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Abstract

The design of experiments to investigate the combined effects of multiple stressors
requires exposing target organisms to multiple combinations of stressor doses. Concurrent
manipulation of stressors is often infeasible with wildlife, but long-lasting health effects
allow individual health to be used as an integrator of prior stressor exposure. The popula-
tion of bottlenose dolphins in Barataria Bay, Louisiana, experienced long-lasting health
effects after exposure to oil from the Deepwater Horizon spill. We investigated whether
compromised health status affects dolphins’ ability to respond to other stressors, specif-
ically vessel traffic, potentially leading to increased collision risk. We used this case study
to develop a hypothesis-dtiven experimental approach to assess the combined effects of
multiple stressors in a large, long-lived vertebrate species. We conducted controlled vessel
approaches to test whether the health status of targeted dolphins affected their behav-
ioral responses. Our results highlighted some effects of health, suggesting that oil spills
may exacerbate the effects of other stressors in coastal populations. For example, lung dis-
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ease was associated with a delayed dive response, which could affect the ability to vertically
avoid vessels and lead to increased collision risk. However, health effects on response prob-
ability were overall smaller than anticipated, and other contextual variables (e.g., sex, age,
calf presence, prior experience, and exposure context) contributed to response variability.
Our work demonstrated the value of formalizing stressor interactions as multidimensional
dose—response functions and showed the feasibility of an experimental, multiple-stressor
study in a wild system in which individual health status can be used as an integrator of prior
stressor exposure. This approach has broad implications for other species that are diffi-
cult to handle experimentally. The quantification and management of the cumulative risk
from multiple stressors on wildlife will require a combination of empirical and mechanistic

KEYWORDS

spill, vessel traffic

INTRODUCTION

The multiple stressors that human activities introduce into the
environment may combine in unexpected ways to affect wildlife
populations and their ecosystems (Crain et al., 2008; Orr et al.,
2020; Steffen et al., 2011). Although environmental legislation
mandates their evaluation under several jurisdictions, current
evidence and methods are insufficient to support these assess-
ments (National Academies, 2017; Tyack et al., 2022). The
combined effects of stressors can be predicted using informa-
tion on the mechanisms through which stressors operate and
interact, or estimated from observational or experimental stud-
ies involving combinations of stressor doses. Pirotta et al. (2022)
argue that all available approaches sit on a spectrum between
data-driven and process-driven methods and that the position
selected along the spectrum should be dictated by the availabil-
ity of data, given the information required by management (e.g,,
the need to evaluate specific combinations of stressor doses).
Among empirical approaches, methods that rely on experimen-
tation are desirable if the confounding effects of contextual
variables cannot be monitored or controlled in a purely obset-
vational study (Boyd et al., 2018). Targeted experiments can
also support the testing of specific hypotheses about undetly-
ing interaction mechanisms (Boyd et al., 2018; Griffen et al,,
2016).

Dose-response functions (also referred to as stressor- or
exposure-response functions, response or reaction norms, or
performance curves, depending on the context) have been used
across disciplines to define the effects of single stressors (Cal-
abrese, 2016; Rosenfeld et al., 2022; Segurado et al., 2022; van
Moorsel et al., 2023). These functions can be empirical or
informed by the underlying mechanisms, and they offer a uni-
fying framework to quantify and predict a response of interest
given the increasing level of a stressor (Rosenfeld et al., 2022).
For example, controlled exposure experiments (CEEs) have
been conducted to assess cetacean responses to anthropogenic
noise (Miller et al., 2014; Southall et al., 2016). In these studies,
the probability of showing a behavioral change has been mod-
eled as a function of the increasing acoustic dose (e.g., sound
pressure level) (Hartis et al., 2018), in some cases capturing the
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influence of other contextual variables, such as behavioral state
or prior exposure to the stressor (Miller et al., 2014; Southall
et al., 2019). The dose—response framework has also been pro-
posed as a way to evaluate interactions in multistressor research
(Carmichael et al., 2025; Pirotta et al., 2022; Rosenfeld et al.,
2022). In this context, the aim is to estimate how the shape of
the dose—response function for one stressor is modified in the
presence of a second stressor, resulting in a dose—response sur-
face (Carmichael et al., 2025; Gennings et al., 2005; National
Academies, 2017; Pirotta et al., 2022).

Experimental design for multistressor studies requites expos-
ing target organisms to multiple combinations of doses of
the stressors of interest along a gradient (Boyd et al., 2018).
Although this can be feasible for smaller organisms that can
be housed in a laboratory or in tractable field settings, manip-
ulating the exposure of large vertebrate species to more than
one stressor in the wild presents logistical and ethical challenges.
However, when a stressor has a long-lasting effect on the health
of individual animals, heterogeneity in health across experimen-
tal subjects can be used as a proxy for their differential responses
to prior stressor exposure (Pirotta et al., 2022). Health can be
defined as “the ability of an organism to adapt to and manage
threats to survival and reproduction,” and different health indi-
cators can act as integrators of stressor effects operating along
specific adverse outcome pathways (Tyack et al., 2022). Experi-
mentally exposing animals in different health states to additional
stressors can thus shed light on whether the consequences of
having experienced a prior stressor modify the effect of sub-
sequent stressor exposures. Examples of this approach are rare
in the literature and are largely focused on the effect of nutri-
tional condition on risk-taking behavior in terrestrial or small
species (Moran et al., 2021). Among large matine vertebrates,
Siegal et al. (2022) found that responses of northern bottlenose
whales (Fyperoodon ampullatus) to experimental noise exposure
vary as a function of individual body condition.

A resident population of common bottlenose dolphins
(Tursiops truncatus truncatus, Fordyce & Perrin, 2025) inhabits
Barataria Bay in Louisiana (USA) (Hayes et al., 2024; McDonald
et al., 2017; Wells et al., 2017). Individuals in this population
have experienced detrimental and long-lasting health effects
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from exposure to oil released following the explosion and sub-
sequent sinking of the Deepwater Horizon drilling rig in 2010
(Schwacke et al., 2014, 2022; Smith et al., 2017, 2022). Health
effects, including lung disease, decreased dolphin probability of
survival (Schwacke et al., 2014; Smith et al., 2017). Effects on the
hypothalamus—pituitary—adrenal (HPA) axis led to observations
of adrenal cortex thinning in dead dolphins (Venn-Watson et al.,
2015) and impaired stress response in live dolphins (Schwacke
etal., 2014). Researchers conducted a seties of catch-and-release
health assessments, collecting data on these animals that have
supported the development of a model for predicting survival
probability from veterinary records (Schwacke et al., 2023) and
the quantification of oil spill effects on population dynamics
(Schwacke et al., 2017, 2022). Coastal dolphin populations are
exposed to many other anthropogenic stressors in these habitats
(Wells & Fahlman, 2024), including disturbance from and risk of
being struck by vessels (Buckstaff, 2004; Nowacek et al., 2001;
Pirotta et al., 2015; Wells & Scott, 1997; Wells et al., 2008). The
relevance of this stressor is evidenced by the high proportion of
scars from vessel interactions in this and other coastal dolphin
populations (E. S. Zolman, unpublished data; Van Waerebeek
et al., 2007). Poor health status resulting from oil exposure may
affect the ability or propensity of an individual to respond to an
oncoming vessel, which could in turn increase the risk of colli-
sion. In other words, there may be combined effects of the oil
spill and vessel traffic on survival probability.

We used the population of bottlenose dolphins in Barataria
Bay as a case study to develop a hypothesis-dtiven experiment
to assess the combined effects of multiple stressors. Specifically,
we approached individual dolphins with a vessel in a controlled
fashion and evaluated their responses along with previously col-
lected health data to investigate the effect of health status on
the probability or type of their behavioral responses. To our
knowledge, this represents the first time the combined effects
of multiple stressors have been investigated experimentally in a
large marine vertebrate species. Therefore, aside from address-
ing the management-relevant question of whether an oil spill
might affect the risk of collision in a coastal dolphin population,
we explored the feasibility of this kind of study in a wild system,
which has broad implications for other species that are difficult
to handle and for which only some of the contextual variables
can be controlled.

METHODS
Ethical use of animal subjects

All data collection was conducted under National Oceanic and
Atmospheric Administration (NOAA) Fisheries Marine Mam-
mal Health and Stranding Response Program permit 932—1905
and was approved by the University of St Andrews Animal Wel-
fare and Ethics Review Board. Initial development of protocols
in Sarasota Bay was performed under NOAA Fisheries Scien-
tific Research Permit 20455, with Institutional Animal Care and
Use Committee approval by Mote Marine Laboratory.

Health assessments

We synthesized data from dolphin catch-and-release health
assessments in Barataria Bay conducted from 2011 through
2018 and previously published by Smith et al. (2017) and
Schwacke et al. (2023). We conducted additional health assess-
ments in June 2023. We used catch-and-release methods and
diagnostic sampling techniques described in Wells et al. (2004),
Schwacke et al. (2014), and Barratclough et al. (2019) and
summarized in Appendix S1.

Health metrics

We processed the data from the health assessments to generate
4 health metrics: lung disease, HPA dysfunction, and 2 overall
health scores. We assigned a lung disease score (normal, mild,
moderate, severe) to each individual based on ultrasound find-
ings (Smith et al., 2022) and converted it to a binary variable: 0,
normal or mild; 1, moderate or severe. We compared serum cor-
tisol measures with a lower threshold (5th percentile) calculated
from dolphins sampled from putatively healthy populations
(Schwacke et al., 2023). The resulting binary flag corresponded
to cases where serum cortisol measure was below the 5th per-
centile, suggesting dysfunction of the HPA axis based on a
lack of expected cortisol increase after capture and restraint
(Schwacke et al., 2023).

We used the veterinary expert system for outcome prediction
(VESOP) model described by Schwacke et al. (2023) to estimate
overall health scores. The VESOP model uses a suite of hema-
tological and serum biochemical markers, including markers
of inflammation (neutrophil count, albumin, globulin, alkaline
phosphatase, hemoglobin) and metabolism (body mass index,
cholesterol, glucose), along with hormone levels as indicators
of neuroendocrine status (cortisol, triiodothyronine) and lung
disease scores, as desctibed above. The VESOP scores range
from 0.0 to 1.0 and represent the predicted 1- and 2-year sut-
vival probability (hereafter, 1- and 2-year VESOP scores) for
each dolphin.

Controlled exposure experiments

In April 2022 and June—July 2023, we carried out a series of
CEEs in Barataria Bay that involved vessel approaches on expo-
sure subjects (hereafter, focal animals). We used an observation
vessel (7-m Grady-White with a single outboard Yamaha engine
and an observation tower) to identify suitable experimental
candidates. In 2022, these were animals in the Barataria Bay
photoidentification catalog (maintained by the National Marine
Mammal Foundation) that had their health assessed in previous
years (2011-2018). In June 2023, we focused on the animals that
had just been released after health assessment. In July 2023, we
priotitized remaining animals that had their health assessed that
year and subsequently selected known individuals with recent
health data (Schwacke et al., 2023). In June 2023, we conducted
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10 CEEs on the same day as an animal’s health assessment. In
those instances, we waited at least 30 min after release from
the health assessment before starting the collection of baseline
behavioral data (see below) to allow time for any acute response
from being restrained to subside (Casoli et al., 2022). Where
possible, we targeted dolphin groups in shallow water (<2 m)
because dolphins are more easily observed and more likely to
respond to vessels in shallow water (Nowacek et al., 2001). We
also aimed to avoid situations in which other boats were nearby,
and socializing dolphin groups.

Five to 7 researchers were on the observation vessel, depend-
ing on the day. Once a focal animal was selected, a dedicated
observer initiated behavioral data collection, which involved
documenting the focal animal’s group size, behavioral state,
spread, and synchrony every 3 min (definitions in Appendix
S2). Another dedicated observer monitored the surfacing events
of the focal dolphin, recording the time, estimated distance,
and magnetic bearing from the observation vessel (via hand-
held compass) at each surfacing event. Visual estimates were
calibrated by checking distances of reference objects in the envi-
ronment with a laser range finder prior to starting a follow and
whenever possible during follows. Observers recorded surfac-
ing events (including the estimated distance and bearing) with a
voice recorder synchronized to GPS time and held by the boat
driver to ensure precise timing, When available, the signal from
the VHF transmitter helped track the focal animal and its sur-
facing events. Another person onboard the observation vessel
launched and retrieved a drone to record video of the CEE. The
observation vessel aimed to remain ~40-60 m from the focal
animal throughout the approach, moving at a slow and steady
speed to minimize any disturbance. Meanwhile, the approach
vessel (a Sea-Doo Spatk personal watercraft [PWC]) aimed to
remain ~500 m from the focal animal during the baseline phase,
while maintaining a low and steady speed. A person on the
observation vessel was in contact with the driver of the PWC
to ensure coordination of the approach. We collected ~10 min
of baseline behavioral data before initiating the approach.

We developed the experimental approach protocol (see
example in Figure 1) following expert discussions and pilot tri-
als in 2021 near Sarasota, Florida, USA, where previous CEEs
had been conducted (Nowacek et al., 2001), and subsequently
in Barataria Bay, to ensure that it was consistent across expet-
iments and that it resulted in a range of responses by targeted
individuals. Nowacek et al. (2001) found that erratic approaches
caused the strongest behavioral responses in bottlenose dol-
phins. Therefore, we chose this type of approach because our
aim was to elicit clear responses and assess variation relative to
health status. To achieve an erratic but repeatable approach, the
PWC moved toward the focal animal at ploughing speed (fast
enough to produce a wake, but slow enough to not plane on top
of the water) in a continuous zigzag pattern. The PWC changed
direction every ~15 s (which corresponded to ~100-m-long
zigzag legs). The angle between consecutive legs was variable,
but the PWC driver aimed to achieve an average of ~40-70°.
If the animal changed direction, the PWC gradually adjusted its
path to ensure that the closest point of approach (CPA) was
as near as possible (<10 m) while avoiding risk of collision.

EE]200m

29.235°N 4

Phase of

experiment
Start

— Baseline

Latitude

29.230°N — Approach

29.225°N A

,

90.048°W 90.046°W 90.044°W 90.042°W 90.040°W 90.038°W
Longitude

FIGURE 1
exposed to a controlled vessel approach (controlled exposure experiment

Example of an experiment in which a focal dolphin was

[CEE])) (continuous line, approach vessel; colors, phase of the CEE; black dots
and line, track of the focal dolphin; green triangle, start of the approach on the
dolphin track; orange dot, closest point of approach [CPA]).

After CPA, the PWC continued its path past the focal animal.
Focal-follow data collection continued after CPA for ~10 min.

Data processing

We used the distance and bearing estimated by the researcher
on the observation vessel and the observation vessel’s GPS
track to estimate the coordinates of the dolphin at each sur-
facing with geosphere (Hijmans, 2016) for R (R Core Team,
2024). We synched the drone footage with the voice record-
ings in Adobe Premiere Pro and used it to extract the time of
any missed or dubious surfacings and to correct obvious errors
(e.g., differing angle estimates from 2 close surfacings). We then
used the time series of dolphin surfacing coordinates to com-
pute 6 metrics: cumulative bearing change (degrees), turning
angle (degrees), horizontal displacement rate (meters per sec-
ond) (hereafter, speed), acceleration (meters per second squared),
dive duration (seconds), and distance from the approach vessel
(meters) at each surfacing (details in Appendix S3).

We also interpolated dolphin positions at every second and
used them to identify salient points in the approach. The CPA
marked the moment when the interpolated dolphin location
was closest to the interpolated PWC location. After exploration
of the PWC data, we defined the start of the approach as the
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first position where the PWC displacement rate was greater
than 2.78 m/s within a 5- to 10-min window before CPA
(the latter criterion was adjusted manually for different CEEs,
if necessary). We validated these salient points visually based
on the time series of distance between the dolphin and the
PWC. Finally, we generated a simple animation of each CEE
to visualize the approach vessel and dolphin interpolated loca-
tions, which we also used to validate the salient points in the
approach.

Expert scoring

We took an expert elicitation approach to mark the occurrence
of behavioral changes during the CEEs that might be related
to the PWC approach (e.g., Miller et al., 2012; Southall et al,,
2007, 2019). We selected a group of 8 researchers with exper-
tise in dolphin behavior, data collection, or expert scoring. One
of the experts had to be replaced after a first set of 13 scored
CEEs. We provided experts with a set of anonymized plots that
showed the time series of the metrics described above and a
map for each CEE (Figure 2), the CEE animations, and a scot-
ing protocol (Appendix S5). Each expert was then invited to
independently score the first occurrence of any change in move-
ment directionality, speed and acceleration, dive duration, or
group metrics (spread, synchrony, and size) that they deemed
to be associated with the PWC approach, as well as the occur-
rence of an orienting response or horizontal movement away
from the PWC (definitions in Appendix S5). We asked experts
to mark the phase of the CEE in which they thought the iden-
tified change had occurred. They were instructed to choose one
among the following 5 phases: before the approach, at the start
of the approach, during the approach, at CPA, or after CPA.
The experts then discussed these scores during a group meet-
ing, where they could volunteer the rationale of their choices
and their associated confidence. After the meeting, the experts
had an opportunity to revisit their scores and update them con-
sidering the group discussion, before submitting final scores.
When an expert could not determine whether changes occurred
or not (e.g, due to missing behavioral data), the score was
marked as NA. Behavioral changes scored to have occurred
before the start of the PWC approach could be interpreted as
responses to the presence of the PWC in the environment. In
contrast, changes scored after CPA are compatible with the idea
that an animal’s response threshold depends on the cumulative
exposure since the start of the approach.

The final data included, for each CEE and each expert, a
score for a change in each of the behavioral response metrics
and the associated phase in the CEE. We treated the scoring
data as an ordinal response variable with 6 categories, corre-
sponding to the 5 CEE phases listed above plus a no-response
category, which was assumed to follow the after-CPA category
and so was assigned a score of 6. Therefore, we assumed the no-
response category corresponded to a CEE that did not achieve a
sufficient intensity of the disturbance source to elicit a response

by the focal animal (similar to the treatment of right censored
data in a standard dose-escalation framework [e.g., Miller et al.,
2014]). In the analysis, we accounted for differences in experts’
tendency to score responses with an expert-level random effect
(see “Statistical analyses”).

Statistical analyses

We developed our analytical approach with simulated data prior
to seeing real data resulting from the experiments and expert
scoring, We analyzed expert scores with an ordered probit
model (e.g., Winship & Mare, 1984) fitted in a Bayesian frame-
work. We let y; , be the score given by the eth expert at the jth
CEE, where y; , is an ordinal value ranging from 1 to 6, and 7 be
the dolphin that was the subject of the jth CEE. In this model,
we assumed that, for each score, there exists a real-valued latent
variable:

Jj,e ~ Normal (y;,,9;) O]

(i.e., a normal distribution with mean y; , and standard deviation
b))

The mean u;, = ay + Py, + B, + B34, where a; is the
intercept, 31, and B,, are dolphin- and expert-level random
effects on the mean, respectively, and 83 is the fixed effect of
individual health status, 4;. The dolphin-level random effect
captured differences between dolphins in their propensity to
respond that are not explained by health, and the expert-
level random effect captured differences between experts in
their propensity to score responses. Both random effects were
assumed to be normally distributed (with mean = 0 and
standard deviation 0 ; and 0z, respectively). With this formu-
lation, we assumed there is no within-dolphin, between-CEE
variation in mean responsiveness, but see Appendix S9, where
we show that substituting the dolphin-level random effect with
a CEE-level random effect (conflating between- and within-
dolphin variation) had negligible effects on the results. We
hypothesized that health status (either a continuous VESOP
score ot the binary lung and cortisol scores) modifies the phase
of the CEE when a dolphin is going to respond by causing
a shift in the underlying threshold (i.e., responding either ear-
lier or later). We standardized VESOP scores by subtracting the
mean and dividing by the standard deviation to facilitate model
convergence.

The standard deviation, 3;, is also assumed to have a dolphin-
level random effect, reflecting both the consistency with which
each individual responds and the clarity with which the moment
of their response can be detected. When 1, is small, each
dolphin will tend to respond and be detected to respond at
the same approach phase; when 9; is large, any response or
detection of a response may be inconsistent among CEEs.
The random effect was modeled based on the assumption
log(®);) ~ Normal(ct,, 0 5), where o, is the mean and 0 is
the standard deviation.
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Example of time-series plots and map of an experiment in which a focal dolphin was exposed to a controlled vessel approach, as provided to

experts for scoring the occurtence and phase of behavioral responses (dashed blue line, start of the approach; dotted red line, closest point of approach [CPA]).

Periods with missing data or data scored as not applicable are indicated using gray shading in dot plots or gaps in the time series in line plots. The distance plot

shows the distance between the dolphin and the approach vessel; all other plots report the behavioral metrics for the focal dolphin (described in the text).

: *
The latent variable ), Was mapped to the observed score y;,

as follows:

1, ifj/* < 91
/¢

J/j,e = /é, if 6/6_1 SJ};M S Géfor k= 2, 3, 4, 5

6, if 65 SJ/;:@

where 0 is a vector of thresholds with property 6; < 6, < ...
< 65, which divide the real line in 6 segments corresponding to

the 6 response categoties. If we define 6, = —o0 and 85 = +o0,

the conditional distribution of y; , can then be written as:

Pr (}’/,e = klb;, /, 9) = Pf(e/e—1 5}7,? < 9/<|/7,',/" e
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where @ is the cumulative distribution function of the standard
normal distribution. Because the models for the mean and stan-
dard deviation of the latent variable included an intercept (&
and &), we had to atbitrarily fix 8; = —3 and 85 = 3 to ensure
identifiability (see discussion in Hirk et al. [2020]). We then
defined the other thresholds as 8, = 0,_; + &, for £=2,3,4
(see priors and constraints on d in Appendix S6).

We fitted the models in a Bayesian framework with Markov
chain Monte Catlo algorithms in NIMBLE (de Valpine et al.,
2017) for R (details in Appendix S6).

A priori hypotheses for the effects of health on
response probabilities

We hypothesized that health status modifies the phase of the
CEE at which a dolphin tends to respond (depending on the
metric, responding either eatlier or later). Before running the
analyses, we developed a series of hypotheses for how different
health conditions (lung disease, HPA dysfunction, 1- and 2-year
VESOP scores) might affect an animal’s ability or propensity to
respond. The full list of hypotheses for each of the 24 com-
binations of 6 response and 4 health metrics is in Appendix
S4. In the Appendix S4 list, we do not distinguish between
1- and 2-year VESOP scores and instead refer to animals that
were healthy or unhealthy overall. In 2 combinations, there was
no a priori expectation of any difference between healthy and
unhealthy individuals, so there were 22 hypothesized effects.
Once analyses were run, we judged a hypothesis for a given
combination of response and health metrics as being supported
if the posterior 95% credible interval (CI) on the effect of the
health metric did not include 0 and the posterior mean was in
the predicted direction. We also highlighted model results where
the posterior distribution indicated that there was a probabil-
ity greater than 0.8 that the effect of the health metric was
different from 0 (irrespective of the predicted direction). We
acknowledge that, given multiple hypotheses were evaluated,
there was an increased risk of making incorrect conclusions, and
we interpreted results with appropriate caution.

We undertook power analyses to investigate the effect size
that would be required to detect an effect of health status if
it was there, given our sample size and the estimated random
effect values. We also explored the sample size needed to con-
sistently detect the mean estimated effect size, as well as the
influence of different levels of individual dolphin replication
across multiple CEEs. Details are in Appendix S8.

Effects of contextual variables on the probability
of response

Following the assessment of the a prioti hypotheses, we also
evaluated the effects of a series of contextual variables on the
threshold of response for an individual dolphin in each of the

response metrics. These analyses were developed after secing
the experimental data and should be viewed as a way to gener-
ate hypotheses to test via future data collection. The contextual
variables considered were group size at the start of the PWC
approach (continuous), distance between the dolphin and the
PWC at the start of the approach (continuous), sex (categori-
cal: male or female), whether the animal was tagged with a Dtag
at release from the health assessment (categorical: yes or no),
whether the animal had been health assessed in the same sam-
pling period (categorical: no, on the same day as the CEE, or on
a different day than the CEE), whether the CEE took place in
a marked navigation channel (categorical: yes or no), behavioral
state of the individual or group immediately prior to the start
of the approach (categorical: milling, slow travel, medium-fast
travel, probable feeding), age class at the time of the CEE (cat-
egorical: subadult, adult, or older, corresponding to <9 years
old, >9 and <25 years old, and >25 years old, respectively),
previous fishing line entanglement assessed from scarring (cate-
gorical: yes or no), previous vessel strike assessed from scarring
(categorical: yes or no), and whether the focal animal was a
female with a dependent calf (categorical: female without calf,
female with dependent calf, or male). When a contextual vari-
able showed an effect on the threshold of response for any
of the response metrics, we evaluated the potential interactions
between that contextual variable and the 4 health metrics.

RESULTS

We carried out 13 successful CEEs in 2022 and 33 in 2023, for a
total of 46 experimental approaches on 41 different subjects (5
animals were targeted twice) (Figure 3). Four additional CEEs
were discarded because of malfunctioning of the instrumenta-
tion in the field or due to the large amount of missing behavioral
information. Of the 13 CEEs in 2022, 5 were on individuals that
underwent a health assessment in 2018, 3 in 2017, 2 in 2016, 1
in 2014, and 1 in 2011. One CEE was on an individual that sub-
sequently had its health assessed in 2023, and its most recent
health metrics (from 2023) were used. Of the 33 CEEs in 2023,
25 were on individuals health assessed that year, 4 in 2018, and
4 in 2017. The duration of the vessel approaches (from start to
CPA) varied from 1.6 to 6.1 min (median 3 min).

Fifteen individuals had lung disease, and 20 did not. There
was no information on lung condition for 6 individuals. Thit-
teen individuals showed evidence of HPA dysfunction, and
28 showed a normal cortisol response during handling. Five
individuals showed evidence of both lung disease and HPA dys-
function. The 1-year VESOP score varied from 0.554 to 0.986
(10th and 90th quantiles: 0.789 and 0.980), whereas the 2-year
VESOP score varied from 0.269 to 0.976 (10th and 90th quan-
tiles: 0.671 and 0.976). Five individuals had a score lower than
the 10th quantile (for both metrics). We used the 10th and 90th
quantiles to indicate compromised versus good health when
plotting the results below.

Across models, some dolphins tended to respond eatlier or
later in the approach, as suggested by the associated random
effect (Appendix S7), although these differences were largely
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FIGURE 3  Study area in Barataria Bay, Louisiana (USA), and focal dolphin tracks across the 46 controlled exposure experiments (CEEs) (red). The maximum

depth recorded from the observation vessel during CEEs carried out in the marked navigation channel northwest of Grand Isle range from 4.1 to 6.5 m, although

this is not visible in the bathymetry data.

TABLE 1

For dolphins in Barataria Bay, Louisiana exposed to controlled vessel approaches, probabilities that the effect of the health metrics (i.e., health

conditions and veterinary expert system for outcome prediction [VESOP] score) is different from 0 for all combinations of responses and health metrics.

Health metric

Response metric

Lung disease HPA? dysfunction 1-year VESOP 2-year VESOP
Movement directionality 0.66 0.83 0.78" 0.75"
Speed/acceleration 0.70 0.77 0.71° 0.72"
Dive duration 0.96 0.58° 0.67" 0.67°
Group metrics 0.86 0.66 0.85 0.87
Orienting response 0.51¢ 0.70 0.73 0.70°
Horizontal movement away 0.63 0.84 0.91 0.91

*Hypothalamus—pituitary—adrenal.
b Posterior mean sign opposite to the a priori hypothesis.
“No a priori expectation of any difference between healthy and unhealthy individuals.

inconsistent across different behavioral metrics. Experts also
had a different tendency of scoring responses (Appendix S7).
The 95% CI of the effect of health overlapped 0 across all 22
combinations of response and health metrics where we hypoth-
esized an effect. However, in 8 combinations, the probability
that the effect of the health metric was different from 0 was
greater than 0.8 (Table 1; Figure 4). Specifically, there was a 0.83
probability that cortisol-flagged individuals showed a change in
movement directionality later in the CEE compared with non-
flagged individuals. There was also a 0.96 probability that lung
disease resulted in a reduced or delayed dive response. We found
2 0.85 and a 0.87 probability of an earlier change in group met-
rics when the focal animal had poorer 1- or 2-year VESOP
scores, respectively, and a coherent effect of lung condition on
group metrics with a posterior probability of 0.86. Finally, there

was a 0.91 probability that animals with lower 1- and 2-year
VESOP scores showed eatlier horizontal movement away from
the PWC, and there was a 0.84 probability that cortisol-flagged
individuals responded less or later in this metric.

The power analysis for a subset of behavioral and health
metric combinations provided an indication of the size of the
effect of health on the phase in which a response occurred that
would have been requited to consistently detect such an effect
in our analyses with the realized sample size (Appendix S8). In
general, there was a low proportion of simulations in which a
response was reliably detected given the effect sizes estimated
in our analysis. This suggested that the true effect sizes may be
too small to ensure consistent detection, in light of our sam-
ple size and the observed degree of vatiation in responsiveness
within and between individuals. Given the estimated mean size
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FIGURE 4 Posterior density distribution of the effect of a health metric
(lung condition, veterinary expert system for outcome prediction [VESOP]
score, and hypothalamus—pituitary—adrenal dysfunction [i.e., cortisol flag]) on
the underlying probability of exhibiting a behavioral response (i.e., parameter
B3) (left column) and cumulative probability of responding over the course of

(Continues)

FIGURE 4 (Continued)

the controlled exposute experiment for dolphins in different health states
(right column). Results are reported for the 8 combinations of response and
health metrics for which the probability that the effect of the health metric was
different from 0 was greater than 0.8: (a) movement directionality and cortisol
flag, (b) dive duration and lung disease, (c) group metrics and 1-year VESOP
score, (d) group metrics and 2-year VESOP score, (e) group metrics and lung
disease, (f) horizontal movement away and 1-year VESOP score, (g) horizontal
movement away and 2-year VESOP score, and (h) horizontal movement away
and cortisol flag. Low versus high scores are defined as the 10th and 90th
quantiles of the 1- and 2-year VESOP scores (right column graphs: dots,
medians; dashed lines, 95% credible intervals).

of the effects of the health metrics on the threshold of response,
between 250 and >500 CEEs may be required for consistent
detection (Appendix S8). We also found that targeting new indi-
viduals for each CEE granted more power than repeating the
approach on the same individuals over multiple experiments
(Appendix S8).

Full results of the ancillary analyses for the effects of con-
textual variables are in Appendices S10 and S11; findings are
summarized here. The results suggested that distance between
the focal dolphin and the PWC at the start of the approach was
associated with the probability of showing responses, respond-
ing either earlier or later depending on the behavioral metric.
Moreover, males tended to respond more or earlier across
several metrics, whereas individuals that were Dtagged or health
assessed on the same day as the CEE tended to respond less
or later in the approach. Responses to CEEs that were car-
ried out in a marked channel occurred eatlier for some metrics.
Scarring from entanglements was associated with some earlier
responses, whereas there was a weak indication that scarring
from vessel strikes was related to a delayed response in some
metrics. Finally, older animals showed some delayed responses,
and having a dependent calf altered responses in focal females,
but the direction varied by metric. For some combinations of
metrics, these contextual variables interacted with the effect of
the health metrics on the threshold of response (Appendix S11),
but the small sample size when splitting the data into different
contexts suggests caution in the interpretation of the emerging
dose—response relationships. Moreover, some of these effects
could be confounded among contextual variables because there
was overlap between sets of individuals across levels of these
variables (Appendix S10).

DISCUSSION

We developed an experimental approach to assess the combined
effects of multiple stressors in a large, free-ranging vertebrate
species. This approach used health as an integrator of the
effects of an individual’s prior exposure to stressors and eval-
uated its influence on responses to subsequent stressors. Even
though our results aligned with the a priori hypotheses for
some combinations of behavioral and health metrics, the analy-
sis of dolphin behavior during controlled PWC approaches did
not highlight a strong effect of health status on the probabil-
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ity of response under the given experimental conditions. We
demonstrated the importance of several contextual variables in
affecting dolphin response thresholds across metrics and their
potential interactions with the effects of health.

Lung disease was associated with a delayed or reduced
probability of changing dive duration, which aligns with the
mechanistic hypothesis that lung condition may affect the ability
of an individual to dive effectively (Smith et al., 2022) and thus
vertically avoid approaching vessels (Lusseau, 2003; Nowacek
etal., 2001). This result provides an example of how poor health
status may limit the response options available to an individual
or alter their effectiveness, which could ultimately lead to the
adoption of more costly or risky behaviors (Bejder et al., 2009;
Burslem et al., 2022). We also found some indication that HPA
dysfunction, as evidenced by a low cortisol response, was associ-
ated with a delayed or reduced tendency to change directionality
and move away from the vessel. If an animal is unable to recruit
a stress response promptly by secreting adrenal hormones, this
can result in reduced responsiveness to a threat (Rosol et al,,
2001). There was also some evidence of this effect when con-
sidering an individual’s overall health score. Finally, lung disease
and the overall health score were weakly associated with an ear-
lier change in group metrics. It is difficult to predict how the
health status of the focal individual may affect the behavior
of nearby dolphins and vice versa. However, in a highly social
species, it is reasonable to assume that individual and group
behavior may be linked and that the health of one individual
may influence the decision-making of other group members
(Caldwell & Caldwell, 1966). Altogether, these changes in the
propensity or ability to respond to the PWC suggest that indi-
viduals in poorer health may experience an increased probability
of getting struck by vessels if their evasive tactics become less
effective.

Despite the results for this subset of behavioral and health
metric combinations, the effects of health on the probability
of responding to the vessel were generally smaller than antic-
ipated. Even though using an experimental approach allowed
us to control for some aspects of experimental context (e.g., we
could use a broadly repeatable stimulus across experiments), this
uncertainty may result from the confounding effects of other
variables. For example, males were generally more responsive
than females, which aligns with findings across taxa (Dantzer
et al,, 2014), including cetaceans (Lusseau, 2003; Pirotta et al.,
2023). Having a dependent calf also appeared to affect the type
and timing of responses, conforming with the expected influ-
ence of reproductive state on vigilance and risk tolerance in
mammals (e.g., Burger & Gochfeld, 1994; Marneweck et al,,
2021). In addition, the context of the exposure (e.g., distance
of the PWC at the start of the approach, and presence of
topographical features that may alter the subject’s behavioral
options) appeared to influence dolphin responsiveness, and
we hypothesize that other differences among CEEs may have
also contributed (e.g, variation in approach angle, bathymetry,
occurrence of other boats in the area, among others) (Tablado
& Jenni, 2017). Importantly, previous experiences of an individ-
ual with stressors (as evidenced by scarring from entanglements

and vessel collisions) and recent capture and handling during the
health assessment and tagging procedure affected the response
threshold (Tablado & Jenni, 2017), which can inform the future
design of similar exposure experiments (e.g;, allowing for longer
time between handling and exposure). Some of these contextual
variables interacted with health and thus could mask the effects
of health when not accounted for, but our sample size was too
small to partition the CEEs across many combinations of con-
text and health conditions. In general, our results emphasize
that the influence of internal and external contextual variables in
many cases may exceed the effect of health status on behavioral
responsiveness and, ultimately, collision risk.

Aside from the effect of context, the power analyses sug-
gested that the effects of the health metrics on responsiveness
in our experimental setting were likely small. Given our sam-
ple size, we would have been able to detect stronger effects, but
outr powert to detect the estimated mean effect sizes was lim-
ited overall. As a result, we estimated that hundreds of CEEs
would be required for reliable detection of these subtle effects,
which is relevant for the design of future studies in compara-
ble systems. For safety reasons, we used a PWC to approach
focal dolphins duting the experiments, but the noise genet-
ated by the jet drive of the vessel we used differed from that
of a boat with a propeller and may have resulted in weaker
responses. The low temporal resolution of surfacing data and
inability to observe the animals under water could have also
contributed to the low power to detect responses and the associ-
ated effects of health on behavior measured at this coarse scale.
The murkiness of the water in Barataria Bay prevented us from
using drone footage to characterize behavior of the focal ani-
mal between surfacings (e.g;, Hao et al., 2024). In contrast, we
deployed high-resolution sound and movement recording tags
(Dtags) that could illuminate additional responses that may not
have been observable in the surface data (Johnson & Tyack,
2003), but only 9 tagged individuals were the subject of suc-
cessful CEEs. The subtle nature of the behavioral changes that
could be detected in the surfacing data forced us to turn to
expert scoring to mark the occurrence and timing of responses,
which could also have introduced some level of subjectivity. Our
analytical approach for these data was based on the assump-
tion that the no-response category corresponds to a CEE that
did not achieve a sufficient intensity to elicit a response by the
focal dolphin (similar to Miller et al. [2014]). In some CEEs,
some experts scored the occurrence of an early response and
others scored a no response, which questions this assumption.
These instances could correspond to individuals that showed
eatly, subtle responses, and in our analyses, they could be partly
captured via the estimation of a large standard deviation in an
individual’s response threshold. In general, increased individ-
ual replication may be needed to appropriately apportion the
variation in responses to the different random effects in the
model. In particular, we assumed that the variation in scores
among experts reflected the clarity of a dolphin’s response and
that the model could estimate between-dolphin differences in
response threshold and consistency. However, our explorations
(Appendix S9) suggested that variation among dolphins was
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potentially conflated with differences between CEEs because
of the small number of individuals that were targeted twice.

Our study has broader implications for the assessment of
the combined effects of multiple stressors in a large-vertebrate
system. We demonstrated the value of using an animal’s health
status as the integrator of its prior stressor exposure (Kophamel
etal., 2022; National Academies, 2017; Tyack et al., 2022), which
makes it possible to test for combined effects without having
to manipulate the doses of multiple stressors concurrently (e.g;,
Maurer et al., 2025). However, health may also change over
time and be influenced by other intervening and undocumented
stressors (Appendix S12), requiring intensive monitoting of
individuals in a population. In many marine vertebrate species,
routine health assessments and the collection of detailed longi-
tudinal data are expensive, logistically challenging, or outright
infeasible, but new technology is improving the capacity to
monitor wildlife health (e.g., Barratclough et al., 2024; Hunt
et al,, 2013; Kophamel et al., 2022).

We also found that, despite the advantages granted by an
experimental approach, many contextual variables did influence
the results but could not be controlled. Any large-scale experi-
ment on wildlife species will likely encounter similar difficulties
because animal responses to external sources of disturbance
are highly context dependent (Beale, 2007; Ellison et al., 2012;
Madliger & Love, 2014; Moran et al., 2021; Tablado & Jenni,
2017). Behavioral changes, in particular, result from complex
processes that involve the detection of a disturbance stimulus
and a subsequent trade-off between perceived costs and bene-
fits of different responses (Sih, 2013). Experiments in the wild
can be designed to cover a range of realistic contexts that match
the complexity of the environment relevant for management,
but sufficient replication will continue to be difficult. Further
understanding of the mechanisms that drive an animal’s decision
making can help guide the development of analytical approaches
to tackle this complexity (Pirotta et al., 2022). In general, context
dependency will challenge the estimation of multidimensional
dose—response functions in the case of most stressor mixtures,
but we support the conclusion that being able to incorpo-
rate both empirical and mechanistic knowledge makes this
framework particularly effective for studying combined effects
(Rosenfeld et al., 2022; Segurado et al., 2022; van Moorsel et al.,
2023). We also note that multidimensional dose—response func-
tions can help quantify the cumulative risk to a target population
irrespective of whether the interactions among stressors are cat-
egorized as additive, synergistic, or antagonistic (Pirotta et al.,
2022).

More than a decade after the Degpwater Horigon oil spill, this
catastrophic event continues to have cascading effects for the
population of bottlenose dolphins in Barataria Bay (Smith et al.,
2017, 2022). Our study provides some evidence that, in addition
to their degraded health status, individuals in this population
may be at greater risk from other stressors due to their reduced
ability to elicit and engage in a behavioral response (e.g, the
effect of lung disease on diving abilities). However, experimental
results also suggested that internal and external contextual vari-
ables play a key role in driving individual responses. Ultimately,

estimating the combined effects of vessel interactions and pro-
tracted poor health following the oil spill is the first step toward
the development of effective management solutions to ensure
the viability of affected coastal populations (Tyack et al., 2022).
For example, the modified dose—response functions charac-
terizing responses to vessels (and thus collision risk) under
different health status could inform simulations to identify
which stressors (among the ones that can be reduced or miti-
gated) should be the focus of ongoing restoration efforts (e.g,,
Runge et al., 2023). The quantification and management of the
cumulative risk from multiple stressors on wildlife populations
will thus require a combination of empirical and mechanistic
approaches, which could involve targeted experiments, such as
the one we presented here, to address specific linkages in the
cascade between stressor exposure and consequences for popu-
lation dynamics. Communication with managers could guide the
design of experiments with sufficient power to assess whether
the combined effects of 2 stressors exceed management goals
for a population of interest.
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