slightly lower non-significant rate of shark attack among non-
provisioned dolphins.

After the MHW, 9 out of 20 adult females, all seagrass
specialists, disappeared, including four of the six provisioned
dolphins. Prior to the MHW, the annual rate of adult female
disappearance was lower than after (5% post-MHW vs. 2.8% pre-
MHW). Poor condition amongst the provisioned dolphins was
evident during the post-MHW period, and one non-provisioned
20-year old female whose body we retrieved in 2019, was visibly
emaciated with a thin blubber layer. Two studies (Nowicki et al.,
2019; Wild et al., 2019) similarly suggest a decline in juvenile-
adult survival after the MHW using capture-mark-recapture and
sighting rates. Neither study examined seagrass specialists per
se. We expect that future analyses which can account for all
foraging types and the timing of an individual’s disappearance
will show this impact is largely restricted to those reliant on
seagrass habitats and, similar to our results on calf mortality, that
the impact was delayed. Adult mortality is much more difficult
to assess than calf mortality because it takes several years without
sightings of an individual to assign death with confidence. Calf
mortality is readily ascertained through repeated sightings of the
mother without her young calf.

Extreme climate events influence vital rates depending on
individual heterogeneity of phenotypes. Through longitudinal
study, we show how human provisioning affects individual
responses. Several other longitudinal studies have also found
breeding costs for marine species in response to extreme
climate events (e.g., the Southern fulmar, Jenouvrier et al., 2015;
Adelie penguins, Lescroél et al., 2014; Weddell seals, Chambert
et al, 2014), but can rarely show how individual specialists
respond. Longitudinal studies of delphinids have found changes
in social structure (spotted dolphins, Elliser and Herzing, 2011)
and foraging behavior (common bottlenose dolphins, Smith
et al., 2013), but not site fidelity (common bottlenose dolphins,
Bassos-Hull et al., 2013) following hurricane events. Our results
are similar with breeding costs specific to some behavioral
phenotypes and changes in foraging behavior, but not overall
site fidelity. Unlike studies of hurricanes and annual dips in
arctic ice, seagrass habitats have not rebounded in Shark Bay,
suggesting that the seagrass and fish communities have been
permanently disrupted (Wernberg et al., 2013; Nowicki et al.,
2017). Even though we documented impacts extending nearly
10 years beyond the MHW, it is unclear how seagrass foragers
will adjust over time to the changed community composition. To
date, our results suggest that dolphins appear to have responded
by increasing their time in seagrass habitats, maintaining their
home range sizes, and maintaining high site fidelity. These
responses place the provisioned dolphins at higher risk, as they
are further limited by the provisioning site and small home
ranges, obvious signs of their dependency on fish hand-outs.
Indeed our data suggest provisioned females’ home range sizes,
and therefore likely resource availability, may already be on the
edge of what would be sustainable for a non-provisioned dolphin
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as their ranges are the smallest measured for any adult dolphin
in the study. In fact, their home ranges are amongst the smallest
reported for this genus (Sprogis et al., 2016; Nekolny et al., 2017).

Monkey Mia attracts over 100,000 tourists annually to see the
provisioned dolphins, with visitors contributing to about one-
third of the local economy (Jones, 2019). The site has also been
the subject of dozens of documentary films, hundreds of scientific
and popular articles, and a dozen books distributed worldwide.
To enhance the sustainability of this program over the long-
term, including responses to environmental shifts, management
efforts that facilitate expansion of the provisioned dolphins’
home range should be considered. For example, strategies that
minimize the dolphins’ time at the provisioning site, including
delayed recruitment (of female offspring of provisioned dolphins)
to as late in their life history as possible, preferably until they
have successfully weaned their first calf, would likely provide
the dolphins with more time to expand their home range,
hone and diversify their foraging tactics, and establish their
social network, all of which likely are critical for reproduction
and survival. Offspring born to females prior to them being
introduced to the provisioning program would also benefit from
broader social and ecological experience. This would further
the goal of reducing dolphin dependency on the provisioning
program. With pervasive damage to the ecosystem and few signs
of recovery, extreme caution is warranted with any plan to recruit
more dolphins to provisioning. Given our long-term research,
Monkey Mia has long served as a model for science-based
management and conservation. Other provisioning sites have
changed their feeding protocols as a result. Although the public
clearly enjoys viewing dolphins close-up, research demonstrates
that visitors to Monkey Mia overwhelmingly accept lower
contact rates with dolphins if it enhances dolphin welfare (Bach
and Burton, 2017). Consequently, economic interests need not
conflict with sustainable management. Extreme climate events
are not easily controlled given the global and pervasive nature
of climate change, but with a comprehensive understanding
of dolphins’ foraging ecology and how they respond to
catastrophic events, there are steps we can easily take to enhance
the health and survival of animals that delight and inspire
millions of people.
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