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ffect of diving behaviour and physiology on modelled gas exchange for three
pecies: Ziphius cavirostris, Mesoplodon densirostris and Hyperoodon ampullatus

ascha K. Hookera, Robin W. Bairdb, Andreas Fahlmanc,∗

Sea Mammal Research Unit, Scottish Oceans Institute, University of St Andrews, St Andrews, Fife KY16 8LB, Scotland, United Kingdom
Cascadia Research Collective, 218 1/2 West 4th Avenue, Olympia, Washington 98501, USA
Biology Department, Mailstop 50, Woods Hole Oceanographic Institution, Woods Hole, MA 02543, USA

r t i c l e i n f o

rticle history:
ccepted 30 April 2009

eywords:
orthern bottlenose whale
uvier’s beaked whale

a b s t r a c t

A mathematical model, based on current knowledge of gas exchange and physiology of marine mammals,
was used to predict blood and tissue tension N2 (PN2 ) using field data from three beaked whale species:
northern bottlenose whales, Cuvier’s beaked whales, and Blainville’s beaked whales. The objective was
to determine if physiology (body mass, diving lung volume, dive response) or dive behaviour (dive depth
and duration, changes in ascent rate, diel behaviour) would lead to differences in PN2 levels and thereby
lainville’s beaked whale
ecompression sickness
iving physiology

decompression sickness (DCS) risk between species. Diving lung volume and extent of the dive response
had a large effect on end-dive PN2 . The dive profile had a larger influence on end-dive PN2 than body mass
differences between species. Despite diel changes in dive behaviour, PN2 levels showed no consistent trend.
Model output suggested that all three species live with tissue PN2 levels that would cause a significant
proportion of DCS cases in terrestrial mammals. Cuvier’s beaked whale diving behaviour appears to put
them at higher risk than the other species, which may explain their prevalence in strandings after the use

of mid-frequency sonar.

. Introduction

Multiple mass strandings of beaked whales have been doc-
mented over the last decade following acoustic exposure to
nthropogenic sounds (reviewed in Cox et al., 2006). In terms of
pecies composition, Cuvier’s beaked whale (Ziphius cavirostris)
ave predominated, with Blainville’s beaked whale (Mesoplodon
ensirostris) also occurring in several events, and occasional occur-
ence of other beaked whale species (northern bottlenose whale
yperoodon ampullatus, and Gervais’ beaked whale M. europaeus,
immonds and Lopez-Jurado, 1991; Cox et al., 2006). Gas-bubble
isease, induced through a precondition of tissue N2 supersatu-
ation coupled with a behavioural response to acoustic exposure,
as been suggested as a possible pathologic mechanism for
hese beaked whale deaths (Jepson et al., 2003; Cox et al.,
006).
Beaked whales dive deeply more frequently than most other
etacean species (Hooker and Baird, 1999; Baird et al., 2006, 2008;
yack et al., 2006; Minamikawa et al., 2007) and this behaviour has
een suggested to result in tissue N2 supersaturation. It is possible

∗ Corresponding author. Tel.: +1 508 289 2180.
E-mail address: afahlman@whoi.edu (A. Fahlman).

569-9048/$ – see front matter © 2009 Elsevier B.V. All rights reserved.
oi:10.1016/j.resp.2009.04.023
© 2009 Elsevier B.V. All rights reserved.

that these mammals live continuously with elevated levels of N2
(Cox et al., 2006) which could render them prone to decompression
sickness (DCS) if they altered their diving behaviour. Suggestions
include disturbance caused by an acoustic signal that could (1)
affect the normal diving behaviour, e.g. increased or decreased sur-
face interval, ascent rate, or dive duration, leading to increased
supersaturation, thereby increasing DCS risk, (2) the acoustic sig-
nal could activate existing stabilized bubble nuclei allowing them
to grow by passive diffusion, and/or, (3) drive activated bubbles to
expand through rectified diffusion (Cox et al., 2006). Each of these
hypotheses assumes that these breath-hold diving marine mam-
mals live with significantly elevated blood and tissue tension N2
(PN2 ) levels.

Increasing concentrations of N2 have been observed in bot-
tlenose dolphin (Tursiops truncatus) tissues following trained
repetitive dives (Ridgway and Howard, 1979), in freely diving
Weddell seals (Leptonychotes weddellii, Falke et al., 1985) and
forced diving Weddell, harbour (Phoca vitulina) and elephant seals
(Mirounga angustirostris, Kooyman et al., 1972). Houser et al. (2001)

used the results published by Ridgway and Howard (1979) in a the-
oretical model based on gas diffusion to show that beaked whale
diving patterns (based on simulated dive data) could lead to chronic
tissue accumulation of N2 gas. Their simulations illustrated the
potential increase in N2 caused by relatively shallow (100 m, 9 min)

http://www.sciencedirect.com/science/journal/15699048
http://www.elsevier.com/locate/resphysiol
mailto:afahlman@whoi.edu
dx.doi.org/10.1016/j.resp.2009.04.023
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ives with short (1 min) surface intervals. However, their simulated
ime at the surface (5 min at surface in 60 min of diving) was much
horter than recorded from logged field-data (30–38% time spent at
he surface, Hooker and Baird, 1999), suggesting that re-evaluation
f DCS risk based on logged-data would be valuable. Zimmer and
yack (2007) have previously estimated blood and tissue PN2 val-
es for a Cuvier’s beaked whale, and also emphasized the danger
f repetitive shallow dives rather than deep dives per se. How-
ver, both of these previous models incorporated the assumption
hat alveolar collapse is immediate and occurs at a pre-determined
epth (∼70 m, Zimmer and Tyack, 2007). Here we use a revised
odel (described in Fahlman et al., 2009) which incorporates the

ecent lung collapse model developed by Bostrom et al. (2008) and
he circulatory adjustments of the diving response (Fahlman et al.,
006).

Since sonar-related strandings have occurred for several species
f beaked whale, we compare and contrast results for previously
ublished time depth recorder data (Hooker and Baird, 1999; Baird
t al., 2006, 2008) from Cuvier’s beaked whale (referred to as
iphius), Blainville’s beaked whale (referred to as Mesoplodon) and
orthern bottlenose whale (referred to as Hyperoodon). We inves-
igate how differences in behaviour and physiology would affect
nd-dive tissue and blood PN2 and thus the susceptibility to DCS-
ike symptoms.

Whole body N2 saturation is a reliable index of DCS risk in ter-
estrial animals of varying body size (Berghage et al., 1979). To
redict DCS risk in beaked whales it is therefore important to use
gas exchange model that has been calibrated against empirical

ata and to compare these estimated levels against those in ter-
estrial mammals. A previously published model that has been
alibrated against known tissue and blood N2, O2 and CO2 levels
n several different species of marine mammals (Fahlman et al.,
009) was used and we (1) examined the predicted blood and tis-
ue N2 levels resulting from differences in normal diving behaviour
dive depth and duration). Several of the recorded beaked whale
trandings appear to have contained a disproportionate number of
ubadult whales (Freitas, 2000; Anon., 2001; Martin et al., 2004),
ossibly suggesting an effect of body mass (Mb). Together with our

ack of knowledge of the dive response or diving lung volume in
hese species, we therefore investigate (2) the effect of changes in
ody mass (Mb), diving lung volume (and changes in pulmonary
hunt), and cardiac output (Q̇tot) on blood and tissue PN2 levels.
n terms of behaviour, in addition to looking at dive depth and
uration, we (3) assessed whether changes in ascent rate (Jepson
t al., 2003; Zimmer and Tyack, 2007) and diel changes in diving
ehaviour (Baird et al., 2008) would influence the likelihood of DCS

n these whales, the latter of which could help direct mitigation
fforts for sonar-related threats to these whales. While we do not

now the underlying physiology for these species, this compari-
on enables us to determine whether differences in dive behaviour
r in the aspects of physiology we investigate using this model
ould explain possible differences in estimated PN2 and thereby DCS
isk.

able 1
stimated body mass (kg), metabolic rate (V̇O2 , l O2 min−1) and O2 store (l) for the central c
or Blainville’s beaked whale (Mesoplodon densirostris), Cuvier’s beaked whale (Ziphius cav

enus Body mass (kg) Metabolic rate (l O2 min−1)

CC M B F To

esoplodon 1000 0.6 0.7 0.04 0.08 1.4
iphius 2050 1.0 1.2 0.06 0.14 2.4
yperoodon 5000 2.0 2.4 0.12 0.27 4.8
Neurobiology 167 (2009) 235–246

2. Material and methods

2.1. Model

The first model, Model A, was adapted from the breath-hold
model developed by Fahlman et al. (2006) with addition of pul-
monary shunt and exchange of O2 and CO2 as detailed in Fahlman
et al. (2009) and summarized below. The body was partitioned into
four different tissue compartments (brain, fat, muscle, and cen-
tral circulation) and one blood compartment (arterial and mixed
venous). The central circulatory compartment included heart, kid-
ney, liver and alimentary tract while the muscle compartment
included muscle, skin, bone, connective tissue and all other tissues
(Fahlman et al., 2009).

Gas exchange occurred between lung and blood and between
blood and each compartment. The same assumptions were used
for the blood N2 stores as those detailed in Fahlman et al. (2006).
The Q̇tot and fraction of blood to each tissue were not fixed and
could be varied to mimic diving bradycardia and changes in regional
blood flow due to peripheral vasoconstriction. Hence, cardiovascu-
lar changes seen in freely diving animals could be simulated (Zapol
et al., 1979; Andrews et al., 1997; Froget et al., 2004).

Unless specified, in the instances in which we had no direct
anatomical or physiological data for the species in this study, we
used the data reported for the Weddell seal (Davis and Kanatous,
1999). We used a model that predicted alveolar volume (VA) with
depth (Bostrom et al., 2008) and estimated pulmonary shunt from
the ratio between VA and the total alveolar capacity (TAC) as pre-
viously detailed (Fahlman et al., 2009). The relative size of each
compartment was estimated from data reported by Mead (1989)
for the genus Mesoplodon and from Scholander (1940) for the genus
Hyperoodon, as 57.0% for muscle, 3.0% for central circulation, 0.2% for
brain, 20.7% for fat and 19.1% for blood. It was assumed that the rel-
ative proportion of each compartment remained constant between
species and for animals of different size.

A second variation (Model B) was derived from Model A, and
this was used to determine the extent to which the diving brady-
cardia affected inert gas uptake. The mass specific Q̇tot (sQ̇tot)
was estimated as detailed in the appendix. The resulting sQ̇tot at
the surface was 206 ml min−1 kg−1 for Mesoplodon (Mb = 1000 kg),
172 ml min−1 kg−1 for Ziphius (Mb = 2050 kg) and 138 ml min−1 kg−1

for Hyperoodon (Mb = 5000 kg). For model A, it was assumed that
Q̇tot during diving was 50% of that at the surface, while for model B
it was 12.5%.

Blood flow distribution to each tissue at the surface was assumed
similar to that measured in forced dived Weddell seals resting at
the surface (Zapol et al., 1979; Fahlman et al., 2009). During diving,
we assumed that blood flow was directed to each tissue according
to the metabolic rate (V̇O2 ) of that tissue and the available O2 in
the tissue (see Fahlman et al., 2009 for details on how tissue V̇O2
and O2 stores were estimated). Consequently, during diving both

˙
Model A and B assumed that 80% of Qtot was directed to the central
circulation, 1% to the muscle, 12% to the brain and 7% to the fat.

irculation (CC), muscle (M), brain (B), fat (F), lung (L), and blood (Bl) compartments
irostris) and northern bottlenose whale (Hyperoodon ampullatus).

O2 store (l)

tal CC M B F L Bl Total

0.05 41 0.02 1.7 3.1 61 106
0.1 84 0.04 3.6 6.4 124 218
0.2 204 0.10 8.7 16 303 532
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.2. Tissue metabolic rate and O2 stores

The metabolic rates for each tissue compartment were esti-
ated from the data presented in Davis and Kanatous (1999,

able 1). The O2 available during a dive came from lung, blood
nd tissue stores (mainly muscle, see below). The Ostwald solu-
ility coefficient was used to calculate the dissolved O2 content in
lood and we used a value of 0.0261 l O2 l−1 blood (Weathersby and
omer, 1980). The same solubility coefficient was used to estimate
2 content of muscle and central circulation. For the fat and brain
ompartment we used a value of 0.133 l O2 l−1 tissue.

In addition to dissolved O2, the muscle compartment was
ssumed to contain a significant amount of endogenous O2 bound
o myoglobin and available for muscle metabolism. When calculat-
ng the total O2 stored in the muscle compartment, we assumed that
9% of the total Mb was skeletal muscle, i.e. the muscle compart-
ent was composed of a variety of tissues not all having myoglobin,
ith a specific gravity of 1.06 kg l−1 (Kayar et al., 1997). We used the

eported myoglobin concentration (63 g kg−1 muscle, Butler and
ones, 1982) reported for Hyperoodon and an O2-binding capacity of
.34 ml O2 (STPD) g−1 muscle tissue (Stephenson, 2005). The mus-
le was assumed to be completely saturated at the beginning of a
rial run, i.e. the initial conditions.

The blood was assumed to have a hemoglobin (Hb) concen-
ration of 0.26 kg l−1 blood and the same O2-binding capacity as
yoglobin (Stephenson, 2005). Initially, it was assumed that arte-

ial blood was 97% saturated and venous blood 87% saturated.
he resulting O2 stores for each species is reported in Table 1.
ody mass for each species was estimated based on data recorded

rom stranded animals (Heyning, 1989; Mead, 1989) or from
ength-weight equations and length estimates (Bloch et al., 1996;

hitehead et al., 1997).

.3. Lung compression and pulmonary shunt

The model published by Bostrom et al. (2008) was used to
stimate alveolar volume at depth (DVA). Initial parameters used
o estimate DVA were: total lung capacity (TLC, total respiratory
olume), the volume of the upper respiratory system, including
rachea and bronchi (VT), and maximal alveolar volume (VA), i.e.
LC = VT + VA. It was assumed that gas exchange occurred only in the
lveoli and when DVA = 0, no gas exchange occurred. For all species,
LC was assumed equal to that reported for the bottlenose whale
25 ml kg−1, Scholander, 1940). Dead space volume was assumed to
e 9% of TLC (Bostrom et al., 2008). For our investigation of an animal
iving with a lung volume lower than TLC, the reduction in gas vol-
me was taken from the alveolar gas space. That is, DVA = DVL − VT.
hus, for a 1000 kg beaked whale diving on a DVL that was 50% of
LC: TLC = 25 l, VT = 2.25 l, DVL = 12.5 l, DVA = 10.25 l.

Estimated DVA was used to compute pulmonary shunt, some-
imes also termed venous admixture (see Eq. (4) in Fahlman et al.,
009). The power function (1-shunt = a·(DVA·VA)−b, Bostrom et al.,
008; Fahlman et al., 2009) established from harbour seal data was
sed to establish the relationship between pulmonary shunt and
stimated DVA·VA

−1.

.4. Dive data and estimated PN2 levels

The dive data used to estimate blood and tissue PN2 levels were
reviously published for Ziphius and Mesoplodon by Baird et al.

2006, 2008) and for Hyperoodon by Hooker and Baird (1999). Two
ive traces were used for each species, and summary statistics for
ach dive series are presented in Table 2. Each dive trace is indicated
y the species abbreviation and the duration of the trace (e.g. Md78
s a 78-h trace for M. densirostris). Ta
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A dive was defined as a submergence for >10 s to a depth >5 m.
ives were separated into shallow, intermediate and deep dives
epending on the maximum depth recorded. For all species, shal-

ow dives were defined as >5 m and ≤50 m, intermediate dives
ere >50 m and ≤200 m, and deep dives were >200 m. These cat-

gories were based on the assumption that shallow dives <50 m
ay serve to reduce bubble formation and be potentially helpful

s decompression dives (Fahlman et al., 2007), intermediate dives
0–200 m are likely to include gas exchange for a high proportion
f the dive, whereas deep dives >200 m will almost certainly have
o gas exchange beyond this depth and so the lungs are likely to
e collapsed for a portion of the dive (Bostrom et al., 2008). Within
hese categories we present mean maximum dive depth (the maxi-

um depth reached during the dive), mean dive depth (the average
epth of the dive), and surface interval (the time spent at the sur-

ace between dives). For each dive series, tissue and blood PN2 s were
stimated throughout the entire duration of the series. Following
his, we extracted the end-dive PN2 values for each dive and these
nd-dive levels are presented for different categories of dives for
ach series.

To look at diel changes in dive behaviour and how these
ffect estimated blood and tissue PN2 , the dive data were divided
nto day (D) or night (N) based on location and times for
ach dive. We used sunrise and sunset to separate D and N
http://aa.usno.navy.mil/data/docs/RS OneDay.php, Table 4), for
he longer traces (Md22, Md78, Zc34 and Ha28).

. Results
The average hourly dive rate was significantly different (P < 0.01)
etween Ziphius (2.5 dives h−1) and Hyperoodon (7.1 dives h−1), but
either was different from the hourly dive rate of 5.0 dives h−1 for
esoplodon (P > 0.3, Mixed model ANOVA). There was no difference

ig. 1. Dive trace for: (A) Blainville’s beaked whale (Md78); (B) Cuvier’s beaked whale (Zc3

ive trace showing the time to equilibrium (broken vertical lines) for each of these.
Neurobiology 167 (2009) 235–246

in the proportion of shallow (P > 0.4), intermediate (P > 0.1) or deep
dives (P > 0.5) between species.

Except for the short 2-h dive trace from Hyperoodon, the mean
dive duration, maximum and mean dive depths for deep dives
were similar between individuals and species. For intermediate
dives, both the mean and maximum dive depth was shallower for
Ziphius compared with Mesoplodon and Hyperoodon (Table 2). For all
species, there was a significant correlation between the maximum
depth and the mean depth for each dive (P < 0.05).

3.1. Predicting tissue and blood PN2 model variations

Rather than assigning an arbitrary initial PN2 at the start of the
dive trace, we simply assumed this matched with surface N2 at the
model outset. For tissues with a fast time constant (central circula-
tion and brain), a diving PN2 equilibrium was established during the
first few dives while for tissues with a slow time constant, equilib-
rium took several hours (Fig. 1). To avoid bias we therefore removed
the initial 4 h for Mesoplodon, 8 h for Ziphius and 13 h for Hyper-
oodon. We also excluded the 9 h data set for Ziphius (Zc9) and the
2 h data set for Hyperoodon (Ha2). Therefore, the number of dives
reported in Table 2 includes all dives and the number within paren-
theses is the number of dives after excluding the initial period until
equilibrium. Equilibrium values converged when the model was
started with different initial conditions and the time to equilibrium
was the same.

Model A (50% bradycardia) generally showed highest PN2 levels
for Ziphius, although high fast tissue PN2 levels were also seen for

intermediate dives of Hyperoodon (Table 3 Model A). Predicted end-
dive PN2 increased linearly with mean dive depth (Fig. 2A) or dive
duration (Fig. 2B) until a maximum at which time estimated mixed
venous PN2 (PvN2 ) levelled off. Comparing between dive classes and
body compartments, end-dive PN2 for central circulation increased

4); (C) northern bottlenose whale (Ha28); and (D) estimated fat PN2 against time of

http://aa.usno.navy.mil/data/docs/RS_OneDay.php
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Table 3
Sensitivity analysis of standard model (A: 50% bradycardia) and that with more extensive dive response (B: 12.5% bradycardia) on N2 levels in each of the four tissue
compartments and mixed venous blood (V). Tissue compartments are central circulation (CC), muscle (M), brain (B), fat (F). See text for details on the variation of physiological
variables for each model. Dive data sets used were a 78 h (Md78) and a 22 h (Md22) trace for Blainville’s beaked whales, a 34 h (Zc34) trace from a Cuvier’s beaked whale and a
28 h (Ha28) trace from a northern bottlenose whale.

ID Model Body mass (kg) Mean end-dive PN2 (ATA)

Dives <50 m Dives >50 m and Dives <200 m Dives > 200 m

CC M B F V CC M B F V CC M B F V

Md22 A 1000 1.5 1.0 1.6 2.4 1.2 3.8 1.1 4.2 2.7 2.0 3.8 1.1 4.0 2.6 2.0
Md78 A 1000 1.9 1.0 2.1 3.1 1.3 3.2 1.1 3.6 3.3 1.8 4.3 1.1 4.4 3.3 2.2
Zc34 A 2050 1.8 1.3 1.8 3.3 1.5 4.1 1.5 4.2 3.6 2.4 4.9 1.5 5.0 3.7 2.6
Ha28 A 5000 1.2 1.0 1.6 3.0 1.1 4.6 1.0 4.7 3.0 2.2 4.8 1.0 4.7 3.1 2.2

Mean 1.6 1.1 1.8 2.9 1.3 3.9 1.2 4.2 3.2 2.1 4.4 1.2 4.6 3.2 2.2

Md22 B 1000 1.6 1.1 1.6 1.9 1.3 4.4 1.2 4.1 1.9 2.2 5.5 1.1 4.6 2.0 2.6
M 4
Z 3
H 3
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d78 B 1000 2.1 1.1 2.3 2.6 1.5
c34 B 2050 1.6 1.5 2.1 2.4 1.6
a28 B 5000 1.0 1.0 1.6 1.9 1.0

Mean 1.6 1.2 1.9 2.2 1.3

y 107% for Mesoplodon (146% and 67%), 131% for Ziphius and 275%
or Hyperoodon for the intermediate compared with the shallow
ives ([intermediate-shallow]/shallow × 100, Table 3). For the deep
ives, end-dive PN2 for central circulation only increased by an addi-
ional 1–34% (Table 3). Similar changes were seen for the brain, with
nd-dive PN2 increasing substantially as depth increased (shallow
o intermediate, Table 3). For muscle and fat, end-dive PN2 did not
hange much and even decreased in some cases for deeper dives
Table 3).

.2. The effect of cardiac output, Q̇tot, on estimated tissue and
lood PN2

With enhanced diving bradycardia (Q̇tot, 12.5% of the surface
alue during diving), central circulation PN2 and PvN2 generally
ncreased while fat PN2 decreased in all animals and at all depths
Table 3, Model A vs. B). A greater dive response (i.e. reduction in
˙ tot) only resulted in lower end-dive PN2 s for all body compart-

ents for intermediate and deep dives of Hyperoodon (Table 3,
odel A vs. B). For Mesoplodon and Ziphius results were more vari-

ble depending on body compartment.

.3. The effect of diving lung volume (DVL) on estimated tissue
nd blood PN2
To investigate the effect of partial inhalation on N2 levels, we
aried DVL for each dataset and examined the effect on model
utput (Model A) for blood (Fig. 3) and tissue PN2 . As diving lung
olume was reduced, end-dive PN2 decreased for all tissues and

Fig. 2. Estimated end-dive mixed venous PN2 against (A) mean d
.2 1.2 4.0 2.6 2.2 5.5 1.1 5.1 2.6 2.5

.7 1.7 3.7 2.4 2.4 6.2 1.7 5.5 2.8 3.1

.8 1.0 3.0 1.9 1.9 4.8 0.9 3.9 1.9 2.1

.0 1.3 3.7 2.2 2.2 5.5 1.2 4.8 2.3 2.6

for PvN2 . For the shallow dives, a 75% reduction in DVL reduced
mixed venous PN2 by between 12% and 19% for all individuals
and species except Md22, for which the reduction was only 4%
(Fig. 3A). The reduction in end-dive PN2 for central circulation and
muscle were similar to PvN2 and ranged between 5% and 21%,
while it was substantially higher for brain (range: 9–31%) and fat
(range: 28–51%).

A 75% reduction in DVL reduced PvN2 between 16% and 43%
for the intermediate depth dives. For the deep dives, the same
reduction in DVL resulted in a reduction in PvN2 between 32% and
45% (Fig. 3B and C). Interestingly, it appeared that end-dive PvN2
decreased exponentially toward a minimum value for the shal-
low and intermediate dives but this became more or less linear
for the deep dives (Fig. 3). The reduction in end-dive PN2 for the
tissue compartments varied between animals without any obvi-
ous trends except that as depth increased the relative reduction
in end-dive PN2 increased. The most notable exception was the fat
compartment for which the reduction against DVL appeared to be
relatively unaffected by the dive depth and when DVL was reduced
by 75% the end-dive PN2 reduction ranged between 33% and 49%
for all depths, presumably due to the slow response time of this
tissue.

3.4. The effect of body mass, Mb, on estimated tissue PvN2
While Model A did not indicate any obvious trends in end-dive
PN2 against Mb when the species were compared (Table 3), we
were concerned that this might be due to species-specific differ-
ences in dive trace profiles. We therefore ran the model for each

ive depth or (B) dive duration for each of the dive traces.
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Fig. 3. Average predicted end-dive mixed venous PN (ATA) against proportion of
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Fig. 4. Average predicted end-dive mixed venous PN2 (ATA) against varying body
mass (kg) for the entire dive trace for (A) shallow (B) intermediate and (C) deep
2

iving lung volume (% of maximum) for the entire dive trace for (A) shallow, (B)
ntermediate and (C) deep dives for two Blainville’s beaked whales (Md22 and Md78),
ne Cuvier’s beaked whale (Zc34) and one northern bottlenose whale (Ha28).

ive trace and varied Mb within each (Fig. 4). As Mb decreased
rom 5000 kg to 100 kg, end-dive mixed venous PN2 decreased
xponentially for all depths (Fig. 4). From 5000 kg to 500 kg the
eduction was linear by between 2% and 14% for the shallow dives
Fig. 4A), 7% to 21% for the intermediate dives (Fig. 4B) and 3%
o 18% for the deep dives (Fig. 4C). Muscle and brain PN2 also
ecreased with a reduction in Mb, central circulation PN2 decreased
r increased between 17% and 27%, while fat PN2 increased between
% and 40%.
.5. The effect of ascent rate on estimated tissue and blood PN2

Some beaked whale dives appear to show a deceleration in the
scent rate prior to surfacing. This was first noted for northern
ottlenose whales (Hooker and Baird, 1999) but is also appar-
dives for two Blainville’s beaked whales (Md22 and Md78), Cuvier’s beaked whale
(Zc34) and northern bottlenose whale (Ha28).

ent in the near surface waters for several of the dives analyzed
here. To determine how such changes in ascent rate would affect
end-dive PN2 , we modified one of the dives from the Mesoplodon
78-h trace (Fig. 5). Model A was used to determine end-dive
PN2 for this dive trace before and after the ascent rate had been
modified as the whale approached the surface. When PvN2 >
ambient N2 pressure (Pamb) bubbles may form, and the extent
of the supersaturation is a measure of the risk of DCS (Fahlman
et al., 2001). As the ascent rate increased for the modified dive
trace, the PN2 gradient between mixed venous blood and the

ambient pressure increased rapidly and then decreased rapidly
as the animal surfaced. A similar increase was seen in the par-
tial pressure gradient for the original dive profile but here the
gradient remained elevated as the animal slowly approached the
surface.
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Fig. 5. One 15 min dive to 160 m from a 78 h dive record from Blainville’s beaked
whale showing (A) pressure against time and (B) pressure during the ascent (solid
black line). The black dotted line is for a hypothetical dive in which the ascent rate
is maintained rather than decreased as the whale approaches the surface. The solid
and dotted lines are predicted mixed venous PN2 for the actual and hypothetical dive
trace, respectively, while the blue solid and dotted line is the instantaneous risk. The
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nstantaneous risk was described based on the pressure history of the dive and the
stimated mixed venous N2 tension (PvN2 ) and defined as; r = (PvN2 − Pamb)·Pamb

−1,
here r is the instantaneous risk. By this definition, r is 0 at any time when PvN2 <

amb (Fahlman et al., 2001).

.6. Diel variation in dive behaviour and estimated tissue and
lood PN2

The three species varied in the extent of differences between
ive profiles in the day and night (see examples in Fig. 1), with
uvier’s beaked whales showing the most pronounced differences

n decreased frequency of dives >200 m, and increased frequency
f dives <50 m at night (see also Baird et al., 2008).

There was no clear cut consistent elevation of end-dive PN2 for
ay vs. night across all species. The two Mesoplodon traces differed

n their day/night differences in both behaviour and resulting end-
ive PN2 (Table 4). This was most striking for shallow dives with
he 22-h trace showing higher values in the day while the 78-h
race showed higher values at night. For the latter, it appears that
he increase in maximum and mean dive depth, and dive duration
t night increased end-dive PN2 for all tissues and mixed venous
lood despite the 75% increase in the surface interval (Md78 N vs.
, Table 4). For the 22-h trace, only the fast tissues and the mixed
enous blood changed as dive depth changed without concomitant
hanges in dive duration or surface interval (shallow dives, Table 4).
or Hyperoodon and Ziphius, a reduction in dive depth and duration
uring shallow dives at night reduced end-dive PN2 for the slow
issues (fat and muscle).
The intermediate dives showed some of the highest end-dive PN2
evels, particularly for the fast tissues of both Hyperoodon at night
nd for Ziphius in the day, associated with deeper and longer dives
Table 4). For the 22-h Mesoplodon trace deep dives, end-dive PN2
ncreased in the day for fast tissues (central circulation and brain)
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despite lower depths and shorter duration dives. In contrast, the
only significant increase for the 78-h Mesoplodon trace deep dives
was for slow tissue (fat) at night (Table 4). The number of deep dives
per hour for Hyperoodon increased at night although the depth and
duration were reduced, which resulted in an increase in muscle,
brain and fat end-dive PN2 .

For the shallow dives, there was a significant correlation
between dive duration and the duration of the surface interval that
followed a dive both during the night and day for Md78, Md22 and
Zc34 (P < 0.001), but there was no correlation for intermediate or
deep dives (P > 0.7). For Ha28 there was no relationship between
dive duration and subsequent surface interval for any depth.

4. Discussion

This work uses gas exchange models of diving to analyze the
effect of physiology (extent of diving bradycardia, diving lung vol-
ume and body mass) and diving behaviour (dive depth and duration,
variation in ascent rate, and diel variation) on tissue and blood
PN2 levels and thereby the risk of decompression sickness in three
species of beaked whales. The near impossibility of conducting
physiological experiments on beaked whales necessitates such a
modelling approach.

Overall, our work concurs with previous modelling efforts show-
ing that blood flow (Fahlman et al., 2006, 2007) and the level of
pulmonary shunt (Bostrom et al., 2008; Fahlman et al., 2009) dur-
ing diving will greatly affect blood and tissue PN2 levels. The dive
behaviour of Ziphius, with longer dives and shorter surface inter-
vals compared with the other species (Tables 2 and 4) resulted in
estimated tissue and blood PN2 s that were generally higher for all
depth ranges (Zc34, Model A, Table 3). Zimmer and Tyack (2007)
previously published estimated blood and tissue PN2 values for a
Cuvier’s beaked whale. They used the assumption that alveolar col-
lapse is immediate and occurs at a pre-determined depth (∼70 m,
Zimmer and Tyack, 2007). While they did not report end-dive PvN2
values, end-dive PN2 for the central circulation reached 1.6 ATA, for
the brain reached 1.3 ATA, and for muscle and fat reached values as
high as 2.0 ATA (see Fig. 2 in Zimmer and Tyack, 2007). Equivalent
values in the current study are generally higher (Table 3) empha-
sizing the importance of properly understanding how gas exchange
changes with depth.

4.1. The importance of long dive profile series for estimation of
PvN2 and DCS risk

Although the deep and long dives of beaked whales are remark-
able in themselves, alone these would be unlikely to trigger DCS.
Rather it is the accumulation of dives that would result in sequential
increase of N2 in tissues causing a higher risk of DCS. As Scholan-
der noted, “by repeated dives, conditions as regards diving disease
would certainly tend to be worse on account of an accumula-
tion of invaded N2. There is every reason to believe that this risk
exists unless there is sufficient ventilation between dives” (p. 112,
Scholander, 1940).

Our analysis demonstrated that models which incorporate gas
exchange within multiple body compartments will necessitate
longer datasets particularly for larger animals. Short datasets are
not a problem for tissues with short time constants, e.g. the central
circulation and brain, as these tissues rapidly reach a equilibrium
state in which end-dive PN2 remains more or less constant (see

Fahlman et al., 2006). However, tissues with a long time constant,
such as fat, are highly dependent on the length of the data set (Fig. 1).
End-dive PN2 for these tissues slowly increases with each repeated
dive and only reaches equilibrium after hours (Fig. 1) or even days
(Fahlman et al., 2007).
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Table 4
Animal identification (ID), number of dives (n) during day (D) or night (N), mean maximum dive depth (Max, m), mean depth (Mean, m), mean dive duration (DD, min), mean
surface interval duration (SI, min), estimated tissue and mixed venous (V) PN2 (ATA) for central circulation (CC), muscle (M), brain (B), fat (F) using Model A (50% bradycardia)
for a 78 h (Md78) and a 22 h (Md22) Blainville’s beaked whale dive trace, a 34 h (Zc34) Cuvier’s beaked whale dive trace and a 28 h (Ha28) northern bottlenose whale dive trace.
Number of dives is that after removing dives before equilibrium.

ID n Day/night Max Mean DD SI CC M B F V

Dives <50 m
Md22 37 D 19 ± 10 13 ± 7 4.4 ± 3.2 0.3 ± 0.5 1.7 ± 0.6 1.0 ± 0.1 1.8 ± 0.7 2.4 ± 0.3 1.3 ± 0.2
Md22 68 N 14 ± 9† 9 ± 5† 4.5 ± 3.8 0.4 ± 0.6 1.4 ± 0.4† 1.0 ± 0.1 1.5 ± 0.5† 2.3 ± 0.3 1.1 ± 0.2†

Md78 117 D 19 ± 12 13 ± 8 5.2 ± 5.0 1.2 ± 1.0 1.6 ± 0.7 1.0 ± 0.1 1.7 ± 0.7 3.0 ± 0.2 1.2 ± 0.2
Md78 69 N 35 ± 14† 26 ± 12† 9.8 ± 5.0† 2.1 ± 1.5† 2.5 ± 0.8† 1.1 ± 0.1† 2.7 ± 0.8† 3.1 ± 0.3† 1.5 ± 0.3†

Zc34 13 D 22 ± 9 14 ± 6 1.5 ± 0.9 0.2 ± 0.2 1.7 ± 0.7 1.4 ± 0.2 1.7 ± 0.5 3.7 ± 0.5 1.5 ± 0.3
Zc34 51 N 18 ± 11 12 ± 9 5.9 ± 7.8 0.6 ± 0.9 1.7 ± 0.8 1.3 ± 0.1† 1.8 ± 0.8 3.2 ± 0.3† 1.4 ± 0.3
Ha28 44 D 14 ± 9 7 ± 6 1.8 ± 1.8 1.4 ± 1.2 1.2 ± 0.5 1.0 ± 0.1 1.6 ± 0.6 2.9 ± 0.6 1.1 ± 0.2
Ha28 29 N 13 ± 10 6 ± 7 1.4 ± 1.4‡ 2.0 ± 2.0 1.1 ± 0.6 1.0 ± 0.2‡ 1.7 ± 0.7 2.6 ± 0.5† 1.1 ± 0.2

Dives >50 m and <200 m
Md22 7 D 138 ± 38 80 ± 26 10.4 ± 2.3 0.1 ± 0.1 3.4 ± 0.7 1.1 ± 0.1 3.9 ± 0.7 2.4 ± 0.4 1.8 ± 0.3
Md22 5 N 88 ± 47† 59 ± 34 9.8 ± 3.3 0.3 ± 0.4 3.8 ± 0.9 1.2 ± 0.1 4.1 ± 0.9 2.7 ± 0.4 2.0 ± 0.4
Md78 30 D 126 ± 50 76 ± 35 12.2 ± 2.5 1.8 ± 1.1 3.3 ± 0.7 1.1 ± 0.1 3.8 ± 0.7 3.2 ± 0.3 1.8 ± 0.2
Md78 28 N 72 ± 33† 47 ± 18† 12.8 ± 2.6 2.5 ± 2.0‡ 3.2 ± 0.5 1.1 ± 0.1 3.5 ± 0.6† 3.3 ± 0.2 1.8 ± 0.2
Zc34 2 D 74 ± 18 58 ± 10 18.7 ± 4.6 1.8 ± 0.1 4.7 ± 0.6 1.6 ± 0.2 4.9 ± 0.5 4.0 ± 0.8 2.6 ± 0.2
Zc34 3 N 60 ± 14 43 ± 10 8.9 ± 4.2 0.2 ± 0.2 3.9 ± 0.6 1.5 ± 0.2 3.9 ± 0.8 3.4 ± 0.2 2.2 ± 0.3
Ha28 4 D 81 ± 14 51 ± 8 8.8 ± 2.1 1.6 ± 0.5 4.4 ± 0.4 1.0 ± 0.1 4.5 ± 0.4 3.0 ± 0.6 2.1 ± 0.1
Ha28 4 N 146 ± 36† 94 ± 32† 9.6 ± 3.6 1.2 ± 0.3‡ 5.1 ± 0.7† 1.1 ± 0.1† 5.1 ± 0.5† 3.3 ± 0.4† 2.4 ± 0.3†

Dives > 200 m
Md22 5 D 730 ± 447 419 ± 246 33.4 ± 19.3 1.2 ± 1.0 4.0 ± 0.4 1.0 ± 0.1 4.2 ± 0.4 2.2 ± 0.7 2.0 ± 0.2
Md22 2 N 1159 ± 205‡ 745 ± 139† 48.6 ± 7.8‡ 1.6 ± 1.0 3.4 ± 0.2† 1.1 ± 0.1 3.7 ± 0.1† 2.4 ± 0.4 1.8 ± 0.1
Md78 22 D 730 ± 491 437 ± 281 34.4 ± 19.0 1.5 ± 1.4 4.2 ± 0.4 1.1 ± 0.1 4.4 ± 0.4 3.0 ± 0.6 2.1 ± 0.2
Md78 17 N 944 ± 193† 612 ± 120† 48.2 ± 1.7† 2.6 ± 1.7† 4.3 ± 0.2 1.2 ± 0.1‡ 4.4 ± 0.2 3.4 ± 0.2† 2.2 ± 0.1
Zc34 17 D 666 ± 509 419 ± 293 43.5 ± 25.5 1.5 ± 1.0 4.6 ± 0.7 1.5 ± 0.3 4.7 ± 0.7 3.5 ± 0.9 2.5 ± 0.4
Zc34 7 N 844 ± 275 594 ± 196‡ 49.7 ± 21.2 1.1 ± 1.0 4.8 ± 0.4 1.3 ± 0.1 5.0 ± 0.3 3.2 ± 0.3 2.5 ± 0.1
Ha28 4 D 1230 ± 190 704 ± 97 39.4 ± 11.2 1.3 ± 0.6 4.7 ± 0.6 1.0 ± 0.1 4.5 ± 0.4 2.7 ± 0.8 2.2 ± 0.2
Ha28 7 N 753 ± 301† 467 ± 165† 30.4 ± 8.9† 1.2 ± 0.6 4.8 ± 0.4 1.1 ± 0.1† 4.8 ± 0.3‡ 2.8 ± 0.4 2.3 ± 0.2

P

c
b
d
m
s
t
(
l
t
f
t
H
s
t

4

d
b
a
1
i
r
c
r
t
m
e
a
t

-values represent differences between day and night.
† P < 0.05.
‡ P < 0.1.

It has previously been suggested that tissues with slow time
onstants could help buffer PN2 at the beginning of a dive bout,
ut they would be a liability after a long bout and possibly lead to
ive bout terminations (Fahlman et al., 2007). Consequently, these
odels require sufficient data for the N2 levels to reach equilibrium

o that appropriate conclusions can be made. With this dataset, it
ook Mesoplodon 4 h (Md78), Ziphius 8 h (Zc34) and Hyperoodon 13 h
Ha28) to reach steady state values for the slow tissues (Fig. 1). The
ower mass specific Q̇tot in larger whales appears to increase the
ime to equilibrium and emphasizes the need for longer dive traces
rom larger species. To avoid such a bias others have increased the
issue PN2 at the start of the dive trace (Zimmer and Tyack, 2007).
owever, it is unclear without the analysis presented in Fig. 1, what

tarting value should be chosen and we therefore do not advocate
his approach.

.2. The effect of cardiac output, Q̇tot, on estimated tissue PvN2

The dive response is primarily thought to extend the aerobic dive
uration by conserving available O2 to the core (heart and brain),
ut it has been suggested that this redistribution of blood flow is
lso a useful mechanism for altering inert gas uptake (Scholander,
940; Ponganis et al., 1999; Fahlman et al., 2007). This makes intu-
tive sense and one study showed that mixed venous PN2 could be
educed by as much as 45% when an animal exhibited diving brady-
ardia during the descent and bottom phase with a reduced ascent
ate and a pre-surface tachycardia (Fahlman et al., 2006). However,

hat study only analyzed a 1-h dive bout consisting of 23 dives. A

ore recent theoretical study, estimating tissue and blood PN2 lev-
ls in deep diving king penguins during a foraging trip, showed that
n increase in blood flow during diving led to an increased PN2 at
he end of an extended dive bout in some tissues (muscle and fat
PN2 ), but a substantial reduction in PN2 in brain and central circu-
lation (Fahlman et al., 2007). These surprising results suggest that
the diving related reduction in blood flow does not always reduce
N2 levels during repeated diving. The results in the current study
suggest a similarly complex relationship between end-dive PN2 and
blood flow during diving. A reduction in Q̇tot generally increased
end-dive PN2 in fast tissues while it caused a reduction in PN2 in fat
(Table 3). Consequently, modelling predicts that blood flow adjust-
ment is an efficient strategy for reducing end-dive N2 levels in
diving animals. However, as the circulatory system is also respon-
sible for removing CO2 and supplying O2, blood flow changes to
each tissue are a trade-off between the need to exchange metabolic
gases and the need to reduce DCS risk. The question is to what
extent blood flow changes are used as a means to reduce extreme
PN2 without ischemic injury and this will be an interesting area
of research.

4.3. The effect of diving lung volume, DVL, on estimated tissue
PvN2

Adjustment of DVL can help adjust the depth at which the alveoli
collapse (Bostrom et al., 2008) and increase the level of the pul-
monary shunt (Eq. (6A) and (6B), in Fahlman et al., 2009), thereby
reducing the N2 taken up during the dive (Kooyman and Sinnett,
1982). As most species of marine mammals (e.g. cetaceans, otariid
seals) dive on either full or partial inhalation, we tested how effi-
cient this adjustment would be for beaked whales to modify gas

exchange during a dive. Fahlman et al. (2009) concluded that end-
dive PvN2 decreases with a decreasing DVAo·VD

−1 ratio and that gas
exchange and the level of pulmonary shunt cannot be investigated
separately because they are correlated. Thus, gas tensions reported
from gas exchange models that do not account for the pulmonary
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Fig. 6. Estimated N2 saturation pressure (ATA) that would result in 50% decompres-
sion sickness (DCS) in a range of terrestrial animals after a rapid decompression
(Flynn et al., 1971; Berghage et al., 1979). Black circles are tissue satura-
S.K. Hooker et al. / Respiratory Physio

hunt should be viewed with caution and conclusions from such
tudies may have to be re-assessed (Fahlman et al., 2006, 2007;
immer and Tyack, 2007).

While previous work showed that pre-dive exhalation or par-
ial inhalation is an efficient way to reduce the collapse depth, and
hereby limit gas exchange at depth, this investigation was only
one for a single dive (Fahlman et al., 2009). Visual observations
uggest that beaked whales dive on inhalation (Baird and Hooker,
npublished observations), but the actual DVL is not known and
ay vary between dives. We were therefore interested in determin-

ng the extent to which DVA affects tissue and blood PN2 in whales
hat dive repeatedly. In the current study, Model A suggested that
75% reduction in DVL decreased end-dive PvN2 by as much as 43%
nd 45% for the intermediate and deep dives, respectively (Fig. 3B
nd C), while the reduction for shallow dives was only between
% and 19% (Fig. 3A). Consequently, pre-dive exhalation appears to
e most efficient for reducing end-dive PN2 during intermediate or
eep dives and one would therefore expect larger variation in DVL
uring shallow dives.

.4. The effect of body mass, Mb, on estimated tissue PvN2

There is an allometric relationship between Mb and resting
etabolic rate (RMR), or Q̇tot, between species (e.g. Kleiber, 1975).
s inert gas uptake and removal is affected by Q̇tot, one would expect

hat DCS risk correlates with Mb. In fact, past studies have shown
correlation between DCS risk and Mb, both within and between

nimal species (Berghage et al., 1979; Lillo et al., 2002) and the
llometric mass exponent between Mb and DCS risk was shown to
e 0.79 for seven species of terrestrial mammals (Fahlman et al.,
006), ranging from 22 g to 78 kg (Berghage et al., 1979). Therefore,
ven with similar end-dive PvN2 levels, one would expect larger
nimals to be more susceptible to DCS. Assuming the physiology
f DCS is the same between species, and that metabolic rate and
˙ tot scales to the same mass exponent, it would be expected that
yperoodon would be most susceptible for the same end-dive PN2

evel, followed by Ziphius and Mesoplodon (Table 1). In addition to
hysiological adjustment, i.e. dive related changes in DVL, Q̇tot and
lood flow distribution, dive behaviour is another way for species
f different size to reduce blood and tissue PN2 and therefore reduce
he risk of DCS.

Running Model A for a range of Mbs for each dataset allowed us to
nvestigate if differences in dive behaviour affected estimated end-
ive PvN2 . Irrespective of changes in Mb, Ziphius’ dive profile had the
ighest end-dive PN2 s for each depth range (Fig. 4), suggesting that
he dive behaviour of Cuvier’s beaked whales makes them most sus-
eptible to suffer DCS. Interestingly, this is the species that appears
o be particularly sensitive to anthropogenic sound and their diving
ehaviour may be an underlying factor for this observstion (Cox et
l., 2006).

In general, reduction in body size showed decreasing end-dive
N2 s for most body compartments, which would suggest that larger
nimals would be at increased risk of DCS for the same dive profile
Figs. 4 and 6). However, results for central circulation were vari-
ble, and fat PN2 increased with decreasing Mb. It is possible that
igher fat PN2 in smaller animals could be linked to the prevalence
f immature and sub-adult animals in strandings (Freitas, 2000;
non., 2001; Martin et al., 2004). Current experimental work detail-

ng the behavioural response to anthropogenic sound may help
hed some light on this.
.5. Calculating DCS risk

There is a good correlation between Mb and the saturation pres-
ure resulting in 50% DCS in terrestrial mammals after a rapid
ecompression (Berghage et al., 1979). If we assume that PvN2 is
tion PN2 for terrestrial animals. The solid line indicates the best fit regression
log ED50 = 0.730 − 0.205·log Mb. Open and grey symbols are average mixed venous
inert gas tension (PvN2 ) for Blainville’s beaked whale (Md78), Cuvier’s beaked whale
(Zc34) and northern bottlenose whale (Ha28) using Model A.

a reliable measure of the overall saturation of an animal, estimated
end-dive PvN2 levels from the beaked whales allow a comparison
with terrestrial species (Fig. 6). It appears that all three species of
beaked whales live with end-dive PvN2 levels that would result in a
high incidence of severe DCS in terrestrial mammals. Although our
estimated N2 levels probably have an uncertainty of at least 20%, it
is clear that these whales live with high blood and tissue N2 levels
during most of their lives.

How do they avoid DCS during routine diving? One possibil-
ity is that there is a minimum pressure difference, or threshold,
that is necessary to form bubbles from pre-existing nuclei (Tikuisis
and Gerth, 2003). For example, in a 70 kg human the PN2 satura-
tion pressure to cause 50% DCS was 2.2 ATA while in a 1000 kg,
2000 kg and 5000 kg animal the predicted values were, respec-
tively 1.3 ATA, 1.1ATA and 0.9 ATA, values not very different from
Pamb at the surface (0.74 ATA). If we assume that the relationship
holds for end-dive PvN2 for large whales (Mb > 1000 kg), this would
have resulted in a 50% DCS incidence for the intermediate and deep
dives for all species. It has been shown that repeated decompression
stress in terrestrial mammals reduces DCS risk (Montcalm-Smith
et al., 2005). Consequently, the DCS incidence in Fig. 6 is prob-
ably much less in acclimated animals such as deep diving
whales.

Although beaked whales appear to dive on inhalation (Hooker
and Baird, unpublished observations), this may not be a full inhala-
tion. If DVL were 50% of TLC, this would reduce end-dive PvN2

for Ziphius during deep dives by 25% (Fig. 3C) resulting in an
end-dive PN2 of 1.96 ATA. This is still a high saturation par-
tial pressure, but because of the sigmoidal shape of the DCS
risk curve against saturation pressure (Dromsky et al., 2000),
small changes in inert gas load (5%) result in large changes
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n DCS risk (50%, Fahlman et al., 2001; Fahlman and Kayar,
003).

.6. Ascent rate

Decompression sickness research on terrestrial mammals shows
distinct relationship between ascent rate and DCS risk (Flynn

nd Lambertsen, 1971; Fahlman and Kayar, 2003). In the mouse,
he decompression rate from 13.8 ATA to 1 ATA resulting in a
0% DCS was ∼0.58 ATA s−1, or 5.8 m s−1 (see Fig. 9 in Flynn and
ambertsen, 1971). As the decompression rate was reduced to
.13 ATA s−1 (1.3 m s−1), an ascent rate similar to those reported

n these three species of beaked whales (Hooker and Baird, 1999;
aird et al., 2006, 2008), the incidence decreased to ∼28% (Flynn
nd Lambertsen, 1971).

Modelling efforts on diving mammals, on the other hand,
ave reported divergent results when investigating the effect that
hanges in ascent rate has on tissue and blood PN2 (Houser et
l., 2001; Fahlman et al., 2006, 2007; Zimmer and Tyack, 2007).
ahlman et al. (2006) suggested that a reduction in the ascent cou-
led with an increase in Q̇tot close to the surface could reduce PvN2
y as much as 45%. Zimmer and Tyack (2007), on the other hand,
eported that an increase in the ascent rate after a deep dive from
m s−1 to 20 m s−1 actually decreased end-dive tissue PN2 .

For the data in Fig. 5 the ascent was increased at a depth of 15 m
2.5 ATA) and the animal rapidly (within a few seconds) decom-
ressed to the surface (1 ATA). The spike in supersaturation that
esults from a more rapid ascent rate may overcome the threshold
ecessary to initiate bubble formation and growth while a more
radual ascent keeps tissue PN2 at a moderate level above Pamb,
educing the risk of bubble formation (Fig. 5). Thus, the effect of
hanges in ascent rate will differ depending on the blood and tissue
N2 and the ambient pressure (depth). When tissue PN2 < Pamb, the
scent rate should be high to prevent further uptake of N2. When
issue PN2 > Pamb the risk increases for bubbles to form and grow
Tikuisis and Gerth, 2003). At this time, a reduction in the ascent
ate helps to safely remove N2 from the tissues. Consequently,
he effect of changes in ascent or descent rate is complicated and
epends on several variables. An increase in ascent rate could either

ncrease or decrease end-dive PvN2 depending on the previous dive
istory. While some diving species reduce their ascent rate as they
pproach the surface, possibly to reduce end-dive PvN2 levels (e.g.
enguins and elephant seals, Fahlman et al., 2006), beaked whales
ave the lowest ascent rates in midwater between 300 and 600 m
Tyack et al., 2006). This suggests that beaked whales either do not
xperience tissue and blood PN2 levels that put them at risk of DCS or
hat they have other strategies to deal with an excessive N2 load. In
uvier’s and Blainville’s beaked whales, Tyack et al. (2006) noticed
hat deep foraging dives were commonly followed by a series of
hallower dives. This dive behaviour has been suggested as an alter-
ate strategy to deal with elevated N2 levels and help reduce DCS
isk (Fahlman et al., 2007). Thus, diving mammals and birds may use
ifferent strategies to deal with excessive levels of N2 and the choice
ay depend on the need to also exchange O2 and CO2 (Fahlman et

l., 2009).
The natural dive profiles of marine mammals are less severe

han those used in DCS research using terrestrial animals as mod-
ls. Nevertheless, our results suggest that beaked whales probably
ive with N2 levels that would elicit DCS in non-diving mammals.
hat diving marine mammals at least experience N2 levels that
ould result in bubble formation during an immediate ascent

as been empirically shown in bycaught animals where bubbles
ere observed while stranded animals showed little evidence of
ubbles (Moore et al., 2009). If the natural diving behaviour of
hese whales is significantly altered this could well result in DCS
ymptoms.
Neurobiology 167 (2009) 235–246

4.7. Diel variation in dive behaviour and estimated tissue and
blood PN2

Changes in diving behaviour between day and night are rel-
atively common and often associated with diel changes in prey
distribution. Although not thought to be related to changes in
prey distribution, Baird et al. (2008) reported that Blainville’s and
Cuvier’s beaked whales spend proportionally more time at in shal-
low depths (<100 m) at night. If such behavioural changes affect PN2
levels and DCS risk, this could present a simple mitigation avenue
if disturbing whales is less likely to have dangerous consequences
at night vs. in the day, for example.

In this study, the data showed a clear diel divergence in dive
depth and duration for all species, and these were also apparent
in the estimated tissue and blood PN2 (Table 4). Notable was the
change in dive mode for Ziphius, in which deep dives (>200 m)
were more common during the day while shallow dives (<50 m)
were more common at night (Table 4). Unlike Mesoplodon and
Hyperoodon, Ziphius showed few diel changes in maximum and
mean dive depth and duration within each dive category, yet their
behaviour resulted in higher blood and tissue PN2 levels during the
day (Table 4).

The much higher estimated blood and tissue PN2 in Ziphius com-
pared with either Mesoplodon or Hyperoodon (Figs. 3, 4 and 6),
indicate that mean dive depth and duration is a poor index for esti-
mating DCS risk and that more subtle behavioural differences exist
that differentiate diving physiology in these species. In other words,
looking at the dive characteristics alone (depth and dive duration)
is less useful than to investigate the dive trace as a whole. Although
longer dives or shorter surface intervals will result in elevated lev-
els of N2, it appears that fat PN2 in beaked whales reaches a more
or less steady value during natural dives (Fig. 1). Thus, each dive
and surface interval will only have an effect against a background
“reservoir” PN2 level. Therefore, for modelling efforts to be use-
ful at unravelling the physiological constraints, real dive profiles
encompassing diel changes as well as seasonal alterations in dive
behaviour need to be considered.

It has been proposed that short and shallow dives following a
series of deep dives may serve to reduce tissue and blood supersatu-
ration (Pamb − PN2 ) and thereby DCS risk (Fahlman et al., 2006, 2007,
2009). To reduce DCS risk, the shallow decompression dives need to
be deep enough to reduce supersaturation but shallow enough to
allow removal of N2 (Fahlman et al., 2007). Such dive behaviour was
observed in both Mesoplodon (Fig. 1A e.g. short shallow dives fol-
lowing the deep and long dive ending at 19:43) and Ziphius (Fig. 1B),
but less so in Hyperoodon (Fig. 1C). This agrees with the dive data
reported by Tyack et al. (2006) where it was reported that both
Mesoplodon and Ziphius perform very shallow dives (<20 m) in the
period between deep dives. This dive behaviour could be an impor-
tant feature to reduce supersaturation and bubble formation in
Mesoplodon and Ziphius. If sonar activity interrupts this behaviour
this could result in a higher risk of DCS.

4.8. Additional adaptations to reduce DCS risk?

The interplay between diving lung volume, gas exchange within
different body compartments, the extent of bradycardia, and alter-
ations in dive depth, dive duration and dive history suggest that,
despite some leeway, beaked whales generally live with elevated
blood and tissue N2 levels, and therefore a high risk of DCS. Yet
it is only under unusual circumstances that DCS symptoms are

observed, suggesting the possibility that they may have additional
specialized adaptations to reduce DCS risk during their normal div-
ing routine. Research has shown a potential link between bubbles
and nitric oxide levels in terrestrial mammals (Wisloff et al., 2004;
Mollerlokken et al., 2006). It has been suggested that nitric oxide
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lters the endothelial interface and reduces bubble nuclei, thereby
reventing formation of bubbles. It is possible that diving marine
ammals and birds have a vascular anatomy that prevents bubble

uclei forming or that they have elevated levels of nitric oxide dur-
ng diving that reduces the likelihood of bubble formation. A better
nderstanding of the physiology of these animals will be important
o determine the reasons for the apparent relationship between
nthropogenic noise and mass strandings (Cox et al., 2006). Such
nowledge may also result in important information to prevent DCS
n human divers.

.9. Summary

While management of O2 has been the central tenet in under-
tanding what limits the duration of a dive, our current modelling
ffort suggests that deep diving whales permanently live with blood
nd tissue PN2 levels that elicit a high incidence rate of DCS in ter-
estrial animals. Thus, it is possible that diving mammals may have
o end foraging at times when the N2 levels become too high. The
ive behaviour of Ziphius was different from both Mesoplodon and
yperoodon, and resulted in higher predicted tissue and blood N2

evels. While the prevalence of Cuvier’s beaked whales stranding
fter naval sonar exercises could be explained by a higher abun-
ance of this species in the affected areas, our results suggest that
pecies differences in behaviour and/or physiology may also play a
ole.
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ppendix A.

A typographical error was discovered in Eq. 5 in Fahlman et al.
2009). The equation used in this and the previous study (Fahlman
t al., 1990) to estimate sQ̇tot was

Q̇tot = sQ̇totHS ·
(

M-0.25
b

34-0.25

)

here sQ̇totHS is sQ̇tot from the harbour seal (8.0 ml kg−1 s−1,
onganis et al., 1990), 34 the assumed Mb of the harbour seal and
b the mass of the species of beaked whale.
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