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ABSTRACT
As breath-hold divers, marine mammals must coordinate their use of both aerobic and anaerobic metabolism to maximize their 
time at depth. One indication of the relative reliance between these two energy-producing systems is the aerobic dive limit (ADL), 
defined as the dive duration where post-dive blood lactate concentrations surpass resting levels. Both the timing of the ADL and 
ensuing rate of lactate accumulation can affect subsequent diving behavior. Despite its importance as a physiological benchmark 
in diving physiology, the ADL is rarely measured directly. This study investigated the relative reliance on aerobic and anaerobic 
metabolism in freely diving Steller sea lions (Eumetopias jubatus) by measuring post-dive lactate concentrations and oxygen and 
carbon dioxide recovery times in relation to dive duration. The rapid onset of elevated post-dive lactate concentrations suggests 
that Steller sea lions rely on anaerobic metabolism even for dives with relatively short durations. Further, relative decreases in 
oxygen recovery times with increasing dive durations are consistent with a downregulation of aerobic metabolism during longer 
periods of submergence. These findings offer new insights into the metabolic strategies employed by Steller sea lions and could 
inform the development of physiologically-based optimal foraging models.

1   |   Introduction

The lives of marine mammals primarily take place under the 
water. Hence, they are shaped by a constant conflict between the 
demands of diving to forage and evade predators, while being 
tied to the surface to breathe and recover. The physiological 
consequences of increased dive duration ultimately shape both 
their subsurface and surface behaviors (reviewed in Davis 2014; 
Fedak and Thompson 1993).

One important constraint is the maximum duration that individ-
uals can remain submerged while relying on aerobic metabolism 
to fuel certain oxygen-dependent systems; the brain and central 
nervous system are particularly sensitive to hypoxia (Ramirez 
et al. 2007). Marine mammals possess several anatomical and 
physiological adaptations to maximize the amount of time they 

can use aerobic metabolism at depth. Relatively higher body ox-
ygen stores, decreased overall cellular metabolism, bradycardia 
resulting in lower cardiac workloads, and vasoconstriction are 
all features that increase aerobic capacity (Davis 2014).

Aerobic metabolism is not the sole energetic pathway available; 
in the short term, anaerobic metabolism is also a viable option. 
Although it is a faster biochemical reaction, it is less efficient 
than aerobic metabolism, both in terms of generating less en-
ergy per unit of substrate and producing lactate (or lactic acid) 
as a byproduct. Diving mammals are known to rely on a com-
bination of both aerobic and anaerobic metabolism during ex-
tended dives, and their physiological adaptations are designed 
to facilitate this option. For example, vasoconstriction of periph-
eral tissues serves multiple functions: it facilitates the release 
of oxygen from myoglobin in swimming muscles, restricts the 
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eventual burden of lactate accumulation to tissues that are bet-
ter able to withstand it, all while prioritizing circulating oxygen 
stores for critical systems during dives (Butler and Jones 1997; 
Davis 2014).

Reliance on anaerobic metabolism is not a problem per se. The 
body is able to recycle lactic acid at a certain rate even while sub-
merged, either through oxidation or resynthesis into glucose, or 
use it directly as a fuel source. However, accumulation of lactic 
acid can, at sufficient levels, impede muscle function. Recovery 
from anaerobic metabolism during dives can also take longer 
than purely aerobic ones; not only must oxygen reserves used 
for aerobic metabolism be replenished (and carbon dioxide off-
loaded), but lactate must also be dealt with. Specifically, lactate 
must eventually be cleared or metabolized so that circulating 
levels are restored to pre-dive concentrations (although this may 
be deferred until after the period of intense diving) (Fedak and 
Thompson 1993).

The physiological point where lactic acid starts to accumulate 
in the bloodstream is known as the aerobic dive limit (ADL). 
As first clearly articulated by Kooyman et al. (1980), it is oper-
ationally defined as the dive duration at which there is a “point 
of inflection where lactate values rise above the resting levels” 
(Kooyman et al. 1983), aka the diving lactate threshold (Butler 
and Jones 1997). The few studies that have directly measured 
post-dive lactate levels in marine mammals have yielded incon-
sistent results. Early, “classic” studies undertaken with Weddell 
(Leptonychotes weddellii) and Baikal (Pusa sibirica) seals found 
that post-dive arterial lactic acid concentrations remained similar 
to resting levels over extended periods until rising exponentially 
when durations exceed a characteristic threshold (Ponganis, 
Kooyman, Baranov, et al. 1997; Kooyman et al. 1980). However, 
studies with cetaceans (Williams et al. 1999) and young pinni-
peds (Burns and Castellini 1996; Ponganis, Kooyman, Winter, 
and Starke 1997) have shown a much different pattern, with an 
earlier emergence time and a largely linear increase in lactate 
concentration with dive duration.

A mixed metabolism model of diving physiology postulates that 
the energy used throughout a dive can be supplied in tandem 
from both aerobic and anaerobic stores (Butler 2006; Carbone 
and Houston  1996; Mori  2002). The ratio of energy produced 
between these two processes may change as dive time pro-
gresses—as O2 stores become depleted with increased dive time, 
anaerobic metabolism can provide a greater proportion of en-
ergy, resulting in an increase in post-dive blood lactate levels 
as full circulation resumes after a given dive duration. Hence, 
both the timing of the ADL and the subsequent pattern of lactate 
changes with dive duration can reveal the underlying strategies 
for partitioning metabolic expenditures during diving between 
aerobic and anaerobic pathways.

Post-dive measures of oxygen consumption and carbon dioxide 
production also provide insights into the ratio of aerobic to an-
aerobic metabolism with dive time. If the level of aerobic metab-
olism decreases with dive duration—either as an energy-saving 
adaptation or reflecting a transition to a greater reliance on an-
aerobic metabolism—then relative gas recovery times should 
decrease with longer dive durations. Hence, a comparison of 
both changes in post-dive lactate emergence and gas recovery 

times can provide unique insight into the underlying physiolog-
ical mechanisms employed by diving mammals.

Despite its prominent role as a physiological constraint, the ADL 
is rarely referenced explicitly when exploring the diving behav-
ior of wild animals. This is because the ADL can only be empir-
ically determined through measured increases in blood lactate 
levels from serial blood sampling, which is often impractical, 
leading to a paucity of data. As a result, despite its importance 
in understanding physiological constraints and their effects on 
behavior, few studies have been able to examine the relationship 
between aerobic and anaerobic metabolism in diving mammals. 
This study explored the relative utilization of these two meta-
bolic pathways in freely diving Steller sea lions (Eumetopias 
jubatus). We directly measured post-dive blood lactate concen-
trations and examined their relationship to dive duration. We 
compared the point of lactate emergence to the sea lions' cal-
culated aerobic dive limit (cADL; an oft-used proxy for ADL) 
(Butler  2006), quantified from concurrent measures of total 
body oxygen (TBO) and diving metabolic rate (DMR). We also 
examined how O2 and CO2 recovery times were affected by dive 
duration as potential indicators of any underlying shift in the 
relative reliance on aerobic metabolism during dives. Analysis 
of both lactate accumulation and gas recovery times allowed 
us to understand how animals balance use of these two meta-
bolic pathways. This information can provide insights into the 
costs and potential physiological limits of diving behavior, de-
termine the factors that shape optimal foraging strategies and, 
ultimately, be used to better understand how marine mammals 
utilize their environment.

2   |   Methods

2.1   |   Study Animals

We conducted trials with four adult female Steller sea lions 
from April 19–September 6, 2016, measuring post-dive blood 
lactate concentrations and O2 and CO2 recovery times in ref-
erence to dive times. As methods for collecting these two sets 
of data were incompatible, separate trials to collect the two 
data sets were interspersed over the testing period. All ani-
mals were originally collected as pups from rookeries off the 
coast of the northern tip of Vancouver Island and raised at 
the Vancouver Aquarium (Vancouver, Canada). All research 
was conducted at the Open Water Research Laboratory (Port 
Moody, BC) where the animals were housed. For the preced-
ing 8–13 years, the sea lions had been actively involved in 
research by diving unrestrained in the open ocean (for re-
view and additional details of experimental setup see Rosen 
et al. 2017). All animals were trained through these past stud-
ies to use the research equipment and follow experimental 
procedures. During the current study, the animals were fed 
a diet of herring (Clupea pallasii), squid (Doryteuthis opal-
escens), capelin (Mallotus villosus), and supplementary vita-
mins. For all metabolic trials the animals completed between 
1 and 3 dives per session while for the lactate emergence dives 
animals completed only 1 dive per session. As per Animal 
Care requirements, all animals wore a specially built, tight-
fitting harness equipped with a VHF transmitter. In addition, 
animals were equipped with one of three joint accelerometer 

 17487692, 2026, 3, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1111/m

m
s.70193, W

iley O
nline L

ibrary on [17/06/2026]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense



3 of 12Marine Mammal Science, 2026

and time depth recorders (TDR10-DD & TDR10-X, Wildlife 
Computers; OpenTag, Loggerhead Instruments). All measure-
ments were conducted under UBC Animal Care Permits A11-
0397 and A16-0027.

2.2   |   Post-Dive Lactate Measurements

To measure post-dive lactate concentrations, we collected 
blood samples from the animals after they performed volun-
tary dives of varying duration. Animals were transported by 
boat to the study site: a floating platform located in the Indian 
Arm fjord (Port Moody, BC). During transport they were fed 
less than 0.5 kg of fish in order to minimize any potential ef-
fect of the heat increment of feeding on metabolism (Rosen 
and Trites 1997). This transport period also served to ensure 
pre-dive lactate levels reflected resting (vs swimming or div-
ing) conditions. Once at the site, the trainers signaled for the 
animals to perform a dive to the end of two 40 m tubes at-
tached to the platform ~9 m apart. Pieces of fish (~20 g, her-
ring or capelin) were alternately delivered through the tubes, 
encouraging the animals to swim between the two. This sim-
ulated a foraging event at a depth relevant to these types of be-
haviors seen in the wild (Rehberg and Burns 2008; Loughlin 
et al. 1998; Merrick and Loughlin 1997). While the sea lions 
controlled the overall duration of the dive, the frequency of 
fish being pumped through the tubes allowed us to have a 
marginal degree of control over dive duration (more frequent 
fish delivery encouraged longer dives).

Upon surfacing, the animals were directed to immediately 
climb onto the research platform. The trainers then collected 
voluntary blood samples from the interdigital vessel of the 
hind flipper of the animal using an 18-gauge butterfly nee-
dle. Preliminary trials were completed in an effort to deter-
mine the possible delay in blood lactate emergence due to the 
reperfusion of muscles post-dive. Although water tempera-
ture and activity level can affect reperfusion rate of flippers, 
both parameters were similar enough across trials to preclude 
any formal analysis of the potential effect on lactate levels. 
Preliminary investigations indicated lactate concentrations 
approached maximum after approximately 3 min post-dive. 
While the voluntary nature of the blood collection allowed us 
to forego anesthesia, it gave us less control over timing so that, 
in practice, the most reliable method to collect blood samples 
was to do so as quickly as possible post-dive. In the end, the 
average interval between the end of the dive and blood sam-
ple collection was 2.8 ± 0.9 min; all samples were collected 
within 6 min of the animal surfacing. Blood samples were 
analyzed for lactate levels within 5 min of blood extraction 
(1.2 ± 0.8 min). We analyzed lactate levels using a Lactate Plus 
meter (Nova Biomedical, Waltham MA, USA). While devel-
oped for use in humans, the Lactate Plus meter has been val-
idated for use in other mammals (Hauss et al. 2014; Nye and 
Mariani 2018).

2.3   |   Gas Exchange Measurements

In a separate set of trials conducted over the same time period, 
we obtained pre- and post-dive estimates of instantaneous O2 

uptake and CO2 release via gas respirometry trials to determine 
diving metabolic rates and gas recovery times from dives of 
varying durations. These trials were conducted at the same lo-
cation and used the same research platform as the lactate mea-
surement trials. The basic set up for the respirometry trials has 
been extensively detailed previously (Rosen et al. 2017). Briefly, 
upon arriving at the floating research platform at the beginning 
of a trial, an individual animal surfaced in a floating Plexiglass 
respirometry dome in the middle of the platform. They remained 
in the dome between 5 and 10 min until they reached a constant 
rate of O2 uptake and CO2 release. Pre-dive metabolic rate was 
calculated using the last 2 min of this period while the animal 
was floating calmly at the surface. On a signal from the trainer, 
the animal performed a dive to the end of the feeding tubes as 
described above. Similar to lactate dives, animals controlled the 
duration of the dive but, instead of surfacing onto the platform, 
the animals surfaced directly within the respirometry dome. 
Animals remained in the dome until excurrent gas concentra-
tions stabilized, indicating the animals had reached a constant 
rate of exchange for both O2 and CO2.

We estimated O2 uptake and CO2 release from fractional con-
centration measurements of O2 and CO2 levels in extracted air 
which was drawn over the animal at 350 L min−1 using a model 
500H mass flow generator and controller (Sable Systems Inc., 
Las Vegas, NV, USA). We subsampled the excurrent airstream, 
removing vapor in the process by drawing it over desiccating 
Drierite crystals. Using Sable System FC-1B and CA-1B ana-
lyzers (Sable Data Acquisition system, Sable Systems Inc.), we 
measured fractional concentrations of O2 and CO2 and recorded 
measurements every 0.5 s. To account for electronic drift in the 
gas analyzers, we baselined gas concentrations to ambient air 
at the beginning and end of each trial. We used Sable Systems' 
Expedata software to correct gas concentration measurements 
to standard temperature and pressure, aligned the data streams 
to account for timing discrepancies between O2 and CO2 ana-
lyzers, converted these to rates of oxygen consumption (V̇O2) 
using standard equations (Withers  1977), and calculated in-
stantaneous V̇O2 for non-steady states as per Bartholomew 
et  al.  (1981). We did not correct for potential loss of CO2 into 
the water, as previous studies have shown this to be negligible 
in this system (Fahlman et  al.  2008). The entire respirometry 
system was leak-checked using standard nitrogen dilution tech-
niques (Lighton 2008). In addition to this, the gas analysis sys-
tem was periodically calibrated with known concentrations of 
both O2 and CO2 approximately once per month. The data were 
subsequently used to calculate both diving metabolic rate and 
gas recovery times (detailed below).

2.4   |   Recovery Times

To calculate O2 recovery times for individual dives, we fit a 
least squares curvilinear regression to the instantaneous O2 
consumption data from the peak rate of consumption to the 
point the animal exited the dome. This allowed us to deter-
mine when the animal had reached a relatively stable (over 
~3–5 min) post-dive metabolic rate. We then defined O2 recov-
ery time as when the fitted metabolic curve reached within 5% 
of this stable post-dive metabolic rate. Similarly, CO2 recovery 
time was calculated from instantaneous CO2 release rates. 
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A 95% recovery threshold was used as opposed to 100% as in-
herent variation in post-dive respiration may grossly overesti-
mate the time it takes to reach constant rates of O2 uptake and 
CO2 production.

2.5   |   Total Body Oxygen and cADL

In order to calculate the cADL for individual animals, a single 
estimate of total body oxygen stores (TBO) was determined for 
each sea lion at roughly the midpoint of the trial period through 
separate estimates of lung, muscle, and blood oxygen stores. The 
calculations are detailed in Supporting Information, but briefly 
described here.

Lung O2 stores were calculated on an assumed diving lung 
volume of 55 mL kg−1 (Lenfant et al. 1970) that the air in the 
lungs had a 15% O2 content (Kooyman et al. 1971), and that 
animals could use the entirety of this O2 during dives. In 
calculating muscle O2 stores, we assumed that muscle mass 
was 37% of total body mass (Ponganis, Kooyman, Winter, 
and Starke 1997; Richmond et al. 2006), and that 52% of this 
muscle was swimming and 48% was non-swimming muscle 
(Richmond et al. 2006). We incorporated published values for 
myoglobin concentrations of swimming and non-swimming 
muscle, respectively (Kanatous et al. 1999), and myoglobin O2 
binding capacity (Kooyman and Sinnett 1982). We estimated 
blood O2 stores through direct measurements of several blood 
parameters. Hematocrit and hemoglobin concentrations were 
determined from blood samples analyzed by a commercial 
laboratory (Idexx Laboratories, Delta, BC). We determined 
plasma volume (PV) in each study animal using Evans blue 
dilution procedure as per Gibson and Evans (1937). We calcu-
lated total blood O2 stores based on the sum of available O2 in 
the arterial and venous blood compartments. These calcula-
tions incorporated estimates of the ratio of arterial to venous 
BV, starting and ending (minimum) saturation levels, and O2 
binding capacity of hemoglobin. These measurements of TBO 
were used in conjunction with the measured rate of O2 con-
sumption during a dive to calculate cADL.

Unlike many other studies, our calculation of cADL was based 
on measures of diving metabolic rate (DMR) obtained from 
the same animals during the same time frame as the TBO 
assessments. First, instantaneous gas concentrations were 
transformed into rates of O2 consumption and CO2 produc-
tion using equations 11.7 and 11.8 in Lighton (2008). However, 
with diving mammals, we face the problem that O2 consump-
tion during a dive is temporally separated from external gas 
exchange following the dive; that is, we are only capable of 
measuring O2 uptake rates during the dive during the post-
dive recovery period. To address this issue, we calculated 
DMR in two different ways as per Gerlinsky et  al.  (2013), 
which also allowed for easier comparison to previous pa-
pers. For the first method we determined the volume of O2 
consumed in excess of the post-dive baseline during the re-
covery phase (volume of O2 attributed solely to the dive). This 
was divided by dive duration to obtain DMRdive (as per Hastie 
et al. 2007; Hurley and Costa 2001). For the second we calcu-
lated the average rate of O2 uptake over the entire dive event 
(total volume of O2 consumed divided by the total duration of 

the dive and subsequent recovery period) to obtain DMRcycle 
(as per Fahlman et al. 2008; Kooyman et al. 1980). These two 
DMR measurements were then used to determine two differ-
ent cADLs for each animal by dividing TBO by the respective 
measure of DMR.

2.6   |   Data Analysis

We analyzed patterns in post-dive lactate concentration using R 
software (R Core Team 2015), performing a mixed effects anal-
ysis on the relationship between dive time and post-dive lactate 
levels using the lme4 package (Bates et al. 2014). Dive duration 
was included as a fixed effect, and animal ID was included as 
a random effect to account for repeated measures. We initially 
considered post-dive sampling time as a potential fixed effect, 
but subsequent model comparisons indicated it did not signifi-
cantly improve model fit (due to minimal variation); therefore, 
it was excluded from the final models. Akaike's Information 
Criteria (AICs) were calculated for separate linear and quadratic 
models and were compared using likelihood ratio tests to evalu-
ate whether lactate increased linearly or curvilinearly with dive 
duration.

We performed a similar analysis to examine the relationship 
between dive time and recovery time for both O2 and CO2. For 
both gases we modeled recovery time as a function of dive dura-
tion (ranging between 2 and 7 min), with animal ID included as 
a random effect. Again, linear and quadratic models were com-
pared using likelihood ratio tests to determine whether recovery 
times increased linearly or non-linearly with dive duration. A 
visual inspection of all residual plots determined there were no 
obvious deviations from homoscedasticity or normality. Values 
are reported as means ± standard deviation. Statistical signifi-
cance was set at α = 0.05.

3   |   Results

We determined the cADL by dividing the total body O2 stores 
(TBO) of each animal by their diving metabolic rate (DMR). 
TBO consists of three components: lung, muscle, and blood 
O2 stores. Published values of lung and muscle O2 stores are 
assumed to be derived from allometric relationships with a 
slope of 1.0 (see Supporting Information). As a result, all sea 
lions will have the same mass-specific values: mass-specific 
lung and muscle O2 for the four animals were 8.25 and 
12.2 mL O2 kg−1, respectively. Blood volume ranged between 
63.54 and 93.22 mL kg−1 (80.68 ± 12.67 mL kg−1), resulting in 
blood O2 stores averaging 13.3 ± 2.15 mL O2 kg−1. As a result, 
the mean TBO for all four sea lions was 33.72 ± 2.15 mL O2 kg−1 
(Table 1).

We measured DMR from 105 dives, from all sea lions, that 
ranged in duration from 1.69 to 6.55 min (4.20 ± 1.31 min). 
Mean DMRdive was 2.91 ± 0.71 L O2 min−1 while mean DMRcycle 
was 2.22 ± 0.36 L O2 min−1. Application of the higher DMRdive 
value resulted in a lower cADL (cADLdive), ranging from 1.95 
to 2.64 min (2.24 ± 0.30 min; Table 1). In comparison, cADLcy-
cle calculated from DMRcycle for the four animals ranged from 
2.62 to 3.11 min (2.89 ± 0.23 min). These compare favorably to 
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previous estimates of cADLdive (2.7 min) and cADLcycle (3.0 min) 
from the same group of Steller sea lions when younger (Gerlinsky 
et al. 2014).

To examine how post-dive lactate concentrations change with 
dive duration, we collected blood samples after 43 dives ranging 
in duration from 1.08 to 6.77 min (3.79 ± 1.48 min) from three of 
the four sea lions. For all three animals, post-dive lactate lev-
els increased linearly with dive duration, ranging from 0.8 to 
6.3 mmol L−1 (2.4 mmol L−1 ± 1.5; Figure  1). Post-dive lactate 
concentrations were measurable even after short dives in all 
three animals. Comparisons with a quadratic model indicated 
no improvement in fit, showing no sign of a rapid, curvilinear 
increase (likelihood ratio test, χ2 = 2.50, df = 2, p = 0.29). This 
suggests that adding curvature does not meaningfully capture 

additional variation in the data. As previously mentioned, post-
dive collection time was eliminated as a fixed factor as it did not 
improve model fit.

To analyze the changes in O2 and CO2 recovery time with dive 
duration, we similarly conducted a mixed effects analysis in 
R, assessing both linear and curvilinear models. As expected, 
both O2 and CO2 recovery times increased with dive duration 
(Figures 2 and 3). Recovery times for O2 increased with dive du-
ration, but a quadratic model provided a better fit than a linear 
one (χ2 = 6.36, df = 1, p = 0.012). This curvilinear trend means 
that, for greater dive durations, the animals required proportion-
ally less recovery time to return to a stable rate of O2 consump-
tion. For CO2 recovery times, we found no significant difference 
in fit between the linear and quadratic models (χ2 = 1.61, df = 1, 
p > 0.05) and the ∆AIC was < 2, indicating neither model is sup-
ported over the other.

TABLE 1    |    Diving metabolic rates (DMR) and calculated aerobic dive limits (cADL) of four adult Steller sea lions.

Animal Mass (kg) TBO (mL kg−1)
DMRdive 

(L O2 min−1)
DMRcycle 

(L O2 min−1) cADLdive (min) cADLcycle (min)

F97SI 226 35.84 3.52 2.59 2.32 3.14

F00YA 220 30.78 3.47 2.43 1.98 2.79

F97HA 164 33.71 2.59 2.07 2.16 2.69

F97BO 158 34.57 2.06 1.79 2.70 3.07

Mean ± SD 193 ± 36.0 33.72 ± 2.15 2.91 ± 0.71 2.22 ± 0.36 2.28 ± 0.31 2.92 ± 0.22

Note: DMR was calculated both as a function of the time submerged (DMRdive) (as per Hastie et al. 2007; Hurley and Costa 2001) and over the course of a complete dive 
cycle, including recovery time (DMRcycle) (as per Fahlman et al. 2008; Kooyman et al. 1980). The cADL was calculated by dividing total body oxygen stores (TBO; see 
Supporting Information) by these two DMR measurements to obtain two estimates: cADLdive and cADLcycle. Body mass is averaged over the course of the study for 
each sea lion.

FIGURE 1    |    Post-dive blood lactate from three adult Steller sea lions 
after varying dive durations. For all three animals, blood lactate levels 
were measurable even after short dive durations. Model comparisons 
showed that a simple linear model, with dive duration as the only fixed 
effect and animal as a random effect, provided the best fit to the data. A 
curvilinear model did not significantly improve fit over the linear model 
(p > 0.05).

FIGURE 2    |    Time for the rate of oxygen uptake to return to within 
5% of resting levels (O2 recovery time) for varying dive durations in four 
adult female Steller sea lions. A quadratic regression received substan-
tially more support than a linear model (χ2 = 6.36, df = 1, p < 0.05), indi-
cating that, for greater dive durations, animals require proportionally 
less time to reach within 5% of resting levels.
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4   |   Discussion

4.1   |   Role of Aerobic and Anaerobic Metabolism

The elements of the dive response that allow marine mammals 
to thrive under water are classically listed as bradycardia, apnea, 
and selective vasoconstriction. Often overlooked is the con-
trolled use of both aerobic and anaerobic metabolism to maxi-
mize time submerged. Unfortunately, few studies have explored 
the relationship between these two metabolic pathways in freely 
diving marine mammals.

Our study found that Steller sea lions exhibited increased circu-
lating lactate levels even after relatively short dives, indicating 
an early use of anaerobic metabolism to fuel a significant por-
tion of the sea lion's energy requirements. The fact that our study 
included coinciding measures of blood oxygen stores and diving 
metabolism allows us to confidently state that this increased 
production of lactate occurred at durations well below the indi-
vidual animal's cADL.

Lactate concentrations are a result of the difference between 
the level of anaerobic metabolism (rate of lactate produc-
tion) and the rate of lactate elimination. The dive duration at 
which production initially outpaces removal is what Kooyman 
et al. (1983) defined as the ADL. Animals may be utilizing an-
aerobic metabolism in certain systems long before this point 
(in contrast to the underlying assumption of the cADL) but 
any lactate produced is sufficiently oxidized (into pyruvate) 
or resynthesized (into glucose or glycogen), preventing over-
all accumulation. In our study, the level of post-dive lactate 
concentrations increased linearly with dive duration, suggest-
ing the relationship between production and breakdown was 
relatively constant over the dive durations tested. This was 

despite the fact that many of the dives were beyond the sea 
lions' cADL, where a greater reliance on anaerobic metabo-
lism to conserve oxygen reserves might be predicted to occur 
(see Section 4.4).

4.2   |   Comparisons to Other Species

The pattern of lactate accumulation seen in the Steller sea 
lions is different from some other studies of diving mammals. 
Most notably, the observed early and steady increase in lac-
tate levels is in stark contrast to the classic study undertaken 
by Kooyman et  al.  (1980) with Weddell seals which found 
that post-dive arterial lactic acid concentrations remained 
similar to resting levels until rising dramatically in a non-
linear fashion when dive durations surpassed ~20–25 min 
(which corresponded with the species' cADL of 19 min; 
Ponganis et al. 1993). Similarly, Ponganis, Kooyman, Baranov, 
et  al.  (1997) also found a jump in post-dive lactate levels in 
Baikal seals when dive durations exceeded ~15 min (consis-
tent with a cADL of 16 min). However, other studies have 
demonstrated relationships between post-dive lactate and 
dive duration consistent with those found in our study (Burns 
and Castellini 1996; Williams et al. 1999).

While a dearth of studies on post-dive lactate emergence 
makes this variation difficult to interpret, one plausible ex-
planation lies in the taxonomic diversity of species under the 
“marine mammal” umbrella. Both Weddell and Baikal seals 
are long-diving phocid seals which, as a group, have longer 
cADLs for their size than otariid seals (such as the Steller 
sea lion) (Jeanniard-du-Dot and Guinet  2021). However, in 
contrast to the Steller sea lions in our study, there was only a 
very minor change in post-dive blood lactate levels in young 
(1–3 year) California sea lions (Zalophus californianus; also 
an otariid) with increasing dive duration, until a sudden in-
crease at ~2.1–2.3 min (compared to a cADL of 1.8–2 min). 
Additionally, post-dive lactate levels for Weddell seal pups in-
creased prior to their cADL (Burns and Castellini  1996), in 
sharp contrast to the patterns exhibited by adults. Thus, dif-
ferences seen among all published studies cannot be simply 
attributed to a “phocid vs. otariid” argument, but do raise the 
question of the possible role of ontogeny in setting patterns in 
metabolic pathways.

Common bottlenose dolphins (Tursiops truncatus) also exhibit 
changes in post-dive lactate that are similar to those of our 
Steller sea lions, specifically a steady increase in lactate levels 
above resting levels for dives up to 200 s (Williams et al. 1999). 
Beyond that, there are indications of an increase in the rate 
of accumulation, although the data are too variable to make 
definite conclusions (for reference, the cADL of actively 
diving dolphins is ~180 s). The only other data from a ceta-
cean is from beluga whales (Delphinapterus leucas) (Shaffer 
et  al.  1997). While the study demonstrated that post-dive 
plasma lactate concentrations were significantly greater than 
resting levels for dive durations of 9 min and beyond (equiva-
lent to the cADL), there were no shorter dives to investigate 
changes in lactate below this threshold. A more classical pat-
tern of low initial lactate concentrations in beluga whales was 
seen during short periods of apnea but, as demonstrated by 

FIGURE 3    |    Time for the rate of CO2 release to return within 5% of 
resting levels (CO2 recovery times) for varying dive durations in four 
adult female Steller sea lions. CO2 recovery time increased linearly with 
increased dive time (p < 0.05) and a curvilinear model did not signifi-
cantly improve model fit (χ2 = 1.61, df = 1, p > 0.05).
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Williams et  al.  (1999), this state is likely not physiologically 
comparable to active diving.

Ecology may prove a more feasible explanation of observed vari-
ation between species than taxonomy. It is overly simplistic to 
consider all otariids as physiologically identical, and studies have 
noted that feeding ecology partly explains the differences in the 
tendency of otariid species to exceed their cADL during dives 
(Jeanniard-du-Dot and Guinet  2021; Costa et  al.  2004, 2001). 
Differences in ecology can directly be associated with anatom-
ical differences that may mirror metabolic priorities. For exam-
ple, the ADL will be affected by the proportion of fast-twitch 
fibers in swimming muscles (Kanatous et al. 1999), and sprint-
type swimming would be expected to vastly increase lactate 
accumulation for a given dive duration (Kooyman et al. 2021). 
Conversely, extreme divers generally have a greater relative 
muscle mass, with low mitochondrial volume and higher con-
centration of muscle myoglobin, resulting in increased aerobic 
diving capacity (Pabst et al. 2016).

It is important to keep in mind that net lactate accumulation 
(i.e., circulating levels) is a function of both the rates of lactate 
production and an animal's ability to recycle the metabolite. 
Different species of marine mammals may differ in both the 
rate of production and removal, which will affect how lactate 
accumulates over the course of a dive. The constant increase in 
lactate levels in our Steller sea lions, even in shorter dives far 
below their cADL, suggests some combination of early lactate 
production (from timely use of anaerobic metabolism) and low 
rates of lactate clearance during diving. In contrast, the lack of 
initial rise in lactate levels in some species may be attributable to 
a greater lactate recycling capacity rather than a lower reliance 
on anaerobic metabolism early in the dive.

While there has been limited research into the lactate clearing 
capacity of marine mammals, there is some evidence that differ-
ences exist between species. Lactate dehydrogenase (LDH), the 
enzyme that catalyzes part of both the production and removal 
of lactate, can be used as one measure of an animal's clearing 
capacity. Castellini and Somero (1981) found that muscle LDH 
activity was highest in Weddell seals, the most extreme diver 
among the animals tested, and LDH levels were also elevated 
in marine mammal livers (a major site of lactate glyco- and glu-
coneogenesis) compared to terrestrial mammals. This suggests 
that marine mammals may have a greater ability to metabolize 
lactate, and that extreme divers are even better adapted to this 
strategy. Further study may determine whether these inter-
specific differences in lactate emergence arise from variation in 
production or clearance rates. Clarifying this distinction would 
improve our understanding of how aerobic and anaerobic me-
tabolism are used simultaneously during dives.

Another important consideration is that variation in dive type 
may help explain the contrasting patterns of lactate emergence 
in various species. Numerous studies have demonstrated that 
the extent of implementation of the dive response (and hence 
reliance on anaerobic metabolism) can be dependent upon the 
expected dive duration. This is explored further in Section 4.4.

An additional factor for characterizing dives is not just the 
timing of post-dive lactate emergence, but also the resulting 

concentrations. Despite the early appearance of lactate in our 
sea lions, post-dive lactate concentrations never reached levels 
as high as that seen in some other studies. The highest lactate 
concentration in our study was 6.3 mmol L−1. In comparison, 
Weddell seals have the greatest measured concentrations of 
post-dive blood lactate among marine mammals, with measure-
ments as high as 25 mmol L−1 post-dive (Kooyman et al. 1980). 
Emperor penguins (Aptenodytes forsteri; a marine diving bird) 
have similarly high reported blood lactate levels, reaching up 
to 13 mmol L−1 (Ponganis, Kooyman, Starke, et  al.  1997), con-
centrations that also came from dives that greatly exceeded the 
cADL. These high lactate levels were recorded after dives of 
around 10 min in emperor penguins, and after dives of nearly an 
hour in Weddell seals. Maximum lactate concentrations in our 
Steller sea lions were reached after dives of only 6.8 min, which 
was the longest voluntary dive duration (wild Steller sea lions 
rarely dive in excess of 8 min; Merrick et  al.  1994). However, 
the rate of increase in lactate over time seen in our Steller sea 
lions was actually very similar to that reported for Baikal seals, 
California sea lions, and bottlenose dolphins. In other words, 
Weddell seals may be unusual among marine mammals tested 
so far in both their tendency to not accumulate lactate prior to 
the cADL, and in their ability to withstand the physiological ef-
fects of high lactate concentrations.

4.3   |   Consequences of Early Lactate Emergence

There is nothing inherently disadvantageous in using glycol-
ysis for temporary energetic demands. It is a useful method of 
extending dives which, like aerobic metabolism, has inherent 
limitations. Long- term submaximal exercise can be maintained 
with a steady accumulating lactate load, but at some physiologi-
cal ceiling such activity must be curtailed until some of the lac-
tate has been removed. Considering the difficulties in the timely 
removal of lactate between dives, the lactate emergence thresh-
old is thought to represent a significant physiological tipping 
point in diving behavior.

Kooyman et al. (1980) proposed that most dives in marine mam-
mals and seabirds should be predominantly aerobic, particularly 
during routine, short dives. Unfortunately, direct evidence is 
sparse; in lieu of measures of lactate emergence, a great number 
of studies have compared the cADL to observed diving behavior 
in a variety of marine mammals. Generally, diving durations of 
marine mammals rarely surpass their cADL, in line with the 
hypothesis that there is a negative effect of diving beyond this 
point (see Fig. 5 in Kooyman et al. 2021). In the wild, only ~5% 
of dives of adult female Steller sea lions exceed 4 min (Loughlin 
et al. 1998; Rehberg et al. 2009), a limit that coincides with their 
cADL (this study; Gerlinsky et al. 2013). In our current study, 
few of the voluntary dives exceeded this duration and in past 
studies where longer dive durations were encouraged, sea lions 
often refused to perform additional dives in quick succession.

This behavioral pattern highlights the hypothesis that the use 
of anaerobic metabolism to extend the duration of a dive could 
have a significant effect on subsequent behavior and the “suc-
cess” of ensuing dives (Fedak and Thompson  1993). Some re-
searchers have even suggested that changes in diving behavior 
can, on their own, be used as proxies for the physiological ADL 
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(e.g., Horning 2012; Quick et al. 2024). The expression of these 
effects relates to how and when the animal deals with the accu-
mulated lactate.

While lactate can be used directly during subsequent dives as 
a fuel source, models indicate it would take multiple short aer-
obic dives to fully reverse lactate from a single anaerobic one 
(Fedak and Thompson 1993). A more viable strategy is to elim-
inate the accumulated lactate at the surface during inter-dive 
intervals. This can be accomplished through either oxidizing 
lactate or recycling it into glucose. However, even a short period 
of anaerobiosis will result in large amounts of lactate in tissues 
which can take additional oxygen, time, and/or energy to oxi-
dize or recycle. Fedak and Thompson (1993) modeled that a seal 
would require a surface period 17 times as long as the anaer-
obic period in order to clear the resulting lactate by oxidation. 
Alternately, lactate can be reconverted to glucose at the surface, 
but the rate of conversion is also likely limited by other pathways 
in the recycling process (Fedak and Thompson 1993). In theory, 
both oxidation and recycling strategies can be employed while 
submerged during subsequent dives, but the required use of on-
board oxygen supplies would lead to much shorter dives (about 
3 min lost for every minute of anaerobic metabolism) (Fedak and 
Thompson 1993).

An alternate strategy is to largely delay removal of lactate 
during a dive bout, thereby incurring an increasing lactate 
load, and then deal with the consequences at a later time. 
Foraging pinnipeds often display a long series of dives inter-
spersed with relatively short inter-dive surface intervals of 
minimal activity (except for breathing), followed by an ex-
tended surface interval, which is often assumed to serve as a 
recovery period. For example, less than 5% of dives completed 
by Weddell seals exceed their cADL (Kooyman et  al.  1983, 
1980), a cut-off in dive duration where elevated post-dive lac-
tate has been empirically measured (Kooyman et  al.  1980; 
Castellini et  al.  1992). After those longer dives, the seals al-
most always spend extended periods of time at the surface, 
suggesting a dedicated recovery from both aerobic and anaer-
obic metabolism. Further, these assumed recovery intervals 
increase with dive duration, indicative of greater reliance on 
anaerobic metabolism with longer dives.

However, this recovery pattern is not consistent across pinniped 
species. The proportion of dives by gray seals (Halichoerus gry-
pus) that extend beyond the cADL is almost identical to that of 
Weddell seals (5%–6%) (Thompson and Fedak 1993). However, 
in contrast, gray seal dives exceeding the cADL tend to occur 
in sequence or with only one shorter, intervening dive. On an 
even more extreme scale, both northern (Mirounga angustiros-
tris) and southern elephant seals (Mirounga leonina) routinely 
undertake a series of dives significantly longer than their cADL 
in bouts that can extend over 24 or 48 h, interspersed only by 
occasional short dives (Hindell et al. 1992; Le Boeuf et al. 2000), 
suggesting use of lactate as a fuel source while submerged.

It is difficult to discern whether the diversity in diving pat-
terns represents alternate strategies for dealing with lactate 
accumulation or an indication that behavioral and/or physi-
ological adaptations limit the scope of anaerobic metabolism 
employed. Unfortunately, the lack of corroborating measures 

of post-dive lactate in most studies of diving mammals limits 
our understanding of the physiological processes and deci-
sions employed. A few studies have demonstrated that lactate 
clearance rates at the surface after an extended dive are very 
slow (Castellini et al. 1985, 1988; Kooyman et al. 1980), and 
only one study has examined how lactate is recycled in an ex-
ercising, but not diving, marine mammal (Davis et al. 1991). 
Further research is required to determine how marine mam-
mals both accumulate and clear lactate, and how this relates 
to their diving capability.

4.4   |   Flexibility in Metabolic Pathways

It is simplistic to assume that diving mammals have a pre-set 
ratio of aerobic to anaerobic metabolism; rather the choice for 
a particular metabolic strategy partly depends on specific con-
ditions and motivations. The concept of varying degrees of 
reliance on aerobic and anaerobic metabolism has been con-
sidered in the development of several optimal foraging mod-
els. For example, while larger divers have a greater anaerobic 
capacity (Hochachka and Somero  2002), Mori  (2002) modeled 
that smaller divers should rely more heavily on anaerobic respi-
ration, supporting initial predictions by Burns (1999). Carbone 
and Houston  (1996) explicitly modeled how a diving animal 
might balance simultaneous use of these two metabolic path-
ways and, in turn, how metabolic “decisions” can affect foraging 
behavior patterns. It is also important to remember that altering 
the balance between aerobic and anaerobic metabolism is not 
the only physiological parameter that can be selectively adjusted 
to align functional processes with behavioral goals while diving. 
The other adaptations associated with the dive response—selec-
tive vasoconstriction, hypometabolism, and bradycardia—can 
also be manipulated to affect the overall cost of a specific dive 
and, in return, are intimately linked with the degree of aerobic 
and anaerobic metabolism.

One possible option is that, as dive durations increase, animals 
begin to scale back their reliance on aerobic metabolism to pre-
serve remaining oxygen supplies for oxygen-dependent systems 
(brain, eyes, uterus, etc.). In our study, oxygen recovery times 
were curvilinearly related to dive duration such that longer 
dives had proportionally shorter recovery times. This suggests 
that the degree of aerobic metabolism was scaled back during 
longer dives. This apparent tuning of aerobic metabolism with 
dive duration in our Steller sea lions aligns with previous studies 
with these animals (Hastie et al. 2006). However, there was no 
concomitant increase in the rate of lactate accumulation in our 
study, suggesting a reduction in overall metabolism rather than 
an increase in reliance on anaerobic metabolism.

In fact, several researchers have suggested that reductions in 
metabolic costs—at either the cellular or systemic level—are a 
far more effective strategy for extending dive durations than an 
increased use of anaerobic metabolism (Boyd 1997; Thompson 
and Fedak 1993; Piot et al. 2023). The “effectiveness” of either 
strategy is partly a matter of timeframe. Glycolysis is a very 
short-term option; once it reaches capacity, it is not available 
again until lactate is cleared. Metabolic reductions can poten-
tially extend over a much longer time scale but involve defraying 
costs to a more opportune time.
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The apparent tuning of aerobic metabolism with dive duration 
has been demonstrated in other aspects of the dive response 
in other species. For example, heart rates have been shown 
to decrease more rapidly and to a lower level during the lon-
gest (or most unexpected) dives in a number of species, pre-
sumably as a mechanism for lowering the metabolic cost of a 
dive (McDonald et al. 2018; Blix 2018). In gray seals, the post-
dive interval increases with dive duration up to ~7 min, but 
does not increase further with longer dives, with the lowest 
heart rates observed during the longest dives (Thompson and 
Fedak 1993).

Many of these results are consistent with an alternate strategy 
where an animal starts its dive by being conservative with ox-
ygen, and then has the option to relax the oxygen conservation 
measures as the dive progresses. This safeguards against the sit-
uation of starting with a high emphasis on aerobic metabolism 
and then having to suddenly shift into a maximum dive response 
mode when something happens that makes it seem necessary 
to start being more conservative (by which time it may be too 
late). This pattern is most clearly seen in the differences between 
the original “forced dive” studies that demonstrated an extreme 
dive reflex (Irving et al. 1935; Scholander 1940; Scholander and 
Irving  1941; Scholander et  al.  1942), in comparison to trained 
dives (Elsner  1965; Jobsis et  al.  2001). Several studies have 
demonstrated that freely diving animals will also temper their 
dive response in relation to anticipated duration of voluntary 
dives (Kooyman and Campbell 1972; Fahlman et al. 2020, 2024; 
McDonald et al. 2018).

4.5   |   Next Steps

The patterns in timing of lactate emergence, final concentra-
tions, and gas recovery in Steller sea lions documented in this 
study demonstrate their reliance on both aerobic and anaero-
bic metabolic pathways during dives shorter than their cADL. 
Further research into the proportion of aerobic to anaerobic 
metabolism that is occurring during dives will further elu-
cidate how marine mammals are utilizing oxygen stores at 
depth, and what the sources of metabolic pathway variability 
are related to—both within individuals and between species. 
Additionally, studies investigating how animals deal with 
accumulated lactate could shed light on any potential physi-
ological burden anaerobic metabolism may impose on diving 
marine mammals, as well as the corresponding behavioral 
consequences.

Clearly, the physiological response is also reliant on the cir-
cumstance, and aspects of uncertainty and motivation need to 
be incorporated into our understanding and modeling of diving 
strategies. While there is growing evidence that the physiologi-
cal response is open to behavioral control, we are still unclear 
how individual animals affect or manage this control—either 
physiologically or behaviorally—at a local level.

Ultimately, incorporating more complex variability in physi-
ological responses and the role of behavioral motivations will 
help researchers create physiologically-based optimal foraging 
models that are better able to predict how marine mammals will 
adjust to changing environmental conditions.
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