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Abstract

The development of non-invasive methods to study 
brain structure and function has enabled a flowering 
of cognitive neuroscience in humans and nonhuman 
species. Herein, we describe the development of pro-
tocols for functional magnetic resonance imaging 
(fMRI) of a bottlenose dolphin (Tursiops truncatus), 
including protocols to monitor the health and wel-
fare of the subject over the course of our five-year 
study. A Welfare Control Plan (WCP) was designed 
to monitor, enhance, and protect our subject’s wel-
fare throughout the course of the study. The WCP 
was developed so our team of marine mammal vet-
erinarians, trainers, and researchers could (1) iden-
tify study procedures that might negatively impact 
the individual’s welfare and propose measures to 
mitigate them, (2) define and implement protocols 
for monitoring the individual’s welfare throughout 
the study, and (3) determine the study’s temporary or 
final endpoints. Overall, behavioral, physiological, 
and health welfare indicators showed that the dol-
phin’s quality of life was not negatively impacted by 
participating in our functional neuroimaging study. 
Our study provides an example of how innovative, 
ambitious, and logistically complex animal studies 
can successfully be performed while protecting the 

welfare of participating animals through adequate 
planning, enough human and economic resources, 
and full human/institutional commitment to animal 
welfare.

Key Words: bottlenose dolphin, fMRI, welfare, 
behavior, scan, cortex, sensory projection

Introduction

Many factors have driven neuroscience to focus 
increasingly on a few rodent taxa as model mam-
mals (Manger et al., 2008). This narrowing enables 
the development of standardized research tools and 
protocols, increases efficiency, and facilitates col-
laboration and replication (Yartsev, 2017). Applying 
results from rodents to other mammals, includ-
ing humans, relies on the assumption of common 
mechanisms across mammals, however. Failures of 
this assumption are one reason for repeated failures 
of translational research (Nestler & Hyman, 2010; 
McGonigle, 2014). Testing this assumption requires 
a comparative approach that involves studying 
phylogenetically diverse species (Carlson, 2012). 

We know that many different skills requir-
ing specialized mechanisms exist across mam-
mals. The approach of carefully selecting the best 
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species for studying a specific scientific problem 
suggests benefits of doing extra work to broaden 
the diversity of animal models (Brenowitz & 
Zakon, 2015). For example, vocal learning is a 
specialized skill that is important for human lan-
guage but is rare among mammals. There is some 
equivocal evidence for and against vocal learning 
in mice (Kikusui et al., 2011; Arriaga & Jarvis, 
2013; Hammerschmidt et al., 2015) and evidence 
for limited changes in acoustic features of species-
specific sounds in other species (Tyack, 2019), but 
stronger evidence for imitation of novel sounds in 
other species suggests considering their selection 
for comparative studies on vocal learning. The 
strongest evidence for nonhuman mammals able 
to imitate new sounds comes from cetaceans (e.g., 
Richards et al., 1984), seals (e.g., Ralls et al., 
1985), and elephants (e.g., Stoeger et al., 2012).

Herein, we explore the potential for leveraging 
non-invasive neural measures and experiments 
designed for cognitive neuroscience studies in 
humans to new species, especially those that require 
heightened attention to welfare. We chose the bottle-
nose dolphin (Tursiops truncatus) as a species with 
complex vocal learning capabilities and a cortical 
organization that is thought to differ strongly from 
terrestrial mammals. Measuring evoked potentials 
from electrodes implanted into the cortex, Ladygina 
& Supin (1977) reported visual and auditory pro-
jection areas on the dorsum of the cortex, with the 
visual area shifting from the occipital and the audi-
tory from the temporal lobe to the parietal. Bullock 
& Ridgway (1972), using similar methods, reported 
two separate auditory areas, one with rapid (~1 ms) 
responses to short, high-frequency sounds like dol-
phin echolocation clicks, and the other with longer 
(100s of ms) responses to tonal signals like dolphin 
whistles that are used for communication. This ear-
lier research on the dolphin brain suggests unusual 
locations of receptive fields for auditory and visual 
stimuli, with different regions specialized for pro-
cessing echolocation clicks vs communication 
whistles. While these findings are intriguing, they 
are not replicable as such methods are invasive and 
not ethical by modern animal welfare standards, 
especially for a taxon with special protected status 
in many jurisdictions. Thus, the goal of the larger 
study outlined here is to use functional MRI (fMRI) 
scanning as a non-invasive method to identify acti-
vation differences within brain areas of a dolphin 
listening to clicks vs whistles.

There are many challenges to developing fMRI 
methodology for dolphins, especially those related 
to animal welfare and training. For example, bottle-
nose dolphins have a brain size similar to humans, 
but the adult body size is larger, so many animals 
cannot fit into standard scanners designed for 
humans. The single MRI scan reported for a living 

dolphin (Ridgway et al., 2006) was designed to 
study unihemispheric slow wave sleep, also first 
demonstrated in bottlenose dolphins through inva-
sively implanted electrodes (Mukhametov et al., 
1977). Ridgway et al. (2006) used MRI for a 
structural scan of the brain while combining other 
methods to register functional scans. Houser et al. 
(2010) used positron emission tomography (PET) 
coupled with images from Ridgway et al. (2006) 
to measure blood flow and glucose uptake in brain 
tissue. No study to date has used fMRI with a living 
dolphin. Consequently, prior to answering broader 
questions related to signal processing in the dol-
phin brain, we first explored whether, and how, 
it might even be possible to develop such non-
invasive methods to study brain function in living 
dolphins while still maintaining high standards 
appropriate to the elevated welfare requirements 
of this protected species. We present our approach 
to these challenges here. Namely, we detail proto-
cols we developed to (1) desensitize the dolphin 
to MRI scanning, (2) safely transport the dolphin 
from Oceanogràfic’s dolphinarium to inside the 
scanner and back, (3) train the dolphin for relaxed 
behavior and apnea during scanning sequences, and 
(4) monitor the health and welfare of the dolphin 
subject over both the short- and long-term to deter-
mine potential impacts of the study to our subject’s 
welfare status.

Methods

Subject, Facilities, and Materials
This study’s subject (“NEP”) was an adult male 
bottlenose dolphin housed at Oceanogràfic 
Aquarium in Valencia, Spain. NEP was 14 y 
old at the onset of scans in 2019; he was born at 
Oceanogràfic’s dolphinarium on 21 September 
2004. Oceanogràfic’s dolphinarium is a six-pool 
system housing 18 dolphins (Figure 1). All pools 
are 11 m in depth and connected via a visually and 
acoustically transparent gating system. Three spe-
cific pools (P1, P2B, and P2C; Figure 1) were used 
for NEP’s training during the study as these pools 
each provided access from the pool to a flat area 
along one poolside (hereon referred to as a “slide-
out”). This allowed NEP to voluntarily remove 
himself from the water, a necessary behavior for 
the study’s progression (see “Animal Training”). 
Note that NEP could exit from the slide-out back 
into the pool, which provided him the choice to 
voluntarily stop a training session at any time.

All scans for this study were conducted using 
a 3T Philips Achieva (Philips, Amsterdam, 
Netherlands) 60-cm bore scanner with a torso 
XL receive coil. Scans were conducted at La Fe 
University and Polytechnic Hospital (Valencia, 
Spain). Recordings for NEP’s desensitization 
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to scanner noise (see “Animal Training”) were 
taken in-air with an iPhone, Version 11 (record-
ings taken near slightly ajar scanner room door) 
and played back to NEP in-air using a Woxter 
Dynamic Line DL-410BT speaker (Frequency 
range: 40 to 20,000 Hz; Woxter, Leganés, Spain). 

Individual Selection—As evidenced in other 
studies with marine mammals in managed care 
(e.g., Clark, 2017; Ortiz et al., 2017; Brando et al., 
2018), engaging in research that involves learning 
and training can provide positive mental stimula-
tion through cognitive enrichment for some indi-
viduals. NEP was chosen as the subject of the 
current study by Oceanogràfic’s training team 
because of his obvious motivation to participate 
in research-related tasks and his capacity to learn 
new behaviors quickly. From early life, NEP was 
continually socialized with his human trainers  
and is thus habituated to husbandry and additional 
training procedures.

Animal Training
Training with NEP began in 2017 and was gradu-
ally adapted over the course of the study to fit 
evolving behavioral criteria necessary for success-
ful MR image acquisition. For example, dolphins 
breathe with an explosive exhalation and rapid 
inhalation, which causes more movement than 
typical for human breathing. Thus, the final ver-
sion of NEP’s scan-ready behavior requested that 
NEP hold his breath while remaining as motionless 
as possible for short durations during functional 
and structural scans. Approximations towards this 
scan-ready behavior included modifying some pre-
viously existing behaviors in NEP’s repertoire as 
well as the training of some novel behaviors.

Desensitization of NEP to scanner noise began 
in 2019. All noise types produced by the scanner 

during the sequences used in this study were 
recorded and played back to NEP in-air during a 
progression of session types. Trainers began by 
introducing the noises to NEP’s daily husbandry 
sessions. Once NEP was desensitized to the scan-
ner noise within his daily routine, scanner noises 
were played back during sessions related to scan-
ning objectives (e.g., beaching behavior). The 
speaker output level was at its maximum setting 
for all sessions involving noise desensitization, 
with trainers moving the speaker closer in prox-
imity to NEP over time. Final speaker positioning 
was 1 m in front of NEP at a 45° horizontal angle 
with respect to his body axis. It should be noted 
that received levels of the scanner noise during 
desensitization would have varied from final con-
ditions inside the scan room as noise propagation 
would occur differently from a speaker playback 
in open air vs inside an enclosed room.

From 2020 to 2022, MR functional imaging 
was attempted with NEP during sessions in which 
he was not asked to breath-hold or refrain from 
moving. Functional scanning would occur in four 
runs, each lasting between 3 to 4 min, during 
which acoustic stimuli were played to NEP inter-
mittently with short silences. A 30-s food reward 
break occurred in the middle of each run during 
which acoustic presentation would stop. NEP was 
not rewarded during the rest of the run outside of 
this 30-s break time. In 2022, the protocol was 
updated to include a discriminatory stimulus (SD) 
that requested apnea and for NEP to refrain from 
movement. For this SD, we used an annulus with 
a handle attached (Figure 2) that was presented to 
NEP by placing it around his rostrum. We found 
that tactile presentation of this SD was successful 
in circumventing potential limitations to NEP’s 
field of vision while in the scanner. We also 

Figure 1. Oceanogràfic’s Dolphinarium stadium view (left) and overhead schematics (right) with study pools labeled. 
* denotes the medical pool; the black ovals denote the slide-out of P1 in both panels; and ** denotes the slide-outs for all the 
pools. (Photo courtesy of Audra E. Ames)
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modified the annulus with white tape to increase 
SD visibility in the scanner room (Figure 2). 

The final scan-ready behavior was trained in 
approximately 1 y. First steps towards this final 
behavior focused on NEP’s apnea when presented 
with the annulus. The first approximation for this 
apnea behavior used differential reinforcement 
of a behavior incompatible with breathing. NEP 
was asked to station with his blowhole underwa-
ter (i.e., the position incompatible with breathing) 
and was given food rewards while the SD was pre-
sented until NEP began associating the SD with 
breath-holding. NEP was then asked to station 
with his body parallel to the side of the pool; and 
while his blowhole was above the water’s surface, 
he was presented with the annulus target again 

to ensure that he was correctly associating apnea 
with the SD. Sessions in which NEP’s blowhole 
was underwater or above water for presentation of 
the SD alternated until NEP completely associated 
the SD presentation with apnea. Following this 
association, NEP was then asked to “beach” him-
self (i.e., slide his body partially or entirely out 
of the water onto one of the training pool slide-
outs and into a position parallel with the edge of 
the pool; Figure 3A). This beaching behavior was 
a previously trained behavior for NEP that was 
modified to include presentation of the annulus. 

While NEP was beached, the apnea SD was 
first presented to NEP with no motion restriction. 
Once NEP performed the apnea behavior success-
fully while beached, the training team began to ask 
NEP to rest his fluke and rostrum while holding 
his breath, simulating NEP’s position in the scan-
ner (Figure 3A). The training team accomplished 
this position by applying the annulus to NEP’s 
rostrum and then slowly lowering it so that NEP’s 
head would come to lie flat on the slide-out. During 
this approximation, the training team simultane-
ously supported the rest of NEP’s body so that 
he could relax his fluke (see Video S1 for full 
behavioral sequence; the supplemental video and 
tables for this article are available on the Aquatic 
Mammals website). NEP then began to associate 
the annulus SD with apnea and assumption of this 
resting position out of the water; and later, NEP 
began to assume the simulated scanner position 
without the physical support of the trainers. Once 
this association occurred, the training team then 
worked on prolonging the duration of stillness in 
this position with simultaneously occurring apnea 
for up to 30 to 40 s. NEP was trained to assume 
the final scan-ready position for 30 s for scans in 
the early part of 2023 (see “Results”). In some ses-
sions, an additional black mat was curved over his 
body to simulate the scanner (Figure 3B). Later in 

Figure 2. (A) The annulus which was used as a dis-
criminatory stimulus for the final scan-ready behavior; and 
(B) presentation of the annulus SD by trainer. (Photos courtesy 
of Audra E. Ames)

Figure 3. (A) NEP in relaxed, “scan-ready” position with jawphones and annulus applied; and (B) NEP in “scan-ready” 
position with jawphones and annulus applied, as well as the addition of the folding mat (underneath NEP) and black mat as a 
mock scanner. Note that NEP is in P2C in panel 3A and in P1 in panel 3B. (Photos courtesy of Audra E. Ames)
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2023, the duration of NEP’s scan-ready breath-hold 
increased to 40 s to better accommodate presenta-
tion of acoustic stimuli during the functional scan-
ning. Training to increase the apnea duration by 
10 s began approximately 2 mo prior to the scans at 
the end of 2023.

During scans, presentations of acoustic stimuli 
were shortened to 30 to 40 s blocks to accom-
modate the final scan behavior, after which 
NEP rested and was rewarded. Once NEP was 
rewarded, trainers would pause for NEP to inhale 
and then present the annulus SD again, signaling 
researchers in the scan and control rooms to start 
the next acoustic block presentation (see “MRI 
Protocol”).

From 2020 to 2022, animal training included 
behaviors which allowed removal of NEP from the 
water via the dolphinarium medical pool (Figure 1), 
a pool with a maximum depth of 2.5 m and a false 
metal bottom that could be lifted to create a shal-
lower pool. NEP was asked to enter the medical 
pool wherein he would be isolated physically from 
other group members by closing an acoustically 
and visually transparent gating system. During 
2022, however, the medical pool of Oceanogràfic’s 
dolphinarium was used for quarantine of a different 
animal, so NEP’s extraction method was adapted 
using the previously trained beaching behavior. 
NEP was asked to beach onto a folding mat laid flat 
on the P1 slide-out (Figure 1). Once NEP was fully 
on the mat, the training team pulled the mat away 
from the pool’s side to load NEP onto the stretcher 
used for transport. NEP was also asked to beach on 
the folding mat during other session types, includ-
ing sessions with the annulus SD, to decrease asso-
ciation of the mat with transportation. Mat training 

for annulus presentation began by asking NEP to 
remove himself completely from the pool so that he 
was perpendicular to the pool on the slide-out with 
his fluke resting on the edge (Figure 4A). Then 
NEP was manually adjusted by the training team 
so that his body was parallel with the pool’s side, 
at which point NEP could assume the rest position 
described above (Figure 4B). 

Animal Welfare 
A Welfare Control Plan (WCP) was designed 
to monitor, enhance, and protect NEP’s welfare 
throughout the course of the study. To achieve its 
goals, the WCP worked at three levels: (1) iden-
tification of all study procedures with a poten-
tial negative impact on the individual’s welfare 
as well as proposing measures to mitigate them 
(Table 1), (2) definition and implementation of a 
protocol for monitoring the individual’s welfare 
throughout the study, and (3) determination of 
the study’s temporary or final endpoints. The fol-
lowing subsections identify key welfare concerns 
related to each level of the WCP and how they 
were addressed during the study.

The WCP was developed through review of the 
published literature and through consultation with 
accredited welfare specialists and researchers, as 
well as Oceanogràfic’s own veterinary and animal 
care staff, to customize the WCP to NEP’s life his-
tory. The WCP was then overseen by the welfare 
management team (i.e., authors of this report affili-
ated with the Animal Welfare Education Centre 
[AWEC] of the School of Veterinary Science, 
Universitat Autònoma de Barcelona, Spain) but 
included the participation of Oceanogràfic vet-
erinarians, curators, and dolphin trainers in all 

Figure 4. (A) Mat training for annulus presentation in which NEP has beached from the perpendicular to the pool on the 
slide-out with his fluke resting on the edge; and (B) adjustment of NEP by training team to be parallel with the poolside. 
(Photos courtesy of Audra E. Ames)
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welfare-related decisions. The welfare management 
team consisted of an onsite animal welfare officer 
(author OTP), who was responsible for coordinat-
ing animal welfare for all Oceanogràfic, and a team 
of welfare monitors (authors CA and MG) super-
vised by the animal welfare officer and dedicated 
specifically to NEP.

Oceanogràfic is accredited by the American 
Zoo and Aquarium Association (AZA), European 
Association of Zoos and Aquaria (EAZA), 
American Humane Association (AHA), Iberian 
Association of Zoos and Aquaria (AIZA), and 
European Association for Aquatic Mammals 
(EAAM), which demonstrates the aquarium’s 
continued excellence in animal care. The current 
study was approved by Oceanogràfic’s Animal 
Care and Welfare Committee (Protocol Number 
OCE-10-20), the University of St Andrew’s 

Animal Welfare and Ethics Review Body (Protocol 
Number SEC17017), and the Institutional Animal 
Care and Use Committees for the Woods Hole 
Oceanographic Institution (Number 26107) and 
for Carnegie Mellon University (Protocol Number 
PROTO201900022).

Identification of Welfare Threats and Refinement 
of Procedures—Potential risks to NEP’s welfare 
were identified in the first step of the WCP (Table 1).

Pre-Scan Welfare Protocol—Desensitization 
of NEP to new stimuli and study materials at the 
edge of the pool was critical in familiarizing the 
animal with the process and eliminating poten-
tial aversive responses (Mineka & Cook, 1986; 
Bassett et al., 2003). Desensitization to scanner 
noise was discontinued following the third scan, 
but reintroduction of some stimuli, materials, or 
contexts (e.g., folding mat, black mat, medical pool 

Table 1. Summary of identified procedures with a potential impact on the individual’s welfare and measures to mitigate or 
refine the impact

Potential welfare  
threat

Rationale and  
animal responses

Mitigation and  
refinement measures* 

Social isolation 
(medical pool,  
transport, and scan 
session)

Entails a lack of space for 
free movement, an invariant 
environment, and infeasibility 
of animal-to-animal interactive 
activity.

Potential responses include 
decreased or increased states 
of arousal and lack of response 
to stimulation, enrichment, or 
reinforcement.

• Previous training and desensitization
• Animal accompaniment by a known trainer 
• Request animal to voluntarily enter the medical pool 
• Context-adapted and individualized environmental 

enrichment plan
• Frequent positive reinforcement
• Increase in number of play and feeding sessions
• Alternative voluntary beaching behavior from social pool 

instead of isolation in medical pool

Removal of animal 
from water (during 
transport and scan 
session)

• Animal 
transportation

• Animal handling 
while loading into 
and while inside the 
scanner

• Animal exposure to 
scanner noise and 
magnetic fields

Animal is removed to an 
environment where the body is 
no longer supported by water; 
thus, breathing is constrained 
and physiological stress is 
likely to increase. Additionally, 
removal enables a restriction 
of free movement, choice, and 
control, and inescapable sensory 
impositions (e.g., noise).

Potential responses include 
animal agitation, perceived 
threat avoidance, escape, 
defensive behavior (e.g., open 
mouth, biting, raking), auditory 
discomfort, thermal discomfort 
(e.g., hyperthermia), physical 
discomfort (e.g., pain, skin 
irritation, muscle tension), 
dizziness, fear response and 
neophobia.

• Previous training and desensitization (e.g., beaching 
behavior)

• Animal continuously accompanied by a known trainer and 
veterinarian

• Frequent positive reinforcement
• Best handling practices*
• Continuous application of water to animal
• Implementation of anti-anxiety medication

• A short and pre-defined itinerary
• Use of an adapted cushioned vehicle with refrigerated 

cabin and refinement in driving style (smooth drive with 
low and constant speed, and gentle cornering and braking)

• Previous training and desensitization
• Dim light and climate-controlled room
• Best handling practices*
• Frequent positive reinforcement

• Previous training and desensitization
• Frequent positive reinforcement

*Best handling practices as defined by the Cetacean and Pinniped Transport Best Practices (National Marine Fisheries 
Service [NMFS], 2022) and the Standards and Guidelines for the Management of Aquatic Mammals Under Human Care 
(European Association for Aquatic Mammals [EAAM], 2019). 
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access) occurred at least 1 mo to 2 wks prior to each 
scan session. Specific desensitization and training 
steps for pre-scan periods are described in detail 
above (see “Animal Training”). Additionally, pro-
tocols for transportation, access to hospital prem-
ises, and scanning were practiced by the trainers, 
animal care staff, and researchers prior to every 
scan to minimize NEP’s time out of the water.

Transportation and Scan Welfare Protocol—
Approximately 1.5 h and again 20 min prior to 
NEP’s transport to La Fe, diazepam (Valium®) was 
administered orally (via fish) in a dose of 0.2 mg/kg 
of body weight to reduce anxiety levels during all 
scan sessions. Diazepam is an effective anti-anxiety 
drug for bottlenose dolphins, which is commonly 
used to manage potential short-term stressful and 
transitional circumstances (Gulland et al., 2018; 
Kastelein et al., 2023). Some slight sedation but no 
other evident physiological or behavioral changes 
occurred upon administration of this medication 
and dosage to NEP prior to scans.

The maximum time limit for NEP to be out of 
the water was 2 h, with 1 h allotted for NEP to 
be inside the scanner. Establishing this 2 h limit 
was conservative and based on reports that show 
dolphin stress indicators return to baseline quickly 
following removal from water for 2 h (Champagne 
et al., 2018). A qualified team of (at minimum) 
seven dolphin trainers well known to NEP, four 
veterinarians, and one animal welfare supervisor 
(the animal welfare officer or another member of 
the welfare monitoring team) remained with NEP 
from 1 h prior to and following transportation from 
the dolphinarium pools at Oceanogràfic to La Fe, 
including the full duration of time NEP was in the 
scanner. During each scan, this team focused on 
recognizing any abnormalities in NEP’s behavior 
indicative of distress or discomfort, identifying 
emerging health concerns, preventing and detect-
ing potential risks, maintaining NEP’s position in 
the scanner, and administering treatments if neces-
sary. If signs of distress were noted by the team, 
the protocol called for ending the session and 
returning NEP to Oceanogràfic’s dolphin pools. 

For scan sessions that occurred from 2019 to 
2022, NEP was asked to enter the medical pool 2 
to 3 h prior to transport. During this period, envi-
ronmental enrichment was provided, and the fre-
quency of play and feeding sessions with trainers 
was increased to manage the effects of NEP’s tem-
porary physical isolation from other social group 
members. Immediately before transport, the medi-
cal pool platform was lifted while the animal was 
positively reinforced. NEP’s body was then lifted 
by the trainers so that a stretcher could be placed 
underneath. For scans completed in 2023, NEP was 
moved from the folding mat to the transportation 
stretcher using the same lifting technique as above.

After the animal was centered in the stretcher, 
he was rapidly lifted and moved to the trans-
port van’s cargo hold (~10 m from the medical 
pool or P1 poolside; Figure 1), outfitted to meet 
EAAM transport recommendations. Animal 
transportation followed a predefined route 
(~3 km from the Oceanogràfic to the Hospital 
La Fe). Because transportation of NEP to La Fe 
was brief (approx. 22 min ± 2 [SD] from pool to 
van arrival at La Fe), NEP was placed on a 20-cm 
open foam mat inside the van’s hold, which was 
also coated with cell foam pads and made free 
from protrusions. A veterinarian and two train-
ers remained with NEP in the hold to monitor 
the animal during transport and to apply water 
continuously to NEP’s skin via a sprayer. Cold 
bags (bags full of ice or frozen gel) placed on 
the peduncle near the fluke covered with a damp 
towel were also used during transport or scans 
as needed to prevent overheating. No desensiti-
zation of water or cold bag application occurred 
prior to transports. No straps or other immobili-
zation devices were used during either transport 
or scanning. Handling methods listed here fol-
lowed best handling practices as defined by the 
Cetacean and Pinniped Transport Best Practices 
(National Marine Fisheries Service [NMFS], 
2022) and the Standards and Guidelines for 
the Management of Aquatic Mammals Under 
Human Care (European Association of Aquatic 
Mammals [EAAM], 2019).

Once the van reached La Fe, trainers and care 
staff who had arrived in alternate vehicles met 
with the transport van to load NEP from the vehi-
cle onto a wheeled stretcher and move him to the 
MR scanner room—reaching the room within 5 to 
10 min of arrival. Upon reaching the scanner room, 
NEP was loaded onto the scanner table with his 
head centered in the bore. A trainer or veterinar-
ian signaled to begin the MRI protocol once NEP 
was positioned correctly in the scanner. Trainers 
continuously applied water to areas of NEP’s body 
outside of the bore while he was in the scanner and 
positively reinforced NEP throughout the scan ses-
sion and transportation protocol using tactile and 
food reinforcements. All food rewards consisted of 
dead fish consumed as part of NEP’s regular daily 
diet requirements. Once the MRI protocol was 
completed, the transportation protocol was then 
reversed to return the animal to Oceanogràfic’s 
dolphin pools.

Post-Scan Welfare Protocol—On return to 
Oceanogràfic’s dolphinarium, NEP was immedi-
ately reintroduced to the water either via lowering 
the medical pool’s adjustable bottom or by slid-
ing him from the folding mat into P1 once the 
mat was positioned poolside (Figure 1). NEP then 
received a short, positive training session before 
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fully returning to his social group. Behavioral 
observations of NEP occurred opportunistically 
for 1 to 2 h following reintroduction to the water 
post-scan to monitor for short-term aversive 
effects potentially related to the scan session (see 
below).

Monitoring Protocol for Short- and Long-
Term Effects—Short- and long-term indicators of 
welfare were categorized as behavioral, health-
related, or physiological, and were used to moni-
tor NEP’s welfare status on the day of scans, in the 
days immediately before and after scans, during 
periods between scan sessions, and over the full 
course of years while the current scan protocols 
have been developed and refined. The welfare 
indicators selected for each context are shown in 
Table 2.

Monitoring of indicators occurred in one of four 
contexts (A through D) designed to maximize effi-
ciency of the dolphin training and welfare moni-
toring teams and to take advantage of the existing 
welfare monitoring strategies already in place as 
part of daily animal care routines for Oceanogràfic’s 
dolphins (e.g., veterinary and training welfare-
related records, welfare-related research proj-
ects). Not all study-related activities had the same 
potential for adverse effects on NEP’s welfare. 
Thus, for the four WCP identified contexts, dif-
ferent strategies and indicators to monitor and 
manage NEP’s welfare were implemented:

• Context A (baseline) – NEP during periods 
without training or husbandry activities, 
including daily normal free swim time and 
normal social activity with other dolphins, 
and nonsupervised enrichment sessions.

• Context B – NEP during daily regular inter-
action with trainers or veterinarians with-
out any relation to current study activities, 
including regular husbandry or other research 
sessions, dolphin presentations for the public, 
regular medical monitoring, or other contexts 
involving direct interaction with trainers or 
veterinarians.

• Context C – NEP during any training or 
desensitization sessions directly relating to 
the current study (e.g., scan-noise and stimuli 
desensitization, beaching, transport training, 
etc.), excluding activities on days of scans.

• Context D – Activities conducted during 
the day of the scan, including transportation 
preparation (e.g., animal isolated in medical 
pool), transportation, loading into and posi-
tioning of NEP inside the bore, scanning, and 
return of animal to the pool. 

The veterinary staff and training team were 
responsible for interpreting short-term welfare 
indicators that could result in a study endpoint 
(especially in Context D), and for measurement of 
long-term physiological and health indicators. The 
animal welfare monitoring team was primarily 
responsible for monitoring long-term behavioral 
welfare indicators. Observations conducted by the 
welfare management team were approximately 
15 min in duration and occurred opportunistically 
within the periods defined below (see “Results”). 
It should be noted that these observations sampled 
varying conditions based on variability in NEP’s 
husbandry schedule, pool requirement for the 
study, and social group integrations.

Four to six hours of behavioral observations 
were collected opportunistically during periods 
when no training sessions occurred (Context A) 
for each of 41 mo within the total study period 
(62 mo from October 2018 to November 2023). 
All behavioral observations were made poolside 
from the surface by an experienced behavioral 
observer from the welfare monitoring team based 
on an ethogram developed for the current study 
(Table S1) that included behavioral events and 
predominant activity sampling for behavioral 
states (Mann, 1999). The ethogram was created 
based on behaviors commonly reported in the lit-
erature for dolphins in managed care (Dudzinski, 
2010; Von Streit et al., 2011; Harvey et al., 2017; 
Hill et al., 2017; Clegg et al., 2018) and through 
conducting a preliminary observational study of 
NEP to determine NEP’s baseline behavior prior 
to implementation of study activities. During each 
session, observers recorded the most predomi-
nant behavioral state noted in each 1-min interval 
and in all discrete behavioral events (Martin & 
Bateson, 2007). 

Trainers’ Behavioral Observations—To evalu-
ate short-term effects in Contexts A through C, 
welfare indicators (Table 2) were identified in 
trainers’ daily reports recorded over the study’s 
62 mo. To conserve trainer effort, observations 
reported by trainers were made only during 
NEP’s training sessions. Trainers’ daily reports 
were comprised of behavioral welfare indicators 
noted as either absent (0) or present (1) as these 
reports were originally designed to quickly iden-
tify animal health and behavioral concerns, not 
behavioral frequencies. These reports were sub-
sequently organized by the welfare management 
team according to the study’s ethogram (Table S1) 
for analyses presented below. Coded behaviors 
were organized as (1) socio-sexual behaviors, 
(2) positive social integration (observations of 
affiliative social state[s] and/or event[s] follow-
ing successful integrations with a novel social 
group), (3) negative social integration (lack of 
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Table 2.  Welfare indicators as defined by the Welfare Control Plan (WCP) for each monitoring context

Indicator type Indicator 
Method of  
monitoring

Response 
type

Indicator  
validity

WCP 
context 

Behavioral Affiliative behavior Behavioral 
observations completed 
opportunistically by an 
experienced observer 
(welfare management 
team) using a customized 
ethogram (Table S1)

Additionally, trainers’ 
reports of specific 
behaviors outlined here 
or their outcomes (e.g., 
new rake marks due to 
aggressive behavior) 
in NEP’s daily general 
records if abnormalities 
observed

Short-term, 
long-term

Kuczaj et al., 2013; 
Clegg et al., 2017; 
Serres et al., 2020

Contexts 
A (for 
long-term 
responses) 
and D (for 
short-term 
responses)

Anticipatory behavior Short-term, 
long-term

Clegg & Delfour, 2018; 
Clegg et al., 2018

Socio-sexual behavior Short-term, 
long-term

Mann, 2006;  
Clegg et al., 2015; 
Harvey et al., 2017 

Agonistic behavior 
causing injuries, social 
isolation, or inappetence

Short-term, 
long-term

Waples & Gales, 2002; 
Clegg et al., 2015; 
Serres & Delfour, 2017

Play behavior Short-term, 
long-term

Paulos et al., 2010; 
Kuczaj et al., 2013; 
Serres & Delfour, 2017

Exploratory behavior Short-term, 
long-term

Maple & Perdue, 2013; 
Clark, 2017

Stereotypic behavior Short-term, 
long-term

Kastelein et al., 2016; 
Serres, 2019

Apathetic behavior 
(floating)

Short-term, 
long-term

Waples & Gales, 2002; 
Johnson et al., 2009

Regurgitation Short-term, 
long-term

Shyne, 2006; 
Lauderdale, 2017

Foreign body ingestion Trainers’ and 
veterinarians’ daily general 
records of NEP noting 
ingestion of a foreign body 
or the item’s removal

Short-term, 
long-term

Couquiaud, 2005 All contexts 

Changes in food 
consumption

Trainers’ daily nutritional 
records of the percentage 
of fish that NEP ingests 
out of the total fish offered 
(recorded in kg)

Short-term, 
long-term

Waples & Gales, 2002; 
Johnson et al., 2009; 
Clegg et al., 2019

Contexts B, 
C, and D

Willingness to participate 
in training sessions

Trainers’ daily records 
of NEP’s willingness to 
participate in sessions as 
rated on a 5-point scale 
(0 to 4) representing 
incremental motivation 
and enthusiasm during 
training sessions

Short-term, 
long-term

Shyne, 2006; 
Lauderdale, 2017; 
Clegg et al., 2019; 
Delfour et al., 2020; 
Huettner et al., 2021 

Contexts B 
and C

Willingness to participate 
during scan sessions

Animal responsiveness 
to trainer commands as 
monitored by trainers

Short-term Couquiaud, 2005 Context D

Aggressive behaviors 
towards trainers (e.g., 
hit, bite)

Trainers’ daily records 
of aggressive behaviors 
towards trainers

Short-term, 
long-term

Waples & Gales, 2002; 
Johnson et al., 2009; 
Clegg et al., 2019

Contexts B, 
C, and D

Trembling Trainers’ reports and 
behavioral observations 
during the scan sessions

Short-term Câmara et al., 2020; 
Boys et al., 2022

Contexts C 
and DBody movements 

(e.g., pronounced body 
rocking, tail slapping, 
tail movement side-to-
side, tail arch, whole 
body arching/thrashing, 
movement in lower jaw)

Short-term
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Physiological Heart rate Monitored by  
veterinarians in the 
presence of additional 
indicators suggesting 
the animal’s health is 
deteriorating (e.g., breath 
rate, body temperature, 
behavioral indicators) 

Short-term Linnehan et al., 2020 Context D

Breath rate Regularly monitored by 
trainers during scans

Short-term Broom & Johnson, 
2019; Serres & Delfour, 
2019

Context D

Blood cortisol 
concentrations

Opportunistically if blood 
sampling were required 
for another reason 
(e.g., regular veterinary 
monitoring)

Short-term Fair et al., 2014 Context B

Body condition Weekly weighing of the 
individual (in trainers’ 
daily records)

Long-term Clegg et al., 2015; 
Brando et al., 2018

Context B

Pain (arching, squinting, 
breaching, staying at 
depth) 

Trainers’ daily general 
records and veterinary 
records

Short-term, 
long-term

Waples & Gales, 2002; 
Johnson et al., 2009

Context A 
(short- and 
long-term 
responses) 
and D 
(short-term 
responses)

Abnormal swimming 
movement

Trainers’ daily general 
records and veterinary 
records

Short-term, 
long-term

Fish, 1993; Sneddon 
et al., 2014

Shock Regular monitoring 
during scan sessions by 
veterinarians

Short-term NMFS, 2022 Context D

Health Blood count and 
indicators of immune 
system function (total 
white cell count, 
neutrophil/lymphocyte 
proportion, serum protein 
electrophoretogram) 

Regular veterinary 
evaluations and veterinary 
records

Long-term Gulland et al., 2018;
Nollens et al., 2020; 
Lauderdale et al., 2021

Context B

Incidence of respiratory 
diseases

Regular veterinary 
evaluations and veterinary 
records

Long-term Venn-Watson et al., 
2012; Clegg et al., 2015

Incidence of 
gastrointestinal 
ulcerations

Regular veterinary 
evaluations and veterinary 
records

Long-term Sapolsky, 2004;  
St. Leger et al., 2018

Incidence of chronic 
or recurrent diseases 
potentially associated 
with stress

Regular veterinary 
evaluations and veterinary 
records

Long-term Gulland et al., 2001;  
Clegg et al., 2015

Generalized weakness Regular veterinary 
evaluations and veterinary 
records

Short-term, 
long-term

Waples & Gales, 2002; 
Johnson et al., 2009

Dental wearing Regular veterinary 
evaluations and veterinary 
records

Long-term Graham & Dow, 1990; 
Clegg et al., 2015

Context A
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engagement with a novel social group or agonistic 
social state[s] and/or event[s] after social integra-
tion that necessitates separation), (4) agonistic 
behaviors (e.g., observations of agonistic social 
state[s] and/or event[s] [Table S1] or presence 
of recent and superficial injuries or rake marks), 
(5) not present (NEP maintaining distance from 
trainers, not responding to requests, or with low 
perceived interest in specific training sessions), 
(6) difficulty gating (challenging request of pool 
change as indicated by multiple attempts or reluc-
tance to enter requested pool), and (7) regurgi-
tation (observations of NEP ejecting an entire 
fish or a mix of water and fish debris out of the 
mouth). Items 5 “not present” and 6 “difficulty 
gating” from the trainers’ reports were used in 
analyses as indicators that NEP lacked willingness 
to participate in training sessions. Regurgitation 
events were integrated with veterinary observa-
tions over the lifetime of the animal to determine 
whether changes in this behavior were abnormal 
considering NEP’s life history. Items 2 and 3 were 
compared statistically (see “Statistical Analyses”) 
as positive and negative responses to integration 
with a new social group. Items 1 and 4 were ana-
lyzed as separate welfare indicators. As with data 
collected by the welfare management team, train-
ers’ observations were made under variable condi-
tions. Behavioral welfare indicators not listed here 
were not reported as occurring in any training ses-
sions (Table 2).

The welfare indicator “daily willingness to 
participate” also included a 5-point Likert scale 
designed to quantitatively assess NEP’s motiva-
tion and performance during daily training ses-
sions (both routine and for study purposes). This 
scale, adapted from Clegg et al. (2019), ranged 
from 0 = No contact, indicating an absence of 
motivation and interaction, to 4 = Excellent, 
denoting high levels of motivation and correct 
responses to trainers’ behavioral requests. The 
score was assigned by NEP’s main trainer for the 
day. Additionally, during training sessions that 
were only related to study activities (Contexts C 
and D), trainers included more detailed comments 
regarding their perception of NEP’s willingness 
to participate in study-related tasks. Changes in 
NEP’s daily food consumption were measured 
using trainers’ daily nutritional records of the per-
centage of diet that NEP consumed from the total 
offered (recorded in kg).

Temporary or Final Endpoints—The third 
and ultimate goal of the WCP was to determine 
whether the project reached welfare-related tem-
porary or final endpoints. Endpoints (i.e., thresh-
olds of welfare indicators measured by the WCP) 
are referred to here as the pre-established criteria 
that indicate when a scan (temporary endpoint) or 

the study (final endpoint) should be ended to avoid 
(or limit) adverse welfare impacts. Established 
endpoints (Table 3) were subjected to review and 
refinement in the event of unexpected outcome(s).

MRI Protocol
Preparation for Scanning—To prevent con-

tamination and damage from salt water, the scan-
ner was prepared for the dolphin by wrapping the 
bore in tear-resistant plastic sheeting. The dolphin 
entered the scanner room on a detachable Philips 
non-ferromagnetic patient bed, accompanied by 
the research and veterinary team who were all 
pre-screened multiple times for metallic objects 
before arrival and entry to the scanner room. The 
patient bed could not be used to move the dolphin 
into the bore isocenter as NEP’s dorsal-ventral 
dimension was too great.

Before loading, the Philips Torso XL 16-chan-
nel 2-part chest surface coil array was wrapped in 
protective plastic and placed by MRI techs on the 
left and right sides of NEP’s head, with the coil 
ends providing a gap for the blowhole. MR com-
patible ECG leads were also attached, with leads 
safely kept uncrossed and away from NEP’s body.

The Philips Achieva 3T 60-cm diameter inner 
bore is smooth and cylindrical with a flared front 
opening. This permits manual loading of the dol-
phin with surface coils into the isocenter of the bore 
via an underbelly cushion and pulley arrangement, 
with support from dolphin handlers on both sides 
of the scanner table. For NEP, the brain is at the 
approximate isocenter of the magnet bore when the 
dorsal fin is 1 to 2 cm from the bore. 

For auditory stimuli delivery, custom-made 
jawphones (Figure 3) were developed and fabri-
cated from MRI-safe piezoelectric ceramic ele-
ments. These were potted in soft silicone suction 
cups and carefully attached with insulated cables 
leading to an encased cable trap and joint, which, 
in turn, was connected to a shielded cable. The 
cable termination was fed through an in-line RF 
filter and attached to a BNC connector to the 
audio equipment, which was isolated from main 
power by using a portable battery power supply.

The trainers leading the session interacted with 
NEP at all times at the scanner end where NEP 
was facing, such that he could see the trainers and 
they could monitor and be guided by his breath-
ing, movements, and vocalizations. NEP’s head, 
the trainers, and the annulus presentation could 
also be seen on the console room monitor from 
the rear-wall-mounted video camera.

In-air acoustic scanner noise is always a con-
cern for MRI. Thus, all people within the scanner 
room wore high-quality earplugs during scan-
ning. To test for the potential for noise-induced 
hearing effects on the dolphin, we measured the 
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Table 3. Study’s temporary and final endpoints based on the indicators used in the Welfare Control Plan (WCP) for each 
welfare control context

Indicator type Endpoint
Type of 
endpoint

Behavioral Individual’s refusal to voluntarily enter the medical pool (for initial scan sessions) or  
beach onto the folding mat the day of the scan session

Temporary

A long-term 20% reduction or cessation of affiliative, socio-sexual, play, or exploratory 
behaviors (unexplained or related to the project)

Final

Long-term (≥ 3 times) aggressive behaviors causing injuries, social isolation, or 
inappetence (unexplained or related to the project)

Final

Appearance of stereotypic (i.e., repetitive locomotion or movement exhibited three  
times in succession that does not seem to have an apparent goal or function) behaviors 
(unexplained or related to the project)

Final

Appearance of apathetic and unresponsive behavior (unexplained or related to  
the project)

Final

Changes to regurgitation and/or reingestion that are inconsistent with the life history  
of the animal

Final

Long-term unwillingness to participate in routine training sessions (median score  
below 3; Table 2) unexplained or related to the project

Final

Long-term low willingness to participate in the project’s training or scan sessions  
(e.g., animal does not appear motivated, maintaining distance from trainers and/or  
not taking food) 

Final

Unambiguously directing aggressive behaviors towards trainers in contexts related  
to the project

Temporary

Long-term (i.e., multiple occurrences) trainer-directed aggressive behaviors in  
contexts related to the project

Final

Appearance of trembling during transport and/or scan Temporary

Exhibiting frequent and dangerous bodily movements during transport and/or scan (e.g., 
pronounced body rocking, tail slapping, tail movement side-to-side, tail arch, whole body 
arching/thrashing, movement in the lower jaw)

Temporary 

Physiological Heart rate out of range (60 to 120 bpm) during transport or scan Temporary
Spontaneous breath rate out of range (6 to 30 breaths/5 min) during transport and/or scan Temporary

Health Loss of 20% of peak pre-study weight Final

Long-term pain (assessed using behavioral or physical indicators of pain—e.g., body  
or tail arching, body rocking) 

Final

Appearance of abnormal swimming movement (unexplained or related to the project) Final

Shock/collapse Final

Long-term blood count and indicators of immune system function (total white blood cell 
drop below 4,500 wbc/μl, persistent neutrophilia > 85% WBC, globulins < 1g/dl) 

Final

Long-term incidence of respiratory diseases, gastrointestinal ulcerations, or other 
chronic or recurrent diseases potentially associated with stress and immunodepression 
(unexplained or related to the project)

Final

Long-term generalized weakness Final
Severe dental wearing (unexplained or related to the project) Final

Cumulative Integration of multiple short-term indicators that together are interpreted as a state of 
distress, discomfort, and a reduction in welfare

Temporary

Integration of multiple short- and long-term indicators that together are interpreted as a 
reduction in quality of life

Final

Reaching of temporary endpoints in several scan sessions Final
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sound levels in this kind of scanner and com-
pared them to noise levels for hearing impact on 
dolphins established by Southall et al. (2019). 
Acoustic noise measurements were made on a 
matching spec 3T Achieva system (Phillips) using 
an MR compatible sound level meter (OptiSLM; 
Optoacoustics Ltd., Mazor, Israel) in-air. Sound 
pressure level (SPL) measurements were taken 
with the microphone at scanner isocenter in the 
z-axis unobstructed by the coil and recorded 
as ~112 dBA SPL during the fMRI protocol. A 
second sound meter (Casella CEL-63X; Casella 
UK, Kempston, UK) was used to determine the 
frequency spectrum of scanner noise. This instru-
ment was placed at the bore’s edge to minimize 
RF interference from the scanner. The peak SPL 
(Leq) centered on the 1 kHz octave band was 
117.3 dB re 20 μPa, which was dropped consis-
tently for each higher octave band, with a level of 
76 dB at 16 kHz. By contrast, dolphin hearing gets 
more sensitive as one increases frequency over 
this region, with the frequency range of best hear-
ing much higher than most of the scanner noise. 

Dolphin hearing is well studied underwater, but 
not for sound in-air. Cetacean ears evolved for 
hearing in water rather than in-air, and scanner 
noise transmission is strongly attenuated by the 
impedance mismatch between air and soft tissue. 
Glover et al. (1995) reported a 30 dB reduction 
in scanner noise intensity recorded in fluid-filled 
tissue over the frequency band of concern, with 
a potential additional 10 dB increment coming 
from transmission through the scanner platform, 
leading to a 20 dB reduction when this pathway is 
not blocked. The dolphin did rest on the scanner 
platform, so we subtracted 20 dB from the in-air 
measurements. All measurements of effects of 
sound on dolphins are made with the underwater 
reference of 1 μPa, so to compare sound levels to 
thresholds of effects, we corrected for this different 
reference by adding 20 dB to the airborne sound 
levels that were reported in dB re 20 μPa. Southall 
et al. (2019) estimated effects on dolphin hearing 
by applying a dolphin-weighting function, similar 
to A-weighting for humans. Applying this weight-
ing to each octave band of scanner noise from 16 
to 16,000 Hz, the decrease in scanner noise higher 
than 1 kHz is shown to be strong enough to out-
weigh the increasing sensitivity of dolphin hear-
ing. Following the procedure outlined by Southall 
et al., we integrated the sound energy across these 
octave bands and calculated a cumulative sound 
exposure level from 16 to 16,000 Hz, assuming 
a maximum exposure duration of 30 min. This 
sound exposure level of 128.6 dB re 1 μPa2s is 
well below the threshold for onset of temporary 
effects on hearing of 178 dB re 1 μPa2s (Southall 
et al., 2019). 

Anatomical and Body Motion Considerations 
for MRI—The size, shape, and tissue/air/bone 
composition of the bottlenose dolphin head pres-
ents unique challenges to MRI scanning, partic-
ularly as tissue and air compartments are under 
volitional control. The acoustic melon is a large 
fat mass anterior to the brain that moves with 
sound production. The massive upper respiratory 
tract, which includes sacs and the blowhole, lies 
just anterior to the frontal cortex and is dynami-
cally modulated for producing tonal whistles 
and echolocation clicks in a lateralized manner 
(e.g., Madsen et al., 2013). All these structures 
are embedded in complex arrangements of bone, 
muscle, and liquid or air. In addition, the > 200 kg 
muscular and fat-encased dolphin body also rests 
close to the transmit and receive RF coils through-
out the bore. All these factors non-uniformly 
affect the magnetic field and do so dynamically 
if the blowhole, melon, or jaw are moved during 
image acquisition. Relative to other mammals, the 
cerebrum is also quite wide and is embedded deep 
in the head, much further from the receive coil ele-
ments than in humans and other primates. Finally, 
when a breath is taken, the entire head and body 
move, severely corrupting any image acquired 
during this period and limiting the duration and 
type of MR sequence that can be used (see below). 
Thus, the extensive training to establish comfort-
able periods of apnea was crucial for imaging.

Unlike the human brain, the largest dimension of 
NEP’s brain is right-left (~170 mm), with 140 mm 
from the most superior cortex to the most infe-
rior part of the cerebellum, and 120 mm anterior 
to posterior (e.g., the 50th percentile-sized male 
adult brain—measured when aligned along the 
anterior-to-posterior commissures—is 136 mm 
left-right, 176 mm front-back, and 132 mm top-
bottom, including the cerebellum; Mennes et al., 
2014). The dolphin brain is also positioned in 
the body and scanner bore such that the superior-
inferior axis is along a rotated coronal axis and is 
anterior-posterior along the axial axis.

Functional MRI Protocol—After a standard 
3-plane T1-weighted localizer to visualize the 
boundaries and orientation of the brain within the 
head, and to position the subsequent image vol-
umes, a rapid motion-tolerant static magnetic field 
(B0) map is acquired during a 30-s apnea. The B0 
map is used to calculate a 3D shim field using 
“image-based” (IB) shimming, which makes the 
magnetic field within the brain volume as homo-
geneous as possible, essential for good quality 
echo-planar imaging (EPI).

Following this, the EPI volume is positioned 
in the unrotated transverse slice plane to mini-
mize potential image wrap given that NEP’s 
head cannot be repositioned automatically by 
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the scanner to isocenter. The 128 × 128 in-plane 
imaging matrix is acquired with 2 × SENSE right-
left acceleration, 53 × 3 mm slices, a FOV of 350 
× 350 mm, and 35 mm (10%) phase oversampling 
on both sides to allow for small variations in posi-
tion between apneas. The repetition time (TR) 
= 3.304 s, flip angle = 90, and TE = 30 ms. The 
SENSE coil reference was acquired at the start of 
an initial short EPI calibration scan, also collected 
during an apnea, which is acquired with reverse 
phase encoding to enable later B0-inhomogeneity-
related image unwarping.

Subsequently, a series of fMRI runs were per-
formed, each for 4 min 30 s, with 82 EPI volumes. 
For scans during which stimulus blocks were 40 s 
in duration, scan times were extended to collect 
> 82 volumes to allow complete sets of stimulus 

blocks to be performed at a pace determined by 
the dolphin and trainers (i.e., scans were stopped 
as required rather than run for a predetermined 
length). Representative images for EPI volumes 
are shown in Figure 5C. 

Structural MRI Protocol—Structural MRI is 
challenging because the dolphin’s head moves 
substantially with each breath, making tradi-
tional T1-weighted 3D acquisitions infeasible. To 
address this, approaches developed by Kuklisova-
Murgasova and colleagues (2012) for in utero 
imaging of fetal brains were used. Initially, single-
shot Fast Spin-Echo (FSE) imaging was employed 
during spontaneous breathing, with the slice-to-
volume motion correction method applied to the 
image data. Although this method works well on 
fetal brains, this did not result in good quality 

Figure 5. (A) The Oceanogràfic team preparing NEP for scanning; (B) in-vivo structural scan (T2 axial and coronal view; 
contrast inverted) for localization of function; and (C) sagittal view of functional data during NEP apnea, with time resolution 
3.3 s per whole-brain EPI volume. (Photo for [A] courtesy of Frederic Dick)

ARTICLE IN PRESS



644 Ames et al.

images of NEP’s brain due to the shorter T2 relax-
ation times as is observed in mature adult human 
brains; this thus limited SNR and resolution. We 
then transitioned to using a series of fast (30 to 
40 s) multi-shot T2-weighted FSE acquisitions, 
with each package of 20 to 25 slices (1 × 1 × 2 mm 
acquired voxel size; TE = 82 ms) acquired during a 
single breath-hold (3 to 4 packages were required 
to image the full brain). The orientation of the 
imaging volume was changed to create multiple 
views of the brain; a 3D image was reconstructed 
to 0.8 mm isotropic resolution using the slice-to-
volume registration (Kuklisova-Murgosova et al., 
2012) method in the SVRTK toolbox (Uus, 2020) 
from seven stacks (Figure 5B). 

Statistical Analysis 
Behavioral Observations (Welfare Monitoring 

Team)—All analyses were performed in R, Version 
4.3.1 (R Core Team, 2021). Behavioral observation 
data were divided into five time periods related to 
scan sessions (Table 4). For social play and syn-
chronous swimming, data from the immediate pre-
scan period were excluded from analyses when 
transportation began from the medical pool because 
of NEP’s physical isolation from other dolphins.

Behavioral states were quantified as the per-
centage of time spent in each observed behavioral 
state relative to the total observation time of the 
session’s segment (i.e., ~15 min). Enrichment play 
was treated as the percent of time spent interacting 
with enrichment devices from total time enrichment 
devices were offered to NEP within an observation 
session. Behavioral event frequency was measured 
by summing events according to each behavior and 
dividing by the total number of observation minutes 
for the corresponding session segment. Behavioral 
state percentages and event frequencies were then 
averaged across observation sessions within each 
observation period and reported as the means ± 
standard deviations (SDs) below. 

Only behavioral states that were observed for 
at least 1% of total observation time and behav-
ioral events that occurred at a rate of more than 
one time per hour were included in the following 
analyses (see Table S1 ethogram for behavioral 
states and events). Kruskall-Wallis H-tests were 
used (R package “coin”; Hothorn et al., 2008) 
to compare the distribution of behavioral states 
across the five behavioral observation periods 
listed in Table 4 as data were not normally dis-
tributed. Pairwise comparisons were performed 
using Dunn’s test with adjusted p values (R pack-
age ‘FSA’; Ogle et al., 2023). Additionally, non-
parametric Mann-Whitney U tests (R package 
“coin”; Hothorn et al., 2008) were used to com-
pare NEP’s behavior in the immediate pre-scan 
period between the two different pools (medical 
pool and P1).

Trainers’ Reports—As with behavioral obser-
vations, all analyses were completed using R, 
Version 4.3.1. Data from daily trainers’ reports 
were divided into five time periods related to scan 
sessions (Table 5): (1) non-scan, (2) 7 to 2 d pre-
scan, (3) day of scan, (4) 1 d post-scan, and (5) 2 
to 7 d post-scan. Trainers’ reports that were incom-
plete were excluded from analyses. Note that the 
periods forming the basis of the trainers’ reports 
need not be identical with those sampled by the 
welfare team.

Kruskall-Wallis H-tests were used (R package 
“coin”; Hothorn et al., 2008) to compare poten-
tial changes in total presence/absence of reported 
behavioral indicators as well as food consumption 
across the five observation periods. A one-tailed 
Fisher’s exact test (R Core Team, 2021) was used 
to test whether social integration outcome was 
more likely for particular study contexts. Daily 
percentage of food consumption was averaged 
within each observation period and reported as the 
mean ± SD below.

Table 4. Welfare monitoring team behavioral observation periods defined

Observation period Definition

Non-scan Behavioral observations during periods without scheduled activities and not within 48 h  
of a scan

Pre-scan Behavioral observations recorded in the 48 h preceding scan, excluding the immediate  
2-h pre-scan window

Immediate pre-scan Behavioral observations conducted during isolation in the medical pool prior to scan  
(from 3 to 1.5 h before scan), or in P1 during the 2 h prior to scan

Immediate post-scan Behavioral observations conducted within the 2-h window immediately following scan

Post-scan Behavioral observations during the 48 h subsequent to scan, excluding the immediate  
2-h post-scan window
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Results

Neural scanning of NEP began in 2019 and is 
still ongoing as part of a larger imaging study on 
acoustic signal processing (Table 6). Four scans 
using the apnea methodology presented herein 
occurred in 2023 (Table 6). NEP was trained to 
breath-hold for 30-s blocks during the March and 
May 2023 scans. This duration was increased to 
40 s for the October and November 2023 scans. 

Behavioral Welfare Indicators (Welfare Team 
Behavioral Observations: Context A)—Over the 
study period, the animal welfare team completed 
825 behavioral observation sessions across five 
observation periods. NEP was isolated for 66% of 
immediate pre-scan observations, excluding these 
data from synchronous swimming and social play 

analyses below (see Table 7 for descriptive statis-
tics for each period).

Affiliative, agonistic, socio-sexual, and stereo-
typic behavioral states were observed in less than 
1% of the observations (Figure 6). No significant 
differences were found across the five time peri-
ods for floating behavior (p = 0.648). Significant 
differences were found, however, for synchro-
nous swimming, social and enrichment play, and 
exploratory and anticipatory behaviors (p < 0.05). 
Post-hoc comparisons showed that synchronous 
swimming notably increased on NEP’s return to 
the pool immediately post-scan when compared 
to pre-scan (p = 0.038) and immediate pre-scan 
(p < 0.001) periods. There was also significantly 
less synchronous swimming in the immediate 
pre-scan period compared to non-scan periods (p 

Table 5. Trainers’ reports of behavioral observation periods

Observation period Definition

Non-scan Daily trainers’ behavioral observations during periods of at least 1 wk prior to and 1 wk 
following scheduled scan activities

Days 7 to 2 pre-scan Daily trainers’ behavioral observations recorded on the 6 d preceding the day of transport 
and scan

Day of scan Daily trainers’ behavioral observations recorded on the day of transport and scan
Day post-scan Daily trainers’ behavioral observations recorded on the day following transport and scan
Days 2 to 7 post-scan Daily trainers’ behavioral observations recorded on the 6 d remaining following the day  

after transport and scan

Table 6. Session specifics for all scans; N/A = Not available.

Scan date
Pool prior  

to transport
Pool  

removal type

Approx. time 
out of water 

(h:min)

Approx. time 
inside MRI 

(h:min)
Apnea  

requested?

Apnea  
duration  

(s)

21 June 2019 Medical False bottom lifted 1:44 0:45 Procedure test;  
no scan 

N/A

13 Dec. 2019 Medical False bottom lifted 1:26 0:22 Structural scan only N/A

20 July 2020 Medical False bottom lifted 2:00 0:51 Structural scan only/
fMRI procedure test

N/A

10 Nov. 2020 Medical False bottom lifted 1:00 0:30 No N/A

19 May 2021 Medical False bottom lifted 1:42 0:45 Structural scan only N/A

20 Sept. 2021 Medical False bottom lifted 1:59 1:00 No N/A

4 May 2022 Medical False bottom lifted 1:50 0:57 Structural scan only N/A

7 June 2022 Medical False bottom lifted 1:38 0:53 No N/A

9 Nov. 2022 Medical False bottom lifted 1:59 1:02 No N/A

27 March 2023 P1 Mat removal 1:39 0:46 Yes 30

23 May 2023 P1 Mat removal 1:47 0:47 Yes 30

30 Oct. 2023 P1 Mat removal 1:58 0:57 Yes 40

3 Nov. 2023 P1 Mat removal 1:59 0:57 Yes 40
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< 0.001). The Kruskall-Wallis H-test showed a 
significant difference for social play (p < 0.001), 
with a significant decrease occurring between 
non-scan and immediate pre-scan periods (p = 
0.035). Enrichment play was significantly more 
frequent during pre-scan (p = 0.008) and immedi-
ate pre-scan (p = 0.012) periods while enrichment 
devices were present when compared to non-scan 
periods with devices. It should be noted that, 
when present, the same enrichment devices (e.g., 
water, buoys) were used within the different study 
periods. Exploratory behaviors were observed 
significantly more often during non-scan periods 
in comparison to immediately prior to scans (p = 
0.012). From those behaviors measured as events 
(events/h), anticipatory behaviors were the only 
behaviors to occur at a rate more than once per 
hour (Figure 7). Anticipatory behaviors were sig-
nificantly highest in immediate pre-scan periods 
(p < 0.05) and were significantly lower in imme-
diate post-scan periods when compared to non-
scan (p = 0.023) and pre-scan (p = 0.007) periods 
(see Table 8 for means ± SDs).

In examining behavioral differences in the 
immediate pre-scan period between the medi-
cal pool and P1 (Table S2), no differences were 
observed for floating and anticipatory behaviors 
(p > 0.05). However, enrichment play was sig-
nificantly more frequent in the medical pool (p 
= 0.004), while exploratory behavior was signifi-
cantly higher in P1 (p < 0.001).

Behavioral Welfare Indicators (Trainers’ 
Reports)—Trainers rated NEP’s willingness to 
participate in training sessions on the Likert 
scale for 814 d of the 1,887 d total across the study 
(Table 9). The overwhelming majority of scores 
(92.6%) were 3 out of 4, with little indication of 
lower scores being associated with scan activities.

Trainers included more detailed comments on 
NEP’s willingness to participate in sessions when 
the session was study related. From 82 recorded 
study-related training sessions (Context C), in 
two sessions (3 and 4 November 2020), train-
ers reported that NEP appeared disinterested in 
study-related activities, voluntarily returning him-
self to the water. Trainers reported no indications 

Figure 6. Trends in welfare-related behaviors (%) observed by the welfare management team over the course of the study. 
Note that vertical, dotted lines indicate scans (n = 13).

Table 7. Descriptive statistics for behavioral observation periods (welfare team behavioral observations)

Behavioral  
observation period

Total observation 
sessions

(n)

Duration of  
observation sessions 

(Mean ± SD min)

Total duration NEP 
observed each period  

(approx. h)

Non-scan 555 14.8 ± 1.1 137.3
Pre-scan 89 14.95 ± 0.4 22.2
Immediate pre-scan 53 14.2 ± 2.2 12.6
Immediate post-scan 38 14.8 ± 1.3 9.4
Post-scan 90 14.8 ± 1.2 22.2
Total 825 14.8 ± 1.2 203.7
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Figure 7. Anticipatory behaviors (events/h) observed by the welfare management team over the course of the study. Note 
that vertical, dotted lines indicate scans (n = 13).

Table 9. NEP’s daily willingness to participate in training sessions and daily percentage of food consumption during non-
scan periods, prior to scan, and following each scan

Behavioral 
observation period

Daily willingness to participate in  
training sessions (Likert score)

Daily percentage of  
food consumption

Total observations 
(n = 814) 0 1 2 3 4

Total observations 
(n = 1,809) Mean ± SD 

Non-scan 747 0 2 27 694 24 1,638 99.6 ± 3.4

Days 7-2 pre-scan 26 0 0 1 24 1 72 98.8 ± 7.5

Day of scan 6 0 0 0 6 0 13 100.0 ± 0.0

Day post-scan 6 0 0 0 5 1 13 94.8 ± 18.8

Days 2-7 post-scan 29 0 0 3 25 1 73 100.0 ± 0.0

Table 8. NEP’s observed behaviors (welfare team behavioral observations) during non-scan periods, prior to scans, and 
following each scan

Behavioral observation Non-scan Pre-scan
Immediate  
pre-scan

Immediate  
post-scan Post-scan

Synchronous swimming (%) 11 ± 23.8 9.8 ± 25.1 0.0 ± 0.0 29.3 ± 42 8.7 ± 22

Social play (%) 4.7 ± 14.5 0.8 ± 5.8 0.0 ± 0.0 0.0 ± 0.0 7.3 ± 23.4

Enrichment play (%) 16.1 ± 30.7 54.7 ± 46.8 22.4 ± 36.1 56.7 ± 43.5 26.7 ± 40.6

Exploratory behavior (%) 9.7 ± 16.9 8.5 ± 16.6 4.8 ± 13.1 4.6 ± 10.5 8.6 ± 15.8

Floating (%) 1.4 ± 6.3 0.8 ± 4.5 2.1 ± 9.9 0.2 ± 1.1 0.7 ± 4.5

Anticipatory behavior (events/h) 27.9 ± 39.8 36.3 ± 49.5 48.1 ± 43.5 14.5 ± 28.2 25.7 ± 40.5

*Data are presented as mean ± SD. 
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of NEP’s unwillingness to participate during 
scans (Context D). The trainers’ reports noted that 
NEP continued to respond to requested behaviors 
despite a decrease in acceptance and/or refusal of 
food reinforcement during the May and October 
2023 scans. Trainers made no additional notes 
regarding changes to NEP’s acceptance of food 
reinforcement during scans; and after all scans 
were completed, NEP began accepting reinforce-
ment on return to the van and/or pool.

For daily percentage of food consumption, 
reports were completed for 1,809 of 1,887 d. A 
significant difference was found across study 
periods in NEP’s percentage of food consumed 
daily (p = 0.042)—that is, the mean percentage 
of diet that NEP ingested of total diet offered. 
NEP’s percentage of diet ingested was signifi-
cantly lower during days 7 to 2 prior to scans com-
pared to non-scan periods (p = 0.044), although a 
greater decrease occurred the day of the scan. For 
instance, during non-scan days (n = 1,706 d), the 
mean percentage consumed was 99.6% (± 3.7) of 
100% of diet offered, while the mean percentage 
consumed in days 7 to 2 pre-scan (n = 72 d) was 
98.8% (± 7.5). Reports from the day immediately 
following scans (n = 13 d) showed a decrease in 
percent of NEP’s daily diet consumed to 94.8% 
(± 18.8). During days 2 to 7 following scan (n = 
78 d), NEP’s trainers reported that 100% (± 0.0) 
of diet was consumed for all days in this behav-
ioral period. There was also no gradual decrease 
in consumption observed over the study.

When integrating veterinary records of NEP’s 
life history and trainers’ reports of his regurgi-
tation behavior during the study, we found no 
changes to regurgitation that were inconsistent 
with NEP’s life history. Out of a total of 13 
scans, regurgitation was observed on five occa-
sions on the scanning day and/or on the follow-
ing day (Table S3). This was proportionally more 
than expected based on the other study periods 
(Table 5), so it is possible that activities related 
to scanning increased regurgitation on the day of 
and day following transport. However, regurgi-
tation may have appeared to increase on these 
days due to sample size differences in observa-
tions between the day of and day following scans 
and the other remaining periods (Table S3). 
Ultimately, this behavior was infrequent, incon-
sistent, not correlated with other welfare-related 
measures, and did not increase overall during the 
study. 

During eight of the 13 scans, trainers reported 
that NEP consumed > 85% of fish rewards offered 
during the scans. For four scans, NEP consumed 
between 50 to 85% of fish offered; and in one 
scan (30 October 2023), NEP consumed less 
than 50% of fish offered. Despite this decrease 

in food acceptance during some scans, NEP still 
responded to all trainer requests. Likert scoring 
totals for each period and means ± SDs of percent-
age of food consumed within each study period 
are presented in Table 9.

When comparing behavioral indicators from 
the trainers’ reports, we first explored NEP’s 
response to novel social groupings (i.e., positive 
and negative social integration indicators). NEP 
had 82 positive social integrations and 11 negative 
integrations during 1,787 non-scan days, and six 
positive integrations and one negative integration 
during the two post-scan periods combined (n = 
87). There was no significant association between 
context and outcome of a social integration (p = 
1.0), which suggests that the likelihood of either 
a positive or negative outcome to a social integra-
tion was just as likely in either non-scan or post-
scan contexts. Occurrences of positive and nega-
tive social integrations are depicted per month 
over the course of the study (Figure 8). 

The total number of occurrences and proportion 
of time observed for socio-sexual and agonistic 
behaviors per observation period were examined, 
and no significant differences were found when 
comparing the proportion of days during each 
behavioral observation period in which socio-sex-
ual (p = 0.845) and agonistic (p = 0.703) behav-
iors were observed (Table 10; Figure 9). 

Remaining Behavioral Indicators—On 
9 November 2022, NEP directed two jaw claps 
towards trainers when in the medical pool as the 
false bottom was being raised. This was inter-
preted as NEP responding to the false bottom 
floor rising, not as trainer-directed aggression, 
especially because NEP continued responding to 
trainer behavioral requests. Also, no aggression 
towards trainers or animal care staff followed 
these jaw claps or were reported during any other 
instances over the study period. 

Tremors were reported on two occasions. On 
13 December 2019, while NEP was being loaded 
into the van on return from a scan, a little tremor 
was noticed in the fluke. This stopped as soon 
as the van started moving. Once returned to the 
pool, NEP’s breathing rates were normal, and 
NEP consumed offered food and responded cor-
rectly to trainer requests. Trainers’ Likert evalu-
ations of NEP’s daily willingness to participate 
in sessions during the following days showed no 
decrease in the quality of NEP’s session partici-
pation. On 10 November 2020, after ~30 min of 
scanning, trainers noticed a slight tremor through-
out NEP’s body. This was treated as a temporary 
end point; thus, the rest of the scan was canceled, 
and NEP was transported back to the pool. No 
other indicators were noted by trainers or veteri-
nary staff present in the scan room at the time, and 
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Figure 8. Total occurrences of positive and negative social integrations per month over the course of the study. The value 
above each marker represents the total number (n) of interactions for that month. Note that vertical, dotted lines indicate 
scans (n = 13).

Figure 9. Total number of occurrences of socio-sexual behaviors and total number of occurrences of agonistic behaviors per 
month of the course of the study. Note that vertical, dotted lines indicate scans (n = 13).

Table 10. Socio-sexual and agonistic welfare indicators (trainers’ reports) during non-scan periods, prior to scans, and 
following each scan

Behavioral  
observation period

Total  
observations  

(n)

Socio-sexual behavior Agonistic behaviors

Total observations 
present

% of total  
observation time

Total observations 
present

% of total  
observation time

Non-scan 1,715 10 0.58 32 1.86

Days 7 to 2 pre-scan 72 1 1.39 0 0.00

Day of scan 13 0 0.00 0 0.00

Day post-scan 13 0 0.00 0 0.00

Days 2 to 7 post-scan 74 0 0.00 2 2.70
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no further tremors were reported following the 
scan’s cessation. Again, no changes were appar-
ent in NEP’s willingness to participate in sessions 
following this scan. Additional body movements 
(e.g., pronounced body rocking, tail slapping, 
tail movement side-to-side, tail arch, whole body 
arching/thrashing, movement in lower jaw) were 
not reported.

Physiological Welfare Indicators—NEP’s heart 
rate was assessed occasionally during transport by 
palpation but was largely monitored during scans 
by an MRI-compatible ECG sensor. During scans, 
NEP showed normal respiratory sinus arrhyth-
mia, remaining within normal heart rate ranges 
reported for dolphins (e.g., Fahlman et al., 2020). 
Breath rate during the first scan (21 June 2019) 
ranged from 14 to 22 breaths/5 min. Breath rates 
reported for NEP during most transport and scan-
ning ranged from 15 to 20 breaths/5 min period, 
falling within the interquartile range that Fahlman 
et al. (2021) described for beached dolphins in 
managed care. On 9 November 2022, NEP’s breath 
rate was 25 breaths/5 min, but this decreased to 
16 breaths/5 min while in the scanner. 

Prior to the first scan, cortisol concentrations 
averaged 0.78 ± 0.31 μg/dl (range: 0.29 to 1.26). 
For all subsequent blood samples made follow-
ing the first scan, an average of 0.75 ± 0.26 μg/
dl (range: 0.24 to 1.45) was measured. Hart et al. 
(2015) measured 2.46 ± an SD of 1.14 μg/dl 
with reference interval of 0.91 to 4.21 for wild 
Tursiops, so NEP’s cortisol levels were within 
the normal reference interval before and after 
scanning started. Over the scanning study period 
(2019 to 2023), NEP’s weight varied from 167 to 
216 kg, within normal body condition for a dol-
phin of his size and age. No behavioral observa-
tions, veterinary records, or trainer reports had 
any indications of abnormal swimming move-
ment, pain (e.g., arching, squinting, breaching, 
staying at depth), or shock. Radiographs collected 
for detection of metal indicated no evidence of 
foreign body ingestion during the study. 

Health Indicators—During the study period, 
results of NEP’s blood tests were generally 
stable; only some mild (nonsignificant), sporadic 
changes occurred to some parameters such as 
white blood cells, hemoglobin, iron, and reticulo-
cyte count that could be due to non-study related 
contexts (e.g., breeding season with sexually 
receptive females and aggressive episodes with 
other males, some of which resulted in minor skin 
injuries). In 2021, NEP also had an isolated respi-
ratory episode of a fungal nature, which resolved 
with treatment in 1 mo. Additionally, during the 
study period, a generalized digestive episode in 
the whole dolphin group was resolved with medi-
cal treatment. There was no indication that any of 

these reported health issues were related to scan-
ning sessions, nor were any other health indicators 
reported during the study.

Welfare-Related Temporary or Final Endpoints—
On 29 June 2020, a scan was canceled and resched-
uled (20 July 2020) due to integration of multiple-
short-term indicators (i.e., agonistic behaviors 
[Table S1] causing injuries and inappetence, and 
low willingness to participate in training sessions). 
Early morning on 29 June 2020, an aggressive inter-
action occurred between NEP and another social 
group member during which it was unknown which 
animal was the aggressor as the event occurred prior 
to the trainers’ arrival for the day. The interaction 
resulted in signs of stress and discomfort for both 
animals (e.g., new rake marks present, maintenance 
of distance from trainers, lack of response to trainer 
requests); and while NEP reportedly improved 
throughout this day, it was decided that a temporary 
endpoint had been reached, and the scan was moved 
to 20 July 2020. On 10 November 2020, a second 
temporary endpoint was reached, and the scan was 
terminated early due to NEP’s tremor. No other 
temporary or final endpoints were reached during 
the study period (Table 3).

Discussion

The use of MRI methodology to study dolphin 
anatomy and physiology is far less invasive than 
intracranial electrophysiology in living animals, 
but it still requires behavior that is not natural for 
a dolphin (e.g., removal from water). Further, 
unlike human subjects, dolphins cannot report 
on their experience, so we must rely on species-
specific welfare indicators to inform whether 
an animal’s participation in a study is detrimen-
tal to that animal’s welfare. In this study, we 
developed a Welfare Control Plan (WCP) com-
posed of behavioral, physiological, and health 
welfare indicators that are well-established for 
interpreting dolphin welfare (e.g., Clegg et al., 
2015, 2017a; Lauderdale et al., 2023). We also 
report all steps in developing our final protocol 
in attempts to shorten this process for future 
research teams interested in obtaining MRI data 
from live dolphins. Through protocol implemen-
tation detailed herein, we found little change 
to NEP’s welfare status overall. Our results are 
organized chronologically by study activities in 
the following discussion.

Training and Desensitization Sessions 
Motivation reflects an animal’s interest and 
engagement in an activity, and is linked to emo-
tional states (Manteuffel et al., 2009). For instance, 
chronic stress, social isolation, and poor health 
have been linked to reduced engagement in tasks 
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for rewards in mammals (Larson, 2002; Pedersen 
et al., 2002; De La Garza, 2005; Kleen et al., 
2006), but positive welfare states in animals may 
be indicated through increased task engagement. 
Willingness to participate in training sessions has 
been recognized as a reliable and practical welfare 
indicator for the bottlenose dolphin, correlating 
with their health status, daily food intake, absence 
of new rake marks, or level of excitement during 
training sessions (Clegg et al., 2019; Delfour 
et al., 2020). This metric takes advantage of the 
caretakers’ profound knowledge of each dolphin’s 
behavior and is based on the idea that a dolphin’s 
willingness to participate in positive reinforce-
ment training sessions relates to both task per-
formance and reward acquisition (de Jonge et al., 
2008; Brando, 2010). NEP had some autonomy 
during study-related training sessions as the 
choice to return to the pool was always available 
to him. NEP appeared consistently engaged during 
study-related sessions as trainers reported that for 
only two sessions (on consecutive days), NEP 
appeared disengaged with study-related activities. 
In both sessions, NEP chose to return to the pool 
from the beached position during the session. It 
can be inferred from NEP’s continued willing-
ness to participate in research tasks that these ses-
sions did not negatively impact NEP’s welfare. It 
should be noted that it is difficult to disentangle 
engagement during training sessions from addi-
tional factors as participation may be influenced 
by the type of session itself (i.e., the animal does 
not appear enriched by the task through consis-
tent lack of engagement/interest) or by a complex 
interplay of internal factors (e.g., affective state, 
seasonal reproductive patterns) and external fac-
tors (e.g., temperature, session duration, keepers 
involved) as described for other species (Hosey & 
Melfi, 2012). 

Pre-Scan and Immediate Pre-Scan Periods
Enrichment behaviors significantly increased in 
both the pre- (i.e., the 48 h before scan, exclud-
ing the 2-h immediate pre-scan window; Table 4) 
and immediate pre-scan periods, while anticipa-
tory behaviors increased in the immediate pre-
scan period. During the pre-scan period, welfare 
team observations indicated that NEP engaged in 
more enrichment play when enrichment devices 
were available compared to non-scan periods. 
Play behavior is widely considered an indicator 
of positive welfare status, primarily due to its 
association with positive emotional states and its 
reduction in response to welfare challenges (Held 
& Špinka, 2011; Maple & Perdue, 2013; Ahloy-
Dallaire et al., 2018). Play has also been recog-
nized as an indicator of positive welfare in bottle-
nose dolphins (Kuczaj et al., 2013; Clegg et al., 

2015), declining with aggression or noise expo-
sure (Serres & Delfour, 2017), and increasing as 
stereotypic behaviors decrease (Perez et al., 2018). 
The observed increase in NEP’s enrichment play 
could thus reflect maintenance of NEP’s positive 
welfare status during pre-transport periods. This 
may be related to increased trainer interactions 
during desensitization or transport preparation as 
such interactions are considered pivotal for cap-
tive dolphin’s welfare (Clegg & Delfour, 2018; 
Platto & Serres, 2023). However, the presence 
or increase of play behaviors does not necessar-
ily signify positive welfare as play can sometimes 
intensify in adverse conditions (Held & Špinka, 
2011).

NEP may have anticipated upcoming transports 
and scans during the week prior to and during the 
pre-scan period, influenced by alterations in daily 
routines and environmental changes, such as the 
visibility of the transport van and mats, along with 
increased staff presence and activity around the 
pool, which is especially heightened on the scan 
day and in the immediate pre-scan period. NEP 
exhibited higher levels of anticipatory behav-
ior during pre-scan periods than in any other 
period observed. Common anticipatory behaviors 
included increased attention towards trainers or 
staff that were poolside, often accompanied by 
increased activity and jumping, most often near 
areas where staff typically congregated prior to 
initiation of a training session. This pattern aligns 
with the specific dynamics of anticipatory behav-
iors—how they are exhibited in relation to spa-
tial, temporal, and contextual factors—as detailed 
in a thorough review of existing research (Krebs 
et al., 2022). Anticipatory behaviors are exhibited 
in expectation of either a forthcoming rewarding 
event (Spruijt et al., 2001; Watters, 2014) or aver-
sive stimuli (Spruijt et al., 2001; Moe et al., 2006), 
and can be cued by external and/or internal factors 
(Balsam et al., 2009).

Bottlenose dolphins in managed care fre-
quently display anticipatory behaviors in expec-
tation of activities they find rewarding (Clegg 
et al., 2018). The frequency and intensity of antic-
ipatory behaviors have been observed to align 
with the degree of individuals’ participation in the 
activity (Clegg et al., 2018), reinforcing the link 
between anticipatory behavior and motivation in 
this species (Spruijt et al., 2001). Some antici-
patory behaviors have been linked to positive 
welfare (Jensen et al., 2013; Clegg et al., 2017b, 
2018; Clegg & Delfour, 2018). NEP’s increased 
anticipatory behavior during the pre-scan periods 
may thus suggest that he associated scan-related 
activities with reward. Although anticipation of 
aversive stimuli might offer an alternative expla-
nation for NEP’s behavior, such behavior would 
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be more likely expressed through defensive or 
avoidance behaviors rather than behaviors char-
acterized by approach and engagement (Higgins, 
2006). Moreover, as suggested by Clegg et al. 
(2018), if NEP had associated transport and scan 
activities as threatening, we would have expected 
to see high levels of anticipatory behavior in 
combination with unwillingness to participate in 
study tasks. Given NEP’s willingness to partici-
pate throughout all study periods, we suggest that 
NEP’s increased anticipatory behavior indicated 
interest in the task rather than negative associa-
tion to transport and scan activities.

Uncontrolled factors such as changes to the 
pre-scan pool (i.e., medical pool vs P1) and social 
group configuration (see “Challenges of Dolphin-
Related Research”) in the periods prior to transport 
and scan may have also contributed to differences 
in behaviors between periods. For example, NEP’s 
isolation in the medical pool could also account 
for elevated anticipatory behavior observed in 
the immediate pre-scan period. Animals lacking 
access to play or social interaction may become 
more responsive to rewarding stimuli and increase 
their anticipatory behavior (Ahmed et al., 1995; 
Van den Berg, 1999; Spruijt et al., 2001). During 
the immediate pre-scan period, there was also a 
decrease in NEP’s exploratory behavior compared 
to non-scan periods. This decrease in exploratory 
behavior may be explained by the static environ-
ment offered by the medical pool in which NEP 
was isolated prior to scan for most scans. In 
directly comparing immediate pre-scan behaviors 
between the medical pool and P1, some behaviors 
remained consistent across environments, while 
others varied significantly. Enrichment play, when 
enrichment devices were available, was higher in 
the medical pool, suggesting this behavior acted 
as a buffer against conditions imposed by isola-
tion (Held & Špinka, 2011). Moreover, NEP 
exhibited increased exploratory behaviors while 
in P1 immediately prior to the scan, potentially 
indicating more stimulation in this habitat. The 
most current study protocol that avoids NEP’s 
isolation in the medical pool prior to scan would 
thus eliminate concerns of stimulus deprivation in 
this period.

Scan Sessions 
Scans were the most critical study component 
while also being the most likely to affect NEP’s 
welfare. Behaviors required for scan sessions 
did not appear to pose any immediate threat to 
NEP’s health. NEP’s breath rates during scans 
were within normal ranges reported for dolphins 
(Fahlman et al., 2021). NEP’s heart rate, which 
was monitored through ECG during scans, also 
maintained normal respiratory sinus arrhythmia 

(Fahlman et al., 2020). Because NEP’s autonomy 
is heavily restricted in scan sessions, we relied 
on indicators of immediate changes to NEP’s 
welfare. One such indicator (trembling) resulted 
in a WCP temporary endpoint in which the team 
response was to rapidly terminate the session and 
return NEP to the pool. Despite the trembling, 
NEP still accepted reinforcement prior to, during, 
and following the session, and there were no other 
apparent indicators of negative welfare status.

Overall, trainers’ reports showed no indica-
tions of NEP’s unwillingness to participate in any 
scan sessions, and NEP continuously responded 
to trainer requests while in the scanner, despite 
a decrease in acceptance of food rewards during 
some scans. As discussed above, willingness to 
participate in training sessions is a recognized 
reliable indicator of positive welfare in bottlenose 
dolphins (Clegg et al., 2019; Delfour et al., 2020). 
Food intake and anorexia (i.e., the lack or loss of 
appetite for food) have also been accepted as con-
sistent indicators of animal welfare (Broom, 1991; 
Millman, 2007). Considering that inappetence in 
dolphins often indicates stress or health problems 
(Waples & Gales, 2002; Johnson et al., 2009; 
Clegg et al., 2019), examining food intake in this 
period was considered especially relevant. Rates 
of food intake during all study periods were con-
sistently high, and NEP consumed all fish offered 
on each scan day, including those days in which 
there was a decrease in accepted food rewards 
during scans. NEP resumed consuming fish nor-
mally once returned to the pool on these days, so 
changes to NEP’s food intake during scan activi-
ties were not considered concerning by trainers 
or veterinary staff. Thus, NEP’s continued par-
ticipation in scans regardless of food acceptance 
could be interpreted as continued interest in study 
activities.

Scan sessions did not appear to negatively 
affect NEP’s welfare status long-term when inter-
preted alongside data from other study periods. 
In integrating all behavioral, physiological, and 
health indicators reported by veterinarians and 
trainers during scans, NEP’s response to scans 
was not indicative of severe distress or welfare 
impairment, despite the potential risks to the ani-
mal’s welfare we outline here (Table 1). Instead, 
he appeared to effectively cope with the study 
challenges.

Immediate Post- and Post-Scan Periods
In the immediate post-scan period, a signifi-
cant increase in synchronous swimming was 
observed. Synchronous swimming was the only 
social behavior that increased during this period. 
In dolphins, affiliative behaviors, including syn-
chronous swimming, are associated with positive 
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welfare (Kuczaj et al., 2013; Clegg et al., 2017a). 
However, this behavior’s increase within this 
context could be interpreted as a coping mecha-
nism in response to stress experienced during the 
scan. This observation corresponds with previous 
research that highlights the importance of social 
support in modulating stress responses among 
animals (Rault, 2012). Synchronous swimming, 
as a form of affiliative behavior, may improve 
dolphin welfare in stressful conditions for bottle-
nose dolphins as has been reported for other spe-
cies (Taylor, 1981; Boissy & Le Neindre, 1997; 
da Costa et al., 2004).

In the post-scan period (i.e., observations span-
ning the 48 h after scan, excluding the 2-h imme-
diate post-scan period), NEP exhibited behavioral 
patterns that did not significantly deviate from 
baseline (non-scan or pre-scan) levels, indicating 
rapid behavioral stabilization following scans. A 
nonsignificant reduction (to ~95%) in daily diet 
consumed by NEP was recorded on the day imme-
diately post-scan. However, in the 6 d following 
scans (78 d in total), NEP’s food consumption 
was 100% every day. The integration of different 
observations, therefore, supports that while trans-
portation and scanning may have induced tem-
porary behavioral changes in NEP, the dolphin’s 
behaviors generally returned to baseline levels the 
following day.

Welfare-Related Temporary or Final Endpoints
A final endpoint has not yet been reached over 
the 5-y, ongoing study. Temporary endpoints 
were only met twice. Once was due to a culmi-
nation of factors resulting from a negative social 
interaction between NEP and another male on the 
morning of a planned scan. Although aggressive 
interactions are common in male bottlenose dol-
phins in both the wild (Parsons et al., 2003; Scott 
et al., 2005) and managed care (e.g., Lauderdale 
et al., 2023), and occur more often in the morn-
ing for other dolphin social groups in managed 
care (Lauderdale et al., 2023), we cannot rule out 
that this negative social interaction happened in 
relation to pre-scan activities as it occurred the 
morning of a scheduled scan. NEP’s behavior 
returned to normal throughout that day, however, 
and no other instances were reported throughout 
the study that indicated NEP was the continued 
recipient of aggression from other animals.

A second temporary endpoint was reached 
during a scan session when NEP’s trainers 
reported trembling during fMRI acquisition. 
The scan was immediately terminated, the team 
returned NEP to the pool, and no other negative 
welfare indicators were reported at the time of 
the scan or in the hours and days following the 
incident. It is unknown whether NEP’s trembling 

was an early symptom of a larger health concern, 
potentially averted due to termination of the scan, 
or whether the trembling was an isolated behavior. 
Trembling is an indicator associated with negative 
welfare in stranded animals but is most common 
in animals that have stranded for the first time 
(Boys et al., 2022). Such a novel, drastic change 
to an animal’s environment may contribute to 
additional behavioral and physiological welfare 
indicators not experienced when an animal strands 
again. In our study, NEP had already participated 
in multiple scans by the time the trembling event 
occurred; however, this was the first playback 
of auditory stimuli during the study. Perhaps the 
additional environmental information presented 
on this day resulted in NEP’s trembling behavior. 
Trembling was also reported one other time while 
NEP was being loaded into the van to return to 
the pool, but this behavior appeared isolated as it 
terminated once the van began the drive back to 
Oceanogràfic.

Challenges of Dolphin-Related Research
Welfare indicators such as those reported herein 
are critical as dolphins cannot report on their expe-
rience, so we must rely on observable indicators to 
address both immediate and long-term health and 
welfare concerns for dolphin participants in our 
research. Marine mammal experts from different 
arenas of animal care—including trainers, veteri-
narians, animal care staff, and researchers—were 
assembled as a team early in this study with the 
focus of maintaining NEP’s welfare during study 
participation through selection and monitoring 
of welfare indicators over time. These indicators 
were assessed before, during, and after each study 
activity and compared over the entire study.

Differences in NEP’s behavior across study 
periods were likely influenced by environmental 
and social changes within or across study periods 
related to the same scan, as well as across scans. 
For example, NEP could not engage in social 
behaviors when isolated during pre-scan, transport, 
and scan periods. This not only affected the range 
of behaviors available to him during these periods 
but may also have influenced his behaviors before 
and after these periods. Moreover, behavioral dif-
ferences were observed in pre-scan periods when 
NEP was isolated in the medical pool vs when he 
was allowed continued access to his social group 
while in P1 immediately prior to transport. These 
behavioral differences may have influenced behav-
ior in later periods of the same scan.

Dolphin trainers simulate the fission-fusion 
social structure known for bottlenose dolphins in 
the wild (e.g., Tursiops spp.; Connor et al., 2000) 
by changing the social group membership for man-
aged-care animals in a similar manner. Different 
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social group compositions likely impacted NEP’s 
behavior in study periods as well. For example, 
synchronous swimming might not have increased 
in the immediate post-scan period if NEP had 
been returned to the pool system with animals in 
which there was no close affiliation. Given the 
trainers’ extensive knowledge of NEP’s life his-
tory, the social group composition chosen for NEP 
throughout the study consisted of dolphins closely 
affiliated with him (as is with management of all 
Oceanogràfic dolphins).

The trainers’ reports did not list any positive 
welfare indicators on any of the 13 scan days. 
However, trainers’ reports were biased towards 
negative indicators as positive welfare is the stan-
dard and the primary objective of these reports 
was to improve on NEP’s training and welfare 
in the immediate future. For instance, “diffi-
culty in gating” was marked as a negative indi-
cator, whereas “gating success,” representing the 
majority of routine gatings, was not cataloged as 
a positive indicator because it does not appear in 
trainers’ reports. We still did not see a significant 
increase in negative welfare indicators reported 
for NEP in immediate post- and post-scan peri-
ods, and detailed behavioral observations of the 
welfare management team, often completed at dif-
ferent times than trainers’ observations within a 
study period, confirmed the presence of positive 
welfare indicators within these periods.

Sample sizes of study observation periods from 
both trainers’ reports and the welfare management 
team’s observations likely influenced our results. 
We would have expected NEP’s percentage of 
food consumption to have been significantly dif-
ferent during the immediate post-scan period as 
this was the time with the lowest reported food 
consumed by NEP; however, no significant differ-
ence existed for this behavior in this period, pos-
sibly due to the lower sample size for this period 
than all other periods. Results for synchronous 
swimming were also likely affected by sample 
sizes as we would have expected the immediate 
post-scan and post-scan periods to be significantly 
different as well as the non-scan period in com-
parison to the pre- and post-scan periods. Welfare 
observation procedures were not designed to sus-
tain rigorous scientific testing, but, rather, the pri-
mary objective of gauging these welfare indica-
tors during our study period was to ensure that our 
larger study was not impacting NEP’s quality of 
life in real-time.

Changes in observer effort and opportunistic 
data collection are also a limit to animal behavior 
research. For example, the COVID-19 pandemic 
limited the welfare management team’s effort 
during 2020 and 2021. Moreover, observations 
completed by the welfare team were limited to 

surface observations conducted poolside. As most 
of Oceanogràfic’s dolphinarium pools are up to 
11 m deep, behaviors occurring beneath the sur-
face were sometimes missed, biasing our data 
towards what could be observed at the surface. 
Thus, more surface-level events like anticipa-
tory behaviors or synchronized swimming were 
observed, and behaviors such as affiliative inter-
actions, which can occur underwater, may not 
always have been observed and, thus, were poten-
tially underreported. 

Animal behavior research is often limited by 
the number of study participants available. In 
MRI studies, however, one individual can provide 
the biological blueprint for answering neurobio-
logical research questions as most animals within 
a species would have similar neuroanatomy. Our 
goal here was to use one subject to develop a pro-
tocol suitable for others. We cannot assume that 
results from our WCP will be consistent in other 
animals, however, so it is critical to the welfare of 
MRI study participants that the study individual 
is selected carefully and monitored thoroughly as 
we have done here.

Weighing Benefits for Research and Veterinary 
Care Versus Study Risks and Costs 
The cost in human effort for MRI studies can 
be extensive as training is a lengthy process and 
regular veterinary health monitoring is not suf-
ficient in monitoring animal welfare alone, as 
demonstrated here. Observations made from our 
study’s training and welfare management teams 
were critical in elucidating NEP’s welfare status 
within study periods and overall. Additionally, 
there is always significant risk to a dolphin’s 
health when removing the animal from its envi-
ronment. The invasiveness of this action is tem-
pered by maintaining the animal’s autonomy at 
the start of removal. By requesting that the animal 
beach itself, the animal voluntarily removes itself 
from the water onto land when interested in the 
research task(s); and by having the animal station 
near to the pool edge, this allows the animal to 
return to the pool whenever the research task is 
uncomfortable or no longer interesting.

We focused here on assessing the effects of 
a neuroimaging study on our subject, but it is 
important to weigh these against the reasons and 
potential benefits of the research. The logic behind 
many welfare laws is to protect species that are 
judged to be sentient and conscious enough to 
experience pain and suffering (Blattner, 2019). 
This means that there is an intersection between 
research on animal cognition and policies for 
animal welfare. In addition to the benefits of basic 
research, the development of non-invasive meth-
ods to study neuroanatomy and neural function of 
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animals subject to stringent welfare protections 
will be important for improving policies regarding 
the welfare of animals with diverse sensitivities. 
Future directions of this research could illumi-
nate critical information regarding dolphin sen-
sory processing and signal production, as well as 
advance technology towards wider use of MRI for 
veterinary and dolphin care purposes in managed-
care facilities.

Conclusions Regarding Short-Term Study Effects 
There were no physiological or health indicators 
to suggest that NEP’s immediate health and safety 
were at risk due to study activities, and there 
were no study-related health incidents of concern 
reported by trainers or veterinary staff. Any short-
term changes to NEP’s weight and diet were due 
to husbandry activities unrelated to our study as 
reported by NEP’s trainers and Oceanogràfic’s 
veterinary staff. Behavioral observations by 
NEP’s welfare management team showed no clear 
signs that NEP’s status was negatively impacted 
by activities related to any of the study periods. 
Changes in behaviors reported for some study 
periods may reflect NEP’s association of study 
tasks with rewards when interpreted alongside 
additional measures. NEP appeared engaged and 
interested in the study-related tasks pertaining to 
each period, even during scan sessions.

Conclusions Regarding Long-Term Study Effects 
Analyses of welfare indicators over time showed 
consistency in expression of NEP’s behavioral 
patterns over the study period. In instances where 
behavioral differences were observed by the 
management team, the difference was likely the 
product of a change to NEP’s environment or an 
indicator of potential positive welfare status, or 
the behavioral change may have reflected NEP’s 
interest in study activities. NEP’s behavior overall 
was largely unaffected by the introduction of the 
study to his routine according to trainers’ reports. 
Health and physiological welfare indicators also 
showed no signs of persistent abnormality or con-
cern to NEP’s welfare during the study (e.g., NEP’s 
weight remained in the normal range for a dolphin 
of his size and age) let alone any detrimental health 
or physiological event that could be tied to study 
activities. Integration of all measures considered, 
therefore, suggest that NEP’s quality of life was 
not negatively impacted by the introduction of this 
study to his daily life.

Note: The supplemental materials for this article are 
available in the “Supplemental Material” section  
of the Aquatic Mammals website: https://www.
aquaticmammalsjournal.org/supplemental-material.
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