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ABSTRACT. The heat increment of feeding (HIF) was measured in six captive, juvenile Steller sea lions
(Eumetopias jubatus), fed meals of either 2 or 4 kg of herring. HIF was calculated as the post-prandial increase
in metabolism above baseline levels, and was measured using open-circuit (gas) respirometry. It averaged 12.4
*+ 0.9% (SE) of ingested energy intake for the 4-kg meal trials, and 9.9 = 0.9% for the 2-kg meal size. The
effect lasted 810 hr for the larger meal size. Metabolism peaked 3.7 hr after feeding, and was 2.13 times higher
than baseline levels. For the 2-kg meal size, the effect lasted 68 hr, with metabolism peaking 2.8 hr after
ingestion at 1.76 times baseline levels. Our estimates of HIF for Steller sea lions are at the lower end of estimates
for terrestrial mammals, and are consistent with estimates for other marine mammals. COMP BIOCHEM PHYSIOL

118A;3:877-881, 1997. © 1997 Elsevier Science Inc.
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INTRODUCTION

Not all of the energy ingested as food is available to an
animal for growth, maintenance, and work. Some energy is
invariably lost in the digestive process. Early studies on hu-
mans recognized that oxygen consumption increased after
feeding, a phenomenon that was explained by Bidder and
Schmidt in 1877 as the “work of digestion™ (19). This in-
crease in metabolism is thought to result from both the me-
chanical and biochemical processes of digestion, although
the exact processes are poorly understood (5,33). The resul-
tant “loss” of energy has been variously denoted as the heat
increment of feeding (15), specific dynamic action (3,19),
specific dynamic effect (38), heat of nutrient metabolism
(34), and diet-induced thermogenesis (37).

The heat increment of feeding (HIF) is not a fixed
amount, and is at least partly dictated by the size and com-
position of the meal (16,21), as well as by the core body/
prey temperature differential (42), and the age and nutri-
tional state of the animal (1,8). The energetic cost of pro-
cessing food is lowest for lipid (4-15%) and carbohydrate
(4-30%), and highest for protein (30-70%) (5). Several
studies have demonstrated a relationship between protein
(9,10,17,20) or lipid (4) meal content and the extent of the
HIF effect. Unfortunately, studies have shown that HIF can
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not be calculated directly from a knowledge of diet composi-
tion, as mixed composition foods result in a lower than pre-
dicted HIF (16). It has also been suggested that HIF should
increase curvilinearly with total ingested energy (6).

Pinnipeds have been described as “inefficient converters
of fish flesh” (39), yet few studies have examined the physio-
logical truth to such a statement. Most studies of marine
mammal metabolism have undertaken to eliminate the ef-
fect of digestion from comparative baseline readings [see
(24)]. Consequently, only a few studies have examined the
cost of HIF among this group of animals {1,11-13,29,36),
and no estimates exist for otariids. Accurate estimates of
HIF are essential for constructing energetic models of ma-
rine mammal populations, and for making predictions about
prey consumption le.g., (14,27,28,35)].

The following investigates HIF and its relationship to
meal size in six captive, juvenile Steller sea lions {Eumeto-
pias jubatus). The estimates are, in turn, compared to other
marine and terrestrial mammals.

MATERIALS AND METHODS

The study group consisted of six juvenile Steller sea lions
(three males and three females; Table 1). All had been in-
troduced to captivity as pups, and were 2.6-2.8 years old at
the time of the study, except for one female who was 1.8
years old. The sea lions were held in an outdoor compound
at the Vancouver Aquarium (British Columbia, Canada)
with access to ambient sea-water and haul out space. Their
normal diet consisted of thawed herring (Clupea harengus)
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TABLE 1. Estimates of the heat increment of feeding for six juvenile Steller sea lions, fed 2 and 4 kg of herring. The heat
increment is expressed as a proportion of gross energy intake (kJ/kJ * 100)

Heat increment of feeding (%GE)

Subject Gender/age Body mass (kg) 2-kg Meal 4-kg Meal

1 M, 3 158.8 8.9 12.1

2 F. 3 116.3 8.5 123

3 F 2 111.3 12.7 15.0

4 F, 3 113.0 6.9 8.5

5 M. 3 145.2 10.1 12.8

6 M, 3 166.9 12.5 13.6
Average 9.9 124

fed ad lib twice per day, supplemented with vitamin tablets
(5M26 Vitazu tablets, Purina Test Diets, Richmond, IN),
and small quantities of other fish species.

Metabolism was measured using open circuit (gas) respi-
rometry. The sea lions were fasted at least 18 hr prior to the
start of the experiment to ensure they were post-absorptive.
They entered a cage within a sealed opaque chamber,
through which air was drawn at a constant rate (153 L/
min), sufficient to prevent extreme changes in gas concen-
trations (specifically, O, = 19.0%, CO, = 1.0%). The
chamber was equipped with a fan to ensure air circulation,
a water cooling system, and a video camera and tluorescent
lighting to continuously monitor the sea lion's activity. Ox-
ygen and carbon dioxide concentrations within a desiccated
subsample of expired air were determined by a S-3A/1 solid
oxide (stabilized zirconia) cell analyzer (Ametek Inc., Pitts-
burgh, PA) and an AR-60 infrared gas analyzer (Anarad
Inc., Santa Barbara, CA), respectively. Barometric pressure
and expired air temperature were also monitored (Airguide
Instruments, Chicago, IL). The expired air current was con-
tinuously subsampled, and a Sable data acquisition system
(Sable Systems, Salt Lake City, UT) calculated an average
concentration (from 200 subsamples) every second. Gas
concentration readings were verified every 2 hr during the
tests, and the entire system was recalibrated through the
course of the experiments with gases of known concentra-
tion.

The study was conducted between 23 January and 18
April 1996. Each sea lion was run twice: once with a meal
of 2 kg of herring, and once with 4 kg of herring (normal
meal size was 3—5 kg). Each run began by measuring resting
metabolic rate (RMR), which was used as a control mea-
surement for cach HIF determination. This was obrained
after a 25-min acclimation period, and consisted of an 8-
30-min period of stable oxygen consumption which satistied
standard criteria for measuring hasal metabolic rate (i.e., sea
lions were postabsorptive, quiescent, and within their ther-
moneutral zone; 19), with the exception that the animals
were still growing. The sea lions were subsequently fed o
meal of known size. Oxygen consumption continued to he
monitored through its post-prandial rise, until it returned
to the prefeeding haseline level. Changes in oxygen concen-

rration were converted to oxygen consumption (equation
3b, 43) and then to energy utilization using the equation:
FHO, = 20.1 kJ.

The HIF has been estimated in some studies solely as the
maximum increase in metabolism over a basal level (36).
However, it is more accurately calculated as the total increase
in metabolism induced by digestion, expressed as a proportion
of the ingested meal. In this study we calculated HIF as the
total increase in energy consumption above RMR, expressed
as a percentage of gross energy intake (GE).

Gross energy intake was calculated from ingested mass,
given that the energy density of the herring was 9414 k]/
kg wet weight (determined through oxygen homb calorime-
try). Proximate composition of the herring was 14.3% lipid
[modified Bligh-Dyer technique (7)], 15.8% protein (Kjel-
dahl nitrogen extraction), 2.3% ash content, and 67.3% wa-
ter, as determined from analysis of representative samples
{West Vancouver Science Lab, Department of Fisheries and
Oceans).

Each of the 6 sea lions were subject to both feeding condi-
tions (i.e., 2- and 4-kg meal sizes). Individual feeding trials
were rerun at a later date if the animals were active in the
metabolic chamber, as the quantitative effect of activity
upon HIF is unknown.

RESULTS

The HIF of the six sea lions averaged 12.4 * 0.9% (mean
+ SE) of gross energy intake for the larger meal size (4173.2
+ 631.5 g, or 41134 = 6225 kJ), and 9.9 = 0.9% for the
smaller meal size (2037.7 £ 133.4 g, or 20085 = 1314 k)
(Table 1). While the absolute difference hetween the two
treatments was relatively small, it was statistically signiti-
cant (paired t-test = 5.992, 5 df, p = .002).

Meal size also appeared to affect the duration of the HIF
effect. For the larger meals, HIF lasted from 8—10 hr. Peak
oxygen consumption averaged 2.13 * 0.14 rimes baseline
levels, and occurred about 3.7 hr after feeding (Fig. 1, Table
2). In contrast, HIF lasted only 6-8 hr with the smaller
meal size. This treatment condition produced a peak oxygen
consumption 1.76 = 0.16 times resting levels, about 2.8 hr
after teeding.
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FIG. 1. Increases in metabolism after eating herring. Meta-
bolic rate is expressed as a multiple of control baselines for
each half hour period after feeding. Data points represent
the average * SE increase above prefeeding levels for the
six Steller sea lions. Data are presented separately for the 2
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DISCUSSION
2.2+ The estimated HIF for the Steller sea lions (9.9 and 12.4%)
] —— E":g mg:ll appears to be at the lower end of those reported for other
2.0 I 9 mammalian species [see Table 12.1 in (5)]. No studies have

investigated HIF in otariids, but comparative data are avail-
able from other marine mammals (Table 3).

Results from our study of Steller sea lions are higher than
those reported for harbour seals. A yearling harbour seal
demonstrated an HIF of 4.7% of GE (1). In comparison,
HIF accounted for 9.0 = 2.8% of GE in juvenile harbour
seals (04 years) fed a diet of high-energy herring (10130~
12560 k]/kg), and 5.1 = 2.3% of GE when fed herring of
low-energy content (6575-8710 kJ/kg) (29). The sea lions
in our study were fed a diet of intermediate energy density
(mean = 9857 kJ/kg). This apparent effect of caloric den-
sity was also reported with sea otters which displayed HIF
of 13.2% of GE when fed squid (3.60 k]/g) and 10% of GE
when fed clams (4.98 k]/g) (11). No such effect was appar-
ent with northern elephant seals fed either herring (6.6
k] /g, HIF = 10.3% GE) or capelin (4.8 k]/g, HIF = 12.3%

and 4 kg meal size trials.

TABLE 2. Comparison of baseline (pre-feeding) and maximum metabolic rates (ml O,/min), for 2 and 4 kg herring meals.
Peak metabolism was calculated as the greatest 10 minute average

2-kg Meal size 4.kg Meal size
Subject Baseline RMR Maximum MR Baseline RMR Maximum MR
1 702 1060 532 1053
2 500 968 576 1255
3 825 1562 789 1624
4 699 1153 726 1461
5 576 1061 612 1372
6 631 1112 494 1153

TABLE 3. Estimates of the heat increment of feeding and peak metabolism during feeding for six species of marine mammals

HIF Max. VO,
Species Food source (%GE) (X RMR) N Source
Steller sea lion 2 kg Herring 9.9 1.76 6 This study
Eumetopias jubatus 4 kg Herring 12.4 2.13 6
Northern elephant seal 2 kg Herring 9.1 1.46 4 (2)
Mirounga angustivostris 4 kg Herring 114 1.65 4
2 kg Capelin 11.5 — 3
4 kg Capelin 13.0 — 3
Sea otter Squid 13.2 — 3 an
Enhydra lutris Clam 10 1.54 3
Harp seal 1 kg Herring 16.82 1.40 1 (13)
Phoca groenlandica 2 kg Herring 15.74 1.67 1
3 kg Herring — 1.64 1
Ring seal Unknown — 1.80-2.00 2 (36)
Phoca hispida
Harbour seal Low energy herring 9.0 1.40 3 (29)
Phoca vitulina High energy herring 5.1 1.31 4
1.8 kg Herring 4.7 1.90 3 (0

The heat increment of feeding (HIF) is expressed as a percent of the gross energy intake. The maximum peak in post-feeding energy consumption is
presented as a multiple of resting (RMR) levels. For example, the maximum observed metabolic rate for the Steller sea lions fed the 4 kg herring meal
was 2.13 times resting levels. The peak increase for sea otters was calculated as the combined average peak for squid and clam trials, and the peak for
northern elephant seals is the average for herring and capelin diets. The number of animals used in each study (N) is also listed.
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GE), although the relative energy density difference was
similar to that in the sea otter study (2).

Other studies have suggested that HIF is dependent upon
the protein composition of the food (9,10,17,20). Unfortu-
nately, variation in experimental conditions (including age
of the subjects) makes comparisons between studies of ma-
rine mammals difficult. Among studies using an adult harp
seal (13), juvenile northern elephant seals (2), or juvenile
Steller sea lions (this study) fed 2-kg herring meals, inter-
specific variation in HIF (15.7, 9.1, and 9.9% of GE, respec-
tively) can not rationally be accounted for by either differ-
ences in protein content (15.5, 17.4, and 15.8% wet weight)
or fat content (18.5, 8.7, and 14.4% wet weight).

It has been suggested that HIF should increase with meal
size (6), as has been demonstrated in sheep (41). The results
of our study support this hypothesis, although the difference
is relatively small. Similarly, northern elephant seals dem-
onstrated an effect of meal size (2 vs 4 kg) on HIF, when
fed either herring or capelin (2). An adult female harp seal
fed meals of 1 and 2 kg of herring demonstrated daily meta-
bolic rates elevated by 11.14 and 20.77%, respectively, al-
though this appeared to translate into a loss of 16.82 and
15.74% of gross energy through HIF (13). The authors
noted, however, that the cost of HIF for the 2-kg meals
was probably underestimated, as metabolism had not quite
subsided to baseline levels by the end of the experiment.

The results of our experiment suggest that sea lions ob-
tain a larger proportion of ingested energy from numerous
smaller meals rather than from fewer larger meals. This ap-
pears to be consistent with the observed feeding habits of
sea lions in the wild. However, such feeding patterns are
probably more affected by prey distribution and related costs
than by the small energetic henefit resulting from differ-
ences in HIF.

Most bioenergetic schemes characterize HIF as an ener-
getic value removed from gross energy intake to calculate
the net energy available to the animal. However, the energy
generated via HIF does not necessarily constitute a “waste
product” to the individual. The heat can be useful when
retained by animals to stave off hypothermy when below
their thermoneutral zone, thereby reducing the energy
needed to maintain homeothermy (19). This mechanism
has been demonstrated in both terrestrial (30,31) and
aquatic endotherms (26). However, the opposite is true if
HIF exceeds thermal maintenance requirements and con-
tributes to hyperthermy (23). This can be partly attenuated
by “dumping” excess heat into the water (26).

We tested our sea lions in air to obtain a “true” reading
of HIF. There is no reason to assume that Steller sea lions
do not avail themselves of the heat generated from HIF to
decrease thermoregulatory costs. Care should, therefore, be
taken when extrapolating these estimates of HIF to natural
situations where Stellers are feeding in water, and may be
outside of their thermoneutral zone.

It is important to use an accurate estimate of HIF in eco-
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system bioenergetic models. Errors in HIF will directly affect
estimates of the number of fish consumed by marine mam-
mals. In the past, many models have assumed that HIF in
marine mammals accounts for 17% of GE [e.g., (18,
22,28,35)], a value obtained from a single harp seal (13).
This value is at the high end of estimates for marine mam-
mals. As an example of its effect, if a model of harp seal
predation on herring in the Barents Sea (27) had used a HIF
value of 10% rather than 17%, their estimate of maximum
herring consumption would have decreased by over 100,000
tonnes per year.

The Steller sea lion population has declined from over
300,000 in 1979 to current levels of less than 100,000
(25,32,40). The population continues to decline along parts
of its range at a rate of 5% per year, and has been listed
as a “threatened” species in the United States. Accurate
bioenergetic models are an essential tool in making manage-
ment decisions for ecosystems containing threatened pinni-
ped or fish species.

The estimate of HIF derived for Steller sea lions is to-
wards the low end of estimates for terrestrial mammals, and
is consistent with estimates for other marine mammals. This
suggests that sea lions, like other pinnipeds, are comparably
efficient in utilizing ingested energy, contrary to the expec-
tation that they are “inefficient converters of fish flesh.”

We are grateful to C. Porter, J. Olsen, and T. Shannon for their help
in the handling and training of the sea lions. We would also like to thank
the Vancouver Aquarium for providing research facilities for the project,
and the anonymous reviewers whose comments improved our manu-
script. This work was funded by grants to the North Pacific Universities
Marine Mammal Research Consortium from the North Pacific Marine
Science Foundation.

References
1. Ashwell-Erickson, S.; Elsner, R. The energy cost of free exis-
tence for Bering Sea harbor and spotted seals. In: Hood, D.W.;
Calder, J.A. (eds). The Eastern Bering Sea Shelf: Oceanogra-
phy and Resources, Vol. 2. Seattle, WA: University of Wash-
ington Press; 1981:869-899.

. Barbour, A.S. Heat increment of feeding in juvenile northern
elephant seals. M.Sc. thesis, University of California, Santa
Cruz, Santa Cruz, CA, 1993, 47 pp.

3. Beamish, F.W.H.; Niimi, A.].; Lett, P.F.K.P. Bioenergetics of
teleost fishes: Environmental influences. In: Bolis, L.; Mad-
drell, H.P.; Schmidt-Nielsen, K. (eds). Comparative Physiol-
ogy—Functional Aspects of Structural Materials. Amsterdam:
North-Holland Publishing Co.; 1975:187-209.

4. Beamish, F.W.H.; Trippel, E.A. Heat increment: A static or
dynamic dimension in bioenergetic models? Trans. Amer.
Fish. Soc. 119:649-661:1990.

. Blaxter, K. Energy Metabolism in Animals and Man. Cam-
bridge, MA: Cambridge University Press; 1989.

6. Blaxter, K.L.; Boyne, A.W. The estimation of the nutritive
value of feeds as energy sources for ruminants and the deriva-
tion of feeding systems. ]. Agr. Sci. (Cambridge) 90:47-68;
1978.

7. Bligh, E.G.; Dyer, W.J. A rapid method of total lipid extrac-

o

(il



Heat Increment of Feeding in Sea Lions

10.

1.

12.

13.

14.

15.

16.
17.

18.

19.

20.

21.

22.

23.

24.

25.

tion and purification. Can. J. Biochem. Physiol. 37:911-917;
1959.

. Brody, S. Bioenergetics and Growth. New York: Hafner Press;

1945.

. Brown, C.R.; Cameron, ].N. The relationship between Spe-

cific Dynamic Action (SDA) and protein synthesis rates in
the channel catfish. Physiol. Zool. 64:298-309;1991.
Buttery, P.S.; Annison, E.F. Considerations of the efficiency
of amino acid and protein metabolism in animals. In: Jones,
J.G.W. (ed). The Biological Efficiency of Protein Production.
Cambridge, MA: Cambridge University Press; 1973:78-123.
Costa, D.P.; Kooyman, G.L. Contribution of specific dynamic
action to heat balance and thermoregulation in the sea otter
Enhydra lutris. Physiol. Zool. 57:199-203;1984.

Gallivan, G.].; Best, R.C. The influence of feeding and fasting
on the metabolic rate and ventilation of the amazon manatee
(Trichechus inunguis). Physiol. Zool. 59:552~557;1986.
Gallivan, G.J.; Ronald, K. Apparent specific dynamic action
in the harp seal (Phoca groenlandica). Comp. Biochem. Phys-
iol. 69A:579-581;1981.

Hirkonen, T.; Heide-Jgrgensen, M.P. The harbour seal Phoca
vituling as a predator in the Skagerrak. Ophelia 34:191-207;
1991.

Harris, L.E. Biological energy interrelationships and glossary
of energy terms. Publ. Natl. Acad. Sci. Nat. Res. Council U.S.
1411:1-35;1966.

Hoch, F. Energy transformations in mammals: Regulatory
mechanisms. Philadelphia, PA: W.B. Saunders; 1971.
Jobling, M. Towards an explanation of specific dynamic action
(SDA). ]. Fish. Biol. 23:549-555;1983.

Keiver, K.M.; Ronald, K.; Beamish, F.W.H. Metabolizable en-
ergy requitements for maintenance and faecal and urinary
losses of juvenile harp seals {Phoca groenlandica). Can. J. Zool.
62:769-776;1984.

Kleiber, M. The fire of life: An introduction to animal ener-
getics. New York: Robert E. Krieger Publ. Co.; 1975.
Krieger, I. Relation of specific dynamic action of food (SDA)
to growth in rats. Amer. J. Clin. Nutr. 31:764-768;1978.
Kriss, M.; Forbes, E.B.; Miller, R.C. The specific dynamic ef-
fects of protein, fat and carbohydrate as determined with the
albino rat at different planes of nutrition. J. Nutr. 8:509-534;
1934.

Krockenberger, M.B.; Bryden, M.M. Energy intake of imma-
ture southern elephant seals, Mirounga leonina (Carnivora:
Phocidae). Aust. ]. Zool. 41:589-597;1993.

Lavigne, D.M.; Barchard, W.; Innes, S.; @ritsland, N.A. Pin-
niped bioenergetics. In: Mammals in the Seas, FAO Fisheries
Series 5(4):191-235;1982.

Lavigne, D.M,; Innes, S.; Worthy, G.A.].; Kovacs, KM,;
Schmitz, O.].; Hickie, ].P. Metabolic rates of seals and whales.
Can. ]. Zool. 64:279-284;1986.

Loughlin, T.R.; Perlov, A.S.; Vladimirov, V.V. Range-wide
survey and estimate of total number of Steller sea lions in
1989. Mar. Mamm. Sci. 8:220-239;1992.

26.

21.

28.

29.

30.

31

32.

33.
34.
35.

36.

37.
38.
39.

40.

41.

42.

43.

881

MacArthur, R.A.; Campbell, K.L. Heat increment of feeding
and its thermoregulatory benefit in the muskrat (Ondatra z-
bethicus). J. Comp. Physiol. 164B:141-146;1994.

Markussen, N.H.; @ritsland, N.A. Food energy requirements
of the harp seal (Phoca groenlandica) population in the Barents
and White Seas. Polar Res. 10:603-608;1991.

Markussen, N.H.; Ryg, M.; Lydersen, C. Food consumption
of the NE Atlantic minke whale (Balaenoptera acutorostrata)
population estimated with a simulation model. ICES J. Mar.
Sci. 49:317-323;1992.

Markussen, N.H.; Ryg, M.; Jritsland, N.A. The effect of feed-
ing on the metabolic rate in harbour seals (Phoca vitulina). J.
Comp. Physiol. 164B:89-93;1994.

Masman, D.; Daan, S.; Dietz, M. Heat increment of feeding
in the kestrel, Falco tinnunculus, and its natural seasonal varia-
tion. In: Bech, C.; Reinertsen, R.E. (eds). Physiology of Cold
Adaptation in Birds. New York: Plenum Press; 1988:123-135.
Meienberger, C.; Dauberschmidt, C. Can the specific dynamic
action (SDA) contribute to the thermoregulation of granivo-
rous song birds? Journal Fuer Ornithologie 133:33-41;1992.
Merrick, R.L.; Loughlin, T.R.; Calkins, D.G. Decline in abun-
dance of the northern sea lion, Eumetopias jubatus, in Alaska,
1956-1986. Fish. Bull. US 85:351-365;1987.

Mitchell, H.H. Comparative Nutrition of Man and Domestic
Animals. New York: Academic Press; 1962.

Moen, AN. The critical thermal environment: A new look
at an old concept. Bioscience 18:1041-1043;1968.

Olesiuk, P.F. Annual prey consumption by harbor seals (Phoca
vitulina) in the Strait of Georgia, British Columbia. Fish. Bull.
91:491-515;1993.

Parsons, ].L. Metabolic studies on ringed seals (Phoca hispida).
M.Sc. thesis, University of Guelph, Guelph, Ontario, Canada,
1977, 82 pp.

Rothwell, N.J.; Stock, M.]. A role for brown adipose tissue in
diet-induced thermogenesis. Nature 281:31-35;1979.
Rubner, M. Die Gesetz des Energieverbrauchs bei der Ernah-
rung. Leipzig: Franz Deuticke; 1902.

Sergeant, D.E. Feeding, growth, and productivity of North-
west Atlantic harp seals (Pagophilus groenlandicus). J. Fish. Res.
Bd. Can. 30:17-29;1973.

Trites, A.W.; Larkin, P.A. Changes in the abundance of
Steller sea lions (Eumatopias jubatus) in Alaska from 1956 to
1992: How many were there! Aquat. Mamm. (in press).
Webster, A.J.F. The energetic efficiency of metabolism. Proc.
Nutr. Soc. 40:121-128;1981.

Wilson, R.P.; Culik, B.M. The cost of a hot meal: Facultative
specific dynamic action may ensure temperature homeostasis
in post-ingestive endotherms. Comp. Biochem. Physiol.
100A:151-154;1991.

Withers, P.C. Measurement of VO,, VCQO,, and evaporative
water loss with a flow-through mask. J. Appl. Physiol. 42:120-
123;19717.



